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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. 1 have chosen the option provided
in the "Guidelines Conceming Thesis Preparation" which aIlows inclusion as chapters of
the thesis the text of original papers conceming 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 c1early-duplicated text of a plOblished 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 aIl 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 weil as descriptions of
equipment used) must be provided where appropriate and in sufficient detai!
(e.g. in appendices) to allow a .:lear 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 c1aims 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 coautllored
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, 1 have done all the experimental work, written the manuscripts,

perforrned the caiculations and statisticai anaiysis and drawn the figures. The use of the

terrns "we", and "our" within the text refers to myself and my thesis supervisors, Ors. P.

• Blier and C. de Montigny. Together with my thesis supervisors, 1have contributed to the
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design of the experiments, to the fonnulation 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.

n. Elements in the thesis that are to be considered as contributions to original
knowledge must be clearly indicated in the preface or by separate stalement at
the beginning or al 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.n

The existence of <X2-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 flfst in vivo electrophysiological characterization of these
heteroreceptors. There were sorne 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 fmding that repeated electroconvulsive shock increases

the serotonergic neurotransrnission (chapter 5) which was already reported by de
Montigny and collaborators. We were the flfst to provide evidence that <X2-adrenergic

heteroreceptors become desensitized following long-term treatrnents with drugs that
increase the synaptic concentration of noradrenaline (chapters 4 and 5). The last study of
this thesis (chapter 6) investigates for the fust lime the effect of antidepressant drug
treatrnents 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 treatrnents have ever focused specifically on the hippocampus.

Furthermore, as far as 1 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 (S-HT) as weIl as the noradrenaline
(NA) systems are a1tered by antidepressant treatments. In the last few years, several
studies have indicated that interactions between these two systems might a1so be

important in the mechanism of action of antidepressant drugs. We have thus undertaken:
1) to elucidate the nature of some interactions between the S-HT and NA systems in the
rat hippocampus using in vivo electrophysiology and in vitro superfusion techniques; and

2) to determine whether antidepressant treatrnents alter these interactions. It was found
that NA tonically inhibits S-HT neurotransmission via a2-adrenergic heteroreceptors. In

addition, the presence of S-HT3 receptors facilitating the release of NA was a1so

documented in this brain region. These receptors were shown to he activated by elevated
levels of endogenous S-HT, but did not appear to he activated by basal levels of this

neurotrliJlsmitter. 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 a2-arlrenoceptors that inhibit the release of 5­

HT. This effect was a1so produced by atypical antidepressant drugs that have a2­

cdrenergic antagonist properties (e.g. mianserin and idazoxan), but not by other
antidepressant treatments, (e.g. selective S-HT reuptake inhibitors or electroconvulsive
shocks). In contrast to a2-adrenergic heteroreceptors, S-HT3 receptors that enhance the

release of NA did not become desensitized following long-term treatrnents with drugs
that elevate the synaptic concentration of their endogenous neurotransmitter. Rather, the
responsiveness of these S-HT3 receptors became blunted following an antidepressant

treatrnent (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 5-HT systems might exert an important role in the mechanism of action of
antidepressant treatrnents•



•

•

ix

Résumé

Depuis la formulation des hypothèses monoaminergiques de la dépression.

plusieurs études ont clairement établit que les systèmes sérotoninergiques et

noradrénergiques sont affectés par des traiterr.ents antidépresseurs. Au cours des

dernières années. plusieurs études ont indiqué que les interactions entre ces deux

systèmes sont importantes dans les mécanismes d'action des antidépresseurs. Nous avons

donc entrepris d'élucider. premièrement, la nature des interactions entre les systèmes
sérotoninergique et noradrénergique dans l'hippocampe du rat en utilisant des techniques
électrophysiologiques in vivo et de superfusion in vitro . Deuxièmement, nous avons

déterminé si des traitments antidépresseurs reconnus aitèraient ces interactions. li fut

établit que la noradrénalin~ (NA) inhibe toniquement la neurotransmission
sérotoninergique par l'intermédiaire des hétérorécepteurs 112-adrénergiques. De plus. dans

cette région du cerveau, la présence de récepteurs du type 5-HT3 facilitant la libération

de la NA fut égaiement établit. Nous avons montré que ces derniers sont activés par des

niveaux élevés de sérotonine (5-HT) endogène, mais non par des niveaux de base de ce

neurotransmetteur. Les traitements à long-terme avec des antidépresseurs tels que les

inhibiteurs de la monoarnine oxidase ou de la recapture de la NA ayant la propriété

d'augmenter la concentration synaptique de la NA, ont désensibilisé les adrénorécepteurs
de type 112 qui inhibent la libération de la 5-HT. Ce dernier effet a aussi été produit par

des traitements antidépresseurs atypiques ayant des propriétés antagonistes 112­

adrenergiques (rnianse-rin and idazoxan), mais non par d'autres traitment antidépresseurs,

tel qu'un inhibiteur sélectif de la recapture de la 5-HT ou les traitements
électroconvulsifs. Contrairement aux hétérorécepteurs 112-adrénergiques. les récepteurs

5-HT3. qui augmentent la libération de la NA, n'ont pas été désensibilisés par des

traitements à long terme avec des médicaments qui augmentent la concentration
synaptique de leur neurotransmetteur. La sensibilité de ces récepteurs 5-HT3 s'est plutôt

vu réduite suite à un traitement (désiprarnine) qui a entrainé une grande augmentation d~

la libération de la NA. Dans l'ensemble, ces résultats suggèrent que les récepteurs

présynaptiques qui médient les interactions entre les systèmes 5-HT et NA sont des

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

antidépresseUl's.
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REvlEW OF TIIE LITERATURE

1. Introduction
The present research endeavour is aimed at better understanding the interactions belWeen 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 Diagnosticand StatisticalManualofMental
Disorders (DSM IV)!, major depressive episodes are characterized by depressed mood, attenuated
interest (anhedonia), feelings ofworthleslmess, anorexia or hyperphagia, insomnia or hypersomnia, and
recurrent thoughts about death or suicide. At the tum 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 ta be reactions ta psychological or environmental stressfullife
events, whereas others have no obvious psychogeniccausesand mightratherbe theconsequenceofsome
primary biological defect in the brain. Genetic factors are thought to be important The mode of
transmission isdescribed as multifactorial inheritance because the inheriteddepressive genotypes would
interact witl'. environmental factors to produce the disease!6!. DSM IV makes distinctions between
various types ofaffectivedisorders. For instance, ml1jordepression is diagnosed when severe symptoms
ofdepression 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 episode. 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 altemate with depressive episodes.
Patients with Alzheimer'sdisease, who sufferbraindegenerationinsorneareas such as thehippocampus,
experience loss of memory functions and aIso often have secondary symptoms ofdepression in greater
proportion than patients with other afflicting diseases. It is aIso noteworthy that in most instances there
is asignificantdegree ofanxiety indepressedpatients. Depression may occursecondary to ageneralized
anxiety disorder orapanicdisorder!41, andclassicaI antidepressantdrugs are effectiveagainst these two
an:dety disorders243•244.

It is important to point out that despite intensive research, the etiologicaI factors leading to
depressicn remain unknown. According to the CognitiveTheory ofDepression35,depressive individu­
ais tend to distortevents and drawerroneousconclusions leading ta self-blame. Traurnaticevents during
early youth would be responsible for the development of inadequate attitudes and depression. Other
authors have subsequently linked the conceptofleamedhelplessness ta depression (Cognitive-Learning
Theory)253.400. According to this theory, anxiety wOuld be the initial reaction of an individuaI to

stressfulorfrustrating situations. Insorne cases when aversiveeventsare notresolved, individuaIs might

develop the conviction that they cannotcontrol recurrent stress or that they have no hope to ever obtain
gratificationand secondarilyadoptdepressive behaviorsas rnaladaptive defensemechanisms. Sirnilarly,
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when animals are exposed to uncontrollable aversive events, such as electric shocks, they typically
develop behavioral deficits. They will fail to escape subsequentelectric shocks even though they have

the possibility. Furthermore, their performances in rewarded behavior conditions are consistently
irnpaired, 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 stressfulexperience rnightberelated to theirresilientattitude,or in other
words, with the capacityoftheirbrainto disrup!, disconnectordisengage previously learnedassociations
if these now lead to an aversive oUlComel14.

One brainarea ofinterestin relation to memoryfunctions anddepression is the hippocarnpus. Gray
has provided an irnpressive review suggesting that this structure is implicated in short-term memory
andcouldserve the function ofacomparator thatwouldcompare actual versus expected stimuli179.This

hippocarnpal comparator would be particularly useful to detect anxiogenic stimuli and activate

appropriate behaviors in reaction to theml79. There is evidence indicating that the behavioral deficits
oflearnedhelplessness can beprevented by hippocampallesions128. In addition, thehippocampus would
be acentral site implicated in the negative feedback on the secretion ofglucocorticoids released during
stress378.Hypercortisolismhas beenconsistentlyobserved indepressedpatientsand recentdata indicate
that this might be related to an abnormal feedback mechanism occurring at a central site such as the
hippocampus, rather than at the pituitary479. In animal models ofdepression, chronic stress inhibits fast
glucocorticoid negative feedback and down-regulates glucocorticoid receptors selectively in the

hippocampus478.
Since the formulation of the indoleamine hypothesis ofdepression, suggesting that serotonin (S­

HI) isdecreasedindepressedpatients262,many studies have supportedthisbutdid notyield unequivocal

evidenceofdecreased S-HTneurotransmission in depressionIlS. Here are sornefindings supporting th'Jt
hypothesis. Selective reduction of hippocampal S-HTIA receptors has been found in the brain of
depressed patients92, and high levels ofglucocorticoids decrease the density ofS-HT1A receptors in the
rat hippocarnpus30I. Interestingly, activation of S-HT1A receptors reversed the behavioral deficits of
learnedhelplessness inrats176. Furthermore, inhibitionofS-HTsynthesis withpara-chlorophenylalanine

produced relapse of depression in patients who had responded to antidepressant drugs405.406. Deakin

has reviewed evidence suggesting that the S-HTIA neurotransrnission of the hippocampus rnight be

involved in disengaging behaviors that lead to aversive oulComes. According to this hypothesis, the

serotonergic system of the hippocampus mediates tolerance to chronic aversive events. Thereby, an
increase in S-HT neurotransmission would be a natural antidepressant1l4.

The carly catecholamine hypothesis ofdepression proposed that the symptoms of this disease are
linked with adeficiencyofnoradrenaline (NA) in the brain383.In contras!, otherauthors have suggested
that NA might actually be increased in depression250,256. An integrated view has also been proposed

whereby. rather thanbeingeitherreducedorenhanced, NAneurotransmission wouldbedysregulated407.

Similarly to what has been found inanimal models ofleamedhelplessness, the basaloutputofNA might
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be decreased in depression due to a diminution of this neurotransmitter in the cytosolic stores469.
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 severallines ofevidence indicating thatthe NA systemofthe hippocampus would playan important
role in learned helplessness. An up-regulation of ~·adrenergic receptors confined to the hippocampus
of animais exhibiting behavioral deficits following the leamed helplessness training has been re­
ported240, and direct injection of an antidepressant drug into the hippocampus prevented these
behavioral deficits403. Moreover, selective destruction of the noradrenergic fibers of the hippocampus
delayed the reversal of leamed helplessness by long-term antidepressant drug treatrnents411. Gray179
has also reviewed evidence indicating that the NA system, by its arousing and memory-enhancing
functions, would engage the septo-hippocampalsystemin theprocessing ofanxiogenic stimuli. It is also
important to pointout that the NA neurotransrnission in thehippocampus andcirculatingglucocorticoids
mutually interact237,238,249.

Perhaps the most convincing evidence indicating that the serotonergic and noradrenergic systems

of the brain are relevant to the therapy ofdepression is the fact that most clinically effective drugs used

for the treatrnent of this disease act directly on the synaptic concentration ofs-HT and or NA. The fust
drug commercialized in the late 19s0's for the treatrnent ofdepression was iproniazid, an inhibitor of
the enzyme monoarnine oxidase (MAO). The concentrations ofs-HTand NA are increased in the brain
by blocking theirdegradation by MAO. Since this originaldiscovery, many other MAO inhibitors (e.g.,
phenelzine, tranylcyprornine, c\orgyline, moclobernide, ...) have been shown to be clinically effective

for the treatrnent ofdepression. Irniprarnine was also tested during the same period for its potential as
an antipsychotic drug, but it turned out that irniprarnine was effective in depression rather than in

schizophrenia. This tricyclic antidepressoot drug as well as others of this c\ass (e.g., arnitryptiline,

desiprarnine, chIorirnipramine) were shown to share the properry of blocking the reuptake of NA and

s-HT with different potencies, and their therapeutic efficacy was thereby thought to be related to the

prolongation of the synaptic action ofthese neurotransmitters470. Subsequently, selective inhibitors of
either s-HT reuptake (e.g., citaIopram, fluoxetine, paroxetine) or NA reuptake (e.g., maprotiline,
oxaprotiline, amoxapine) were shown te display antidepressant efficacy as we1l373,404. Sorne antide­

pressant drugs were found to act directly at s-HT or adrenergic receptors. For example, rnianserin and

trazodone increase NAoutputbyblockinga2-adrenergic autoreceptors470.Furthermore,antidepressant
drugs of the azapirone farniIy (e.g., buspirone, gepirone)actaspartial agonists at the levelofthe s-HTIA

receptors367. It is noteworthy that a1though the above effects on the noradrenergic and serotonergic
systems are observed following acute administration, long-term treatrnents are required for all these

drugs in order to achieve clinical efficacy.

Itwasproposed thatthere rnightbe twotypes ofdepressions,known as AandB,linkedrespectively
with decreases in NA and s-HT neurotransrnission276. In type A depression, patients would have low
pretreatrnent levels of NA metabolites (e.g. MHPG) and this parameter would normalize with clinical
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improvement Furthermore, these patients would have rapid elevation ofmood when administered aNA

releaser (amphetamine) and exhibit a good antidepressant response to NA reuptake blockers. On the

other hand, in type Bdepression, patients wouId have low pretreatment levels ofS-HT metabolites (e.g.

S-HIAA), a lack of response to amphetamine and a favourable response to S-HT reuptakc blockers.

However, this hypothesis was not supported by clinicaI findings, and antidepressant agents inhibiting

either S-HT or NA reuptake are equaIly effective and are not selective for subtypes of depression477.

ln the next sections, one of my aims is to review the most fundamental elements of serotonergic

and noradrenergic neurotransmissions. Severa! elements of the S-HT and NA systems (synthesis.

receptors, second messengers, ...) are discussed here. aIl being potentiaI targets for antidepressant

treatments. In the second partof this review, the issue of the effects ofantidepressant treatments on the

S-HT and NA systems is directly addressed. 1have decided to focus mainly on the hippocampus as my

research project is mainly concerned with this area. In the third and last part, 1review data from various

experiments indicating that the S-HT and NA systems interact extensively in the brain.

2. Basic concepts
2.1. Serotonin and S·RT receplors

Long before its discovery in the brain. physiologists knew that serotonin (S-hydroxytryptamine.

S-HT) is a vasoconstrictor agent found in serum when blood is aIlowed to c\otI6. The findings that

lysergic acid diethylarnide (LSD), a potent haIlucinogen. shares structurai sirnilarities with S·HT and
blockssorneperipheraIresponses to5-HTopened anirnportantchapterinneuropsychopharmacology155.

Furthermore, the notion thatreserpine, apotent tranquilizing drug used at the time, produces adepletion

of S-HT in the brain sometimes correlating with behavioraI "depression" was another important

landrnark7S. These early studies aIready suggested that S-HTcould be a neurotransmitter.

This function is now weil established. and the principaI biochemicaI steps surrounding the

neuronaI synthesis and degradation ofS-HT are known. The limiting precursor of S-HTsynthesis is an

amino acid. tryptophan. which arises primarily from thediet and crosses the blood-brain barrier through

a non-specific carrier for large neutraI arninoacids99. As shown in the figure 1, tryptophan hydroxylase

adds a hydroxyl group at the position Softhe indole ring oftryptophan to yield S-hydroxytrytophan (S­

HTP). A non-specific enzyme decarboxylates of either tryptophan or S-HTP which then become

tryptamine or S-hydroxytryptamine (S-HT), respectively305.

The degradation ofS-HTinto its majormetaboliteS-hydroxyindoleaceticacid (S-HIAA) iscarried

outin the brain through the action ofthe monoarnine oxidase (MAO) and aIdehyde dehydrogenase (Fig.

1). Although the MAO present in S-HT neurons is of type B, this enzyme degrades S-HT only when the

concentrationof this neurotransmitter is elevated since MAO Bhas avery low affinity for S-HT. In fact,

extraneuronaI S-HT is mostly degraded by the MAO of type A localized in cathecolaminergic

neurons267•464• However, the removaI of S-HT from the synaptic cleft is affected primariJy by its

reuptake into serotonergic terminais via a specific carrier, rather than by the action of MAO AIS!.
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Most S-HT-containing neurons are c1ustered in or near the rnidline region of the caudal
mesencephalon, t.'le pons and upper brain stem in a region denominated the raphe areaI54. The more

caudalgroups ofthe brainstemprojectmostly to the medullaand the spinalcord. Among the morerostral
groups are the nuclei designated as the dorsal raphe (DR) and the median raphe (MR) that provide
extensive S-HT innervation of the telencephalon and diencephalon. The tibers of the DR and the MR
course together through the ventral tegmentum and into the medial forebrain bondie before projecting

to differential sites. The main projections of the DR are the braincortex, the striatum, 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
neurotransrnission. Remarkable progress has been made theselastfew years regarding the classification
ofS-HTreceptors in the brain.Thedistinction betweenS-HTI and S-HT2receptors,commonlyaccepted
since the early SO's, is based on the respective affinities of these receptors for [3H]S-HT and related

agonists (S-HTI > S-HT2) and for certain S-HT antagonists such as [3H]spiperone (S-HT2 > S-HTI).
The nature of the transduction mechanisms linked to these receptors is another criterion generally

accepted to differentiate S-HT receptors. S-HTI receptors inhibit adenylate cyclase through Oi proteins

while the S-HT2 receptors stimuiate phosphoinositide metabolism through Op proteinsI96,226.

The S-HTI receptor class in the brain has been further subdivided into the S-HTIA, S-HTtB, 5­
HTIC and S-HTID receptors347. The relatively selective ligand S-OH-DPAT (S-hydroxy-2-[di-N­

propylamino]-tetralin) has been invaluable for the characterization of the S-HTIA receptor sub-

• c1ass188.346. Many agonists such as S-carboxyarnidotryptamine (S-CT) or buspirone, and classicalS­
HT antagonists such as spiperone or LSD, as weil as p-adrenergic antagonists such as (-)pindolol or (­

)propanolol, have been shown to display higb affinity for this receptor in competition studies.
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Somatodendritic autoreceptors on S-HT neurons ofvarious species, inc\uding humans, are thought to
be of the S-HTIA subtype as the high density binding of[3H]8-0H-DPAT in the rdphe area is markedly
reduced following lesions of S-HT neurons222.45 1,462. In the hippocampus, the binding of [3H]8-0H­

DPAT is also very den~e, and these S-HTIA receptors would be localized on postsynaptic cells rather
than on S-HT tenninals188.248,451. Extended saturation analysis of [3H]8-0H-DPAT binding in the rdt

hippocampus revealed that the ligand would discriminate between high and low affinity states of the S­
HTIAreceptor. Further studies suggested that the high affmity sitecorresponds to astate stabilized with
a regulatory G-protein, whereas the low affmity site corresponds to the uncoupled state of the
receptor313. C10ning and functional expression of the mRNA coding for the S-HTiA receptor were
realized. and the pharmacological characteristics of the cloned receptor were sinillar to those found for
the native S-HTIA receptor of the brainlO.

The rat hippocampus has also been shown to be endowed with S-HTIB receptors using
[3H]dihydroergotarnine or (-)[125I]iodocyanopindoI189,221.308. These radioligands. used in conjunc­

tion with unlabeled adrenergic ligands and 8-0H-DPAT to achieve receptor selectivity, label a single
population of sites189,221. The S-HTIB receptors resemble S-HTIA receptors since agonists such as S­

cr. or antagonists. such as methiothepin, display good affinities fOI these sites. However, S-HTIB
receptors are distinguished from the S-HTIA subtype by their very low affinities for ligands su.::h as
buspirone and spiperone. Functional charaeterization revea1ed that terminal autoreceptors regulating S­
HT release are of the S-HTIB subtype in the rat brainI31,210,295. However, it appears that most S-HTIB

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 S-HT neuronsI45.450.

There is no (-)[125I]iodocyanopindol binding in hurnan brains nor in other species such as the
guinea-pig222. Various studies suggest that S-HTlD rather than S-HTIB receptors serve terminal
autoreceptor functions in hurnans and guinea-pigs brains223.Theconclusion of these studies lies in the
fact thatS-HTlDreceptors haveapharmacologicalprofiledistinctfromthatofS-HTIB receptors, mainly
with regard to their affinities for j3-adrenergic ligands. It is noteworthy that two types ofhuman S-HTID

receptors have been cloned. the S-HTIDa. and the S-HTlD~. The S·HTlD~ receptor has a high genomic
sequence homology with the rodent S-HTIB receptor226,236. Recent studies indicated that mRNAs

coding for the 5-HTlDa. receptor are present in the rat brain 190 and electrophysiological data suggt,'

that 5-HTIDa. receptors modulate the release of 5-HT in the rlit dorsal raphe area352.
Most 5·HT2 agonists such as a-methyl-5-HT and antagonists such as ritanserin are also actinp, at

5-HTICreceptors269. Furthermore.5-HTICreceptors share with 5-HT2receptors asinillar transduction
system and amino acid sequence homologyl96,220. The Serotonin Club Receptor Nomenclature

Committee has thus recently decided to change the name ofthe 5·HTIC to the S-HT2C receptor and the

classical5-HT2 to the 5-HT2A receptor226•These two receptors can be distinguished by their relative

affinity for certain antagonists. For instance, sma\l concentrations of [3H]ketanserin or [3H]spiperone

mainly labe15-HT2A receptors and cisapride has a nanomolar range affinity for the 5-HT2A but not for

the 5-HT2C receptors269.
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Recently, a third c1ass of 5-HT recognition sites, the 5-HT3 receptors, has been characterized in
different speciesand tissues70.364. The 5-HT3 receptor does not have the seven transmembrane domains

Iinked with G protein transdu~tion system, as is the case for 5-HTI and 5-HT2 receptors, but is rather
a member of the ion channel-gated family, which includes the nicotinic receptors220. Although 2­
methyl-5-HTand phenylbiguanide are prototypic agonists for 5-HT3 receptors, their affmities for these
receptors are relatively low, but nevertheless comparable to that of 5-HT219. Advances in the
pharmacological characterization of5-HT3 receptors are mainly attributable to the development ofnew
ligandssuch as ondansetron, tropisetron and zacopride thatare highlypot:ntantagonists at these sites220.
A widespread distribution of binding sites for these ligands is found centrally as weil as peripherally.
By using the 5·HT3 antagonist, [3H]GR65630, autoradiographic analysis247 showed high density of5­
HT3 sites in various regions of the rat brain, such as the hippocampus, the septumand the areapostrema.
[t is noteworthy that subunits of the 5-HT3 receptor have been cioned, and the expressed receptor has
pharmacological properties similar to that of the native receptor found in the brain239,288.

The latestreceptorciass officiallyaccepted into the 5-HTreceptorfarnily is the 5-HT4subtype226,

which has recently beencionedl60.Cisapride and 5-methoxytryptamineare agonists with high affmities

for these sites, whereas 2-methyl-5-HT is inactive. Sorne5-HT3receptorantagonists suchas tropisetron
and ondansetron are active as antagonist at 5-HT4 receptors, albeit they have a lower affmity 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 [3H]GRl13S0S,
and saturation analysis revealed asingle site ofhigh affmity in brain areas such as the hippocampus l84.

The highest densities of these receptors are found in the striatum, substantia nigra and olfactory

tuberculeJ84. Finally, it is noteworthy that other 5-HT receptor subtypes denominated 5-HTIE/IF and
5-HTs/6n have also been recently propo~;:d based on molecular cioning and pharmacological data66.

2.2. Noradre';I1.line and adrenocepton
Noradrenaline (NA; also known as norepinephrine), and its structural analogues adrenaline and

dopamine, belongs to aciass ofhormones and neurotransmitters known as the catecholamines. The fust
proposai of neurohormonal transmission came at the beginning ofthe 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, ciosely resembling

adrenaline but having different effects on heart vessels. This substance was subsequently identified in

1946as being NA, and was shown tobereleasedbysympathetic nerve terminals l3S.For sorne years after,
there was controversyconcerningwhetherthepresenceofNA inthe brainreflectedonly the sympathetic

innervation of cerebral blood vessels. This issue was resolved in 1.954 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

anygivenbrainregion, suggesting ratherthatNA wouId servethefunction ofacentralneurotransmitter99.
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Tyrosine is the primary precursor of NA and ofall catecholamines of the brain. This amino acid
is the hydroxylated product of phenylalanine that is assimilated through the diet. Before being utilized

by NA 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 sorne
brain regions) is taken up from the cytoplasm into vesicles,

where it then becomes the substrate of dopamine-~­

hydroxylase. This enzyme yields NA by adding a hydroxyl
group on the carbon at the ~ position of the side chain305.

The major metabolite of NA in the brain is MHPG (3­
methoxy-4-hydroxyphenylglycol). After its depolarization­
evokedrelease,NA is taken 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 DHPO (3,4-dihydroxyphenylglycol). DHPG is
subsequentlyexcreted and becomes the target of the catechol­
O-methyltransferase (COMT)which transfersamethylgroup,
taken from S-adenosylmethionine, onto the hydroxyl group

at the meta position of the phenyl ring, thereby yielding
MHPO (Fig. 2)305.

The majorclusterofNA-containingneurons thatinner­

vates the telencephalon anddiencephalonis the locuscoeruIeus

(LC) nucleus, astructure thatlies in the dorsolateral partofthe
pontine tegmentum. There is also a large number of NA
neurons thatforma more diffuse butcontinuous group thatlies
throughout the lateral ventral 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.Theaxons ofthese 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 (YNB) collects fibers frommany nuclei ofthe lateral ventral tegmental group as well as sorne

fibers of the LC, and projects mainly to hypothalamic and mesolimbic structures. In addition, most of
the NA fibers thatinnervate the spinal cord arise from this bundle; 3) There is finally the periventricular
system (PYS), 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 classificationofadrenergicreceptors in the central nervous systemrelies on the classical
pharmacologyofthree majoradrenergicagents acting in theperiphery: adrenaline, NA and isoproterenoI.
Following in vivo and in vitro studies of the metabolic effects ofadrenergic agents, Ahlquist proposed
ad:vision of their pharmacological responses into two general classes, l.ermed a- and ~-adrenergic9. 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 ~-adrenoceptors. Since this original definition,
developmentofmore selective ligands allowed further subdivisionofthe two adrenoceptorfamilies into
four classes that are found in the brain, termed al, a2, ~l and ~2l69.

Phenylephrine and elonidine are the agonists typieally used to selectively aetivate al- and a2­
adrenoceptors, respectively. On the other hand, prazosin and yohimbine antagonize the action of NA
at these respective reeeptors. Langer was the fust to propose that al-adrenoceptors mediate the
postsynaptic effects (Jf NA and that a2-adrenoceptors serve autoreceptor funetions regulating NA
release2S8.Directevidence that a2-adrenoceptors arc localized on NA terminais was reeentIy provided
as the binding of [3H]idazoxan, an a2-adrenergic ligand, was decreased in rat brain areas such as the

cortex and the hippocampus afterdenervation ofNA fibers2OO.However. mostof [3H]idazoxan binding

sites appear to be postsynaptie since around 80% of these remained unaffected by the noradrenergic
lesion2OO. In eontrast, the binding of [3H]WB-4101 at al-adrenoceptors in the rat cortex was up­
regulatedfollowing NA fiberdenervation, suggesting thatthe latterreceptorsareexclusivelypostsynaptic
and become supersensitive following prolonged NA depletion44l.

Advances in the techniques of pharmaeology and molecular biology provided a more complex

classification of a-adrenoceptors. The al-adrenoceptors have been subdivided into the alA subtype,

whieh has equal affmity for WB4101 and prazosin, and the alB subtype that has a greater affmity for

prazosin. The latter subtype is also more sensitive to inactivatior. by chlorethylclonidine195. Using the

selective al-adrenoceptor ligand [l2Sl]HEAT, in vivo binding also revealed two sites corresponding to

the alA and alB classifieationl64. In addition, three al-adrenoceptors have recentIy been cloned, but
their characterif'; ~s hardly match those of the above pharmacologieal subtypes195. There is also ample

evidence of heterogeneity at the level of the a2-adrenoceptors. The a2A and a2B subtypes differ
regarding their relative affmities for prazosinand oxymetazoline: the a2A subtype has agreateraffmity
for oxymetazoline while the a2B subtype has a higher affmity for prazosin165,195,442. There is, in

addition, the a2Csubtypethatresembles the a2B subtypebuthas agreateraffinityratioofprazosin versus

oxymetazoline, and the a2D subtype that is comparable to the a2A subtype but has a lower affinity for

yohimbine as the main difference. Finally, there are four a2-adrenoceptors that have recentIy been
cloned tha! correspond pharmacologically to the native a2A, a2B, a2C and a2D subtypes195,277.442./n
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situ hybridization studies in the rat brain revealed that the LC aJY;a is endowed with lX2A-adrenoceplors
whereas both lX2A- and lX2c-adrenoceptors are abundant in the hippocampus382.

Many of the phannacological effects that have been classically attributed to the activation of a­

adrenoceptors are in fact mediated by imidazoline (Ii and 12) receptors thal are insensitive 10
NA67,211,427,435. About 30% of [3H]para-aminoc1onidine binding in the bovine brain cannol be

displaced by NA and would correspond 10 II receptors l33. Sirni1arly, NA- resistant [3H]idazoxan
binding sites would correspond to 12 receptors211. Clonidine has a rather mediocre affinity for
imidazoline sites compared to that for a2-adrenoceptors73. In turn, moxonidine and idazoxan are agood
agonistand antagonist, respectively, at the imidazoline receptors, whereas yohimbine is inactive134,211.
A putative neurotransrnitter acting at imidazoline receptors has recently been discovered. Agmatine is
an endogenous substance that binds potently to II and 12 receptors270.This substance is the produci of
the enzymatic decarboxylation of arginine, an important component of the urea cycle, present in the

brain305,
There are also the two ~I and ~2-adrenoceptors. However, the amino acid sequence disparity

between these subtypes is not as great as for al- and lX2-adrenoceplors461. In the brain, ~I and ~2­

adrenergic receptors can hardly be differentiated in terms oftheirphysiologicalfunctions since Ihey both

stimulate adenylate cyclase46l.Nevertheless, autoradiographic studies revealed thal these receptors are
differentiallyregulate<l byNA fiberdenervation, and havedistinctdistributions in the brain309. (­

)-[l25I]Iodocyanopindol in the presence of unIabeled S-HT (to mask S-HTIB receptors) binds with a
single high affinity site 10 ~l- and ~2·adrenoceptors in the hippocampus. Competition analysis with

drugs selective for ~-adrenoceptor S'l;~typeS (CI-89406 and CI-118SS1) revealed that about 70% of ~.

adrenoceptors in the hippocampus are of the ~l subtype, the remainder being of the ~2 subtype436.

3. Physiology ofserotonergic and noradrenergic neurons
3.1. Serotonergic neurons

The serotonergic innervation of the hippocarnpus arises from S-HT neurons of the median and
dorsal raphe area (DR and MR)98. As originallydescribcd 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 beingcharacteristic ofS-HT-containing neurons using different techniques:

combined single cell recording and fluorescence histochernistry, stimulation of the ascending S-HT

pathway coupled with antidrornic recording, and S-HT denervation4,457. The fmng activity of S-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) thatdecays slowly during
the interspike interval. Spikes are generated by the terrnination of the AHP rather than by excitatory

postsynaptic potentials (EPSPs) arising from afferentfibers. Theseeventscan 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 ARP and the

deinactivation of the calciumcurrent When the membrane voltage finally reaches the threshold for the
activation of voltage-dependent calcium conductances, another action potential is !riggered6.

The firing rate of S-HT neurons is regulated by autoreceptors of the S-HTIA subtype localized in
the somatodendritic regioll. Indeed, microiontophoretic application of S-HT or S-HTIA agonists (e.g.
S-methoxytryptamine, 8-0H-DPAT, LSD, ipsapirone, gepirone) onto dorsal raphe S-HT neurons
depresses their firing activity, and this suppressanteffect is antagonized by intravenous spiperone or by
microiontophoretically applied (_)_propranoloI51•61,64,275,368.412. The reduction of S·HT neurons'

discharges induced by S-HTtA receptoractivation is mediated byanhyperpolarization ofthe membrane
occurrlng through an openingofpotassiumchannels5,413,466. Pertusis toxin inactivationofGi/oproteins

markedly reduces the suppressant effect of S-HTIA agonists60.228. However, in vitro application or
intracellular injection of cAMP analogues do not reduce this response228. It thus appears that S-HT
autoreceptors activate Gproteins which candirectly open potassiumchannels without any involvement

of adenylate cyclase.
Microdialysis and voltammetry studies have shown that the activation of S-HTIA autoreceptors

in the raphe area decreases the release ofS-HTat the level ofterminals in the hippocampus63.401. It thus

appears thatchanges in the firing rate ofS-HT neurons induced by drugs acting atS-HTIA autoreceptors
can alter the level ofactivation ofpostsynaptic S-HTreceptors in the brain. However, it is still notclear
to what extent physiological variations in raphe cell firing can alter the release ofS-HT at postsynaptic
sites. In any case, the frring activity ofS-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 S-HT
neurons are sUent, whereas during awakening these neurons discharge atrates ofabout3Hzduring quiet
periods and of about 6 Hz during arousal440. It is noteworthy, however, that various environmental
stimuli or stressorsdo notchange the discharge rate ofS-HTneurons when compm:ed to the undisturbed

active waking baseline465.

3.2. 'Voradrenegù: neurons

The hippocampus is innervated by NA terminals originatingexclusively from the locus coeruleus
(LC)191.241. Sirnilarly to S-HT neurons in raphe nuclei, NA neurons in the LC have been shown to

display a slow, tonic pacemaker activity with long-duration action potentialsl77. This spontaneous
activity appears intrinsic to NA neurons because it is still present in dissociated LC NA neurons in
culture292. Ascheme ofa pacemaker cycle ofaction potentials involving calcium-activated potassium
conductances, similar to the one depicted above for S-HT neurons, can explain sorne aspects of NA

neurons' physiology. However, this pacemaker activity also shows adependence on cAMP and protein

kinase A. Extracellular agents thatincrease cAMP levels enhanced the firing rate ofLC neurons459•In

addition, LC NA neurons in vitro show a time-dependent decrease of their spontaneous firing activity

that can he counteracted with intracellular infusion ofcAMP, 8-Br-cAMP, or with the catalytic subunit

of cAMP-dependent protein kinase, and. this effect is accentuated with a specifie inhibitor of this
enzymelS.
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The fuing activity of LC NA neurons is regulated by somatodendritic autoreceptors of the 0.2­
adrenergic subtype. Indeed, intravenous administration or microiontophoretic application ofclonidine

inhibits the flring activity of these NA neurom, and this effect is blocked by o.2-adrenergic antagonists
such asyohimbine83.29t,431. Elevatedsynaptic levels ofendogenous NA, achieved through the blockade

of NA reuptake carriers with desipramine, or microiontophoretic application of NA also produce an
inhibition of fuing of LC NA neurons that is blocked by the o.2-adrenergic antagonist idazoxanL05.
Activation of the somatodendritic NA autoreceptors by endogenous NA is furtherdemonstrated by the
fact thatsmall intravenousdoses ofo.2-adrenergicantagonists increase.by themselves. thedischarge rate
of NA neurons291.

There is little doubt that a.2-adrenergic receptors in the LC decrease the fuing rate of NA neurons
primarily via an increase in potassium conductance. Agonists at a.2-adrenergic receptors produce a
hyperpolarization of these neurons whose reversal potential is predicted by the Nernst equation for a
potassium-dependent change in permeability19,467. At high concentrations. NA can also decrease

calciumcurrents. Howeverl'ris effect is notmimicked by clonidine norprevented by yohimbine468•thus

excludingaprimaryinvolvernentofcalciumconductanceinthemediationofa.2-adrenergicautoinhibition
at this level. Somatodendritic a.2-adrenergic autoreceptors might increase the potassium conductance

through an inhibition ofadenylate cyclase. InactivationofGi/o proteins with pertussis toxin was shown
to almost totally abolish the effect ofclonidine at these receptors7. Furthermore, intracellular injection
of cAMP analogues reversed a.2-adrenoceptor-mediated hyperpolarization19. Elevation of cAMP
concentrations increased the fuing 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 0.2­

adrenergic agonists since it was not reversed in the region of potassium reversal potential8. According

to Aghajanian and Wang8, a.2-adrenergic agonists would have adual action. Through adirect action of
the G protein transduction system, they would open potassium channels without involving cAMP.
Secondly, a.2-adrenergic agonists would induce a G protein-mediated inhibition of adenylate cyclase.
that, in turn, inactivates acAMP-dependent inwardcurrenl These two phenomena would act inconcert

to produce the a.2-adrenergic-mediated hyperpolarization of LC NA neurons.

The discharge rate ofLC NA neurons during the sleep-wake cycle is comparable to thatdiscussed

above for S-HT neurons of raphe nuclei (i.e., being highest during waking states, lowest during deep
sleep and virtoally silent during REM sleep)24. Contrary 10 S-HT neurons, LC NA neurons increase
markedly theirfuing activity in response to noxious. stressful, or anxiogenic stimuli231.361,362. At the

postsynaptic level, astressstimulusandthe directelectricalstimulationofthe LCareareduce the activity
ofhippocampalneurons398andincreasetheextraeellularconcentrationofNAinthehippocampus2,245,330.

It is difficult to determine with classical pharmacological tools how changes in the frring rate of
LC neurons can affect the release of NA in the hippocampus since both somatodendritic and terminal

autoreceptors are of the a.2-adrenergic subtype. Nevertheless, the release of NA per pulse in the

hippocampus was shown to be inversely related 10 the frequency ofthe stimulation of the NA pathway
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arising from the LCU)4. This result suggests that in the situation of high neuronal discharge, terminal

autoreceptors decrease the amount of NA released per action potential. Thereby, in vi\'o administration
of <X2-adrenergic agonists could decrease the release of NA in the hippocampus by acting mainly at
terminais, rather than at somatodendritic autoreceptors. Here is the evidence supporting this contention.
First, intraperitoneal injection ofclonidine or idazoxan modulates NA turnover in brain terminal areas
equally weil in rats that had LC inactivation with tetrodotoxin as in intact rats106. Sccond,low doses of

the alkylating agent EEDQ (N-ethoxycarbonyl-2-ethoxy-I,2-dihydroquinoline) antagonize the effect

of clonidine on the terminal NA turnover, while not affecting the inhibitory effect of this drug on the

frring rate of the LC NA neurons l30.

4. Distribution of S·RT and NA innervations of the hippocampus
The S-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. AlI NA fibers
of these bundles arise from the LC area191,241. In contrast, S-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-fomix, whereas those of the DR project to the hippocampus via the amygdaloid path­
way26.437. MRand DRS-HTfibersexhibitreadilyrecognizablemorphologicaldifferences. Serotonergic

axons of the MR are relatively coarse with large spherical varicosities (enlargements of aggregated
synaptic vesicles containing S-HT). In contrast, axons from the DR are very fme and have small
varicosities of various forms232,284.

The fimbria-fornix contributes to the NA arborization of CM straturn lucidum (at the apical side.
of the pyramidal celllayer) and to the polymorph layer of the dentate gyrus (fig. 3)191.335. On the other

hand, S-HTfibers carried by the latter bundle arborize ta the stratumlacunosum-moleculare ofCA1and
the stratum radiatum ofCA326 as weil as to the molecular and the polymorph layer of the dentate gyrus.

The fasciculus cinguli distributes its NA and S-HT fibers to the molecular layers of the dentate gyrus,
the subiculumandthe Ammon'shom191,314.The amygdaloidbundledistributes adenseNAinnervation

in the whole hippocampal formation, but sends S-HTfibers mainly to the molecular layerof the dentate
gyrus26,SO.

Physiological interactions between the S-HT and NA systems require a relative proximity of the

terminals that release these neurotransmitters. It is of interest here ta compare the relative distribution
ofthese fibers in various layersofthe hippocampal formation. Oleskevichand co-workers have recently

quantified the distribution ofNA and S-HTfibers in the rat hippocampus using [3H]NA and [3H]S-HT

uptake-Iabelingofaxonalvaricosities334,335. Theyfound these varicosities to be prominentinail regions

ofthe hippocampus, suggestingmultiple sitesfor interactionsbetweentheS-HTandNA systems (Fig.3).

Adense labeling of both [3H]NA and [3H]S-HT is found in the apicallayers (molecular and radiatum)

of ail regions (subiculum, Ammon's hom and dentate gyrus), except for the stratum lucidum of
Ammon's hom that receives a large amount of NA but not of S-HT varicosities. In addition, these

neurotransmitrer systems largely innervate the polymorph layer of the subiculum, whereas the stratum
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Fic. 3. NA ud 5-RTinaervadoaa orthe b1ppocamp.... SUB, sablcalumj CAl, C.u-a aad CA3-b, respectlYe Ammoa's
hOrD sedonj DG-mb, DG-e aad DG-Ib, medlal bW.. enlt ud laten! blade of lb. datate IYrDl. Th. veriou
layen ID each ftIIoa are dalpated aIoaplde tbelr respective couallnl windows by the foUowlnl abbnvlalioDs:
pyr, stratum pyramidale; mnl, stratum moleculare; or, stratum orlellls; lae,stratum h1cldam; rad, stratum radlatumj
Imol, stratum pyramidale; 0.101, stratum moleculare; 01; stratum orieu; IDe, stratum luddum; rad, stratum radtetumj
Imol, stratum IacuuOlum-moiecularej .. traDaie ccIJ layer; pm, polymorpll celilayer (coartesy ofL. DescarrIa).
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oriens is an area enriched with S-HT varicosities. In contrast, there is onIy sparse NA and S-HT

innervation in the pyramidal and granular celllayers and in the alveus of Ammon's homo

The relative density of varicClsities containing NA compared with those containing S-HT in
different layers of the hippocampal formation was estimated from the work of OIeskevich and co­
workers334,335(fig. 3). At the :, vel of the apical projections of pyramidal and granular cells (stratum
moleculare and radiatum), the ratio of S-HTINA varicosities is almost two. This ratio is even greater
(almost four) at the level of the stratumoriens ofAmmon's homo Incontrast, there are slightly more NA
varicosities in the region of the pyramidal celllayers of CA3, as weil as in the granular and polymorph

layers of the dentate gyrus. Finally, the ratio ofS-HTINA terminals in the pyramidallayers of the CAl

and of the subiculum is similar to that found at the level of the molecular layers.

5. Serotonergie neurotransmission in the hippocampus
5.1. PresyMptîc meclumisms

Contrary to somatodendritic autoreceptors of the raphe area, terminalS-HT autoreceptors of the
hippocampus are not of the S-HTIA subtype, and control the release ofS-HT without interfering with

the propagation ofaction potentials423.lnvitro characterization usingrat hippocampal slices preloaded
with [3H]S-HT, revealed that these autoreceptors are of the S-HTIB subtypel40. For instance, S-CT

potently decreases the evoked release of [3H]S-HT, and this effect is blocked by methiothepin,

metergoline and cyanopindolol. In contrast, 8-0H-DPAT is much less potent at inhibiting the release
of S-HT, and this inhibition is notblocked byspiperone140. Methiothepin increases by itselfthe evoked
release of[3H]S-HTfrompreloadedhippocarnpal slices140,218,343,456,whereas metergoline does itonIy

in the presence ofaS-HTreuptake biocker14O, and ~-adrenergic antagonists such as cyanopindolol and
propranolol aet as partial agonists at S-HTIB autoreceptorsI40,296. The role of these hippocampal
autoreceptors on S-HT terminals has also been investigated in vivo. Electrlcal stimulation of the S-HT

pathway suppresses the flring activity of pyramidal neurons by releasing synaptic S_HT48,49. The

effectiveness of the stimulation is decreased by the administration ofRU 24969, a S-HTIA/IB agonist,

and this effect is blocked by methiothepin, but not by a S-HTIA antagonist, BMY 737886,88.

Furthermore, a microdialysis study revealed that local application of the specific S-HTIB agonist CP­
93,129 decreases the hippocampal output of endogenous S-HT and that this effect is also blocked by
methiothepin213.

TerminaiS-HT autoreceptors in species other than rodents are of the S-HTID subtype. Human
and guinea-pig hippocampi are endowed with S-HTID rather than S-HTIB receptors222, but there are

no data indicating that terminal autoreceptors in the hippocampus of these later species are also of the

S-HTID subtype. Nonetheless, in vitro superfusion experiments have beell carried out using human or
guinea-pig neocortical slicesI58,307. In both cases, S-CT decreased the release of [3H]S-HT. These

inhibiting effects \Vere blocked by the S-HTIB/ID antagonist methiothepin, but not by the S-HTIB
antagonist cyanopindololI58,307.
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Most authors agree that tenninal5-lIT autoreceptors decrease the release of5-lIT by reducing the
calcium influx via voltage-dependent calcium channels423. Three series of findings support this
contention: 1) The effectiveness of the activation ofterminal5-HTautoreceptors is less pronounced the
higherthe calciumconcentration in the superfusion mediuml75; 2) The calcium-independentrelease of
[3H]5-HT by fenfluramine is not modulated by ligands acting at tenninal 5-lIT autoreceptors259; 3)
Voltage-sensitive calcium channel agonists (dihydropyridines) concentration-dependently enhance
potassiumevokedrelease of[3H]5-HTI41. Itis notclear. however. whatare the molecularsteps 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-lIT agonists and antagonists acting at terminal
autoreceptors l38.There is one reportindicating that the inhibitory effect ofLSO on the release of5-HT
is abolished in slices preincubated 4 hours with the Gi/o proteins ribosylating agent pertussis toxin.
suggesting that terminal5-lIT autoreceptors are linked with these G proteins343. However. the lack of
effeetofthis pretreatrnent on the facilitatory effeetof methiothepin343 does not fit with this hypothesis.
Furthermore. subsequent studies revealed no changes in the function of terminal 5-lIT autoreceptors
following in vivo inactivation of either Gi/o or Gs with pertussis or cholera toxin. respectively. and
following in vitro inactivation of G proteins with N-ethylmaleimide41•60.

Evidence was recently provided for 5-HT3 receptors having an opposite role on the release of 5­
lIT compared to the 5-lITIB/ID autoreceptors. Indeed. these receptors would exert apositive feedback
on the release of 5-HT43,290. The selective 5-lIT3 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]5-HTfrom preloaded guinea pig hippocampal slices. effeets that are blocked by various
5-HT3 antagonists43. A rnicrodialysis study revealed sirnilar phenomena in the rat hippocampus290.
These 5-lIT3 receptors do not appear to he tonically activated since the 5-lIT3 antagonist MDL 7222
does not decrease by itself the release of[3H]5-lIT in vitro. nor that ofendogenous 5-HT in vivo43•290.
Much research is needed to determine the mechanisms involved in the facilitatory action of 5-HT3
receptors on therelease of[3H]5-HTsince the cellular localization ofthesereeeptors is noteven known.
Adirect action of5-HT3 agonists atreceptors on 5-HT terminals was ruled out by the fmding that these
ligands fail to enhance the release of [3H]5-lIT 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 mec1ulnisms
5.2.1. Single-unit studies

Early in vivo eleetrophysiologiCal studies revealed that rnicroiontophoretic r.pplication of 5-HT
ante neurons of the hippocampus produces predominantly inhibitory effeets. but also sometimes
excitatory effeets. At the time of these early investigations. oRly the excitatory effeet was known to he
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blocked by c1assical S-HT antagonists such as methysergidel87•366. More recent in vivo studies have

shown that the inhibitory effect of S-HT on the fJring rate of pyramidal neurons of hippocampus is
blocked by the S-HTIA antagonist BMY 7378, but not by the S-HT2 antagonist ketanserin61•87.
Furthermore, selective ligands ofS-HTIA receptors such as 8-0H-DPAT, gepirone or tandospirone act

as partial agonists at these receptors. When applied by rnicroiontophoresis, these ligands display
suppressanteffectson the fJringrate ofpyramidalneurons, but also antagonize the effectofS-HTapplied
concornitantly53.61.87.166. There are apparently two subsets of postsynaptic S-HTIA receptors in the

hippocampus differentiaI1y coupled to 0 proteins that suppress pyramidal cell fJring. Indeed, the
extrasynaptic S-HTiA receptors localized on the soma of pyramidal ceUs, which can be activated by
rnicroiontophoretic application of agonists, are inactivated by pertussis toxin60. On the other hand,
intrasynaptic S-HTiA receptors localized on dendrites ofpyramidal cells and activated by endogenous

S-HT released by the electrical stimulation of the ascending S-HT pathway are unaffected by pertussis
toxin60. It thus appears that extrasynaptic S-HTIA receptors are coupled with Oi/a proteins while
intrasynaptic S-HTIA receptors are nol

ln vitro intraceI1ular recordings have revealed that the most prorninent effect of S-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 suppressanteffect ofS-HTon the firing rate ofpyramidal neurons. First, the opening of
this potassium channel by S·HT was shown to be mediated by S-HTIA receptors as it is blocked, for
instance, by 8-0H·DPATand spiperone and mirnickcd with alesserefficacy by 8-0H-DPAT21,96.369.

Second, the ability of S·HTIA receptors to hyperpolarize pyramidal neurons is prevented by pertussis
toxin. Finally, intracellular injection of OTPyS, a non-hydrolyzable analogue of OTP, produces a

persistent hyperpolarization and prevents the effect ofS-HT, showing an involvementof Oi/o proteins
in this electrophysiological response18.481.

Superfusion of S-HT was also shown to inhibit cAMP formation from hippocampal membranes

in which adenylate cyclase was activated by forskolin in the presence or absence ofvasoactive intestinal
peptidel13,122. The S-HTIA ligand 8-0H-DPAT is a full agonistin this paradigm, whereas spiperone
is an antagonist1l3.122. Interestingly, the activation of S-HTIA receptors was also shown to stimulate

the production cAMP in hippocampal membranes402, aresult consistent with the electrophysiological
data discussed above, indicating that therc rnight be two subsets ofS-HTIA rcceptors in this brain area

coupled to either Oi or Os proteins. It is important to emphasize, however, that the 0 protein-coupled

S-HTIA receptors that mcdiate the hypcrpolarization ofpyramidal neurons activate potassiumchannels
without involving the stimulation or the inhibition ofadenylate cyclase. Indeed, intracellular injections
offorskolin or 8-Br-cAMPdid nothypcrpolarize pyramidal neurons. Moreover, buffering intracellular

cAMP with 8-Br-cAMP failed to blunt the hypcrpolarization effect ofS-HT18. TI, exact functions of

these S-HTIA-mediatedmodulations ofadenylate cyclase inS-HTneurotransrnissionrcmain unknown.

In addition to ilS hyperpolarizating action, S-HT elicilS on hippocampal neurons late excitations

that arc not mcdiated by S-HTIA receptors21•97. Suppression of two types ofpotassium conductances
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would be involved in these effects of S-HT: frrst, a suppression of a slowly developing calcium­
dependent potassium current (liiliP) would be responsible for the accommodation of cell frring

frequency (the length ofthe AHP isreduced byS-HTviathe suppression C'fthis currentandc"nsequently

leads to increased neuronal discharges in response to depolarizaùon inputs), and, second, an even more

slowly developing and long-lasting suppression of a voltage-dependent potassium currents (lm) thal

produces neuronal depolarizations and excitations21.97. In pyramidal neurons of guinea pig and raI

cortex, for instance, these responses have been attributed to the activation of S-HT2 receplors 167.

However. Andrade and Nicoll21 have shown that S-HT-induced suppressions of either lm or IAHP in

hippocampal pyramidal neurons are not blocked by ketanserin. thus excluding any involvement of 5­

HT2 receptors in lhis brain area. Subsequent studies suggested that the suppression of potassium
conductances by S-HT are mediated by S-HT4 receptors since they are blocked by the S-HT3/4 agents

BRL24924. zacopride and cisapride. and mimicked by the S-HTl/4 agonists S-methoxytryptarnine and
S-CI'. butnotby the S-HT3 agonist2-methyl-S-HT20.85. Interestingly.S-HT4receplorshave beenfound
to hepositivelycoupled to adenylatecyclasesystemin the guineapig hippocampus120,121.402. However,

further studies are awaited to establish whether the above electrophysiological effects are mediated

through lhis second messenger system.

In the presence of spiperone (which blocks the S-HTIA and S-HT2A receplors), a fast excitatory

response of pyramidal cells to S-HT was also observed. in addition to the late excitalory response

descrihed above. The former response to S-HT was mimicked by the S-HT2A/C receplor agonist DOl,

and antagonized bythe S-HT2A/2Cligandketanserin. suggesting the involvementofS-HT2creceplors36,

It was concluded that S-HT can increase the subthreshold excitatory postsynaptic potential (EPSP)

amplitude to initiate spike frring via these rectlptors. However, the exact nature of the ion channels

involved is unknown36.

Serotonin mediates depolarization in a variety of tissues by the opening of S-HT3 receplor­

channels that have mixed permeability to sodium and potassium350,474. In cultured embryonic mouse

hippocampal cells. S-HT and 2-methyl-S-HT induce large inward currents that are short lasting and of

rapid onset, and these responses are blocked by the S-HT3 antagonist tropisetron475. A major

characteristic ofthe S-HT3 receptor-channels is that they rapidly desensitize following prolonged S-HT

application. Moreover. the function of these S-HT3 receptors appears to be regulated by the adenylate

cyclase system since the rate of desensitization was found accelerated by the perfusion of forskolin.

phosphodiesterase inhibitors. cAMP analogues or cholera toxin475.

It is important to note thatS-HT3-receptor-mediatedmembrane depolarizations were observed on

a heterogeneous population of hippocampal cells475• but not at the level of hippocampus pyramidal

cells21,97. Recent evidence suggests that the activation of S-HT3 receptors excites GABAergic

interneurons which would in turn inhibit the firing activity of pyramidal neurons through GABAA

receptors. Anatornical studies revealed synaptic contacts between S-HT terminais and GABAergic

interneurons of the hippocampus153• Furthermore. S-HT and 2-methyl-S-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. Mu/ti-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 of5-HT on field potential is a composite of two

responses mediated by at least two distinct 5-HTreceptors. Bath application of5-HTproduces an initial
increase followed by adecrease in the amplitude of the CAl population spike evoked by the stimulation
of the stratum radiatum38.372. The suppressing effect of5-HT appears to be of the 5-HTlA subtype as
it was mimicked by 8-0H-DPAT and blocked by spiperone, but not by ketanserin37. Furtherrnore, the
CAl population spike evoked by the stimulation of the Schaffercollaterals was also reduced by 8-0H­

DPAT and buspirone348.
This inhibitory effect of 5-HTlA 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 5-HT was also blocked by the inactivation ofGi/o proteins with
pertussis toxin94. The excitatory effect of5-HT, however, cannot be explained by the 5-HT4-receptor­
mediated decrease in the potassium conductance, characterized by Andrade and Chapllt20, since in
contrast to the 5-HT blockade ofafterhyperpolarization, the S-HT-induced enhancement in population
spike amplitude has a rapid onset38,372. This excitatory response of S-HT would best be explained by
the S-HT2C receptors that increase a subthreshold cationic conductance36 (see the preceding section).

Interestingly, S-HT was also shown to inhibit the induction of prolonged enhancements in the

excitabilityofhippocampus pyramidal neurons. Highfrequency stimulationofmostexcitatorysynapses

of the hippocampus lead to long-term potentiation (LTP) of synaptic transmission. Subsequent
stimulations of these excitatory pathways typically produce populatioil spikes of greater amplitude, a
phenomenon thought to be ofrelevance to memory processesl26. Many studies have indicated that high

frequency stimulation of excitatory pathways depolarizes the membrane of postsynaptic neurons

through the activation ofglutamate 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 ofeither the commisural pathway projecting to the CA3 region or of the stratum radiaturn
in the CAl region were shown to be blocked by bath superfusion of S_HTlOO,454. The blockade ofLTP

by5-HTcould involveahyperpolarizationofpyramidalneurons through5-HTlAreceptors as this effect
is blocked by methysergide or by spiperone and mimicked by S_CTlOO,454. The suppressant effect of

S-HTon LTP in the CAl region seerns to involve also S-H1'3 receptors because this response is blocked

by tropisetron and ondansetronlOO. It was suggested thatS-HT3receptors thatreside on the GABAergic

intemeurons and mediate inhibition ofthe firing activity of pyramidal neurons370 could be irnplicated

in the suppression of LTP by S-HTlOO•



•

•

1 - 20

6. Noradrenergic neurotransmission in the hippocampus
6.1. Presynaptic mechanisms

Noradrenergic fibers of the hippocampus are endowed with a.2-adrenergic autoreceptors that
control the amount of NA released from terminais, but not the propagation of action potentials or the

synthesis of NA as do their somatodendritic counterparts422. llIustrating the inhibitory effect of
presynaptic a.2-adrenoceptors, nanomolar concentraûons of NA or c1oniù;ne decrease the electrically­
or potassium-evoked release of [3H]NA from preloaded slices ofrat and rabbit hippocampus, and these
effecls are blocked by yohimbine. In conttast, the a.l-adrenergic agonist phenylephrine produces a
similar inhibiting effect only at micromolar concentrations, and the latter effect is not blocked by the
a.l-adrenergic antagonist prazosin. Furthermore. yohimbine. but not prazosin, increases by itself the
evoked release of [3H]NA in the hippocampusl49.230. However, a.2-adrenergic antagonists are without

any effect in conditions where there is no autoinhibition of NA releasell. In vivo electrical stimulation
of the ascending NA pathway of the locus coeruleus has also been shown to suppress the fuing activity
of hippocampal pyramidal neurons lO4. The effectiveness of the stimulatioll is decreased by c1onidine,
increased by idazoxan, and inversely proportional to the frequency of stimulation, conflfming that the
receptors mediating these effects are terminal a.2-adrenergic autoreceptors lO4. Recently, more precise
pharmacological characterlzation revealed that terminal autoreceptors are of the a.2D subtype in the rat
and of the a.2A subtype in the rabbit438. Additional characterlzation of receptors on NA terminais 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 ofpostganglionic sympathetic nerve endingsl73.

There are still controversies about the exact molecular mechanisms involved in the inhibition of

NA release by presynaptic a.2-adrenoceptors in the central nervous system. Pertussis toxin and N­
ethylmaleimide, !Wo toxins that inactivate Gi/o proteins. reduce the modulatory effects ofc10nidine and
yohimbine on the release of [3H]NA in rabbit hippocampal slicesl2•l3. 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 a.2-adrenergic agonists and antagonists in rat hypothalamus and cerebral COrleX359.389. In

contrast, activation of protein kinase C with phorbol esters increases the release of [3H]NA, but does

not change the effeet of yohimbine208. These results suggest that terminal autoreceptors reduce the

release of NA through the Gi protein-mediated inhibition ofadenylate cyclase. This interpretation has
to be taken with caution, however, considerlng that divergent results were reporled with forskolin289

and that sorne 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 ofposlsynaptic a.2-adrenoceptors329.

The primary ion conductance affeeted by terminal lX2·adrenergicautoreceptors is also a matterof

debate. As has been observed for somatodendritic lX2-adrenergic autoreceptors. terminal autoreceptors

could increase a potassium conductance, hyperpolarize the axons. and thereby decrease the influx of
calcium through voltage-dependent calcium channels. In support of this view, the irthibitory effeet of
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this lXz-adrenergic-mediated hyperpolarization is prevented when a very high concentration of
potassium is used toevoke [3H]NA release in rathippocampal synaptomes69.4ZZ. 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 lXz-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 lXz-adrenoceptors
still mediate an inhibition of [3H]NA release from preloaded slices of hippocampus in absence of
c:xtracellularcalciu. .'~29. Nevertheless, rutheniumred, which blocks theentryofcalciuminto intracellular
stores, decreases the effect ofclonidine. Based on these results, lackisch and co-workers229 suggested
that the inhibition ofadenylate cyclase by lXz-adrenergic autoreceptors decreases cytoplasmic calcium

affecting NA release by primarily acting on the intracellular pool ofcalcium.

6.2. Postsynaptic mechanisms
6.2.1. Single-unit studies

Both excitatory and inhibitory effects of the application of NA on the flring rate of pyramidal
neurO/lS of hippocampus have been reportedI02,287,318,319,34Z. The most prominentin vivo action of

pressureejected NA on pyramidal neurons is a suppression offlring which is readily blocked by the lXI­
adrenergic antagonist prazosin, but not by the lXz-adrenergic antagonist rauwolscin342. In contrast, the
suppression of fui!!g activity induced by microiontophoretic application of NA is weakly blocked by
prazosin, but aImost completely blocked by the lXz-adrenergic antagonists idazoxan and piperoxan103.

The above results suggested the existenceoftwodistinct lX-adrenoceptorsmediating theinhibitoryeffect

of NA. A differential role of these receptors has subsequently been suggested by Curet and de
Montigny103 who used the technique ofelectricalstimulationofthe ascending NA pathwayarisingfrom

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 idazoxanlO2. It was thereby concluded that

postsynaptic lXl-adrenoceptorsare localized intrasynapticallysincetheydirectlyrespond to synaptically

released NA from terminals. In microiontophoresis studies, diffusion of NA through the glass

micropipette wOuld rather activate postsynaptic lX2-adrenoceptors localized extrasynaptically.
Electrical stimulation of the LC ascending pathway, sirnilarly to pressure ejection of NA, was

shown to produce a period of activation that follows the inhibition of the flring ratelOZ.319. This

excitatory effect of NA on the activity of hippocampal pyramidal neurons was shown to be mediated
by ~-adrenoceptors since it was blocked by antagonists such as propanolol102,319. The mechanism

involved in the excitation ofhippocampal pyramidal neurons by ~-adrenoceptors is weil established. ït
implicates the calcium-sensitive voltage-independent potassium current (IAHP) which is irnplicated in

the accommodation ofspike firing. By inactivating the channels mediating this potassium current, NA

decreases the hyperpolarizationthatoccursafteran actionpotentialand therebyfacilitates thegeneration

ofnew spikesI8S,279. The receptors mediating the blockade ofIAHP by NA were shown to be of the ~l-
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adrenergic subtype as the effect of NA was blocked by the antagonist atenolol and mimicked by the
agonist dobutarnine281.Inaddition, the second messenger mediating the depolarization and the increase

in the fIring activity ofpyramidal neurons was identified as cAMP since this molecule as well as agents
that increase its intracellularavailability (forskolin and phosphodiesterase inhibitor) produceexcitatory
effects sirnilar to those of NA280.

In comparison, there are few intracellular slUdies that have indicated an action ofo.-adrenoceptors
at thelevelofpyramidal neurons ofthe hippocampus. AsmaU hyperpolarizationofthese cel1s, preceding
the ~-adrenergic depolarization, can he induced by NA261,281. Madison and Nicol1281 assumed this

hyperpolarization to he mediated by o.-adrenoceptors although they admitted that the characterization
ofthisresponsewasproblematic. Furthermore,Segal399indicatedthatneitherclonidine norphenylephrine
exerted any marked hyperpolarizing action at the level of pyramidal neurons of the hippocampus.

The interactions between the membrane hyperpolarization and the ~I-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 acontrol condition, a briefelectrical
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 severa! action potentials with
the usual accommodation offlring rate due to the activationofthecalcium-dependentpotassiumcurrent

(lAHP). Application ofNA to a pyramidal ccli reduced its IAHP-mediated accommodation and al10wed
the cell to flre action potentials throughout the period ofthe longerelectrical stimulation. However, the

concomitanthyperpolarizing action ofNA blocked the ability of the briefelectrical stimulation to elicit
a single action potential. It thus appears that NA can suppress responses ofpyramidal 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 studled at the level of a population of neurons of the CA1region 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 noradrenallne wash

Fig, 4. Experiment illustrating the modulation of the signal-to-noise ratio by NA
(modilied from NicoU et al.. Psychophannacology: The lIûrd genemtion of plOgress, 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 Schaff.ercollateral stimulation. The response was blocked by ~-adrenergic

antagonists and mimicked by ~-adrenergic agonists as well as by cAMP analogues287,317,319. On the

other hand, higher concentrations ofNA orphenylephrine suppressed the evoked population spike. The
latterresponse was characterizedas beingofthe lXl-adrenergic subtype, althoughclonidine had asimilar
inhibitory effect at high concentrations317,319,320. It is also noteworthy that NA can increase the
spontaneous fmllg 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 lX-adrenoceptors in the principal celllayers of the hippocampus are not
always inhibitory. Indeed, NA was shown to act through lX-adrenoceptors to reduce the inhibitory action
of GABAergic interneurons on the firing activity of pyramidal neurons and thereby increase the
excitabilityofthesecells266,282. Moreprecisely, NA wouldreduce theearlyIPSPs mediated byGABAA
receptors that increasechioride influx intopyramidal neurons l18.However, the cellularsite responsible
for the disinhibitory effect of NA does not appear to reside at an interneuron. Instead, activation of lX­
adrenoceptors WOuid reduce the GABAergic inhibition by depressing excitatory synapses originating
from pyramidal neurons thatactivate interneurons (recurrentfeedbacks)1l8. Another way by which lXI­
adrenoceptors activation can lead to increase excitability of pyramidal cells is by a potentiation of
glutamatergic input mediated by NMDAreceptors399.lXI-Adrenoceptors are well known to activate the
phosphatidyl inositol pathwayinavarietyoftissues329.Thesereceptors inducetheenzymatic hydrolysis
of phosphatidyl-inositol-4,S-biphosphate (PIP2) by phospholipase C which produces diacylglycerol
(DAG) and inositol-I,4,S-triphosphate (IP3). The fonnation ofthe latter IP3 molecule in turn promotes

the release ofcalciumfrom intracellularstores329.Segal andcolleagues399found thatmicroiontophoresis
of IP3, but not cAMP, produces the same enhancing effect as lXl-adrenergic agonists. It was thus
concluded that lXl-adrenoceptors can potentiate the NMDA-mediated influx ofintracellularcalcium in
hippocampal 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 stimuiationlO9,I92, glutamatel94, or blockade of somatodendritic
lX2-adrenergic autoreceptors with idazoxan379. Both the population spike amplitude and the fmng
activity of pyramidal neurons of the CAl and CA3 regions elicited by stimulating, respectively, the
Schaffercollatera!or the mossy fibers were similarlyshown to beenhanced by NA (forareview see193).
Besides these data, the fact that responses to topical application ofglutamate are enhanced by previous
bath superfusionofNA396suggcsts thatnoradrenergicoutputsenhanceglutamatergicneurotransmission
in the hippocampus. These potentiatingeffectsofNA on glutamatergic neurotransmissiondenominated

"NA Long-Lasting Potentiations" (NALLPs) can last for severa! minutes to severa! hours, and are

thought to be physiologically relevant to memory processesl93. NALLPs are known to be mediated by
p-adrenergic receptors coupled to the adenylate cyclase system419,420. The crucial event triggered by
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the cAMPsignal might weil be an increasedceIlular influx ofcalcium,considering that ~-adrenoceptors
were sho'.vn to activate voltage-sensitive calciumchannels180. Oneofthesecalciumconductancescould
be the NMDA receptor-channel because antagonists at this site were shown to suppress the induction
ofNALLPs78,418.

The phenomenon of NALLP is distinct from that of LTP as it does not require high frequency
stimulationofexcitatory pathways to be induced. However, NALLP appears related to LTP,considering

that both phenomena are sinùlarly blocked by protein synthesis inhibitors420 and that LTP is facilitated

by bath applications of NA216,417 but markedly reduced by noradrenergic fiber denervation419,421.

Furthennore, superfusion ofhippocampalslices with alowconcentrationofNA, insufficient to produce
NALLP, paired with a subthreshold high-frequency stimulation ofmossy fibers thatdoes not induce by
itself LTP, can produce long-lasting potentiation of pyramidal neurons' excitability215.

7. Eft'ects of antidepressant treatments on S·HT and NA neurons
7.1. Tricyclic antidepressant drugs

Sorne tricyclic antidepressant drugs (TCAs) decrease the firing rate of DR 5-HT neurons when
administered acutely. In this regard, chlorimipramine is quite potent392,447, whereas imipramine and

amitryptiline inhibit 5-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 >
irnipramine > amitriptyline), and TCAs that preferentially block NA reuptake (nortriptyline or
desipramine) areeitherveryweakorinactive3S6,392. FoIlowinglong-tennadministrationofimipramine,

the firing activity of 5-HT neurons and the sensitivity of their somatodendritic 5-HTIA autoreceptors
tomicroiontophoretically-applied5-HTorLSDremained normai47.Furthennore, thebindingof[3H]8­

OH-DPATwas found unchanged in the DR area following long-tenn amitriptyline treatrnents463. The
fact that these TCAs are rapidly metabolized to secondary amines that are weak 5-HTreuptake blockers

has been invoked to explain their lack of long-tenn effect on the sensitivity of 5-HTIA autoreceptors
following sustained administrationS7.

Most TCAs studied sa far were found ta inhibit the flring rate of LC NA neurons when
administered acutely392,430,432. The efficacy that these TCAs display in inhibiting the flring activity of

NA neurons can also be explained in tenns ofreuptake blockerpotency. Desipramine and nortriptyline
areeffectiveatlowdoses,whereas imiprarnineand amitriptylinearemuchless potent392.Intraperitoneal

administrationofdesiprarnine for one ta seven days was found to produce small reductions of the flring

activity of LC NA neurons225,298. However, long-tenn desipramine treatrnent of IWo to three weeks

induced a greater decrement of neuronal firing225. A two-week treatrnent with irnipramine was also
reported todecrease LCNA neurons' flring activity430,432. It is noteworthy, however, that these findings
could not be replicated by other investigators2SS,444.

Changes in LC NA neurons' activity following long-tenn TCA treatrnents 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 proportionai to the intracellular
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concentration ofcAMP. TCA treatrnents could thus decrease neuronal fning through achange in cAMP
concentration in LC NA neurons. In keeping with this view, long-term imiprarnine was shown to reduce
cAMP-dependent protein kinase activity in the LC area3oo. These changes in cAMP levels after TCA

treatments might also regulate the expression ofproteins in NA neurons. Using immunohistochemistry

and in situ hybridization techniques.long-term imipramine and nortriptyline treatments were shown to
decrease the expression of tyrosine hydroxylase in the LC area72.300.323. Long-term treatrnents with

imipramine, chlorimipramine and desipramine were also shown to decrea.;e the concentration of GlXS
proteins and increase that ofGlIO proteins in ilie LC area265. Either of these changes could decrease the
firing rate of NA neurons either by enhancing the potassium conductance presumably coupled to GllO
or by decreasing the GlXS-coupled adenylate cyc1ase production of cAMP265.

The <X2-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 c1onidine, as weil as that of
microiontophoretically-applied clonidine, were reduced in rats treated with desipramine or
imipramine255,393.432,444. In agreement with these electrophysiological findings, [3H]c1onidine and

[3H]idazoxan binding was found to be reduced in the LC region following long-term amitrityline and
protriptyline treatrnents251.410. Curiously enough. the inhibitory effect of NA applied by

microiontophoresis remained unchanged afterlong-termdesipramine255.As statedearlier (section 2.2),

clonidine has sorne affinity for imidazoline receptors. It is thus possible that it is these imidazoline
receptors, rather than the <X2-adrenoceptors. that become desensitized to the inhibitory action of
clollidine following long-term TCA treatrnents. In addition, the blunted effect of desiprarnine and

imipramine after these treatrnents might be explained by the desensitization ofNA reuptake carriers33.
Therefore. the issue regarding the sensitivity ofsomatodendritic autoreceptors in the LCarea after long­
term TCAs still remains unclear.

7.2. Ekctroconl'ulsil'e treatments

Considering the therapeutic and heuristic importance of electroconvulsive therapy (ECS) for
major depression, it is surprising how few studies examined its effect on the physiology of NA and 5·

HT neurons. One study433 reported a decreased responsiveness of somatodendritic <X2-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 shocJt433 which does not

produce antidepressanteffects in hurnans. Simi1arly to long-term1.CA treatrnents. ECS was also shown

to decrease tyrosine hydroxyJase immunoreactivity in the LC area323.

The effectofECS on S-HT neurons of the DR was onlyrecently investigated42.Here again, aJack

ofeffect of ECS was observed, as was found after Jong-term TCA treatrnents. Furthermore ECS was

shown not to change the firing activity ofthese neurons nor the responsiveness ofS-HTIAautoreceptors
to the microiontophoretlc application of S-HT or 8-0H-DPAT42.
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7.3. Monoamine oxidase inhibitors

Amarked decrease in the fIring activity ofLC NA nel,irons was observed after a lWo-day trealment

with type A MAOIs such as c\orgyline and phenelzine, but not with the type B MAOI deprenyI50.55.

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 baseline50•55.These results suggest that the regulation of LC NA

neurons' fIring activity via somatodendritic a.2-adrenergic autoreceptors is not altered by long-term

MAOIs. Consistent with this view, the suppressanteffect ofintravenous clonidine on the fuing rate of

NA neurons was unchanged after these treatrnents50. However, long-term trealments with either

clorgyline or phenelzine were found to decrease [3H]clonidine or [3H]idazoxan binding in the LC

area95,251.Thisdiscrepancycouldbeexplainedbythe factthatthere is aparticularly large a.2-adrenergic

receptor reserve on LC NA neurons l30.Therefore, the small down-regulation of LC a.2-adrenoceptors

observed in binding studies95,251 might not be sufficient to affect the a.2-adrenergic autoinhibitory

functions which would ultimately dependupon theratio ofreceptors versusGproteins. Otherinteresting
data indicate that phenelzine increases tyrosine hydroxylase mRNA levels71. This is the opposite of

TCAs which, as reviewed in section 7.1. decrease the expression of !bis enzyme72.

Similarly to NA neurons, DR 5-HTneurons were shown to reduce their fuing rate in response to

lWo-day treatrnents with MAOIs of type A50,55. 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

treatrnent50,55(see fIg. 5}. The gradual recovery of5-HT neuronal discharge was accounted for by the

fmding that 5-HT1A autoreceptors become desensitized following long-term MAOIs. Indeed. the
inhibitoryeffectofintravenous LSD was markedly reduced following long-termclorgyline, phenelzine

or amiflarnine treatrnents50,55. Unfortunately. there are actually no biochemical correlates of these

electrophysiologicalfmdings. Inoneautoradiographic study, sustainedMAOinhibition withclorgyline,

phenelzine or tranylcypromine failed to decrease >.he binding of [3H]8-0H-DPAT in the MR and DR
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areas206. As discussed earHer, 5-HTIA autoreceptors are coupled with Gi/o proteins60,228. The
desensitization of the 5-HTiA-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 reuplJJke blockers
Similarly to most TCAs, acute intravenous administration of the selective serotonin reuptake

inhibitors (SSRIs) citalopram, indalpine or zimelidine dose-dependently inhibits the fuing activity of
DR5-HTneurons. but atmuch lower doses58.89.112. Furthermore. these drugs were shown to markedly
decrease the firing activity of 5-HT neurons after two-day treatments48,5S.89. There was a partial
recovery after one week and acomplete one after three weeks oftreatment Interestingly, these changes
in flfÎng activity after long-termSSRIs were associated with subseusitivityof the somatodendritic 5-HT
autoreeeptors. Indeed, the dose-response curve for the inhibitoryeffectof LSD on the fuing activity of
5-HT neurons was found shifted to the right after long-termcitalopram89 and the effeet of 10 J.Lg/lcg of
LSD was markedly reduced inrats treated for two-weeks withindalpineor zimelidine48,sS.Thereeovery
of 5-HT neuron firing activity after long-term SSRIs can be explained by the desensitization of the
somatodendritic 5-HTautoreceptors and might account, at least in part, for the delayed efficacy oftht:se
agents in depression.

There are few biochemical studies that have investigated the effect oflong-term SSRI treatments
on 5-HTIAreeeptor binding in the raphe regions. There is one report indicating adecreased [3H]8-0H­
DPATbinding sites in the DRareafollowinglong-termtreatments with theSSRIfluoxetine463.Another
study, however, did notindicateanychange in [3H]8-0H-DPATbinding inboth the MR and DRregions .
after long-term 5-HT reuptake inhibition with citalopram or sertraline206.

Selective NAreuptake blockers such as oxaprotiline or maprotiline have not been investigatedfor
their long-termeffects on the physiology ofNA neurons. Nevertheless.long-termtreatments with these
antidepressant drugs would be expected to have a similar profile of action on the firing activity of LC
NA neurons as thosedescribedearlierforTCAs having preferentialaffinities for the NAreuptake carrier
such as desipramine or nortriptyllne. Long-termSSRItreatments.contrary toTCAor MAO!treatments.
did not change [3H]idazoxan binding in the LC area71. Surprisingly however, long-term fluoxetine
treatments increased theexpressionoftyrosine hydroxylasein theLC area to the sameextentasdid long­
term MAOI treatments71. Furthermore.long-term zimelidine treatments were shown to decrease the
responsiveness of somatodendritic a2-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. Ampirones and az-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-HTIAreceptors. Il is therefore not surprising

that the intravenous administration ofthe above agents was found to potently decrease ûle fuing rate of
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DR5-HTneurons51.166.391.413.448. Short-tenn treatments (two-day)with gepirone or tandospirone also

produce adecrease in S-HT neurons frring activity. As for MAOI and SSRI treatments, there is apartial
recovery after one week and a complete one after two weeks of treatment with gepirone or
tandospirone53.166. The recovery ofS-HT neuronal frring was again ascribed to adesensitization of5­

HTIA somatodendritic autoreceptors as the dose-response curve of LSD was shifted to the right and the
suppressant effects of microiontophoretically-applied S-HT, LSD, 8-0H-DPAT or gepiror.e were
markedly reduced after these treatments51,53.166. Results consistent with the above interpretation were
obtained in experiments using in vitro recording of S-HT neuron frring activity in brainstem slices as
the concentration-dependent inhibition by 8-0H-DPATofS-HT neuronal discharges was shifted to the
right after a two-week treatment with ipsapirone381.

Effects of long-tenn treatments with gepirone and ipsapirone on the density of somatodendritic
S-HT autoreceptors were investigated using autoradiographic techniques. Athree week treatment with
gepirone (10 mg/kg/day) was initially shown to producea small decrease (- 27 %)of[3H]8-0H-DPAT
binding in the DR area. However, subsequent studies using the sarne gepirone treatment, or twice daily
injections ofipsapirone (5 mg/kg/day) during two weeks, failed to replicate these results312.381. Further
studies revealed that stringent conditions arc. necessary 10 produce the down-regulation of S-HTIA
receptors with azapirone treatments. Twice daily injections of ipsapirone (l0 mg/kg/day) produced a
smalldecrease(- 20%) of[3H]8-oH-DPATlabeling inthe DRareaaftera two-week treatment, whereas
a three-week treatment with this same drug markedly reduced (- 63%) this binding136. However, 5­
HTIA receptors in the MR nucleus were found unaffected by the latter ipsapirone treatment136. It thus
remains unclear whether adown-regulation ofS-HTIA receptors in the raphe area can account for the
desensitization of S-HTIA autoreceptors by azapirone treatments.

The common metabolite of azapirones is 1-(2-pyrimidinyl)-piperazine (l-PP), a potent a,2­

adrenergic antagonisL Acute administration of I-PP, or parent azapirone compounds, were shown to
increase the frring rate of LC NA neurons46•74,129,376.377. In this regard, the action of azapirones is

similar to thatofanother antidepressantdrug, mianserin, which was also shown10 increase NA neurons'
activity by blocking somatodendritic a,2-adrenergic autorec~p1Orsl07. The selective a,2-adrenergic
antagonist and purported antidepressant drug idazoxan has a complex profile of action at LC NA
neurons. Under sodium pen10barbitaI anesthesia, a low intravenous dose of idazoxan was shown to
decrease the frring rate ofLC NAneurons whereas microiontophoretic application ofthis drug increases
NA neuronal discharges152.168. When chloral hydrate was used instead for anesthesia, the suppressant

effectof the low dose ofidazoxan was not observed and higherdoses of this drug actuaUy increased NA
neurons' fning activityl52.

Itcan thus he concluded that sorne antidepressantdrugs increase the frring rate ofLC 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 contrastwith the effectofTCAs that, as wc have seen,

decreaseneuronaldisch<ll'gefromtheseceUs. And second, becausethe enhancingeffectsoftandospirone
and mianserin have been found 10 disappear upon long-term administration107.166, yet these drugs are

clinically effective at this stage.
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8. Effects of IIntidepressant treatments on hippocampal S·RT and NA system;
8.1. At the presynaptic level
8.1.1. Tricyc/ic antidepressant drugs

The only TCA that has been studiedso far forits effectat NA terminais is the NA reuptake blocker
desipramine. Althougt. it prolongs the time ofaction of NA in the synaptic cleft, desipramine appears
to reduce the amount of NA released per action potential. Acute administration of this dFpg has been
shown to decrease the efficacy ofthe electrical stimulation ofthe LC ascending pathway to suppress the
firing activity ofCA3 pyramidalneurons, and thiswas shown to bemediatedviathe activationofterminal
lXz-adrenergicautoreceptors lOS. Atwo-weektreatmentwithSmg/kg/dayofdesipramine did notchange
the efficacy of the stimulation of the NA pathway. In contrast, a treatrnent with a higher dose of
desipramine (lO mg/kg/day) increased the efficacy of the electrical stimulation at SHz2SS. 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 treatrnents of three to four weeks with desipramine at
asimilarregimen81.388.Theenhancedrelease ofNAfollowing desipraminetreatrnentcould be ascribed
to adesensitization ofterminallXz-adrenergic autoreceptors. In supportofthis contention is the fact that
the inhibitoryeffectofintravenousclonidineontheefficacyofthe stimulationofNApathway isreduced
following long-term desipramine treatrnents (10 mg/kg/day)2SS. Furthermore, the effect of increasing
the frequency ofthe stimulation, on the levelofactivationoflXz-adrenergicautoreceptorsbysynaptically
released NA, was also diminished after long-term desipramine treatrnents2SS. 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 adecreased inhibitoryeffectofclonidine after long­
term desipramineZ14•However, in these experiments the animals were sacrificedonly 12 hours after the
last injection of desipramine, and it is possible that elevated levels of endogenous N~, produced by
remaining NA reuptake 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 cOlrelate of an lXz-adrenergic
autoreceptor desensitization on the basis that this effect is not observed in rats that had NA fiber
denervation atbirth.TIùsconclusioncan bequestioned,consideringthatadesensitizationofpostsynaptic
lXz-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
studiesZ14, the same group reported decrease in [3H]clonidine binding after long-term desipramine
treatment which is consistent with the above rcsults with arnitriptyline.

There are two studies that have investigated the effect of long-term TCA treatrnents on S-HT

terminais of the hippocampus. A tbree-week treatment with imipramine was shown to increase the
efficacyoftheelectricalstimulationoftheS-HTpathway to suppress thefiring activityofCA3pyramidal
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neurons56,90, However. a desensitization ofterminalS-HT1B autoreceptors is not likely to account for
this effect: first, because the efficacy ofthe S-HTIB antagonist methiothepin to increase the suppression
of firing was unchanged. and second. because the difference in the degree of suppression of flring
observed by increasing the frequency of the stimulation was also unaltered56,90,

8.1.2. Electroconvulsive shock treatment
There are few studies that have investigated the effect of ECS on NA or S-HT tenninals of the

hippocampus. Acutely. electI'oconvulsive shocks increase the release of various neurotransmitters.
includingNAandS-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 S-HT in
the hippocampus90.434. Furthennore, these studies indicated unchanged sensitivity of NA or S-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 hanlly be ascribed
to a down-regulation of lX2-adrenocep1Ors on NA terminals. Finally, there is one report indicating that
the funtion of the S-HT3 receptors that enhance the evoked release of [3H]S-HT is not modified by
ECs42.

8.1.3. Monoamine oxidase inhibitors
Brain concentrations of S-HT and NA have been found elevated after both short- and long-tenn

treatrnents with various MAOIs54,55.144, These results, however. are not necessarily indicating thatan
increasedamountofneurotI'ansmitters is available forrelease following neuronaldepolarization, In fact,
increased cytoplasmic levels of S-HT and NA appear to inhibit the synthesizing enzymes of these
neurotransrnitters and could thus lirnit their intraneuronal accumulation and terminal release l44.
Consistent with this interpretation is the fact that long-tenn inhibition of MAO A with clorgyline or
phenelzinedoes notchange the efficacyofthe stimulation ofthe ascending NA pathway 10 suppress the
firing activity of pyramidal neurons of hippocampus54. Finberg and co-workers documented a
desensitization of prejunctional lX2-adrenergic autoreceptors in the periphery following long-term
MAOIs142.143, However. terminallX2-adrenergic au1Orecep1Ors Jf the central nervous system are

apparently not affected by these treatrnents81•341.
In contrast to NA, S-HT neurotransrnission was found 10 be enhanced following long-term

treatrnents with MAOIs ofA type45,54,55. This phenomenon is Most likely explained by a presynaptic
mechanism because the sensitivity of postsynaptic S-HT receptors was not increased by these
treatrnents45,54,55. A down-regulation of presynaptic terminal S-HT autoreceptors is an appealing
explanation for the increased release ofS-HT, considering that long-term treatrnents with MAOIs have
consistently been shown 10 decrease [3H]5-HT binding 10 5-HTl receptors in the brain274•349,380,

However, selective lesions of inputs from the raphe 10 the hippocampus (administration of 5,7­

dihydroxytryptarnine in the cingulum and the funbria foroix) do not cause any significant decrease in
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[3H]S-HT binding in the hippocampus355, thus indicating that these binding sites are postsynaptic. In

the light of this evidence, the down-regulation of [3H]S-HT binding sites bl' MAOIs does not appear
relevant to an action ofthese treatments at presynaptic sites. Furthermore, an electrophysiological study
by Blier et al.45 ruled out a possible desensitization of temùnal S-HT autoreceptors of hippocampus by

long-termclorgyline. Indeed, the enhancingeffectofmethiothepin and the ratio ofeffectiveness of two
frequencies of stimulation were found to be unchanged arter this treatrnenr45. It is not clear at present
ifother factors. in addition to the increase in the releasable pool ofS-HT, contribute to the increased 5­

HT neurotransmission after long-term MAOI treatments.

•

control cltalopram

D BEFORE METHIOTHEPIN

• FOLLOWING METHIOTHEPIN

Fig. 6 Effect of a long-term citalopram
treatment on S-HT neurotransmission
(modified from ChapulelaL. Adv. Biol. Psych.
17. 1; 1988 wim the permission of aumolS)

8.1.4. ~elective reuptake inhibitors
No studies have investigated the effect of antidepressant drugs with selective NA reuptake

inhibitorproperties. apanfrom that ofthe TCA desiprarnine. on the function ofnoradrenergic terminals
of the hippocampus. In comparison. the actions of SSRIs at S-HT temùnals have been the subject of

numerous experiments. We have seen (section 5.1) thatbathapplication ofparoxetine in vitro increases

the evoked the release of [3H]S-HT from preloaded hippocampal slices through S-HT3 receptors43.
Interestingly,long-term treatrnent with parOlœtine was recently shown to blunt the enhancing effect of
the selective S-HT3 agonist 2-methy1-S-lfI"l4. It is noteworthy that a mere increase in the synaptic
concentration of S-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 effecr44.

Itappears nonetheless that, simi1ar1ytoMAOIs, various SSRIs (citalopram, zimelidine, fluoxetine

and paroxetine) increase the efficacy of S-HT neurotransmi~sion in vivo through a presynaptic
mechanism45.48.89,90. However, in contrast to the results obtained with MAOIs, SSRIs were consist­

enlly 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 S-HT pathway to suppress the flring rate
of pyramidal neurons was nearly abolished by long-term

paroxetine. fluoxetine or citalopram treatments (fig. 6). In
addition, increasing the frequency ofthe stimulation did not

decrease the efficacy of S-HT neurotransmission in these

treated animaIs to the sarne extent as in saline-treated
rats45,89,90. Experirnents carried out in vitro on brain slices

providedfurtherevidenceconsistentwith thedesensitization

of tenninal S-l-lT autoreceptors. Long-term treatments with

paroxetine were shown to increase the electrically-evoked

release of[3H]S-HTfrompreloaded hippocampal slices, and

to shift to the right the concentration-effect curve of the S­
HTtB autoreceptor agonists-Cf44. Fina1Iy, il is noteworthy

•
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that the desensitization of tenninal S-HT autoreceplors by SSRIs is not restricled to the hippocampus
as it was also found in the hypothalarnus44•315.

8.1.5. Azapirones and tx2-adrenergic antagonists
Gepirone and tandospirone have been studied for their effeets on the funetion of S-HT and NA

tenninals. Long-terrn treatments with these drugs do not change the effieaey of S-HT or NA
neurotransmission, as suggested by the unehanged suppressant effeets on the flring activity of CA3
pyramidal neurons ofeleetrieally stimulatingS-HTand NA ascending pathways46.51.166. Furtherrnore,

theratio ofduration ofsuppressionoffiring at IWOfrequencies ofstimulation was found 10 be unehanged.

indieating that tenninal autoreeeptors on S-HT and NA tenninals remained norrnosensitive after long­

terrn azapirone treatments46.51•166.
Similarly to mianserin and idazoxan, the metabolite ofazapirones. I-PP. inereases the release of

NA t.'u:ough the blockade oftenninallX2-adrenergie autoreceptors46•104,242. Although the above agents
are cJ.tIIÏcally effective after long-terrn administration, it is possible that this aeute property eontributes
to their therapeutie action. Long-terrn lX2-adrenoceptor antagonism with mianserin and idazoxan has
been shown to sensitize tenninal NA autoreceptors. and this was detectable IWO to three days after the
washout of the drugs. Noradrenergie neurons thus seem to eompensate, through the bias of this

mechanism. for the large inerease in NA release produced by the sustained blockade of terminal

autoreceptors. It is likely that I-PP produeed a similar effeet although it was not observed in the study
by Blier et al.46, probably because the osmotie 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-terrnTCA treatments (ehlorimipramine.

inùpramine. amitriptyline.desipramine) increase theresponsiveness ofextrasynaptieS-HTIAreeeptors
mediating the inhibitionofthe firing aetivity of hippocarnpus pyramidal neurons. IntrasynaptieS-HTIA
receptors, aetivated by the eleetrieal stimulation of the aseending S-HT pathway. were also found
supersensitive after these TCA treatments90·11l·112.157.178. Interestingly, this sensitization of S-HTIA

reeeptors was also produeed by repeated BCS treatments. as weIl as by sorne atypieal antidepressant
drugs (iprindole, mianserin). bllt not by MAOIs. SSRIs or azapirones57.90.110. Long-terrn treatments

with MAOIs inerease the efficacyofthe stimulation oftheS-HTpathway in the hippocampus. However

clorgyline, butnototherMAOIs.was found todecrease the suppressanteffectofmicroiontophoretically­

applied S-HT and 8-0H-DPAT45,90.

Multi-unit in vitro studies have generated contradictory data concerning the sensitivity of
postsynaptic S-HT receptors following long-terrn 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 ofS-HTI17. Another

group, however, found no significantchange ofIbis reduction ofpopulation spike amplitude after long­

term chlorimipramine336. In yet another study, four to five weeks of treatrnent with imipramine,

desipramine or c10rgyline was found to decrease the inhibitory effect ofS·HT on the population spike

arnplitude372. However, the inhibitory effect ofS-HT in the latter study appeared to be mediated by S­

HTz receptors as it was blocked by cyproheptadine and ketanserin372.
There are also controversies conceming the effect of long-term antidepressant treatrnents on the

S-HTIA-mediated inhibition of forskolin-stimulated adenylate cyclase in the hippocampus. Newman

and co-workers reported that Ibis function is desensitized by avariety oflong-term treatrnents including

a TCA (desipramine), ECS, SSRIs (fluoxetine, zimelidine) and even a selective NA reuptake blocker

(maprotiline)324,325.328. Prolonged administration of low doses ofazapirones (buspirone, ipsapirone)

produce similar effects, but curiously, a single administration of a higher dose of buspirone aIso
desensitized the inhibitoryeffectofS-HTon adenylatecyclase activity328. Two groups found that long­

term treatrnents with MAOIs of type A (tranylcypromine orclorgyline) decrease the S-HTIA-mediated

inhibition of cAMP production409,449. Although Varrault and colleagues449 aIso observed a desensi­

tization following ECS, they did not observe any change after long-term fluoxetine or desipramine

treatrnents. Finally, one group reported no aIterations in the 5-HTIA-mediated inhibition offorskolin

activated adenylate cyclase following long-term treatrnents with either the TCAs desipramine and

imipramine or the MAOI tranylcypromine333. Unfortunately, satisfactory explanations that could

account for these discrepancies have not been proposed in any of the above studies. To my knowledge,

the effect oflong-term antidepressant treatrnent on the production ofphosphatidyl inositol mediated by

the activation of5-HT2 receptors in the hippocarnpus has never been examined, aIthough it was found

to he decreased in the cortex by severai antidepressant drugs326.

There is agenerai agreement among various studies that long-term treatrnents with directly acting

5-HTIA agonists (azapirones) or sustained increase in the synaptic concentration of5-HT (with SSRIs
orMAOIs)do notchange thedensityoraffinityof5-HTIAreceptorsinthehippocarnpus136,206,312.381.463.

In the case oflong-termTCA treatrnents, the statusof5-HTIAbinding sites is controversiaI. Welner and

co-workers463 reported an increased density of [3H]8-0H-DPAT binding sites in the CAl region and

dentate gyms afterlong-termtreatrnentwith amitriptyline.This wouldbeconsistentwith the sensitization

of 5-HTIA receptors by Ibis treatrnentthatwasrepeatedlyreportedineiectrophysiologicaiexperiments.

In one study310, long-term imipramine was found to down-regulate 5-HTIA receptors, but others

suggested that Ibis TCA treatrnent does not alter 5-HTIA receptor density312.460. Furthermore, the

decreased binding of [3H]8-0H-DPAT observed in certain regions of the hippocampus after repeated

stress was not reversed by long-term imipramine treatrnents460. Finally, a recent study79 reported an

increase in the levels of hippocampaI5-HTIA receptors, but not rnRNA, in LEWIN rats treated with

imipramine for 8 weeks. However, in F344IN rats that had received a similar treatrnent, there was a

decreased abundance ofrnRNAs coding for the 5-HTIAreceptorwhile the density of5-HTIAreceptors
was unaitered79.
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Several studies documented a reduction of S-HTz receptor number by long-term antidepressant
drugs in several brain areas including the hippocampus. Although there are sorne negative findings•

antidepressant cÏrugs of aIl classes including TCAs, SSRIs. MAOIs and azapirones, have been reported
to down-regulate these sites371.381.471.480. Nonetheless, severa! authors believe that the down­

regulation of S-HTz receptors by antidepressant drugs is not related to their therapeutic activity as
repeated ECS, actuaIly averyeffectiveantidepressant treatmenl, has beenconsistently shown to produce
the opposite change, i.e., it increases S·HTz receptor density471.480.

Taken together, the above results suggest that antidepressant treatments might have opposite
actions on postsynaptic S-HT-mediated functions depending on the population of receptors and the
mechanisms oftransduction involved. For example, based on binding and electrophysiological data. it
might be argued that TCA treatments desensitize the S-HTz-mediated function by decreasing receptors
density. On the other hand. TCAtreatments increase the neurotransmission at the level of the S-HTlA
receptors thatinhibit the firing rate ofpyramidalcells ofhippocampus. Incontrast to the desensitization

of5-HTz-mediatedfunctions, theTCA-inducedenhancementofS-HTlA-mediatedfunction would take
place beyond the receptor itself, fust because, no consistent changes were found in [3H]8-0H-DPAT
binding studies after these treatments, and second, because TCAs would decrease rather than increase

the S-HTlA.mediated inhibition of adenylate cyclase. Recent studies irnplicate various subunits of G
proteinsin theeffectoflong-termTCAtreatments.The fmdings thatlong-termTCA treatments increase

the brainconcentrationofGaoproteins and thatTCAs directly enhanceGTPaseactivityofGaoproteins
could account for the enhancement of the S-HTlA-mediated electrophysiological responseZ65.476. In

turn, areduction in the brainconcentration ofGaiafterlong-termTCA treatments has also been reported
and could explain the dirninished capacity of S-HT to inhibit adenylate cyclase activityZ65.

8.2.2. Noradrenergic receptors
Among the better documented postsynaptic effects of long-term antidepressant treatments is the

desensitization of 13-adrenoceptors. In contrast to the results obtained for postsynaptic S-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

synapticaIlyreleased NA, al3-adrenergic-mediatedactivationof the firing activity ofpyramidal neurons
ofhippocampus. This response is decreased following long-term treatment with desipramine255. Long­
term treatments with desipramine, mianserin and irnipramine were also shown to depress the excitatory

action of the 13-adrenergic agonist isoprenaline on the population spike amplitude117 and decrease the
excitatory effect of NA on the fuing rate of CAl hippocampal neurons40. In addition, intracellular
recordingsrevealedamarkedreductionin the concentration-responsecurve ofisoproterenol, to decrease

the afterhyperpolarization amplitude of pyramidal neurons, following long-term irnipramine 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 ~-adrenoceptor

binding or ~-adrenergic-mediated production of cAMP326,428. Contrary to the original belief, not all

antidepressant drugs have this property. Citalopram and trimiprarnine do not exert this effectI98•227.
Furthennore, most experiments that have investigated the desensitization of ~-adrenoceptors by
antidepressant treatments used brain samples from the cortex. In the hippocampus, as in the cortex, ECS
and long-tenn treatrnentwith TCAs (desiprarnine, imiprarnine) orwithaMAOI (pargyline) were shown
to down-regulate [3H]dihydroalprenolol binding77,246,345,414416. Surprisingly, long-term .treatment

with amitryptiline, nomifensine or tranylcypromine down-regulated the p-adrenoceptors of the cortex,
but not those of the hippocampus345,416. Therefore, although the desensitization of p-adrenoceptors is

a shared effect of numerous antidepressant treatments in the cortex, this does not appear to be the case
in otherareas, such as the hippocampus. Furthermore, there are regionalvariations in the desensitization

of the ~-adrenoceptors even within the hippocampus. Long-term imipramine treatments reduced
[12Sl]pindolol binding in the CAl stratum radiatum or the molecular layer of the dendate gyms, but not
in the CA3 stratum radiatuml23. Interestingly, Paul and co-workers345 reported that the kinetics of the
desensitization of ~-adrenoceptors are more rapid in the frontal cortex than in the hippocampus. They
have also observed that in the hippocampus, but not in the cortex, this kinetic effect is accelerated by
StK,ss.

The desensitization of p-adrenoceptors appears to be an adaptative mechanism in response to the

enhancement in the synaptic concentration of NA produced by antidepressant drugs. Indeed, 6-0HDA

denervation of NA fibers or p-adrenoceptor blockade abolished the effect of long-term desipramine
treatments on cAMP stimulation339 and on p-adrenergic binding390,473. ECS apparently desensitizes
p-adrenoceptors through a different mechanism because the effect of this treatment was found to be
unaltered in NA-denervated animals453. There are several lines of evidence indicating that P­
adrenoceptors desensitize very rapidly in response to short-term agonist exposure, a phenomenon

involving phosphorylation of the receptors by protein kinases (PKA or PARK)I97. However, the

desensitization of p-adrenoceptors by long-term antidepressant treatments cannot be explained by a

phosphorylation mechanism197. Instead. adecreased production ofrnRNA coding for p-adrenoceptors

has been reported following long-term antidepressant treatments217. The desensitization of the P­
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 arnitriptyline treatn1ents appearto increase the couplingofGas to adenylatecyclase and
would thereby reduce the capacityofp-ad.-enoceptors tostimulatecAMPproductionbythe intermediary
of this nucleotide265,340.

Sorne data suggest an enhancement ofui-adrenergic responses in hippocampus following long­

term antidepressant treatments. A two-week administration ofimipramine, mianserin and oxaprotiline

increased the suppressant effect of phenylephrine on the flring rate of CAl hippocampal neurons in
vitro4O. However. treatment with MAOIs, desipramine or tandospirone did not change the efficacy of
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the electrical stimulation (at 1Hz) of the LC pathway to suppress the fuing activity of CA3 pyramidal
neurons, an effectwhich is mediated through al-adrenoceptors46.54.55.255. The above results ofBijak40

appear consistent with the enhancement ofaffinity and sensitivity of brain a l-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 al-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 hippocarnpus was found to be unaltered by long­
term arnitriptyline, irnipramine or mianserin treatmentsl99.332. Furthermore, NA-stimulated inositol

phospholipid breakdown viaal-adrenoceptors was iound unchangrd following long-termdesiprarnine,

mianserin or maprotiline treatmentsl46. And although repeated ECS consistently increases the density
of [3H]prazosiri binding sites and the al-adrenergic stimulation of inositol phosphate in the cortex. no
changes were found in the hippocarnpus after this treatmentl99.327,332.426. The bulk ofevidence thus

suggests that the al-adrenoceptors of the hippocarnpus are not generally affected by antidepressant
treatrnents, although these treatments rnight enhance al-adrenergic neurotransmission in discrete
regions of the hippocampus.

Electrophysiological studies have consistently found no change in the sensitivity of poslSynaptic
a2-adrenoceptors to suppress the firing activity ofhippocarnpalpyramidal neurons following long-term

antidepressant treatments. The treatrnents studied were repeated ECS for two weeks llO, TCAs

(desipramine. chlorirniprarnine, irniprarnine. arnitryptiline) for two days, on~ week or two
weeksll1,157,178,212, mianserin or indalpine for two weeks212, or MAOIs (clorgyline, phenelzine,

amiflamine) for two days or three weeks52,54,55. These results stand in contrast with the data of
[3H]clonidine binding studies that indicated a decrease in a2-adrenoceptor number in hippocampus
following repeated BCS for 10 days415 or arnitriptyline for two weeks32. Arecent radioligand binding
study using [3H]clonidine revealed, however. that the down-regulation of a2-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 sirnilar progressive recovery of
[3H]clonidine binding was observed inother regions of the brain32. Itcan thus be reasonably concluded,

based on the above electrophysiological data and on the latter binding study, that postsynaptic a2­

adrenergic functions and receptor number are not affected by long-term antidepressant treatments.

9. Interactions between the serotonergic and noradrenergic systen
As described in the preceding sections, there is an abundance of data indicating that the

noradrenergic and the serotonergic systems are implicated in the mechanismofaction ofantidepressant

drugs. It rnight be argued tilat it is a joint dysfunction of the NA • S-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 S-HIAA and MHPG in patients with major depression, suggesting that S-HT and

NA deficits occur in parallel224. A more recent study23 investigated the relationship between the al-
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adrenergic and S-HT neurotransmission using the cortisol response to desipramine and that to the non­
selective S-HT agonist mCPP (meta-ehlorophenylpiperazine), 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 - S-HT systems in major depression. There is also clinical evidence that the combinations of

antidepressant treatments that increase both NA and S-HT synaptic concentrations display superior
therapeutic efficacy to either one alone. A more rapid antidepressant response was achieved when
depressive pall.:nts werc !Teated with a S-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 ofS-HTP, the precursor of S­

H'f44S.
Essentially !WO types ofmechanisms could accountfor ajointeffectofS-HTand NAin the action

ofantidepressant 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 ofthe inhibitory S-HTIA receptors and
the desensitization of the excitatory 13-adrenoceptors. On the other hand, serial mechanisms could
involve a principal action ofan antidepressant treatment on one neurotransmitter system that would in
tum 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 bedefinedas presynapticreceptorsactivatedbyaneurotransmitterdifferentfromthatreleased

by the nerve terminals on which theyare localized.Thefll'stdescriptionofneuronal 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 ofacetylcholine from

varicosities344. Evidence suggests that heteroreceptors can be activated in absence ofsynaptic contact
It appears, for instance, that NA released from nonsynaptic varicosities can diffuse to lX2-adrenergic

heteroreceptors localized on target cells at a greater distance than what is normally observed for

conventional synaptic neurotransmissionl16,4SS. A second way by which the NA and S-HT systems

could have'cross-talk" is viareceptor-receptorinteractions. In this case, adrenergic and S-HTreceptors

localized on the same cell could altereach other's sensitivityor function through common transduction
links at the level 0'; the membrane or via second messengers. Of course, these receptor-receptor
interactions could occur either at the level ofS-HT or NA neurons themselves or at the level of their
common postsynaptic cell targets. A thiId type of interaction involves direct noradrenergic or
serotonergic synaptic input at the level of the soma or the dendrites ofS-HT and NA neurons. Finally,

these neurons could also interact indirectly through the bias ofinterposed neurons, for instance through
GABAergic intemeurons.
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9.1. NeuTOchemical evidence for interactions at presynaptic terminals
Since the originalreportofMontel and Starke thatclonidine inhibits the release of[3H]5-HT from

preloadedcerebralcortexslices424•theexistence oflX2-adrenoceptors modulating 5-HTrelease has been
extensivel)' documented, in vitro, in various brain regions of several species including hu­
mans127.139.148.158.172.17d .271.357.358.386.387. Theconclusion that these lX2-adrenergicheteroreceptors

are localized on 5-HT temünals was inferred from two approaches. First, the inhibitory effect of NA
on the release of [3H]5-HT was found in synaptosomes, Le. pinched-off nerve terminals from the rat
brain cortex and hippocampus294.357. Second, the blockade ofneuronal propagation ofaction potential
with tetrodotoxin did nothinder the inhibitoryeffectofNA on the calcium-evoked release of[3H]5-HT
from preloaded cortex slicesl72.However, binding studies failed to detect any change in [3H]clonidine
or [3H]rauwolscine binding aiter 5-HT fiber denervation183, most likely because lX2-adrenergic
heteroreceptors account ooly for a small proportion of lX2-adrenoceptors .

Thecharacterizationofthe precise pharmacological subtype ofthe lX2-adrenergic heteroreceptors
has recently been done. A flI'st study indicated that these heteroreceptors are not of the lX2B-subtype,
based inparton the fact thatoxymetazoline, an lX2ND-adrenergicagonist, acts with highpotencyat these
sites and that prazosin, which is selective for lX2B-adrenoceptors, is not an antagonist at these sites165.
Itwas subsequently shown that lX2-adrenoceptors on 5-HTterminais are of the lX2D subtype in rat brain
cortex, but of the lX2A subtype in the same brain area of the rabbit438. Similarly to lX2-adrenergic
autoreceptors, there is sorne evidence that lX2-adrenergic heteroreceptors on 5-HT terminais are
negativelylinkedwith adenylatecyclase.In thepresenceofforskolinplusaninhibitorofphosphodiesterase,
the inhibitory effect of lX2-adrenergic agonists (clonidine, B-HT 920, bromoxidine) on the release of
[3H]5-HT from preloaded rat braitl slices was markedly reduced359.384. Furtherrnore, inactivation of
G proteins with N-ethylmaleimide was shown to dirninish the action of clonidine at lX2-adrenergic
heteroreceptors on 5-HT tenninals293• The phosphatidyl-inositol pathway could also be linked with
these heteroreceptors as the activation ofprotein kinase Cwith aphorbol ester was shown to shift to the

right the concentration-effect curve of bromoxidine in the hypothalamus359.
According to the data ofBlier et al.59, there are complex receptor-receptor interactions between

the lX2-adrenergic heteroreceptor, the autoreceptor and the reuptake carrier on 5-HT terminals of the
hypothalamus. These authors have shown that the inhibitionofthe electrically-evokedrelease of [3H]5­
HT by bromoxidine or NA is attenuated in the presence of SSRIs (citalopram, paroxetine). A similar
finding previously indicated that the action ofclonidine at lX2-adrenoceptors on 5-HT terminals of the
cerebral cortex is decreased in the presence of the SSRI 6-nitroquipazineI74. Pretreatrnent with the 5­
HT synthesis inhibitor para-chlorophenylalanine (PCPA) was perforrned to determine whether the

interaction between the lX2-adrenergic heteroreceptors and the 5-HT reuptake carrier is due to an
increased synaptic concentrationof5-HT.The inhibitions induced by NA orbromoxidine on the release

of [3H]S-HT were not significantly changed by the PCPA pretreatment. However, this pretreatrnent

markedly reduced the interaction betweencitalopramand bromoxidine, suggesting that the responsive­
ness oflX2-adrenergicheteroreceptorsisdeterrnined bythelevelofactivationofS-HT1Bautoreceptors59.
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In support of this interpretation, the blockade of5-HTIB autorecep'.ors with cyanopindolol was shown
to prevent the inhibitory effect ofcitaiopram on the sensitivity of the cx2-adrenergic heteroreceptors59.

• Comparable receptor-receplOr interactions regulating 5-HT and NA actions were aIse ilIustrated in the

peripheraI nervous system as mutual inhibitory actions between prejunctionaI cx2-adrenoceptors and 5­

HT1B receptors on the sympathetic l1erve terminaIs311.
Recent data from the group (If Frazer suggest the presence of ~-adrenoceptors on 5-HT

terminaIs207. The selective binding of [125I]iodopindolol at ~l- and ~2-adrenoceptors (in presence of
unlabelled ligands masking eil!ler of these sites) was investigated following denervation of 5-HT
terminais with 5,7-DHT. Densities of both receptors were found to be decreased in severaI terminai

regions of the brains. The down-regulation appeared selective for the ~l-adrenoceptors in sorne areas
of the hippocampus as there was a marked decrease ofboth ~l and ~2 subtypes in the area CA3, butonly
ofPl-adrenoceptors in the area CAI207. Contrary to cx2-adrenergicheteroreceptors, the p-adrenoceptors

on 5-HT terminais do not appear to modulate the release of 5-HT. First, because the inhibitory effect
ofNA on the evoked release of[3H]5-HTis notblocked by ~-adrenergic antagonists148,172, and second,

because ~-adrenergic agonists are lacking any effect at this level34,148,385. Sorne p-adrenergic

antagonists enhance the evoked release of[3H]5-HT, but this action is thoughtto be related to a blockade
of 5-HT1B autoreceptors34,140,271,306,385. Nevertheless,long-term treatments with the p-adrenergic

agonistand putativeantidepressantdrug flerobuterol was shown to increase the efficacyofthe electricaI
stimulation ofthe ascending 5-HT pathway to suppress the firing activity ofCA3 pyramidal neurons68.
This effect was notdue to the blockadeof5-HTlB autoreceptors as the sensitivity ofthese autoreceptors
was found unchanged when tested by increasing the frequency of the stimulation68. Furthermore, the

sensitivity ofpostsynaptic 5-HTlAIeCeplOrs was aIse unaItered68. It thus appears that stimulation of ~­
aclrenoceptors can modulate upon sustained and prolonged activation, but not acutely, the release of5­
Hl' through sorne unknown mechanism.

9.2. Neurochemkal ellü/ence for interactions alpostsynaptù: sites
The " 5-HT / NA link " hypothesis of affective disorders was postuIated by Sanders-Bush and

Sulser375,429 on the basis ofaIterations of p-adrenoceptor number and function following irnpairment

of 5-HT neurotransmission. These lluthOrs have reviewed evidence indicating that the binding of

[3H]dihydroaIprenolol is increased by S,7-DHT lesions of S-HT terminais as weIl as by pretreatments
with the S-HT synthesis inhibitor PCPA375,429. Furthermore, it was shown that the down-regulation of

[3H]dihydroaIprenolol binding normally observed following long-term treatments with various antide­

pressant drugs (see section 8.2.2) is not observed in animais pretreated with either S,7-DHT or
PCPA375,429. However, subsequent studies reveaIed that the selective binding of [l25l]pindolol at p­

adrenoceptors is not affected by S,7-DHT and PCPA pretreatments207 and that an up-regulation of

postsynapticS-HT1Bsites labelledwithlowaffinityby [3H]dihydroaIprenololcanaccountfor theresults

• obtained following S,7-DHT lesions163,36S. In addition, itappears thatantidepressantdrugs selectively

down-regulate high affmity [3H]dihydrOaIprenolol binding and that these high affinity sites are not
affected by PCPA pretreatments:iJ6.
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Nevertheless, the notion that 5-HTregulates ~-adrenoceplOr 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-termdesipramine treatment in the cortex31,Others. however, fail
to replicate these results using 5.7-DHTorPCPA pretreatments235.285, Blockade of5-HTsynthesis with

PCPA was also shown to increase isoproterenol-induced production of cAMP in the hippocampus425•

Furthermore. addition of 5-HT ante hippocampal slices stimulated adenylate cyclase by itself. but did

not change isoproterenol-induction of this enzyme316. In contras~ 5-HT alone did not change cAMP
production in the cortex, but markedly increased isoproterenol-activation of adenylate cyclase via the
activation of5-HT2receptors316. It thus appears that depending on the regions of the brain. 5-HTeither
facilitates or inhibits ~-adrenergic-stimulation of cAMP.

Relatively fewer studies have beendone at the levelofother 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, ct1-adrenoceptors283.332,452. This

effect mightbe linked with the capacity ofcitalopram to rcduce the desensitization ofct1-adrenoceptors
by protein kinase C321. Finally, one study178 indicated that an intact NA system is required for the
sensitization of 5-HTIA receptors by TCA in the hippocampus. Indeed, the increased efficacy of
microiontophoretically-applied 5-HT to suppress the flring rate of CA3 pyramidal neurons that is
induced by long-term treatments with arnitriptyline was shown to he abolished by a pretreatment with
6-0HDAI78.

9.3. BelulvÜJral evidence for interactWns in the brain
Data from several sources underscore the ability of NA to modulate 5-HT behavioral responses.

These NA modulations can he separated into those that enhance 5-HT responses. most often found to

be mediated by ~-adrenoceptors. and those that decrease these behaviors. The earliest investiga­
tions181.182studiedtherole oftheNA systemonthe5-HTreceptor-mediatedhyperactivity. Pretreatrnents

with the ~-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 he abolished by previous lesioning of NA neurons with
6-0HDA181. Subsequent studies investigated several aspects of the so-called 5-HT syndrome: head­

twiteh or head-weaving. forepaw treading. hindlimb abduction. These hehaviors induced by either 5­
HTP or 5-HT2 agonists (quipazine or 5-methoxydirnethyltryptamine) were shown to he enhanced by

various ~-adrenergic agonists (salbutamol. clenbuterol. terbutaline) and blocked by (-)propranolol or
by the selective ~1-adrenergic antagonist metoprolollOl.337. Finally. the facilitatory effect on sexual

hehaviors 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 hehavioral responses through ct2­

adrenoceptors. Head-twitehes induced by 5-methoxydimethyltryptamine or 5-HTP were potently

inhibited by low doses of c1onidine. and potentiated by the antagonists idazoxan and yohimbine202.
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These effects do not involve lX2-adrenergic autoreceptors however, l:ut rather postsynaptic lX2­
adrenoceptors as 6-0HDA or DSP-4 lesions enhanced the head-twiteh behavior without altering the
inhibitoryeffectofclonidine202.NA also has antagonistic effects on5-HT-induced suppression ofpain.
Foot-shock-induced jumping in rats was shown to be decreased by differentconditions that increase the
stimulation of postsynaptic 5-HT receptors. such as 5-HTP, 5-methoxydirnethyltryptamine or 5-HT
reuptake inhibition with chlorimipramine331. The analgesic effect of al! these drugs was abolished by
pretreatments with eitherclonidine or with the NA releaser methamphetamine331. Directapplication of
5-HTin thehippocampusdose-dependently decreasedthe behavioralreactivity to hotplate orfooishock,

but mixed application of5-HT and NA did not have Ibis effect156. Spinal NA depletion with 6-0HDA
or DSP-4 abolished and even reversed the analgesic effects of5-methoxydirnethyltryptamine in shock
titration. hot-pbte and tail-flick measures of pain sensitivity22.

There are also behavioraldatasuggesting that5-HTmayhave afacilitatingeffectonNA terminais.
Clonidine is known to produce hypoactivity or sedation via an inhibitoryeffecton NA neurons through
the activation of lX2-adrenergic autoreceptors203. ConsiJering that this sedative effectofclonidine was
shown to be potentiated by 5-HTdenervation with 5,7-DHT201. it might be argued that 5-HT normally
exerts an enhancing effect on NA release in sorne brain areas. which would counteract the inhibitory
effectofclonidine atlX2-adrenergic autoreceptors. Itis also irteresting to note thatlong-term treatments
with noradrenergic reuptake blockers (or MAOIs) decrease the sedative effect of clonidine204,205,297
and that t1'Js effect was shown to be prevented by a 5,7-DHT pretreatment201.

9.4. EvidenceforinterconnectionsbetwaenS-HTneuronsofthemesencephalicraphe nuc1eiandNA
neurons ofthe locus coeruleus

Ample evidence iI~dicates that the DR is the target of NA projections from the LC. Severa!

techniques including fluorescence histochemistry, retrograde tracing with horsedish peroxidase, and

elecJ'on microscopy autoradiography have shown that 5-HT neurons in the DR are hea'lily innervated
by NA projections from the LC17,29.154,273.374. Furthermore, the DRareawas shown todisplay adense

labeling with the IWo lXl-adrenoceptor ligands [3H]WB4101 and [3H]prazosin443. The noradrenergic
input was reported to be excitatory in chloral hydrate-anesthetized r'lts since microiontophoretic
applicationoflXl-adrenergicantagonists in tbéDRareadecrease the firingrate of5-HTneurons,whereas
lXl-adrene~gic agonists restore thisfiring activity27,28. Itis noteworthy, however, thatmicroiontophoretic

applicationsofNA orphenylephrine havenoeffectby themselves, suggestingamaximal tonic activation

of lXl-adrenoceptors under basal conditions252.431. Reserpine, which induces depletions of both 5-HT

and NA, suppressed 5-HT neurons' firing30. This effectofreserpine was shown to be prevented by 6­

OHDA lesions of NA terminais and reversed by amphetamine. areleaser ofendogenous NA30. Agents

acting at lX2-adrenoceptors have the opposite effect on DR 5-HT neurons' firing activity. Indeed,

intravenous administration ofagonists acting at these receptors (clonidine, oxaminozoline) suppressed
5-HT neuronal discharges119.431, whereas the selective lX2-adrenoceptor antagonists idazoxan and

<±)remeron enhanced by thernselves the fuing activity of these neurons152.159,186. The effect of
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clonidine is mediated by the activation of lX2-adrenergic autoreceptors, which would decrease the
endogenous NA excitatory input at lXl-adrenoceptors on the DR, because il was prevented by 6-0HDA
lesions of NA neurons431. However in other conditions, clonidine might also act directly at lX2­
adrenoceptors, located in the somatodendritic regions ofDR 5-HT neurons, to inhibitcell flring as weil
as the rclease of 5_HT150.257. Clonidine and 6-0HDA pre1:!'Catments were also shown to increase
intracellular 5-HT histochemical fluorescence in the DR area, most Iikely through a decrease in the
release of 5_HT162.

Theexcitatory action oflXl-adrenoceptors on the flring activity ofDR5-HT neurons was inferred
to be physiologically importantbecause mostof the DR5-HT neurons in brain slices obtained from rats
ormiceanesthetized with halothane prior todecapitation were silentinvitro unIess NA orphenylephrine
were added into themedium439•446.However, inbrainslices frommice thatwere notanesthetized before
decapitation, 5-HT neurons were spontancously active and phenylephrine was inactive439. Further­
more, antagonists acting at lXl-adrenoceptors (WB4101, prazosin, phenoxybenzamine) or c10nidine
produced strong behavioral effects in freely moving cats, butdid 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' flring activity232.

On the basisofsomeindirectdata(behavioralactivityand 5-HlAAconcentrationin terminal brain
areas) it has been suggested that LC NA neurons exert an inhibitory action on the activity of MR 5-HT
neuronsl24.353.354. Although there are NA terminals in the MR area154 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-Iabeled varicosities with high-resolution autoradiography264,
immunohistochemical localisation of ttyptophan hydroxylase351 and horseradish peroxidase (HRP)
retrograde tracing84,394 suggested the presence of 5-HT terminais 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 area25. Neuronal perikarya
containing 5-HT have been found in the primate LC area408. 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 nuclei, including the DR and MR.
increase tyrosine hydroxylase activity in the LCarea278•299.There is alsoelectrophysiologicalevidence
that 5-HT might exerta suppressanteffect on the spontaneous flring activity of LC NA neurons. There
is a low h"· ';onsistent binding to 5-HTI sites the LC area462. Although microiontophoretic application

of5-HT or 8-0HDPAT does not have any effect on LC NA neurons spontaneous activity, stimulation
ofpresynaptic 5-HTI receptors \Vith 5-HT, TFMPP or 8-0HDPAT was shown to markedly decrease
glutamate activation of flring activity as weil as glutamatergic synaptic potentials of LC NA neu­
rons65•91,171. This excitatory glutarnatergic pathwayconnected ta the LC and modulated by 5-HT most
likely originates from the paragigantocellularis nucleus25,65.
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Similarly to S-HTlligands, local applications of S-HT2 agonists into the LC area do not change

the fuing activity of NA neurons6•171. However, S-HT2 agonists have a prominent modulatory effect

on the fuing activity ofLC 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 S-HT2 antagonists3•6•93. Interestingly, this response might also be

mediated indirectly by the glutamatergic pathway from the paragigantocellularis nucleus sinc;e it was

blocked by local application of a NMDA receptor antagonist, 2-amino-S-phosphonopentanoic acid93.

Besides this potentiating effect on the sensory evoked activity, intravenously administered S-HT2

agonists have also been shown to exen inhibitory effects on LC NA neurens' spontaneous activity

through postsynaptic S-HT2 receptors3•6.93.170,360. The latter inhibitory effects are mediated via

GABAergic fibers originating from the prepositus hypoglossalnucleus 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.
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First article

This research endeavour had essentially two airns: first, to identify and
characterize adrenergic and S-HT receptors irnplicated in interactions between the NA
and S-HT systems of the hippocampus, and second, 10 determine whether these
interactions are altered by antidepressant treatrnents. The presence of Ct2-adrenergic

heteroreceptors on S-HT fibers was weil documented in the early 80's in in vitro studies
using brain slices. However, the in vivo electtophysiological characterization of these

aclrenoceptors had not been done. In this first study, we performed this task using the

technique of electrical stimulation of the ascending S-HT pathway coupled with
orthodromic recording in the CA3 region of the rat hippocampus. In brief, stimulation (li

the S-HT pathway produces a suppression of firing of pyramidal neurons, the duration of
which is d.:termined by the sensitivity of postsynaptic S-HT1A receptors and by the

amount of S-HT released into the synaptic cleft. For instance, agents that decrease the
release of S-HT from terminals by activating S·HT terminal autoreceptors have been
shown 10 decrease the duration of suppression of firing. This electtophysiological
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 Ct2-adrenoceptors of the S·HT

fibers.
This article entitled "ln vivo electrophysi%gical evidence for a tonie activation

by endogenous noradrenaline of m-adrenoceptors on 5-hydroxytryptami/le terminais in
the rat hippocampus" by myself, Pierre Blier and Claude de Montigny was published in

the Naunyn-Schmiedeberg's Archives ofPharmacology (1993, vol. 347, pp. 266·272).
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Summary. The activation of aradrencrgic hetcrorecep·
tors was studied by comparing the effectiveness of the
electrical stimulation of the ascending 5·HT pathway in
suppressing the firing activity of CA) dorsal hippocarn·
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 az-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.
Law doses of the aradrenoceptor agonist clonidine (2
and 10 j.tg/kg) enhanced the efficacy of the stimulation,
while high doses (100 and 400 j.tg/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 c10nidine
(10 j.tg/kg) was abolished in rats pretreated with the nor­
adrenaline neurotoxin 6-hydroxydopamine. However, the
inhibitory effect of a high dose of clonidine (100 j.tg/kg)
was unaltered by this pretreatment. These results indicate
that .Iow doses of clonidine preferentially activate ar
adrenergic autoreceptors on the noradrenaline neurons
resulting in a reduction of the tonic inhibitory effect of
endogenous noradrenaline on 5-HT neurotransmission,
while higher doses of c10nidine would decrease 5·HT
neurotran~mission through the direct activation of
aradrenergic heteroreceptors on 5·HT terminais. Fur­
thermore, the selective az-adrenergic heteroreceptors an·
tagonist (- )mianserin (0.5 mg/kg) increased by itself the
efficacy of 5·HT neurotransmission, an effect not ob­
served with yohi:dbine and idazoxan. lllken together,
these results suggest that, in vivo, the aradrenoceptors
on 5·HT terminais of the rat hippocampus are tonically
activated by endogenous noradrenaline and modulate
5-HT release.

Corrupondtnu 10 R. Monleau at the above address

Key words: az·Adrenergic heterorecepiors - Electro­
physiology - Hippocampus - Presynaptic modulation
- Serotonin

Introduction

Several in vitro studies, using brain slices or synapto·
somes, have provided evidence for the existence of az·ad­
renoceptors on 5-HT terminais in the brain of different
species (for a review see GOthert 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 aradrenoceptors modulating the
in vitro release of eH)5-HT from prel'laded brain slices
are, however, conflicting. On the one hand, experiments
with c1assical az-adrenoceptor antagonists have generally
suggested that aradrenergic heteroreceptors are not ton­
ically activated by endogenous noradrenaline (GOthert et
al. 1981; Schlicker et al. 1983; Galzin et al. 19841' On the
other hand, the enhanced evoked release of [ H)5·HT
following exposure to high concentrations of the a·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 et al. 1985;
Frankhuijzen et al. 1988). However, further s!udies by
Limberger et al. (1989) have shown tha! phentolan:ine en­
hances eH]5-HT release, not by its action at az·adl.:ner­
gic heteroreceptors, but rather by blocking 5-HT
autoreceptors.

Using rabbit hippocampus slices, Feuerstein et al.
(1985) have reported that endogenous noradrenaline can
activate aradrenergic 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 et al. 1986).
Takell \ogether, these results obtained in vitro suggest that
the ac;ivation of az-adrenoceptors on 5-HT terminais by
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endogenous noradrenatine is rather weak, if Ilot absent,
depending on the species and/or the brain structure.
However, the activation of these aradrenergic hetero·
receptors by endogenous noradrenatine appears to be
functionally important in vivo since the responsiveness of
these receptors to agonist stimulation was increased
following noradrenergic d'mervation with DSP4
(Benkirane et al. 1985: Ellison and Campbell 1986).
Therefore, studies using ir. vitro preparations may not be
adequate to investigate the inhibitory action of endoge·
nous noradrenatine on S·HT release. Consequently, it was
deemed crucial to assess the function of the aradreno.
ceptors that modulate S·HT neurotransmission using an
in vivo electrophysiological paradigm.

Three strategies were used in the present study to in·
vestigate the function of aradrenergic hetero· and auto·
receptors in modu1ating S·HT release. First, the concen·
tration of synaptic noradrenatine was increased by the
acute blockade of the noradrenergic reuptake carrier with
desipramine. Second, different doses of the aradreno.
ceptor agonist c10nidine were tested on the efficacy of the
stimulation of the S·HT pathway. Third, the effects of the
a2-adrenoceptor antagonists yohimbine, idazoxan or
'( - )mianserin were also assessed on their own and follow.
ing the administration of c10nidine or desipramine. Yo·
himbine is a classical a2-adrenoceptor amagonist (Gold·
berg and Robertson 1983), whereas idazoxan is an arad.
renoceptor antagonist with affinity for the imidazoline
recognition site (Hamilton et al. 1988: Michel et al. 1990).
The (- )stereoisomer of mianserin is a particularly inter·
esting compound since it has been reported to block the
action of noradrenaline at a2-adrenergic heteroreceptors
on S·HT terminais, but not at a2-adrenergic autorecep·
tors on noradrenergic terminais (Raiteri et al. 1083; Mau·
ra et al. 198S).

Malerlals and melhods

Mal. Spraau.·Oawley rats (225-300a) mainlaln.d on a 12: 12 Iiah.·
durk cycle with free lIceess 10 food and Wller were used. Lesions of nor·
adrenallne ncurons werc perrormed on a group of e!ahl rais that re­
celved. under chloral hydrate Anesthesia (400ma/ka. I.p.), an in·
trDcerebrovenlrlcular injection of 6-hydroxydopamine (6·0HOAi
120 ~a lree ba.. In 20 ~I 010.9'10 NaCI and 0.1 '1. ascorblc acid). 1 h al·
1er an Injection of nUDxctlne (10 mll/ks. i. p.) admlnlstered 10 proteet
the '.HT system from the neuralexlc action of 6·0HDA. A control
SfOUP of four rats were' injected with 20 J.l1 of 0.9ll'fo NaCI.

R«ord;n,lram dorsa' nlppocampus CAJ pyramidai nturons, Extra·
cellular unltJ':!'"/ ;':'''1:ordlna5 and mlcrolontophoresis Y;e~ performed in
the CA] layer of hippocampus wllh five·barre1Jed micropipeues, pulled
in Il conventional manner with the tip broken la a diameter of
9-11 ~m. The central barrel, used for recordina, was fiUed with a
2 molli NaCI solution and the slde barrels cont.,ined the followina solu·
tians: 5·HT creatinine sulfate (0.5 mmolll in ~oo mmolll NaCl, pH 4),
norad",nalin. bila"rat. (20 mmol/I in 200 mmol/I NaCl, pH 4),
acetylcholinc chlorld. (20 mmol/I in 200 mmol/I NaCl, pH 4) and a
2 molli NICI solution used for automatl!.: current balancina. The 5·HT
and noradrenaline solutions were retaine<! with a -7 nA current be·
tween ejfCtions. Pyramidal neurons were idenlified by their largc ampli·
tud. (0.5-1.2 mV) and lona duration (0.8-1.2 m') slmpl. splkes al.er·
natlna wilh compl.. splke dlscharges (Kand.land Spencer 1961). Thes.
characterlstics readily permit ta dlrferendate pyramidal neurons from
interneurons. A leak or smalt current of acetylchollne (- 1ta 5 nA) was
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used to activate silent or slowly discharlinl pyramidal neurons ta a
physiologic firinl rate (8- 12 Hz), sinee most of these cells do not dis·
charge sponlancously in chloral hydrate·anesthetizcd rats.

Ta evalu3te the efreetiveness of the 6-0HDA lesion, the recovery of
lhe firing rate of the pyramidal neurons followinl the microion·
lophoretic application of noradrenaline was assessed by determininathe
recovery time 50 (RT,o>. This parameter is defined by the time (in see·
onds) required for the firing rate to recover by 50'7. from the termina·
lion of Ihe microiontophorelic application (de Montiany et al. 1980).

Slimu/at/on of the S-HT pathway. To activate the S·HT projections ta
the dorsal hippocampus, a bipolar eleetrode (NE·l00; David Kopf, 1\.1.
junga, Calif., USA) was implanted on the midline with a 10° backward
angle in the ventromedlal tesmentum, 1mm anterior to lamda and
8.3 mm below the cortical surface. 1\110 hundred square pulses of 0.,5 ms
weil: delivered by a slimulator (58800; Grau Instruments, QuincC)',
Mass., USA) al a frequency of 1Hz and at an intensity of 300 J,lA. The
stimulation pulses and the firing activity of the neuron recorded were
fed ta an IBM·PC computer equippcd with a 1ècmar interface.
Peristimulus time histograms were senerated 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 dividinS the total
number of events suppressed foUowins the stimulation by the mcan fre­
quency of firinl of the neuron recorde<!. It thus represents an estimation
of the durallon of the suppression of firing corrected for the mcan pre·
stimulation firinl rate of the neuron rec:orded. The effeet of stimulatlns
the ascendinl 5·HT fibers was detennlned for the same neuron prior ta,
and followinl, the intravenous injection of desipramine (2 ma/ka),
clonidln. (2 - 400 ~a/ka), yohimbine (0.1-1 ma/ka), (- )mianserin
(0.5 ma/ka) or idazOJUln (0.5 ma/ka). Th. lime .Iapscd b.twcen lh.
control stimulation periods and those followinl the administration of
the drup was generally around 15 min.

Drugs. The followinS druss were used: desipramine (Merrell Dow, Cin·
cinnati, OH, USA), (- )mianserin (Organon, Oss. The Netherlands),
yohimbine HCI, idazoxan HCI, clonidine HCI, ,5·HT creatinine sulfate,
noradrenaiine bitanrate, 6-0HDA HCI and acetylchollne chloride
(Slama Chcmlcals, SI. louis, Mo., USA) and chloral hydrate (American
Ch.micals, Montlial. Québec, Canada).

SIDlis/icat analysis. Ali results are expressed as means:tSEM. The sla·
tistical significance of the difference between the ecreets of the stimula·
tlon of the 5·HT pa1hway pnor ta, and following, the administration of
a drus was assessr.d with the t,,"o·tailed paircd Student's t·test. The de·
aree of 5latistical signific;.nce of :he difference between the RT'0 of the
intact rats and the 6·0HDA·treated rats was calculated with the two·
taited Student's l-lest.

Results

liflect 01 acute desipramine administration
on the el/icacy 01 5-HT neurotransmission

Desipramine (2 mg/kg), a specifie noradrenaline reup·
take inhibilor (Ross and Renyi 1975), was lesled in order
to examine Ihe effeet of an increased synaplic availabilily
of endogenous noradrenaline on Ihe efficacy of Ihe slim·
ulation of Ihe S·HT palhway 10 suppress Ihe firing activi·
Iy of dorsal hippocampus CAl pyramidal neurons. As
shown in Fig, 1A, Ihe adminislralion of desipramine
markedly reduced the duralion of suppression of firing.
The SIL value after desipramine adminislration was 4807.
smaller Ihan that before the injection of Ihe drug
(Fig. 1B).

ln order 10 confirm Ihe aradrenergic nalure of this
effecl of desipramine, Ihe aradrenoceplor anlagonisls
yohimbine, idazoxan or (- )mianserin were injeeled fol·
lowing Ihe adminislralion of desipramine. Yohimbine
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Fil. lA,&' Effett of lnuavenous Injections of desipramine on the
effic:acy of the elecuica1 stimulation of the ascendlna '·HT pIlh·
way in suppressinglhe firlna ac:tivily of CA] pyramidal neurons
of hippocampus. A Representative peristimulus lime hlsloarams
iIIumating the errect of desipramlne (DMI) in a siRale experi·
ment. Each peristimulus lime hlslolram wu construeted from
200 pulses of O., ms delivered It 1Hz al lime 0 wlth ln Inlcnllty
of 300 ~A. Bln wldth 1. 2 ms. B HI.tolfl!11' .bowlnalh••ffoct
of the inuavenons administration of deslpmnine ln 16 expert­
ments. The SIL values represent the duratlon of suppression of
firins. Data are mcan:tSEM.•P<O.OOt, usina a two·tailed
paired Student's '·test, comparins prior 10. and Collowtna.
desipramlne admlnlmatlon.

(0.5 mg/kg), a c1assical az-adrenoceplor antagonist, re­
versed the effect of desipramine (Fig. ~A), while idazoxan
(0.5 mg/kg), an adrenoceptor antago'list with affinity for
the imidazoline recognition site, did not alter significant­
Iy the effect of desipramine (Fig. 2B). The az-adrenergic
heteroreceptor antagonist (- )miar,serin (0.5 mg/kg) re­
versed the suppressant effect of deslpramine (Fig.2C).

E/lect 01 acute c/onidine administration
on the e/ficacy 5·HT neurotransmission

The dose-response curve depicted in Fig.3 shows that
c10nidine exerted a biphasic effect on 5-HT neurotrans­
mbsion. Law doses of c10nidine (2 and 10Iig/kg) en-

hanced the efficacy of the stimulation, while high doses
(t00 and 400 IIg/kg) reduced it. The 2l1g/kg dose of
c10nidine increased the SIL value from 35±5 to 42±5 ms,
while the 10lig/kg dose produced a more robust en­
hancement of the suppression of firing activity with the
SIL value increasing from 3g±2 to 50±2 ms. The higher
doses of c10nidine (t00 an<l400 IIg/kg) produced the op­
posite effect with SIL values being reduced From 44±2 to
3S±2ms and From 52±4 to 35±4ms, respectively.

That these effects of c10nidine were attributable to the
activation of az-adrenoceptors was then ascertained by
subsequently injecting the az-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

FII.2. HI.toaram. lIIu.tratln, lb. off"" of lh. Intrave·
nous administration of the QradrcnocqJlor antalonlus
yohlmbln. (YOH) A. Idazoll8n UDX) Band t- )n1lan. -ln
U- )MIAN) C .ubsequ.ntly la tb. InJoctlon of
desipramlne on the efficac:y of Ihe electricll slimulation
of th. asc.ndln, 5·HT pathway. Th. SIL valu.. rep,.....
the duradon of suppression of nrlnl. Data are
mean±SEM. ·P<O.O,. ··P<O.OI ulln.1 (WO·I.Ued
palred Student'. Nest. comparln. priar 10. and followlnl,
the conKaltivc adnùnistratlons of deslpramlne and of the
az·adrenoceptor antalORlsl.

l'IQ.. ....

A B C

» • »

»
• ..

»
ô: JI »g •
~

iii "
JI

"•

" i• "»

• .. en. .......
!Ol

..... m...... ......



-40

50

40

• JO

f 20

tO
iw 0
iii tO tOO 1000

.!l -tO..
-20

-JO

Do•• (~gI1<g) 01 clonldln.

.1•. 3. Erfecl of intravenous Injections of dirfcreot doses of clonidlne
on the eman:y of the electrical stimulation of the ascending S·HT path­
way. The number of rats tesled for cach dose of clonidine is given within
the points. P<O.OOI, lwo·talled palred Student's Nesl, comparins pri­
or la, and followlns. c10nldine administration

ten times higher than that of c10nidine were used:
0.1 mg/kg of yohimbine antagonized the effect of
JOlIg/kg of clonidine and 1mg/kg yohimbine antago·
nized the effect of 100 IIg/kg of c10nidine (Fig. 4).
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of the toxin 6-0HDA two weeks before the experiments.
The effectiveness of the lesions was verified by assessing
the recovery time (RT50) of the firing rate of CA] pyra­
midai neurons following the microiontopho.etic 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 àctivity of these neurons (de Montigny et al. 1980),
the marked increase (488"10) in the RTso of 6-0HDA
treated rats (Fig. SA) confirmed an adequate lesioning of
the noradrenergic terminais.

The effectiveness of the stimulation of the ascending
S·HT pathway in suppressing the firing activity of the
pyramidal neurons was similar in saline and 6-0HDA­
pretreated rats. However, the enhancing effect of the
10 IIg/kg dose of c10nidine on the efficacy of the stimula­
tion of the ascending S-HT pathway was abolished by the
6·0HDA pretreatment (Fig. SB). Whereas, the decrease
in the efficacy of the stimulation induced by 100 IIg/kg
of c10nidine was still present in the same rats, indicating
thatthe former, but not the latter, effect is dependent on
the presence of noradrenergic terminais. Furthermore,
the percentage of inhibition produced by 100 IIg/kg of
c10nidine in the 6-0HDA-pretreated rats (3\ ±7%; n = 7)
was greater than that produced in intact rats (21 ±4%;
n = 28).

E;ffecl of 02-adrenoceplor anlagonisls
on S-HT neurolransmission

ln order to verify whether endogenous noradrenaline at­
tenuates S-HT neurotransmission under basal conditions,
the efficacy of the stimulation of the S·HT pathway was

E;ffecl of noradrenergic denervalion on Ihe modulalion
of S-HT neurolransmission by clonidine

The contention thatlow doses of c10nidine increase S-HT
neurotransmission by allenuating endogenous noradren­
aline release, as a result of the activation of 0radrener­
gic autoreceptors located both on the Ccli body and termi­
naIs of noradrenaline neurons, and that high doses direct­
Iy activate 02-adrenergic heteroreceptors located on
S·HT terminais, was tested in noradrenergic-denervated
rats that had received an intracerebroventricular injection
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value Is the time required by the neuron rr"~ Ihe end or Ihe applicallon
co recover ics firinl activhy by 50"1•. The number or neuron cesl~ iSllv.
en al the bouom or cach column. Daia are mcan±SEM. ··P<O.OOI,
Iwo·tailed Siudenc's I-Iest comparlnl control and 6·0HDA-prelreat~

rats. B Errects or Ihe con~utivc adminJmation low and a hiah dose
or c10nidine in seven 6-OHOA,pi"i':OUled raIS on Ihe erncacy or Ihe elec­
Irical5limulation or Ihe ascendinl5-HT palhway. The SIL values repre­
senlS the duracion or suppression or firina. Daia are mean±SEM.
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rollowinS, clonidine adminlslration
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!he resu1ts obtained in the present in vivo study fol.
lowmg acute blockade of the noradrenaline reuptake pro.
cess with ~ :sipramine are at variance with previous in
vitro findings. Noradrenaline reuptake blockade reduced
the duration of suppression of firing by about SO'Jo in
vivo (Fig. 1), while in vitro it either did nol change the
evoked release of [lH]S·HT (Galzin et al. 1984;
Benkirane et al. 1985; Limberger et al. 1986) or reduced
it by a mere 1S'Jo (Feuerstein et al. 1985). A possible e.x·
planation for this apparent discrepancy is that the tonic
inhibitory action of endogenous noradrenaline on
a2-adrenergic heteroreceptors is minimal in in vitro prep·
arations. Endogenous noradrenaline may hardly reach
S·HT lerminals because it is washed away by the superfu·
sion now. A1ternatively, the possibility that desipramine
exerted its effect in the present experimental paradigm by
ail aClion on receplors other lhan a,.adrenoceptors
which affect the function on S·HT terminais can be ex·
c1uded since it was reversed with lhe a,.adrenoceptor an·
tagonists yohimbine and (- )mianserin. lt is noteworthy
lhat allhough yohimbine has a moderately high affinity
for S·HT1A binding sites (pKo = 6.9), mianserin has a
lower affinity for these sites (pKo = 6.0; Hoyer, 1991).
Furthermore, mianserin does not ailer the firing activity
of S-HT neurons nor does it block their somatodendritic
S·HT1A autoreceptors (Blier el al. 1984).

The observation that idazoxan was ineffective in
blocking the suppressant effeel of desipramine may ap·
pear puzzling. First, the possibility that idazoxan does
not penelrate the blood brain barrier can readily be ex·
c1uded because there is ahundant evidence for the capaei·
ty of idazoxan, injecled intravenously, to antagonilt a,·
adrenoceptors at doses much l''wer than the one used
here on locus coeruleus neuro',. bOlh at the level of their
cell body anr. nerve termin.ls (Washburn and Moises
1989; Curet and de Monligny 1989). Second, there is the
possibility that idazoxan could act as a partial agonisl at
a,.adrelloceptors as it was reported 10 occur with low
levels of endogenous noradrenaline (Limberger and
Slarke 1983). However, this is probably not the case here
since the level of noradrenaline was elevated through
reuptake bloekade by desipramine. Another explanation
could be thal idazoxan is less potent at a,·adrenoeeptors
on S·HT fibers than on noradrenergic fibers. This would
be consistent with a previous in vitro sludy showing thal
idazoxan displays an affinity for autoreceptors on norad·
renergic terminais about 2S0·fold greater than for
adrenoceptors on S·HT terminais (Preziosi et al. 1989).
Furthermore, idazoxan has a high affinity for imidazoline
recognition siles. Evidence has been presenled suggesting
the existence of a non·calecholamine endogenous ligand
for imidazoline sites and lhut noradrenaline would acl ex·
c1usively at the a,.adrenergic phenylethylamine sites
(Atlas et al. 1987; Ernsberger et al. 1988; Tibiriça et al.
1991). In keeping with this, our results suggest that a,.
adrenoceplors on S·HT terminais would be of the a,-ad·
renergic phenylethylamine type and would be activated by
endogenous noradrenaline, but nOl by a putative endoge·
nous imidazoline ligand.

The biphasic effect of the a,.adrenoceptor agonist
c10nidine on S·HT neurotransmission is also consistent
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Fil. 6. Hisiogram iIIustrating the cffeçt on the ernc:\cy of the elecmical
stimulation of the 8scendingS·HT pathway of the intravenous ad·
nlml!l:;,~uon uf the az·adrenoc:eptor antagonists yohimbine (A),
idazoxan (D) and (P' ,mlall:~;ll !t::) in the basal condition. The Sil
values represcnts the durallon of suppression of firios. Dall are
mean:l:SEM. The number of rais tested is slven al the bollom of the
open columns.• P<O.OS. Iwo-18i1ed palred Student's '·tcsl, comparlRg
prior la, and followinS. (- )mlanserin administration

Discussion

The purpose of the present study was to determine
whether a,·adrenoceptors located on S-HT terminais in
the rat hippocampus are tonically activated by endoge·
nous noradrenaline in vivo. The effect of the activation
of these a,-adrenergic heteroreceptors was therefore
studied by comparing the effectiveness of the electrical
stimulation of the ascending S·HT pathway in suppress·
ing the firing lictivity 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 amounl of S·HT released in the synapse.
Three different sets of data obtained in the present study
support the contention that S·HT neurotransmission is
under tonic inhibitory noradrenergic control: 1) An in·
creô..'e in the synaptic concentration of noradrenaline in·
duced by desipramine decreased the effectiveness of the
stimulation of the S·HT p~thway; 2) Law doses of
clonidine, that decrease noradrenaline output by ac·
tivating a,.adrenergic autoreceptors on noradrenaline
neurons, increased S·HT neurotransmission; and 3) The
blockade of a,·adrenergic heteroreceptors by (- )mian·
serin increased the efficacy of the stimulation of the
S·HT palhway.

tested prior to, and following, the adminislration of
O.S mg/kg of the a2-adrenoceptor antagonists yohim­
bine, idazoxan and (- )mianserin. As ilIustrated in
Fig. 6A and B, yohimbine and idazoxan had no effect by
themselves on S·HT neurotransmission. However, the
selective a2-adrenergic heteroreceptor antagonist (- lmi·
anserin (Fig. 6C) increased by 34'1. the duration of sup·
pression of firing produced by the stimulation of the
S·HT pathway.
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with the notion that a,·adrenergic heteroreceptors and
a,.adrenergic autoreceptors would not be identical, con­
sistent with previous reports (Frankhuyzen and Mulder
1982; Maura et al. 1985) shov.ing that the poteney of
c10nidine is 10 times higher at the a,·adrenergic autore·
ceptors than at the a,·adrenergie heteroreceptors in the
rat hippocampus, cerebral cortex and hypothalamus. The
enhancing effect of low doses of c10nidine 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
erfect of c10nidine on 5-HT release at high doses, but no
change with low doses of c1onidine. That the enhancing
efTect of a low dose of c10nidine in the present study was
a,.adrenergie in nature is corroborated by its blockade
with the a,-adrenoceptor antagonist yohimbine. A possi­
ble explanation for the discrepancy might be that the
e1ectrophysiological paradigm use herein is more suitable
than microdialysis to detectthe effect of local changes in
noradrenaline availability on 5-HT neurotransmission. In
support of that contention, the observation that the
enhancing effeet of the low dose of clonidine (; ;, I1g/kg)
was abolished in 6-0HDA-pretreated rats (Fig. 5 B) in­
dicates that this effect of clonidine is attributable to the
activation of a,.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 c10nidine (10 I1g/kg),
the inhibitory effect of the high dose c10nidine
(100 Ilg/kg) on 5-HT neurotransmission was not aboi­
ished by the 6-0HDA 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 Ilg/kg) of
c10nidine was slightly increased in 6·0HDA-pretreated
rats, consistent with previous reports of an increased
responsiveness to agonist stimulation of a,-adrenergic
heteroreceptors following noradrenaline denervation with
the toxin DSP4 (Benkirane et al. 1985; EUison and Camp­
bell 1986). However, these results are at variant with stud­
ies showing that the responsiveness of a,·adrenergic
heteroreceptors to c10nidine (Yoshioka et al. 1992) or to
exogenous noradrenaline (Schlicker et al. 1982) is not
altered following denervation with 6-0HDA. There is the
possibility that DSP4 produces a greater depletion of
noradrenaline than 6-0HDA. If this holds true, the in­
creased effect observed after DSP4 might be explained by
a decreased competition of the exogenous agonist with
cndogenous noradrenaline instead of a change in the sen­
sitivity of the receptor per se (GOthert and Schlicker
1991). Furthermore, it may appear surprising thatthe ef­
fectiveness of the stimulation of the ascending 5-HT
pathway in the 6-0HDA.pretreated rats was not greater in
saline-pretreated rats considering thatthe 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 6-0HDA. Three
explanations can be envisaged to account for this ap­
parent discrepaney in these results and/or the present
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study: 1) The toxin 6·0HDA 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 1 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 ot rats tested. However, this is not probable since
an expecled change of about 400/0 (similar to that ob­
served following the acUle administration of 10 Ilg/kg of
c1onidine) 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,.adrenergie 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 a,-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 idnzoxan 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, il 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
a,-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 ( - )mianserin supports this
possibility. The (- )stereoisomer of mianserin presum­
ably blocked the a,.adrenergic heteroreceptors without
affecting the a,.adrenergic autoreceptors (Maura et al.
1995; Raiteri et al. 1983), thus revealing the presence of
a tonic inhibilory 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 a,·adrenoceptors located on 5-HT terminais. 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 suggestthat 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 cx2-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 cx2-adrenergic heteroreceptors after antidepressant treatrnents, which would result
from either a desensitization of cx2-adrenergic heteroreceptors or fr"m a reduced input of
endogenous NA acting at these heteroreceptors, or both. The sensitivity of the CX2­
adrenergic heteroreceptors was tested with a high dose of clonidine (400 llg/kg i.v.) and

the degree of tonic inhibition by endogenous NA was assessed by measuring the
enhancement in 5-HT neurotransmission produced by activating the CX2-adrenergic
autoreceptocs with a small dose of clonidine (10 llg/kg, i.v.). The sensitivity of

postsynaptic 5-HTIA receptors and CX2-adrenoceptors was also tested by assessing the

suppressant effect on CA3 pyramidal neurons of rnicroiontophoretically-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 tiesensitization of al­

adrenoceptors on serotonin terminais 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 (12-Adrenoceptors on
Serotonin Terminals Following Long..:rerrn
Treatrnent 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 {rom our laboratory have indicated that
small intravenous doses of the a2-adrenergic agonist
clonidine increase serotonin (S·HT) neurotransmission by
attenuating the release of endogenous norepinephrine
(NE), as a result of the activation of a2-adrenelgic
autoreceptor on NE neurons, and that high doses of
clonidine decrease S·HT neurotransmission by directly
activating a2-adrenergic heteroreceptors on S·HT
tenninals. The aim of the present study was to assess
whether antidepressant treatments that increase the
synaptic concentration of NE or S·HT alter the ability of
clonidine to modulate S·HT neurotransmission through
these Iwo a2-adrenoceptors. Rats were treated for 3 weeks
with 0.7S 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 S·HT reuptake inhibitor)
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or saline using subcutaneous osmotic minipumps
(removed 48 hours before tlle experimen/J. No significant
change in the elfect of the small dose of clonidine (10
!Jg/kg, IV) was found following tlle befloxatone, tlle
nisoxetitle, or tlle paroxetine treatmellts. The reduction of
S·HT neurotransmission by the lzigh dose of clonidine
(400 !Jg/kg, IV) was no longer present in rats treated
with nisoxetine or bef/oxatone, but was Imaltered in tllOse
treated with paloxetine. Furtllemlore. in rats pretreated
with the NE neurotoxin 6-hydroxydopamine, a long·tenn
treatment with befloxatone failed to alter tlle reducing
elfect of the Iligh dose of clonidine but abolislled the
reducing elfect of tlle low dose of clonidine. Tllese results
suggest that antidepressant drugs that ilrerease NE
synaptic concentration induce a desensitization of
a2-lleteroreceptor on S·HT tenninals.
(Neuropsychopharmacology 10:41-51, 1994(

Several studies have documented the possibility that
presynaptic u2-adrenergic autore<:eptors become desen·
sitized following long.term anlidepressanttreatments
that increase the synaptic COllCentration of norepineph·
rine (NE) (Cre"'~ and Smith 1978; Svensson and Usdin
1978; McMilIen et al. 1980; Spyraky and Fibiger 1980;
Cohen et al. 1982; Finberg and Tai 1985; Lacr lix et al.
1991). Furthermore, the density of high·affinity state
u2-adrenocpptors 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;
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Takeda et al. 1989; Piletz et al. 1991). However, not ail
antidepressant treatments share the praperty of de­
creasing these a2-adrenoceptors (Willner 1985). :n con­
trast, several classes of antidepressanttreatments have
been shown to alter serotonin (5-HT) neurotransmis­
sion (for review, see Blier et al., 1990).

The capacity of a2-adrenergic ligands to modulate
the evoked release of ['HI5-HT in vitro has long been
known to be exerted by a2-adrenoceptors located on
5-HT terminais (Starke and Montel 1973; Cathert and
Huth 1980; Frankhuvzen and Mulder 1980,1982; Cath­
ertet al. 1981; Maur~ et al. 1982). Using an in v,vo elec­
tr<,physiologic paradigm, it was recently shown that
these a2-adrenergic hete;'oreceptors in the rat hip­
pocampus are tonieally activated by endogenous NE
(Mongeau et al. 1993), as is the case in the human brain
(Calzin et al. 1~92; Feuerstein et al. 1993). Small doses
(2 ~g/kg and 10 ~g/kg IV) of the a2-adrenergic agonist
clonidine enhance 5-HT neuratransmission, an effect
that is abolished by a 6-hydraxydopamine (6-0HDA)
pretreatment and blocked by the a2-adrenergic an­
tagonist yohimbine (0.1 mg/kg IV). These results indi­
cate that a low dose of clonidine preferentially activates
a2-adrenergic autoreceptors on NE neurons, reducing
the tonie inhibitory action of endogenous NE on a2­
adrenergic heterareceptors on 5-HT terminais and, con­
sequently, increasing 5-HT release. However, at higher
doses (100 ~g/kg and 400 ~g/kg IV), clonidine decreases
5-HT neuratransmission through a direct activation of
a2-adrenergie heteroreceptors, as this effect is not
affected by NE denervation and is blocked by yohim­
bine (1 mg/kg IV; Mongeau ~t al. 1993).

In the present study, this in vivo modulation of 5-HT
neurotransmission by clonidine via a2-adrenergie 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 synaptie
concentration of the neurotransmillers were induced
by either selective reuptake blockade or monoamine ox­
idase A (MAO-A) inhibition. This electrophysiologic
paradigm was considered most appropriate to inves­
tigate the modulation of 5-HT neurotransmission by the
NE system because, as described before, it allows the
in vivo assessment of the responsiveness of the a2­
adrenergie heteroreceptors on 5-HT terminais and of
the Ievel of tonie inhibitory action of NE acting on them.

METH005

Animais and Treatmen~s

Male Sprague-Oawley rats, maintained on a 12-hourI12­
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 (Curet et al. 1992.1), 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 l'1inipumps (ALZA, Palo Alto, CA) in­
serted subcutaneously. The minipumps were removed
48 hours before the experiments began ta allow elimi­
nation of the drugs. Lesions of NE neurons were per­
formed under chloral hydrate anesthesia (400 mg/kg
IP) by injecting6-0HDA intracerebravcntrieularly (120
~g free base in 20 ~l of 0.9% NaCi and 0.1% ascorbic
acid) 1 hour after an injection of tluoxetine (10 mg/kg,
IP) administered to protect the 5-HT system from the
neuratoxic action of 6-0HDA. One week after this pra­
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 (!P) of chlo­
ral hydrate.

Recording from Dorsal Hippocampus CA,
Pyramidal Neurons

Extracellular unitary recording and mieroiontophore­
sis onto pyramidal neurons in the CA, region of the
dorsal hippocampus were conducted with ftve-barreUed
micropipetles, pulled conventionally with the tip bro­
ken to a diameter of 9 ~m to 11 ~m. The central barrel,
used for recording, was ftIled with a 2 mol/L NaCi so­
lution. The side barrels contained the following solu­
tions: 5-HT creatinine sulfate (0.5 mmol/L in 200 mmol:L
NaCI, 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 NaCI solution used
for automatie current balancing. The 5-HT and NE so­
lutions were retained with a -7 nA current between
ejections. Pyramidal neurons were identifted by their
large amplitude (0.5 mV to 1.2 mV) and long-duratian
(0.8 msec ta 1.2 msec) simple spikes alternating with
complex spike discharges (Kandei 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
ta activate silent or slowly discharging pyramidal neu­
rons ta a physiologie ftring rate (8 Hz ta 12 Hz), because
most of these cells do not discharge spontaneously in
chloral hydrate-anesthetized rats. The responsiveness
to mieroiontophoretie applieation of 5-HT and NE was
evaluated from the number of spikes suppressed/nA
calculated by an on-line computer with a loo-milli­
second discrimination.

To evaluate the effectiveness of the 6-0HDA lesion,
the recovery of the ftring activity of the pyramidal neu­
rons foUowing the microiontophoretic application of NE
was assessed by determining the recovery time 50



Stimulation of the 5-HT Pathway

To activate the S-HT projections to the dorsal hip­
pocampus, a bipolar electrode (NE-I00; David Kopf,
Tujunga, CA) was implanted on the n..dline with a 10°
backward angle in the ventromedial tegrnentum, 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 IlA. The stimulation pulses and the fJring 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 ftring, 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 ftring of the neuron recorded. Il thus
represents an estimate of the duration of the suppres­
sion of ftring corrected for the mean prestimulation
ftring frequency. Severallines of evidence indicate that
the effect of the electrical stimulation of the ascending
5-HT pathway is due to the release of S-HT into the syn­
aptic deft. First, it is virlually abolished by a pretreat­
ment with the S-HT neurotoxin S,7-dihydroxytrypta­
mine (Blier and de Montigny 1983, 1985). Second, it is
blocked by the acute intravenous injection of the
S-HTIA receptor antagonist BMY 7378 (Yocca et al.
1987; Chaput and de Montigny 1988). Third, it is en­
hanced by terminal S-HT autoreceptor blockade
(Chaput et al. 1986). Fourth, it is reduced by terminal
5-HT alltoreceptor activation (Chaput and de Montigny
1988).

ln most neurons, following the suppression of ftring
induced by the electrical stimulation there is a transient
increase of the probability of &ring, the exact nature of
which is presently unknown. However, this transient
increase was shown to be unafiected by S-HT reuptake
inhibitors or MAO inhibitors (Blieret al. 1988). The rel­
ative activation was calculated by dividing the total
number of supplementary events by the mean prestim­
ulation ftring frequency.

The effect of stimulating the ascending S-HT ftbers
was determined while recording from the same neu­
ron before and afler the successive intravenous injec-

•

tions of 10 Ilg/kg and 400 Ilg/kg of donidine. The time
elapsed between the control stimulation periods and
those following the administration ofdonidine was ap­
proximately 1S minutes.
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(RTso). This parameter is defmed by the time (in sec­
onds) required for the fJring rate to recover by 50% from
the termination of the microiontophoretic application
(de Montigny et al. 1980).

Desensitization of a::!-Adrenergic Heteroreceptors 43

Drugs

The following drugs were used: befloxatone (Dela­
lande, Rueil-Malmaison, France); paroxetine (Smith­
Kline Beecham, Harlow, England); nisoxetine and
fluoxetine (Eli Lilly, Indianapolis, IN); donidine HCl,
;-HT creatinine sulfate, NE bitartrate, 6-0HDA HCl.
and acetylcholine chloride (Sigma ChemicaI. St. Louis,
MO); and chloral hydrate (American Chemicals, Mon­
tréal, Québec, Canada).

Statistical Analyses

AlI results are expressed as means plus/minus standard
error of the mean. The statistical signiftcance of the
difference between the effects of the stimulation of the
S-HT pathway before and after the administration of
a drug in the same rat was assessed using the paired
Student's t-test. Possible differences in the magnitude
of the effects of donidine between saline- and drug­
treated rats were tested for statistical signiftcance by
covariance analysis. Differences in the efftcacy of the
stimulation of the S-HT pathway and neuronal respon­
siveness to microiontophoretic application of NE and
S-HT between saline- and d" . treated rats were as­
sessed for statistical signh'lcance using the unpaired Stu­
dent's t-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 S-HT pathway on the ftring rate of CA)
pyramidal neurons of the dorsal hippoca.mpus was as­
sessed following long-term drug treatments. The peri­
stimulus time histograms in Figure lA show that 10 Ilg/
kg IV of donidine enhanced, while 400 Ilg/kg l',' re­
duced, the duration of suppression of ftring in the same
neuron of a saline-treated rat. Following the adminis­
tration of 10 Ilg/kg and 400 Ilg/kg IV of donidine, the
mean duration of suppression of ftring of the saline­
treated group (Fig. lB) was increased by 37% ± 8% and
decreased by 25% ± 7%, respectively. These incremen­
tal and decremental effects of clonidine were statisti­
cally signiftcant at p < .01 and p < .001, respectively,
using the paired Student's t-test. In contrast, the facilita­
tory effect on the ftring rate of pyramidal neurons in­
duced by the electrical stimulation was not signiftcantly
changed by either dose of clonidine (Table 1).

To induce a sustained increase in the synaptic con­
centration of S-HT and NE, MAO-A was blocked over
a 3-week period with 0.7S mg/kg per day of befloxa­
tone. The minipumps were removed 48 hours before
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Figure 1. Effecl of systemic injections of c10nidine on the efficacy of the electrical stimulalion of the ascending 5-HT path­
way in suppressing the nring activity of CAJ pyramidal neurons of hippocampus in lhe saline·treated group. A: Represen·
tative peristimulus lime hislogr1ms ilIuslraling the effects of c10nidine (10 j.lglkg and 400 j.lglkg IV) in a single experimenl.
Each perislimulus time histogram was construcled from 200 pulses of 0.5 msec delivered ail Hz at time 0 with an inlensity
of 300 j.lA. Bin width is 2 mseC. B: Hislograms showing the effects of lhe high and lhe low dose of c10nidine in saline-treated
rais. The number of neurons tested is given al the botlom of lhe open column.• p < .01, .. P< .001, using a two·tailed
paired Student's t-test, comparing prior to and following clonidine administration.

Table 1. Effecl of Long·Term Drug Trealmenls wilh Befloxatone, Nisoxetine,
or Paroxetine on the Late Excitatory Effecl of the Firing Aclivily of Dorsal
Hippocampus Pyramidal Neurons Induced by the Electrical slimulation
Before and After the Intravenous Administration of ClonidineJ

•

Alter Clonidine
Before No. of

Treatmentb Clonidine' la j.lglkg 400 j.lg/kg Neurons

Saline :02 ± 25 97 ± 23 140 ± 25 11
Betloxatone 89 ± 22 117 ± 15 167 ± 61 9
6·0HDAd + befloxatone 135 ± 37 171 ± 34 162 ± 42 6
Nisoxetine 130 ± 54 131 ± 35 155 ± 42 9
Paroxetine 172 ± 69 134 ± 37 123 ± 36 8

01 One neuron per rat was :~udied before and after the administration of c1onidine.
b Befloxatone: 0.75 mg/kg per day; nisoxetine and paroxetine: 10 mg/kg per day.
C Data are expressed as the relative activation in milliseconds ± the standard error of the mean.
d One.hundred twenty micrograms free base of fJ.OHOA was injected intracerebroventricularly 1

week before the initiation of the befloxatone treatment.
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Figure 2. Effect of systemie injections of donidine on the effIcacy of the electrieal stimulai ion of the ascending 5-HT path­
way afler a long·term trealment with 0.75 mg/kg per day of belloxatone. The minipumps containing the drug were removed
48 hours before tlle experiment began. A: Representative peristimulus time histograms iIIustrating the effects of clonidine
(10 ~glkg and 400 ~g/kg IV) in a single experiment. B: Histograms showing the effecls of lhe high and lhe low dose of doni­
dine in befloxatone-treated rats. The number of neurons tested is given at the bottom of the open column. p < .01, using
a two·lalled paired Student's t-test, comparing prior to and following donidine administration.

•

the experiments began ta regain full enzymatic activity
(Curet et al. 1992a). The results in Figure 2A are repre·
sentative peristimulus lime histograms of the effect of
clonidine in belloxatone·treated rats. The small dose of
clonidine (10 ~g/kg IV) produced a 72% ± 21% increase
of the duration of the suppression of nring in the
belloxatone-treated group (Fig. 2B). Although the am·
plitude of the effect of the small dose of c10nidine ap·
peared greater than that of the saline group (37% ± 8%;
Fig. lB), the difference between the two groups did not
reach stalistical signiflcancc using covariance analysis.
The subsequent administration of the high dose ofc1oni­
dine (400 ~g/kg IV) decreased the duration of suppres­
sion of hring (Fig. 2B); however, unlike the contrais (Fig.
lB), it was not reduced below the initial value. This de·
creased responsiveness of the uz·adrenoceptors medi·
ating the effect of the high dose of c10nidine was not

accompanied by any change in the responsiveness of
pyramidal neurons of the CA3 region of hippocampus
ta rnicroiontophoretic applications of S·HT and NE. The
suppressant effects of the microiontophoretic applica­
tions of S·HT and NE on the nring rate of the pyrami.
dal cells after the belloxatone treatment (S-HT: 322 ±
37 spikes/nA, Il = 13; NE: 407 ± 43 spikes/nA; Il = 13)
were not different from those of the saline·treated group
(S·HT: 376 ± 62 spikeslnA, Il = Il; NE: 400 ± 71
spikeslnA, Il = 11).

The assumption that the increased synaptic con·
centralion of NE, but notthat of S-HT, is responsible
for the decrease in the responsiveness of the uz-adreno­
ceptors medialing the effect of the high dose of c1oni­
dine was assessed by investigaling the effect of the same
belloxatone trealment in NE-denervated rats. (ntracere·
brovenlricular injections of the neurotoxin 6-0HDA (1
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Figure 3. Effecl of long-term treatment with 0.75 mg/kg per day of befloxatone in NE-denervated rats. The intracerebroven­
tricular injection of 120 flg of 6-0HDA was given 1week before the minipumpcontaining the drug was installed. The minipumps
were removed 48 hours before the experiment began. A: Neuronal recovery frorn the microiontophoretic application of
NE in saline (SAL) and 6-0HDA + befloxatone-pretreated rats. The RT", value is the lime required for the neuron to re­
cuver its "ring 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 t-test comparing contr,'l and 6-0HDA­
pretreated rats. H: Histograms showing the effects of systemic injections of clonidine on the efflcacy of the electrical stimula­
tion of the ascending 5-HT pathway after a long-term trealment with befloxatone in six 6-0HDA-pretreated rats.• p < .01,
using a two·tailed paired Student's t·test, ..:omparing prior to and following c10nidine administration.
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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 verihed by assessing the RT;o of the
nring rate of CA) pyramidal neurons following the
microiontophoretic application of NE. In keeping with
the notion that intact NE hbers are required for the NE
reuptake process to allow a prompt recovery of the ftring
activity of these neurons (de Montigny et al. 1980), the
marked increased (327%) in the RT;o of 6-0HDA­
treated rats (Fig. 3A) conhrmed an adequate lesioning
of the NE terminaIs (except in two rats that were ex­
cluded from statistical analyses). ln these conditions,
the enhandng effect of the small dose of clonidine (10
flglkg IV) 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 flglkg

IV) was stin present and was even of a greater ampli­
tude than that in the saline group (saline: 25% ± 5%,
" = 11; 6-0HDA: 39% ± 9%, " = 6; P= .06, using covar·
iance analysis).

The etncacy of the stimulation of the 5-HT pathway
il" the saline group was compared to those in the drug­
treated groups using the unpaired Student's t test. The
dt:l'ation of suppression of ftring in the 6-0HDA plus
befloxatone group was increased by 71% (SIL values:
saline 38 msec ± 3 msec, " = 11; 6-0HDA + befloxa­
tone 65 msec ± 7 msec, " = 6; P< .01; Figs. 1 and 3).
However, the befloxatone treatment did not by itself
change the etncacy of the stimulation in suppressing
the ftring activity of the pyramidal neuron, (Figs. 1 and
2). Il is noteworthy that in the Iwo rats pretreated with
6-0HDA plus befloxatone for which the NE denerva­
tion faUed (as indicated by the unchanged RT;o), the
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Figure 4. Histograms showing the effect of systemie injec­
tions of c10nidine on the efflcacy of the electrical stimulation
of the ascending s·HT pathway after a long-term treatment
with 10 mg/kg per day of paroxeline (A) and 10 mg/kg per
day of nisoxetine (B). The number of rats tested is given in·
sidethe columns.• p< .05, .. p< .01 using a lwo-tailed paired
Studenrs I·test, comparing prior to and followinl; c10nidine
administration.

Effect of Long-Term Monoantine Uptake Inhibition
on the Modulation of s-HT Neurotransmission by
Clonidine

For two reasons, it was deemed crucialto test whether
monoamine reuptake inhibitors could also affect the
o2-adrenoceptors that modulate 5·HT transmission.
First, selective S-HT reuptake inhibitors have long be.n
known to have anlidep~ess.nt efflcacy, and, second,
S-HT and NE reuptake inhibitors have been shown to
increase the synaplic concentration of S-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 synaplic concentration of either NE orS·HT
was invesligated using speciftc reuptake inhibitors. Fol­
lowing long-term treatment with the selective S-HT re­
uptake inhibitor paroxetine (10 mg/kg per day for 21
days), the effects of the low and the high dose of c1oni­
dine on S-HT transmission were unchanged. After the
paroxetine treatment, the small dose of c10nidine (10
J.lg/kg IV) increased the efflcacy of the stimulation of
the S-HT pathway by 29% ± 9% whereas the high dose
(400 J.lg/kg IV) decreased it by 25% ± 7% (Fig. 4A).

ln 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), whieh was
similar to that of the saline group (Fig. lB). The subse­
quent administration of the high dose of clonidine de­
creased the duration ofsuppression of nring; 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 CA) region of hippocampus to
mieroiontophoretie applications of S-HT and NE in the
nisoxetine-treated rats. The suppressant effects of the
mieroiontophoretie applications of S-HT and NE on the
nring rate of the pyramidal neurons after the nisoxe­
tine treatment (S-HT: 332 ± 66 spikes/nA, n = 11; NE:
378 ± 71 spikes/nA, n = 11) were not different from
those of the saline-treated group (S-HT: 376 ± 62
spikes/nA, n = 11; NE: 400 ± 71 spikes/nA, n = 11).

The paroxetine and nisoxetine treatments did not
signiftcantly modify the efflcacy of the stimulation of
the S-HT pathway in suppressing the nring activity of
pyramidal neurons of the dorsal hippocampus (Fig. 4).
ln addition, the late excitatory effect of the stimulation

increase in 5-HT transmission was not observed, and
the effects of c10nidine were similar to those observed
for the befloxatone group (data not shown). Finally,
none of the above treatments signincantlychanged the
late excitatory effect on the nring rate induced by the
electrieal stimulation (Table 1).

•

•
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obsetved on these same neurons l'as not changed by
these treatments (Table 1).

DISCUSSION

The present electrophysiologie data show that long­
term treatment with pharmacologie agents that inerease
the synaptic concentration of NE, but not that of 5-HT,
decrease the inhibitory action of a high dose of cloni­
dine (400 ~g/kg IV) on 5-HT neurotransmission and that
the enhancing effect of a low dose of clonidine (10 ~g/kg

IV) is not affected by such treatments (Figs. 2, and 4B).
These changes obsetved in the befloxatone and the
nisoxetine groups are most likely related to the sus­
tained increase in NE concentration in the synapse, be­
cause simiIar changes were not produced either by long­
term 5-HT reuptake blockade or by long-term MAO-A
inhibition in NE-denetvated 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. 2and 4). However, the lesion of the NE neu­
rons aboJished, as expected, this enhancing effect of
clonidine (Fig. 3B).

In a previous study, the ineremental and deeremen­
tal effects of clonidine have been fuUy characterized
using the present electrophysiologie paradigm (Mon­
geau et al. 1993). On the one hand, it l'as concluded
that the reducing effect of the high dose of clonidine
is most likely mediated by the activacion of 02-adrener­
gie heteroreceptors on 5-HT terminais, whieh results
in a decrease in the amount of 5-HT released per action
potential. On the other hand, low doses of clonidine
enhance the suppression of fIring by preferentiaUy ac­
tivating 02-adrenergic autoreceptors, thereby reducing
the concentration of endogenous NE tonieaUy activat­
ing 02-adrenergie heteroreceptors on 5-HT terminais
(Mongeau et al. 1993). Thus, the present results sug­
gest that although the sensitivity of 02-adrenergie 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 smaU dose of
clonidine on 5-HT neurotransmission does not provide
a direct estimate of the responsiveness of the 02­
adrenergic autoreceptors, because its magnitude is also
determined by the level of activation of 02-adrenergie
heteroreceptors by endogenous NE. Thus, the un­
altered effect of the low dose of clonidine after these
treatments is not an indieation that the 02-adrenergie
autoreceptors on the ceU body and terminais of NE neu­
rons are normosensitive. Previous investigations per­
formed in our laboratory have shown that terminal 02­
adrenergie autoreceptors are desensitized foUowing a
Iong-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
foUowing this treatment, a 10-~g/kg IV dose of cioni­
dine still substantiaUy decreased (85% instead of lOJ%)
the ftring rate of these neurons. It can thus be concluded
that the desensitization of the 02-adrenergie autorecep­
tors would not hinder the enhancement of 5-HT neu­
rotransmission that results from a decrease in the syn­
aptie concentration of NE when these autoreceptors are
activated by the 10-~glkg IV dose of clonidine. In fact,
a desensitization of 02-adrenergie autoreceptors could
even increase the inhibitory tone of NE on 5-HT neu­
rotransmission, because the synaptic concentration of
NE is normaUy expected to be increased when the nega­
tive feedback autoregulation is decreased.

It is also interesting that the high dos~ 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
tonie inhibitory action of endogenous NE on the 02­
adrenergie heteroreceptors at baseJine was probably
maximal because the high dose of clonidine merely re­
established the initial duration of suppression of fIring
(Figs. 2B and 4B).

These obsetvations lead us to the foUowing in­
terpretation: normaUy 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 02-adrenergic
hetetoreceptors. Although the paradigm used in the
present study does not provide clues about the ceUular
mechanisms involved, it might result from a decrease
in the density of the receptors, a change in the coup­
Jing of the receptors with their G proteins, or an altera­
tion in second messenger function. This desensitiza­
tion would hinder the tonie 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 effIcaey of 5-HT neurotransmission
was obsetved with long-term treatrnent with befloxatone,
paroxetine, or nisoxetine. However, in the 6-0HDA­
pretreated rats, the long-term befloxatone treatment
signifIcantly increased the duration of suppression of
ftring. This inerease most likely resulted from the deple­
tion of the endogenous NE that would normaUy exert
a tonie inhibitory action on S-HT neurotransmission
through 02-adrenergic heteroreeeptors. 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
02-adrenergic heteroreceptors resulting (rom the NE
depletion.
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To our knowledge, no study has directly assessed

•
the modulation of S-HT neurotransmission by a2-adre­
nergie ligands following antidepressanttreatments in
an in vivo paradigm. Nevertheless, this has been pre-
viously investigated in in vitro studies. Sorne have faUed
10 detecl a reduction in the efftcacy of a2-adrenergie
heteroreceptors function following MAO inhibition of
NE reuptake blockade. Grol3 et al. (1987) reported no
change in the potency of clonidine to inhibitthe elec­
trically evoked overflow of 13HIS-HT in preloaded rat
brain cerebral cortex slices when superfusing through­
out the e'perimentlllM of the NE reuptake inhibitor
vUoxazin,~. This result suggested that short-term ex­
posure to an elevated synaptic concentration of NE does
not desensitize a2-adrenergic heteroreceptors on S-HT
terminais. However, long-term NE reuptake blockade
with desipramine or long-term MAO inhibition with
MDL 72394 or pargyline has not been reported to
change the ability of a2-adrenergic heteroreceptors to
reduce the electrically induced release of 13H]S-HT in
rat cortical and hippocampal slices (Schlicker et al. 19R2;
Schoffelmeer and Mulder 1982; Palfreyman et al. 1986).
FinaUy, another study using rat brain synaptosomes re­
vealed that the attenuation of K+-stimulated release of
[3H]S-HT by c10nidine was diminished following a
long-term treatment with the irreversible MAO inhibi­
tor c10rgyline but not by desipramine (Ellison and
Campbell 1986). This effeet ofc10rgyline was, however,
attributable to a competition between c10nidine and the
increased NE in the biophase. Such a competition, how­
ever, cannot account for the decreased sensitivity of
al-adrenergic heteroreeeptors to the higlt dose of c1oni­
dine observed in the pr~~.'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 mcthod of administration
of the drugs might explain the absence of desensitiza­
tion of a2"adrenergic heteroreeeptors in the abovemen­
tioned studies. In the present study, the drugs Were
conlinuously delivered through osmotic minipumps in­
serted subcutaneously, whereas desipramine was ad­
ministered oraUy in the stuclies by SchIicker 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 fust-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 al-adrenergie heteroreceptors.

•.(mg-term treatment with minalcipran, a NE reuptake
W'nhibitor, reduced the NE inhibition of the eleetrically

induced release of [3H]S-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 a2­
adrenergie agonist UK 14.304 on electrically induced
release of [3HJS-HT in guinea pig hypothalamus slices
(Blier and Bouchard 1992; Blier et al. 1993). Hence, these
results suggest that a2-adrenergie heteroreceptors are
endowed with the capacity to become desensitized af­
ter a sustained increase in NE synaptie concentration.

Although the antidepressant property of befloxa­
tone has not yet been documented in humans, ail po­
tent MAO-A inhibitors, specifie or not, that bind irre­
versibly or not to the enzyme (clorgyline, phenelzine,
tranylcypromine, moclobemide, brofaromine, and td·
oxatone) increase S-HT and NE synaptie concentra.' Jn
and are effective in major depression. Furthermore,
minalcipran whieh, 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 èt al. 1990). Il is thus possible
that the desensitization of a2-adrenergic heterorecep­
tors on S-HT terminais contributes to the therapeutie
action of these drugs.
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Third article

At this point, we were interested to known whether other types of antidepressant

treatrnents would produce the desensitization of Clz-adrenergic heteroreceptors on 5-HT

fibers. The effect of repeated electroconvulsive 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 sorne

antidepressant drugs achieve therapeutical efficacy through the blockade of U2­

adrenoceptors. We have thus deemed crucial to test drugs endowed with this property.

Again, the responsiveness of postsynaptic uz-adrenoceptors and 5-HTiA receptors was

assessed in parallel with microiontophoresis techniques. We have also decided to test the

effect of the above antidepressant treatrnents on the sensitivity of terminal 5-HTIB

autoreceptors. In brief, this sensitivity is estimated by increasing the frequency of the

electrical stimulation of the 5-HT pathway, frÇlm 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 /ong-term alpha2-adrenergic antagonists and

electroconvulsive treatments on the alpha2-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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AIlSTRACT
Prevlous results !rom our laboratory Indlcata that small doses of
the alpha-2 adrenerglc agonlst clonldlne Increase serotonln
(5-Hl) neurotransmlsslon by allenuating the release of endoga­
nous norepInephrlne (NE), as a resu~ of the activation of alpha­
2 adrenerglc autoreceptors on NE neurons, and that hlgh doses
decrease 5-HT neurotransmlsslon by activating dlrectly alpha-2
adrenerglc heteroreceptors on 5-HT terminais. In addition, we
have shawn that Iong-term treatments w1th a monoamlne oxJ­
dase Inhl~oror a selective NE, but not a 5-HT, reuplBkelnhi~or
aboIlsh the ellecl 01 a hlgh dose 01 clonldlne, but not thet of a
small dose 01 clonldine. The alm of the present study was ta
determlne whether the alpha·2 adrenerglc antagonlsts Idazoxan
(10 mg/l<g/dey x 21 deys s.e.) and miBnserln (5 mg/l<g/dey x
21 deys s.e.), or electrocoIlvulSiVe shocks (6 or 7 over a 2-week
perIod) would aise alleclthe alpha·2 adrenoceptors modulallng
5-HT neurotransmisslon ln the rat hlppocampus. The respon­
siveness of lhese hetereœptors was testad ln parallel w1th lhose
of the terminai 5-HT,. autoreceptors and of the postsynaptlc
5-HT,. and alpha·2 adrenerglc reœptors. None of the above
treatments ~ered the responsiveness of the 5-HT,. autorecep-

5-HT terminala hava long been known to he endowed with
alpll4-2 adrenergie heterorecepton that modulate the evoked­
release of ['H]-5-HT (Starke and Montel, 1973: Frankhuijzen
and Mulder, 1980, 1982; GOthert and Huth, 1980; Cothert et
aL, 1981; Maura et aL, 1982). By uaing an in vivo electrophysi­
ologieal paradigm, we have shown rocently that the.. alpll4-2
adrenergie heteroreceptoDJ in the rat hippocampua are activated
tonieally by endogenoua NE (aee fig. 1 and Mongeau et aL,
1993a), Small do... (2 and 10 jlg/kg i.v,) of the alpha-2 adre­
nergie agoniet clonidine enhane.. 5·HT neurotransmisaion, an
effect whieh is aOOlished by "" NE denervation and blocked hy
the alpll4-2 adrenergie antagoniat yohimbine. The.. resulte

a.c.ived (or publication November 5, 1993.
'Thil work wu _rtod III part by Ibo Modicalilfte.."b CouncU 01Canoda

Gr.... MT-6I" and 11014 and Ibo FODdI dllo Recbon:bo OD Santé du Québec.
• ReclploDtola SlUdonlabip /rom Ibo ModieaI Raouteb Coun.Uol Canada.
• RecipieDtor a Scbolanbip /rom Ibo ModIcal-.n:b CouncU 01 Canada.

tors, as assesœd by comparlng the different/al effectiveness of
1and 5 Hz eIectricaI stimulations of the 5-HT pathway. Idazoxan
and mlanserln dld not affect the responslven9l>s of the postsyn­
aptlc 5-HT,. and alpha-2 adrenerglc ,eceptors as Indlcated by
the unchanged suppressant effects of mlcrolontophoretlcally
appllad 5-HT and NE. However, these alpha-2 adrenerglc antag­
onlsts markadly decreased the reducJng effect of 400 jlg/l<g I.v.
of clonldlne on the efflcacy of the stimulation of the 5-HT palh­
way, Indlcallng a desensillzatlon of the alpha-2 adrenerglc het­
eroreceptors on 5-HT terminais. Furlhermore, the tonie Inhlbitory
acllon of endogenous NE on lhese heteroreceptors was appar­
enlly weaker, because the enhandng effect of 10 jlg/kg I.v. of
clonldlne aise was reduœd aller Iong-term trealment w1th thase
Iwo antagonists. In contrast, lhese above effects W9re not
Induœd by repeated eIeclroconvulsive shocks. Consistent wlth
prevlous findlngs, the laller treatment Increased the efflcacy of
the stimulation of the 5-HT pathway as wall as the .;uppressant
ellecl of mlcrolontophoretlcally app/Iad 5-HT, w1thout alter/ng
that of NE.

indieate that low do..s of clonidine activate preferentially
alpha-2 adrenergie autoreceptoDJ on NE neurons, reducing the
tonie inhibitory action ofendogenous NE on alpll4-2 adrenergie
heteroreceptoDJ on 5-HT terminal. and eonsequently increas­
ing 5·HT release. However, at higher do..s (100 and 400 jlg/kg
i.v.), elonidine decreases 5-HT neurotransmission ti,rough a
direct activation of alpll4-2 adrenergie heteroreceptoDJ, becau..
this effect is not affected by an NE denervation and is blocked
by yohimbine (Mongeau et aL, 1993).

ln addition, we have shown that long-term treatmenta with
a MAO inhibitor or a ..Iective NE, but not a 5-H'i', reuptake
inhibitor aOOlish the effect of a high do.. of elonidine, hut not
that of a .malI doae of clonidine (Mongeau et aL, 1994). lt was
thua coneluded that long·term MAO or NE reuptake inhihition
de..n.itize the alpll4·2 adrenergie heteron:ceptoDJ. A sustained
inerease in NE synaptie availability most Iikely aeeounta for
the de..nsitization of the alpll4·2 adrenergie heteroreceptoDJ,

AIIR!VlATlONI: 5-HT, 5-Ilydroxytrypt..rilla (aerotonIn); NE, r...........; MAO, mcnoamIne oxldaae; ECS, elacboC:Ollvulslve shocks,
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Malerials and Methods

fig. Il was also assessed in paraUel 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.

1153Antfdeprellant and Afpha-2 Heteroreceptor

Animais and treatmentB. Male Sprc6\le-Dawley rat9 (Charles
River. St. Constant, Qué, Can), maintained on a 12:1:& Iight·dark cycle
with free access to food and water, were treated for 3 weeks with either
5 mg/kg/day of mianserin, 10 mg/kg/day of idazoxan or saline by using
osmoüc minipumps (Alzet) implanted s.e. These minipumps were re­
moved 48 hr before the experiment in arder to aHow a complete
elimination of the drop. During a period of 2 weeks, group of rats was
treated with six or seven ECS under Iight halothane anesthesia. Dunng
the same period. controis received haloth.'lne without ECS.

RecordiDg trom dorsa' hlppocampu8 CAs pyramidal neurOD8.
Extracellular unitary recording of CA:. pyramidal neurons in the dorsal
hippocampus and microiontophoresis applications were carried out
with five·barreled micropipettes, pulled conventionally with th" tip
broken to a diameter of 9 ta 11 pm. The central barrel, used for
recording, was filled with a 2 M NaCI 30lution and the side barrels
contained the following solutions: 5-HT creatinine sulfate <0.5 mM in
200 mM NaCI, pH 4), NE bitartrat. (20 mM in 200 mM NaCl, pH 4),
scetylchoiine chlorid. (20 mM in 200 mM NsCi, pH 4) .nd a 2M NsCI
solution use<! for automatic current balancihg. The 5-HT and NE
solutions were retained with a -7 nA current hetween ejections. Pyram­
idai neurons were identified by their large amplitude (0.5-1.2 mV) a!ld
long duration (0.8-1.2 msec, simple spikes alternating with eomplex
spike discharges (Kandei and Spencer, 19611. These charaeteristics
readily aHow to differentiate pyramidal neurons from interneurons. A
leak or a smaU current of acetylcholine (-1 to 5 nA) was used to
activate silent or slowly discharging pyramidal neurons ta a physiologie
firing rate (8-12 Hz) (Ranck, 1975), because most ofthese cells do not
discharge spontaneously in chloral hydrate-anesthetized rats. The re­
sponsiveness to microiontophoretic applicatior: of 5-HT and NE was
evaluat~ from the number of spikes suppressed/nanoampere calcu­
lated on·line by computer analysis allowing a 100 msec discrimination.

Stimulation ot the 5·HT pathway. To activate the ~-HT projec­
tions to the dorsal hippocampus, a bipolar electrode (NE·100; David
Kopf, Tujunga, CA) was implanted on the midIine with a 10" backward
angle in the ventromedial tegmentum, 1 rLm anterior to lambda and
8.3 mm below the cortical surface. Two hundred square pulses of 0.5
msec were delivered by a stimulator (S88OO, Grass, Quincey, MA) at
an intensity of 300 pA and general!y at a frequency of 1 Hz. Different
frequencies of stimulation (l and 5 Hz) were used to evaluate th~

function of the terminal5·HT autoreceptor. Thi; approach is based on
the assumption that the higher the frequency ofstimulation, the greater
'3hould he the degree of activation of the terminal autoreceptor at the
time ofarrivai of the next stimulation·triggered action potential. There·
fof'3, each pulse of the higher frequency of stimulation is erpected to
produce a smal1er etf~t on postsynaptic neurons, t:Sch imDulse releas­
ing a smaller amount of 5·HT. Evidence has been provided for the
validity of this assumption (Chaput el al. 1986a). The stimulation
pulses and the finng activity of the neurons recorded were fed to a
computer equipped with a Tecmar interface. Peristimulus time histo·
grams were generated to determine the duration of suppression of
firing, measured in ab80lute silence value (in milliseconds). This pa·
rameter is obtained by dividing the total number of events suppressed
by the stimulation by the mean frequeney of firing of the neuron
recorded. It thus representa 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 lS due to the release of 5­
HT into the synaptic cleft. Fint, it lS virtually abolished by a pretreat­
ment with the 5-HT neurotoxin, S,7-dihydroJytryptamine (Blier and
de Montigny, 1983, 1985). Second, it i. blocked by th. aoute Lv.
inj.dion of th. 5-HT'A receptor anlagoni" BMY 7378 (Chaput and d.

Ag. 1. Functlonal and anatamlcal relations of 5·HT ana NE receptors.
Tha effects on rat dorsaJ hlppocampus pyramidai neurons of endogenous
NE and 50HT released by tha alectrlcaJ stimulation 01 the corrasponding
pathway are medlated by Intrasynaptlc alpha·' adrenoceptors and 5­
HT.. neceptors. respectively. Furthennora. the BrnOunt of NE and 50HT
release<l ln the synaplic det! Is negatively regurated by autorecaptors of
the Blpha-2 edranerglc and 5-HT,. subtypes. In contras!. I\E and 5-HT
app/Iad by mlctolontoplloresls activate extrasynaptlc alpha-2 adrenocep­
tors and 5oHT.. neceptors. respeclively. Endogenous NE tonicaily Inhlbits
5·HT neurotransmisslon through alpha-2 adrenerglC heteroreceptors 10­
cated on 5-HT terminais.

inaamuch as long·term MAO inhibition fails to induce such a
desensitization after an NE denervatiou (Mongeau et al.,
1993b).

The aim of the present study was to determine whether other
druga acting on the NE system through different primary sites
of action also would affect alpha·2 adrenergic heteroreceptor
function. An alternative way to modify NE 1,eurotransmission
was to block the a/pha-2 adrenoceptors with two specific antag­
onists, idazoxan and (±)·mianserin (8auman and Maitre. 1977;
Doxey et aL, 1983; Raiteri et aL, 1983b). Studies using release
from preJoaded brain slices, microdialysis or electrophysiologi·
cal techniques have shawn that these two alpha.2 adrenergic
antagonists increase NE synaptic concentration in the fat brain
in vitro, as weil as in vivo when given acutely, by blocking the
a/pha-2 adrenergic autoreceptors (Rose et al., 1984; L'Heureux
et al., 1986; Dennia et al., 1987; Curet and de Montigny, 1989).
Furthermore, these druga have antidepressant properties as for
MAO inhibitors and monoamine reuptake blockers. Indead,
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).

ln the present study, the effects of long·t.erm treatment with
mianserin and idazoxan were tested on the a/pha-2 adrenocep·
tors that modulate 5·HT neurotransmission and compared with
that of repeated ECS, which ia generally considered as a "gold
standard" in the treatment of depression. A weil eatablished
effect of repeated ECS ia the increase in 5-HT neurotranamia·
sion through the sensitization ofpostsynaptic 5-HTlA receptors
(de Montigny, 1984; Chaput et aL, 1991). Endogenous NE
release in the brain alao is modulated by ECS (Thomas et aL,
1992). Finally, the function of the 5-HT,e autoreceptors and
the postsynaptic 5-HT'A and a/pha-2 adrenergic receptors (see
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tion of suppression of f1rÎllg below to Ihe initial value aCter the
idazomn (fig. 5A) and the mianserin (fig. 5B).

Microiontophoretic applications of 5·HT and of NE ...sre
performed in the CA, region of the dorsal bippocampus aCter
alpha-2 adrenergie antagonista treatments to asse88 their sup·
pressant effects on the f1rÎllg activity of the postayn.ptie py-

fig. 2. Ouratlon .~ suppression 01 ftring actIvIty of dorsel hippocampus
pyramidai netJrllI1lJ obl8ined !rom electrIcaJ stJmulallons 01 the ascendlng
5-HT pathw.y al an Intenslty of 300 pA and at frequencIes 011 or 5 Hz.
Data ant means ± S.E.M. In thls and the folIowing ligures. The numbers
wltl1In the hlstograms reprnsent the nurnber of neurons 'estad. The 5 Hz
lrequency of stimulation was slgnlllcanUy Iess eflectlve !han the 1 Hz
frequency ln suppoesslng the fIring actIvIty when 'estad on the same
l1lUOf1S ('P < .05. usIng the two-lailed palred Studenl's 1 tesl). this
degree 01 reducllon was sImllar ln rats tnlatad wIth saJJne (SAL),ldazoxan
(IDX; 10 mgJ1<g/day) and mlanserin (MIAN; 5 mg/kg/day) for 3 weeks.
SIL. silence values.

MongeauetaL

Effecta of long.term alph4·2 adrenergic antagoniat
treatmenta. The suppressant effect of the electrieal stimula­
tion of the ascending 5·HT pathway on the flring rale of CA,
pyramidal neoron. of the dorsal hippocampus was assessed
aCter 3-weell: treatments with saline, idazomn (l0 mg/kg/day)
or mianserin (5 mg/kgfday) delivered through osmotie mini·
pumps implanted s.c. These minipumps were removed 48 br
before the e"P"riment to a1low elimination of the dnIga. AB
shown in figure 2. the eflicacy orthe stimulation at 1 or 5 Hz
was ehanged neither by the idazoxan nor by the mianserin
treatment. Furtbermore. the magnilude of the reduction in the
duration of firing recorded when the frequency of stimulation
...as inereaaed from 1 to 5 Hz was not significantly dirferent in
the treated (idazomn, -27 ± 9% and mianserin, -24 ± 7%)
comparee! to the saline group (-31 ± 4%), thll8 indicating an
unebanged responsiveness of the 5·HT,e autoreceptors.

The peristimulus time bistograms of figure 3A sho... tbat 10
pg/llg uf i.v. clonidine enbaneed, whereas 400 pg/kg reduced,
the duration of suppre88ion of firing in the same neoron of a
saline·treated rat. Similar results were obtained for control rats
wted in parallel to the ECS trealment. In t.he pooled control
groups (fig. 4). the edministration of 10 and 400 pg/kg of i.v.
elonidine increaaed by 33 ± 8% and decreaaed by 24 ± 5%.
reapectively. the mean duration of suppre88ion of flring when
eompared to the initial value. These ineremental and decre­
mental effects of clonidine were statistically signifieant at the
0.001 and O.Ollevels. reapectively. by using the paire<! Student's
1lest.

The duration of suppression of fuing aCter 10 and 400 l'i/kg
i.v. of clonidine in the same neoron of an idazomn·treated rat
is shown in the peristimulus time bistograms of figure 3B. It
shows tbat the low or the bigb dose of clonidine did not aller
the efficacy of the stimulation in tbis case. On average, the 10­
,.gfkg i.v. dose of clonidine did not significantly increase the
duration of suppresaion of fuing in rats treated for 3 weelœ
with idazoxan (fig. 5A) or mianserin (fig, 5B) treatment. Fur·
thermore, 400 pgfkg of ï.v. clonidine failed to reduce the dura·

Montigny, 1988). Thini, it ia enhanred by terminal5·HT .utoreeeptor
blockade (Ch.put et al. 1988b). Fourth. it ia reduced by terminal5·HT
autoreœptor activation (Chaput and de Montigny, 1988).

The effect of stimulating the ascending S·HT libers was determined
while recording (rom the same neuron before, and foUowing, the suc·
cesaive i.v. injections of 10 and 400 Itgfkgof clonidine. The time elapsed
between the control stimulation periods and those following the admin·
iatration of clonidine WB! of about 15 min.

Dra... The roUowins drop were used: idazoIan and mianserin
(RBI. N.tick. MA); 5·HT cre.tinin. aulfate. NE bitartr.te and .c.tyl·
chotina cbloride (Sigm. Ch.mical Co., St. Louia. MO); and chloral
hydrate (Amarican Ch.micala, Montréal, Québec. Can.de),

Slallot1ea1lU1a1yoM. AlI reaulta are npreaaed .. m.ana ± S.E.M.
The statiaticalsignificance of the difference between the effecta of the
atimulation of the 5·HT p.th....y .1 1and 5 Hz, ......n.. before and
aCter the seute adminiatratioD of a dru" wu 8SRB8ed by uaing the
paire<! Studenl'a 1 lest. Poeaibl. differencee in Ihe magnitude of Ihe
effectl of clonidine between control and mated rata were teated. for
atatiatieaJ aignificanca hy covarianca analyaia, th. predrug value beÏ!li
uaed u the regreaaor. Differences in the efficacy of the stimulation oC
the 5·HT patbway and in the neuronal responeiveneaa to microionto­
phoretie .pplications ofNE and 5·HT between control and lre.ted reta
were auesaed for atatiatical aignificance by usina: the unpaired Stu­
dent', t test.

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

Changes in postaynaptic 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
suppressant effect of microiontophoretically applied 5·HT, but
not NE, was increased aCter the ECS treatment. On average,
there was a 148% enhancement of the suppressant effect of 5·
HT in the ECS group comparad ta controis (fig. 11). ln contrast,
there was no significant change in the suppressant effect of NE
(fig. 11). Thus, these resulta indicate an increase in the respon·
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FTg. 5. Histograms showing the effect of systernie injections of cionldine
on the etficacy of the eIectricaI stimulation 01 the ascending S·HT pathway
in suppressing the firlng aetivity of CA, pyramidai neurons of hippocam·
pus in the Idazoxan (A) and the mianserin (B) treated group. The number
of neurons tested is glven at the bonom of each coIumn. None of the
mean silence values (SIL) alter cionldine administration in the idazoxan·
and mianserin-traated groups were signiflcantiy different trom those
before cionldine administration in the same rats (P > .05 using pared
two-tailed Student's t test).

clonldine
400 I1g/kg

clonidine
10 IJgikg

16

r

prlor 10

FTg. 4. Histograms showing the effects of systernie injections of clonidine
on the efficacy of the electrical stimulation of the ascending S-HT pathway
in suppressing the firlng activity 01 CA, pyramidai neurons of hippocam·
pus ln the control group. The number of "euron tested to assess the
effect of the Iow and the high dose 01 c10nldine is 16 and 12, respectively.
'P < .01; "P < .001, by using a two-taHed paired Studon!'s t test,
comparing before and after clonldine administration ln the same rats.
SIL. silence values.

ramidal neurons. As shown in figure 6, no signifiesnt changes
in the suppressant effects of 5-HT and NE were observed aCter
long-term treatment with idazoxan or mianserin. Considering
that the suppressant effect of 5·HT is mediated by postsynaptic
5-HT.. receptors (Chaput and de Montigny, 1988) and that of
NE through poslSynaptic 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..
receptors of the pyramidal Deurons of hippocampus.

Effeets of .epeatad ECS, ln another series of experiments
rats received, over a 2·week period, six or seven ECS under
light halothane anesthesia, During the same period. controis
received halothane without ECS. Figure 7 shows represent.ative
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, [ncreases in the efficacy of the stimulation
of 46% (P < .01) and 2j% (P = .05) were found in the ECS
group at 1 and 5 Hz. respectively (fig, 8). However, the magni·
tude of the reduclion 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 ± j%; fig. 8), suggesting that the function of the
terminal 5·HT,e autoreceptors had not been alterad by the
ECS treatment.

As can be seon in the histograms of figure 9, the 10 and the
400 Ilg/kg Lv. doses of c10nidine produced their usual 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 c10nidine in ECS·treated rats (-29 ± 10%)
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produce this effect in vivo (Bsuman and Maitre, 1977; Goodlet
et al.• 1977). A partialagonist effect of idazoxan at presynaptic
alpha·2 adrenoceptors in rabbit ear artery hBB been reported
(Limberger and Starke, 1983), but s"ch an effect does not occur
at the alpha·2 adrenergic heteroreceptors on 5-HT terminais,
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 Îe evidence supporting our contention that idazoxan
altered indirectly the responsiveness of alpha·2 adrenergic het·
eroreceptors on 5·HT terminais by acting preferentially on the
alpha·2 adrenergic autoreceptors of NE neurons. Indeed, Ida·
zoxan, contrarily to the a/pha·2 adrenergic antagonist yohim·
bine, does not block the deeremental effect of desipramine (a
NE reuptake blacker) on the efficacy of the stimulation of the
5-HT pathway (Mongeau et al, 1993), whereas it readily blacks
the decrementBi effeet of desipramine on the efficacy of stim­
ulation of the BBCending NE pathway (Curet et aL, 1992). This
is in keeping with the 250-fold grealor affinity of idazoxan for
autoreceptors than for the alpha·2 adrenergic heteroreceptors
located on 5·HT terminBis (Preziosi et al, 1989).

Mianserin also can incre... NE release by the action of its
(+)-stereoisomer which blocks the alpha·2 adrenergic autore·
ceptors on NE neurons (Hailori et al., 1983h; Maura et al.,
1985). It thus appears likely that the mianserin treatment
produced its long·term effeet on alpha·2 adrenergic heterore·
ceptors by a meehanism similar ta that proposed abave for the
idazoxan treatment. Nevertheless, mianserin also blacks alpha­
2 adrenergic heteroreceptors (Raiteri et aL, 1983b; Mongeau et
aL, 1993; Maura et aL, 1985), which could oppose ta the desen·
sitizing action of the increBBed levels of endogenous NE elicited
during the treatment by (+)·mianserin. For example, the de·
sensization of beta adrenergic receptors by desipramine is
impeded by the beta adrenergic antagonist propranolol (Wolfe
et aL, 1978). One might BBsume that the elevation in endogenoos
NE produced by the treatment was such that mianserin, at the
dose used, did not prevent the desensitization of alpha'2 adre·
nergic heteroreeeptors.

ln addition, the results of the present study indicate that
long-term treatments with alpha·2 adrenergic antagonists de­
crease the incremental effeet ofthe smaU dose of c10nidine (10
l'g/kg Lv.; fige. 4 and 5). A previous eleetrophysiological study
has shawn that low doses of c10nidine enhance the suppression
of firing by preferentiaUy activating alpha·2 adrenergic auto·
receptors, thereby reducing the concentration of endogenous
NE tonicaUy activating alpha·2 adrenergic heteroreceptors on

NE
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Discussion
The present eleetrophysiologicBi data show that a long-term

treatment with an alpha-2 adrenergic antagonist decreases the
inhibitory effeet of a high dose of c10nidine (.;ro l'g/kg Lv.) on
the effeetiveness of the stimulation of the 5·HT >,athway (fige.
4 and 5). In a previous study (Mongeau et al. 1993), the
deeremental effeet of high doses of c10nidine ha, been fully
characterized by using the present eleetrophysiological para·
digm. It was shown ta he mediated by the activation of alpha·
2 adrenergic heteroreceptors on 5·HT terminais, Il'sulting in a
deereBBed amount of 5·HT released per action pot.,ntial. The
present results thus suggest that mianserin and id!.zoxan de·
sensitize alpha-2 sdrenergic heteroreceptors. Such • change
could result from a deere... in the density of the hettrorecep­
tors, a change in the coupling of the heteroreceptors w,th their
G proteins or an alteration in second messenger functi on.

ldazoxan and mianserin most likely produced their la ,g·term
effeets on th.se heteroreceptors indirectly, by increBBinl' during
the treatment the concentration of NE through a blor.kade of
a/pha·2 adrenergic autoreceptors of NE neurons. Although
mianserin can block in vitro the reuptake of NE, it does not

fig. 8. Responstveness. expressed ln splkes suppressed par nenoam­
pere. of do<sal hlppocampus pyramidai nourons ta mlctolontophoretJcaJly
appIled 5-HT and NE in control (CTLh idazoxan (IDXl- and mlansertn
(MIANl-treat!ld roIS. The number of nourons testOO 15 91ven at the hottom
of eBCh coIumn. None of the mean values ln the CDX· and ,",AN-treatOO
roIS were s1pnlllcBntly dlfferent !rom sallne-treatOO rots (P > .05 by uslng
two-taIled ShJdent's r test).

siveness of the 5·HT'A receptors, but not 01pha·2 adrenergic
receptors, localized postsynaptically on CA, pyramidal neurons.

•

A· CONTROL B·ECS

Fig. 7. Representative penstlmulus time
histogramsillustreting the effect of the eIec·
trtcaJ stimulation of the 5-HT pathway ln
suppresaJng the fiong activity of CA, pyram­
idai nourons of hlppocampus at 1 or 5 Hz
ln a control (A) and an ECS-treatOO (B) rat.
EBCh penstimulus lime hlstogram was con·
struetOO!rom 200 pulses of 0.5 msec dellv·
ered at lime 0 wllh an Intenslty 01 300 pA•
Bio wIdlh 1. 2 msec.

20015050 100
TIME (ms)

a·5020015050 100
TIME(ms)
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CTL ECS
FIg. 11. Respenslveness. expressad ln sp/kes suppr8Ssed per nanoem·
pere. of dorsaJ hlppocampus pyramidai naurons ta mlcroionlophoretIcaJly
appIled 5·HT and NE ln control (CTL) and repeatad ECS-traatad rats.
The number of neurons testad Is glven at the boltom of each coIumn.
The suppressant eflaet of 5-HT was Increased s1gnllicantiy ln the ECS
group companed ta the CTl group ('P < .01. by using the unpalrad two­
tailed Student's 1test). whereas that of NE was not.

5·HT terminais (Mangeau et al, 1993). The present data thus
suggest a decrease tonic inhibitory action of endogenaus NE
on these heteroreeeptors after idazaxan and mianserin treat·
ments, 48 h afier the minipumps were removed. This would he
consismnt with previous reports shawing decreased levels of
NE in the rat brain afier a 10·day treatment with idazoxan
delivered through osmotie minipump (Dickinson et oL, 1990)
and a supersensitivity of aIpOO·2 adrenergic autoreeeptors after
their chronic blackade with mianserin and idazoxan (Sugrue,
1980; Cerrito and Raiteri, 1981; Raiteri et al, 1983a; Dickinson
et al, 1989). An increased negative feedbaek regulation of NE
release through the autoreeeptors would obviously reduce the
amaunt of endogenous NE acting on the aIpOO·2 adrenergic
heteroreeeptors at the moment of the experiment. The tonic
inhibitory action of endogenous NE on 5·HT neurotransmis·
sion would thereby he sa weal< that a further activation of the
alpOO·2 adrenergic autoreeeptors with the small dose of clo·
nidine would have litlle or no detectable effect.

Raiteri et al. (lg83a) reported no change in the sensitivity of
the olpOO·2 adrenergic heteroreeeptors from 5·HT nerve end·

5·HT
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FIg. 10.lntegralad firi"9 rata hlstograms 01 two CA, dOrsal hippocampu5
pyramidai naurons showing their raspenses ta microiontophorellcaJly
app/Ied 5-HT and NE ln a control rat (A) and in a raI traatad wlth repeatad
ECS (B). The bars indlcate the duratlon 01 the application (50 sec) fCl(
which the ejection current Is glven ln nanoarnperes. TIme base appIies
to bath traces.
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CTL ECS
FIg. 8. Duration of suppression of firing aelivily 01 dorsal hippocampus
pyramidai naurons obtainad from a1aetricaJ stlmulalions of lhe asœnding
5·HT pathway at an Intenslly al 300 pA and at frequenclas of 1 and 5
Hz. The numbers wlthln tha hlstograms reprasent the number of naurons
testad. The efflcacy of the stimulation at 1 Hz was lnereasad slgnlficantly
ln the ECS companed ta tha control (CTL) group (tP < .01. by using the
unpalred two-tailed Sludent's t tast). Tha 5 Hz frequency of stimulation
was s1gniflcantiy lass aflectiva than the 1 Hz frequency ln suppresslng
the firing activily when tastad on the same naurons ('P < .05. by using
the two-tailed palred Student's t test). The degree of raduetion was
slmilar ln the CTL and th. ECS group. SIL. silence valuas.

pnor 10 clonidine donldine
10 I!glkg 400 Ilglkg

FIg. 8. Histograms showing the aflaet of systamle Injeclions of clonldlne
on the atllcacy al the elecIricaJ stimulation al the asoendlng 5-HT pathway

•
In suppresslng the firing aetlvlly al CA, pyramidai neurons of hlppocam­
pus ln the ECS group. The number of naurons testad ta assass the
aflaet of the small and the high dose of clonldlne Is 9 and 7. raspectlvaly.
'P < .05; "P < .01. by uslng a two-tailed palred Student's 1 test.
comparing belore and after clonldlna administration ln the same rats.
SIL. silence values.
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inga ofthe rat hrain after long-term treatment with mianserin.
Two factors can readily be excluded to explain the discrepancy
of this study with the presant deta. First, in the study of these
inveatigators (Raiteri et aL, 1983a), the treatments were per­
formed with either the \+)- or the (-)-stereoisomers of mian­
serin, but not with racemic (±)-mianserin. The deaensitization
of th. heteroreceptors might occur only with rac.mic (±)­
mianserin, which is the compound uaed clinically. However, we
do not beli.ve this explanation likely, inasmuch as only the
(+)-stereoi80m.r is activ. at the $114-2 adrenergic autorecep·
tors and thus can contribute to desensitize $114-2 adrenergic
heterorlCeptors by increasing NE rel..... Second, as in the
study (of Raiteri et aL (1983a), the wasbout period (2 deys) was
appropriate considering tbat there was no cbange in the re­
sponsivene.. of postsynaptic alpll4.? adrenoceptors to mi­
croiontopboretica1ly applied NE after mianserin or idazoxan
treatment in the present study (fig. 6). One can tbus ...ume
tbat no residual drug could have blocked tbe effect of clonidine
on $114-2 adrenergic h.teroreceptors. On tbe otber hand, the
diff.rence tbat migbt be crucial is tbat Raiteri et aL (1983a)
injected tbe drug i.p. once deily for 14 deys, wbereas in the
present study mianaerin was d.livered continuously during 21
deys with osmotic minipumps inserted s.c. Intraperitoneal ad­
ministration of mianserin in rats might not produce sustained
$114·2 adrenergic autoreceptor blockad., considering the im­
portant rust-p888 b.patic m.tsbolism and also tbe much faster
catabolism of such drugs in rats tban in bumans.

Contrarily to tbe idazoxan and mianserin treatm.nts, re·
peated ECS increased tbe efficacy of5-HT synaptic neurotrans­
mission, as determined by tbe increased duration of suppre..ion
of rlring of pyramidal neurons by tbe electrical stimulation of
tbe afferent 5-HT patbway (fig. 8). This is consistent witb a
previous report (Chaput et aL, 1991), and can be correlated
witb an increased responsivene.. of postsynaptic 5-HTlA recep·
tors to microiontopboretically applied 5·HT (fig. 11) (de Mon·
tigny,1984; Cbaput et aL, 1991). On the otber hand, the increuse
in 5·HT neurotransmi..ion induced by repeated ECS doss not
appear to be related to an action of NE on $114-2 adrenergic
heteroreceptors. Indeed, tbere were no significant differences
in tb. incremental and decrem.ntal effects of clonidine on the
efficacyofthe stimulation oftbe 5·HTpatbway in ECS-treated
and control rats (figa. 3 and 8). The effect of aeute and repeated
ECS on the rel.... of endogenous NE was inveatigated rec.ntly
in tb. rat (Thomas et aL, 1992); in tbe bippocampus, aeute
ECS produced a transi.nt 30·min incre... of NE l.vela,
wh.reu repeated ECS did not change buaI NE levela 24 h
after tbe lut treatment. In th. Iigbt of thase deta, it can he
presumed that $114·2 adrenergic b.terorec.ptors on 5·HT
terminais in the bippocampue are not exposed to a sustained
incre... in NE synaptic conc.ntration during the course of a
ECS treatment, explaining th. Jack of effect of this treatment
on tbe responsivene.. of tbe h.teroreceptors to clonidine (figa.
3 and 8). It would be interesting to study th. effect of ECS in
tb. frontal cortex, because a substsntial incre... in the levela
of NE was observed in this region 24 br after repeated ECS
(Thomas et aL, 1992).

ln conclusion, various cluses of antid.preasant treatm.nts
(MAO inhibitor, NE reuptake inhibitor and $114·2 adren.rgic
antagonist), but not all (5·HT reuptake blocker, repeated ECS),
sharo the capacity to desensitize tbe alpll4·2 beterorec.ptors
on 5·HT terminais in tbe bippocampue by producing a sus­
tained enhancement in the synaptic concentration of NE. This

•

•
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desensitization proce.. migbt contribute to tbeir 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, 5-HT receptors of the rat hippocampus modulating the release of NA.

We have decided te focus on the possible involvement of 5-HT3 receptors, having

alrepdy had sorne 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]NA and then placed inte glass chambers where they were superfused with a

physiological medium. The slices were electrically stimulated twice (first at 51 and then

at 52) and the effect on the evoked release of [3H]NA of various 5-HT agents, introduced

before 52, was estimated by calculating the 57151 ratios.

This article entitled "Activation of 5-1ff3 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-HT3 receptors enhances the eiectrically evoked release
of [3H]noradrenaline in rat brain Iimbic structures

Raymond Mongeau * , Claude De Montigny, Pierre Blier
Dt'parlment ofPS}'chiarry', Nt'IIrobiologicai Psychiar'Y Unir..\tcGill Unüw-fif}', J033 Pille AI"t'nllt' Wt'.H• •\Iollm:al. Qllt:ht'C. Cmad" 113.-l lAI

(Reccived 29 Sc:plt:mber 1993: rc:viscd MS n:ceÎvcd 27 Deccmbcr 1993: acccplcd 4 Fcbru:lr)' IY94l

Abstracl

The ability of S-HT rcccptor agonisls to modulalc the c1cctrically cvokcd rclcase of [-'H]noradrcnalinc was testcd on
preloaded slices of lhe rat brain. The 5-HT, receplor agonist 2·melhyl-5.~;droxytryplamine (2-mcthyl·5-HTI IIG-IOO "M)
conccntration-dcpcndcntly cnhanccd the clcct~ically cvokcd rclcasc of [JHlnoradrcnalinc in the hippocampus and the hypothala­
mus. but only at 100 "M in lhe frontal <ortcx. The enhaneing cffecl of 2·methyl-5·HT was blockcd by the S·HT, receplor
a"tagonist ondansctron. Elcvated levels of endogenous S-HT. achieved through srkctive reuptake blockadc with par~xctinc. as
weil as the addition of cxogenous S-HT in the medium. dlso enhanced PHjnoradrenalinc rcleasc. Furthcrmore. this effcct of
paroxetine was blocked by nanomolar concentrations of the S-HT) rcceptor antagonists ondansctron. tropisetron and (S)­

zacopride. Only high concentrations of the S-HT.l reccptor agonist m-chlorophcnylbiguanide increascd [.1H]noradrenaline
release from hippocampal slices. and this effect was not blocked by ondansetron nor by (S)-zacopride. The possibility that the
enhancing cffcct of 2-methy)-5-HT could have been duc to the antagonism of a ..-autorcceptors of noradrcnergic terminais was
ruif.'d out by the unaltered cffcctiveness of the a:!:-adrenoccptor agonist UK-14.304 (l J,LM) to attcnuate l-'Hlnoradrcnaline
release in the presence of 100 ,u.M of 2-methyl-S-HT. Moreovcr. in pseudo-one-pulse experiments 100 1J.M of 2·mcthyl-5-HT
increascd [.lHlnoradrenalinc release in the absence of auto inhibition through a:!:-adrenergic autoreceptors. The 5-HT1,\ and
5-HTIlJ reccptor agonists g-hydroxy-2(di-,,·propyl-aminoltetralin and CP-93.129. rcspectivcly. <IS weil as the S-HT1 reccptor
agonist 5-carboxyamidotryptaminc. were dcvoid of cffcct on the release of r·'H]noradrcnalinc. The S-HT:!:A/:!:C rcccptor agonist
1-(2.S-dimcthoxy-4-iodophcnyJ)-2-aminopropane incrcased the releasc of PHJnoradrenaline. but this dfcct was not blockcd with
the 5-HT.l rcceptar antagonist ondansetron. Lesioning 5-HT fibers wÎlh the ncurotoxin 5.7-dihydroxytryptamine did not alter the
action of 2·mcthyl-5-HT on [.lHlnoradrenaline relcase. indicdting that this effect is nat attributable to an action of this S-HT.l
rcceptor agonist on S-HT terminais.

Key word,: 5-Carboxyamidotl)ptamine; CP·93.129; Desensilization: 5.7-Dihydroxytryptamine; Hippocampus: Hypothalamus;
Frontal cortex; Tropisctron; 5·HT (S-hydroxytryptamine. serotonin): ~-OH-DPAT 1~-hydroxy·2(di·,,·propylamjnoltctralin): 2·
MClhyl·5·HT; m.Chlorophcnylbigoanide: Ondansctron; Paroxetine; Presynaptic modulation: (S)·Zacopride

•

1. Introduction

Numerous studies have shown the ability of 5-HT
(5·hydroxytryptamine, serotonin) to modulale nor·
adrenaline and dopamine neurolransmissions. In the
peripheral nervous system. activation of 5-HT, recep·
tors depolarizes sympathetic postganglionic neurons
and consequently triggers noradrenaline release in rab·
bit and rat supcrior cervical ganglia <Fozard. 1984). as
weil as in the pig mesenteric ganglion (Meehan and

• Corresponding aUlhor. Tel. (514) 398-7304. fax (514) 398·4866.

0014·2999/94/507.00 e 1994 Elsevier Scienee B.Y. Ali rights reseNed
SSDJ 0014·2999(94 )00094.N

Kreulen. 1991). On the other hand. the relcase of
noradrenaline from sympathetic nerves in cerlain hu·
man and rat blood vessels is inhibiled tilrough presyn·
aptic 5-HT, receptors (Gather! ct al .. 1986; lvlolderings
ct al.. 1987. 1990). and in the pig vessels through
presynaptic 5·HT receptors different from the 5·HT,.
5-HT, or 5-HT, receptor c1ass <Molderings Cl al.. 1989;
Meehan and Kreulen. (991). In the central nervous
system. the dorsal and the median raphe exert an
inhibitory aclion on the firing activity of the locus
coeruleus neurons (Lechin ct al.. 1989). Synaptic po·
tentials evoked by glutamate and y·aminobutyric acid
(GABA) in the rat locus coeruleus arc inhibited
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through 5-HT,,\ and 5-HTIIl receptors <Bohker and
Williams, 1989). On the other hand. the activation of
5-HT, reccptors facilitatcs the sensorv-evoked firing
activity and decreases the spontaneous 'activity of nor­
adrenergic neurons in this nucleus by GABA and exci­
tatory amino acid inputs. respectively (Rasmussen ct
al.. 1986; Aghajanian. 1980: Chiang and Aston·Jones,
1993). Numerous reports have also shown that
dopamincrgic neurotransmission is cnhanccd by the
activation of 5-HT, receptors <Blandina ct 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·
nais. 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 .. 1991l. However, this is at
variance with other data showing a facilitatory cffeet of
5-HT on noradrenergic terminais in different prepara·
tians. The 5-HT reeeptor agonist 5-methoxy·N,N-di·
methyltryptamine and the electrieal stimulation of the
descending 5-HT pathway of rats pretreated with a
5-HT reuptake blacker increase the eff1ux of endoge­
nous noradrenaline in the rat spinal eord (Hammond
ct al .. 1985; Reimann and Schneider, 1993). In ad·
dition. a study by Feuerstein and Hertting (1986)
earried out in rabbit hippocampus showed that exoge­
nous 5-HT, 5-HT reuptake bloekade, and the 5-HT,
receptor agonist 2-methyl-5-HT increase the electri·
cally induced release of ['Hlnoradrenaline. These cf·
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
['Hlnoradrenaline release was undertaken to address
several issues: (J) to test the potency of the agonist
2-methyl-5-HT in different limbic structures in order to
determine whether ils effect on the function of nor·
adrenergic terminais varies among brain regions; (2) to
assess whether the 5-HT, receptors modulating nor­
adrenaline release desensitize rapidly after agonist ex·
posure: (3) to assess the capacity of endogenous 5-HT
to alter ['Hlnoradrenaline release using a 5-HT reup·
take blocker and various 5-HT, reeeptor antagonists;
(4) to rule out the possibility that 2-methyl-5-HT exerts
its enhancing effect on ['Hlnoradrenaline release
through a blockade of a,·autoreceptors of noradrener·
gic terminais,

Il was also considered crucial to test the ability of
various 5-HT, and 5-HT, receptor agonists to modu·
late the evoked release of ['Hlnoradrenaline and corn·
pare their aclions to that of 5-HT. The results of
Feuerstein and Hertting (J 986) and Blandina et al.

(l9911 suggested a participation of 5-HT, reccptors in
the modulation of noradrenaline release by 5-HT and
2-methyl-5-HT in the brain. First, the 5-HT receptor
receptor agonist 5-CT was found to enhance the elec­
trically evoked release of ['HJnoradrenaline in the
rabbit hippocampus (Feuerstein and Herttin~. 1986).
Second, the blockade of 5-HT,,\/'e receptors with ri·
tanserin was required for the observation of the inhihi­
tian of thc potassium·cvokcd rclcasc of cndogcnous
noradrenaline induced by 5-HT. but not for that in­
duced hy 2-methyl-5-HT. Furthermore. the activatiun
of 5-HT'A/,e agonist receptors with a-mcthyl-5-HT
reduced the inhibitory effect of 2-methyl-5-HT
<Blandina ct al.. 1991).

2. Mat.rials 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 !Lm thick and of around 3 mm' of surface from the
hippocampus, hypothalamus, or frontal cortex were
prepared using a Mellwain chopper and incuhated for
30 min at 37'C in Krebs buffer eontaining lU !LM
['Hlnoradrenaline (specifie aetivity 15 mCi/mmoll ,md
bubbled with a mixture of 95% 0,15% CO,. The
eumposition of the Krebs huffer in mM concentrations
was: NaCI 118, KCl 4.7, CaCI, 1.3, MgCl, 1.2.
NaH,PO, 1. NaHCO, 25, glucose 11.1. Na,EDTA
0.004 and ascorbie acid ll,ll. At the end of the
['Hlnoradrenaline uptake period, the slices were
washed in Krebs buffer ta remove the free [' Hl·
noradrenaline. and then one hypothalamus slice or
tLree sliees of the hippocampus or frontal cortex (five
sliees of the hippocampus were used in pseudo-one·
pulses experiments) were transferred inlo each glass
chamber (volume 1.85 mil and superfused at rate of ll,5
ml/min with oxygenated Krebs buffer maintained at
37'C, Nineteen consecutive 4-min fractions were eol­
lected starting 6ll min after the heginning of superfu·
sion for hippoeampus and frontal cortex slices and 52
min after for hypothalamus slices. The slices were
stimulated twiee. at 8 min (S,) and at 56 (S,) min. after
the end of the washing period. The electrical field
generated in the chambers between the two platinum
electrodes (2 cm apart) had a voltage drop of ahout 5
VIcm. 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 IOO Hz. The first
stimulation period (s1) 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 S, and remained present
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uni il the end of the experiment. Idazoxan and 2­
methyl-S·HT were added 10 the superfusion medium
20 min bcfore S, to lesl their antagonism toward the
inhibitory effecl of UK-14.304 introdueed 20 min be­
fore S,. Nisaxetine. a seleclive noradrenaline reuptake
inhibitur (Fuller et al.. 1979). was present th",ughout
lhe superfusion period when necessary to avoid the
displacemenl of ['H]noradrenaline from its sturage
vesicles by S-HT reeeplor agonists. At the end of the
experimenls. the slices were solubilized in O.S ml of
Soluene 3S0 and the radioact;vity in the slices and
superfusate samples was determined by liquid scintilla­
tion spectrometry using 5 ml of Ready Micro at 50%
efficiency using a Beckman LS 1600 counter. The
amount of tritium released per 4-min sample was ex·
pressed as a fraction of the total tissue tritium content
al the onset of the respective collection period. The
overllow of lritium produced by the electrical stimula·
tion was calculaled as the total increase in radioactivily
above the basal outllow of tritium determined in lhe
sample immediately preceding the onset of stimulalion.
To aSsess lhe drug·induced changes of elcctrically
evoked release of lritium from the slices preloaded
with ['H)noradrenaline. S,/S, ratios were calculated.
and 8,/8, ratios were also calculated to determine
whether the drugs had altered the basal outllow of
radioactivity.

2, /. l'rclreatnlt!1Z1 wilh 5.7-dihydroxytrYPIClmille

A group of rat was trealed 3 weeks bcfore the
e,periments with a 0.9'70 NaCI and 0.1 % ascorbic acid
solulion conlaining 10 !Lg/!LI of 5.7-dihydroxytrypt·
amine (5.7-DHT). 20 !LI were injected intracerebroven·
tricularly and 2 !L 1 were locally applied in both the
dorsal and median raphe. To prolect noradrenergic
neurons from the neurotoxie action of 5.7-DHT. lhe
selective noradrenaline reuptake bloeker desipramine
(25 mg/kg i.p.) was administered 1 h prior to lhe
ncurotoxin.

2.2. Slalisliral allalyses

Ali results are expressed as means ± S.E.M. Differ·
ences between the means of treated and conlrol groups
were tested with lhe two·tailed Student's I·test. pre·
requisites of whieh were condidered using the Bartlett's
test. Probability (Pl values smaller than 0.05 were
considered as signifieant.

2.3. DM/gs

The following drugs were used: 2-methyl-5-HT. 8­
hydroxy-2(di·,,·propylaminolletralin (8-0H·DPATl. 1­
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane «± l·
DOl), 5-CT (Researeh Bioehemieals. Natick. MA.

~il

USA). 5-HT creatinine sulfate. 5.7-DHT creatinine
sulfate. idazoxan HCI (Sigma Chemicals. St. Louis.
MO. USA). 3-[ 1.2.5.6-tetrahydropyrid.4-yl)pyrrolo[3.2­
h ]pyrid-5-one (CP-93.129). S-bromo-6-[2-imidazolin-2­
yl·amino)-quinoxaline <UK·14.304: Pfizer. Groton. CT.
USA). ['H]noradrenaline HCI (NEN. Mississauga.
Ont .. Canada). ondansetron (Glaxo. Montreal. Cano
ada). tropisetron ((CS 205-93lJ: Sandoz. Basel. Switzer·
land). (S)·zacopride <Delalande. Rueil·Malmaison.
France). paroxetine (SmithKline Beecham. Harlow.
UK). nisoxetine (Lilly. Indianapolis. IN. USA). ",·chlo·
rophenylbiguanide HCI (Cookson Chemicals. Nursling
Southampton. UK).

3. Resulls

3. J. Effecls of 5-HT, recepror agollisls ail lire el'oked
re/ease of triliatcci 1loradrenalille

ln the following experiments. lhe noradrenaline re·
uptake bloeker nisoxetine (Fuller et al.. 1979) was
added throughout lhe experiment to avoid displaee·
ment of ['H)noradrenaline from its sturage vesicles by
5-HT reccptor agonists. The cffect of electrieally slimu­
laling lhe sliees preloaded with ['Hlnoradrenaline on
lhe fraetional release of tritium in the presence of
nisoxetine is shown in Fig. lA. The electrically evoked
release of ["H)noradrcnaline was eonsiderably en·
haneed in the presence .,:' a noradrenaline reuptake
blocker (without nisoxetine: S, = 1.47 ± O.12'é. Il = 25;
with nisoxetine: S, = 3.42 ± O.27'é. Il = 25). However.
the S,/S, ratios were near unilY and the 8,/8, ratios
were approximately 0.8. with or without nisoxetine in
the superfusion medium.

When the 5-HT, receptor agonist 2-methyl-5-HT
(100 !LM) was introdueed 8 min before S•• the e1ectri·
eally evoked release of['H)noradrenaline -eliciled in S,
was enhanced by 45'70 eompared 10 that in S,. wilhout
any change of the basal oUlllow <Fig. lB). Concentra·
tion·cffeet eurves were generated for hippoeampus.
hypothalamus and frontal cortex slices to compare the
potentiating cffect of 2-methyl-5-HT among these brain
areas. The enhancing effect of 2-melhyl-5-HT was con·
ccntration·dependent and similar in the hippocampus
and hypothamalus (Fig. 2A and 2B). However. concen·
trations of 10 and 30 !LM of 2-methyl-5-HT did not
change significantly the eiectrically evoked relcase of
['H)noradrenaline in frontal cortex slices. Nonelheless.
100 !LM of 2-methyl-5-HT produced in this brain area
an enhaneement of the ["H)noradrenaline relcase of
lhe same amplitude 10 that observed in the hippocam·
pus and the hypothalamus (Fig. 2Cl.

The enhancing effeet of 2-methyl-5-HT (100 !LM) in
hippocampus was bloeked by the addition of a 5-HT,
receplor antagonist, ondansetron (1 !L Ml. throughoui
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the sllpcrfusion. In thb l.:nndition. onuansdwn Jill not
change hy ihdf Ihe S,/Sr ratio (Fig. J),

:\nothcr :'.fiT~ n':l:cptoT agonist. nH:hllwphcnylhi~
guaniJc. was Il'sted in the rat hippocampus. At a
concentration uf Il.l IJ. \1. this drug audcu S min herOTC
S, uiu nllt change the e\'ukeu relcase lIf [·'Hlnor.
adrcnalinc. but wllen the 1,,:oncclllralion was incrcascu
to 1 and 10 ,il M. 111er..: was an incrcasc in the c\'okr.::u
rclcase of [-~HlnlJradn:nalinc uf I7 r ; and ..J.2 r ;. rcspcc·
lively (cllntrol: 5,/5, = l.OI ± Il.115. Il = 9. m·ehloro·
phenylbiguaniue Il.1 IJ.M: 5,/5, = l.OS ± Il.011. Il = 5:
m-chlorophenylbiguaniue 1 IJ.M: 5,/5, = 1.21 ± lUI?
Il = 5. P < Il.115: m-chlorophenylbiguaniue 10 IJ. M:
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Fig. 1. B:I,;L1 and c1cclricatl)" c\'l1kct.l rclcasc nf tritium from hip­
r'lot:;JnlpUS ..Iit:c\ prcloadct..l wilil l'Hlllnrildrcnalinc in il Krebs buffer
,tll1l ... ;,:in~ 1 .u~1 nf ni,u\clinc throug.htlui ,uperfusiun in the t:(mtrul
cllndilion ("), unll \\'illl Ihe inlrulluction of I()() ~M uf !-melhyl-5-I-IT
S min bdure Ihe secunll perind of clcctrical stimulation (D), Each
stimulatinn perinll t:nnsislell of -'fil' pulses lIc!ivered ,II an inlensity of
211 mA. with ,1 dUfOIliun uf 2 ms. and at a freQuc:ncy of 3 Hz.
Ordinales represent Ihe amuunl uf trilium rc!c:asc:d per 4 min samph:
expre!'!sed ,l!'! a fr:tt:tinn uf Ihe tOlal tb~ .e nitium content ilt the onsCl
\lf thc rc,pecli\'c t:nllecliun pcril)J. The halt:hed areils repn:sent Ihe
proporliun of Irilium tlverOow e\'llked by the stimulaliuns. Data arc
mc,lI1S ± S,E,M, of 5 cxperimcnts.

5,/5, = 1.46 ± 0.11. Il = 5. P < 0.(1). withoui any
change in the basal outl1ow of rauioactivity. However.
the cnhancing erfect of 10 IJ.M of m-chlorophenylhi·
guaniue was not blocked by 0.1 /LM of (Sl-zaeopriue
nor by 1 IJ.M of ondansetron introuuced bdore S, anu
maintained throughout superfusion (uata not shown).

The agonist 2·methyl·5·HT was also introuuceu 20
min before S, to assess the possibility that the 5-HT
receptor involved could rapidly desensitize. The spon·
taneous outl1ow of radioaclivity following the auuililln
of 2-melhyl·5·HT 20 min before S, 18,/B, = O.S? ±



enhanceu the e\'okeu release of['Hlnoraurenaline (Fig.
41. This clTec(. ho\Ve\'er. \Vas not hluckeu when 1 l'M
of the 5·HT.\ rcccptor antagunist onuansctron was
introuuceu hcfon: SI anu maintaincu thrnughoul su­
perfusion (ùata not shown), It was thus ùecmcù out of
the scope of the prescnt stuuy 10 invcstigatc furthcr
(his effec!. None(heless. it is nuteworthy that ( ± I-DOI
prohahly remaineu selecti\'e for 5-HT,.\ anu 5·HT"
receptors at 1 l'M sinœ this is unuer IOti-folu ahu\'e
1\" (5-HT,..\: pl\" ~ 7.S: 5-HT,c: pl\" = 7.7: Hoyer.
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Ilf (llllnnraJrenalinc ln hippllt:ampal ~Ik~s and il ... hltl~k;tJe hy
Ihe ~-IITl reecplor anlilg.I·lli~ls undam.elwn (Sl-I.II:upridc and
Irtlpiselrtln, The ;lnlagonbls "cre prescnt hcfurc SI ami thrllughnul
... uperfu... inn. DaIa 'lr~ means 1: S,E.M, The numhcr uf cxperimcnls is
~i\'en al the hOllum uf ~ach culumn.• P < 0,001. usin!l, a l\\'o-tailet..l
Studelll .... t·h~~1 t:ullIP;HÎng Ihe: Jl;ifUxclinc group wilh the t:tlnlrnl
gwup, 1 P 0.: 0.05. using ;\ lwuolililed Sludcnl's '·le!i1 l"omr;lfing Ihe
S-IIT 1 recer10r 'lIllilg.onbts group... with Ihe: P;lrtlXcIÎnc: gwup,

The 5-111' recep1Llr agonisls. 5-HT anu 5·("r. were
testeu herc at the highest concentration sho\'m to he
effecti\'e in the stuuy of Feuerstcin anu Hertti'ôg (19S6)
in the rahhit hippocampus. In our conuitions. 30 l'M
5·HT introuuccu g min hefore S. enhanceu by 2Y; the
e\'okeu rdcase of [) H!norauren:'line without aft'ccting
hasal tritium efllux. \l'hile 5-CT al the same concentra­
lion uiu not alter the S,IS, ratio (Tahle Il. The
5-HT,\ receptor agonist S·OH-DPAT ((l.! l'M: Go­
zlan ct al .. 19S3l anu the 5-HT lll reeeptor agonist
CP-93.129 (10 l'M: Macor ct al .. 199111 uiu nut alter (he
c\'okcu rdea,e of ['\H]~uraurenaline (Table Il. Yet.
S-OH-DPAT anu CP-93.129 al tb. same or lower ~on·

centrations effidently uecreaseu the rdease of 5-HT hy
acting on somutotlcnuritic or tcrminul autoreccptors
(Hjorth anu Tao. 1991: Skingle ct al.. 19921. On the
other hanu. the 5-HT"\,',,. receptor agonist (± I·DOI

3.2. I:.Yft'ct of rclr;oll.\' 5-IIT fI..'Cl'fJ/or tlgmt;,'its 011 tht'
t'{'o/.:.,·d rd"tls,' of trùùltt'd IwradfL'IIt1U/lt.'

Il.112. 1/ = 5) was nut uifferent l'rom that ohser.eu 1'01­
!owing its auuition SOlin hefore S, (/J,Ill, = (LSI ±
Il.IIS. Il = ..0. ~fllst impurtantly. di':.' ~nhancing erfect
c.:licitcù hy this 5·HT. rcceptor agonist Întroùuccù 20
min hefore S, ui" not uiffer l'rom that prouuccu hy ilS
auui(ion S min before S, (Fig. 31.

•



• 1991) which i~ generally eon~iùereù <teeepl<thle in re­
leasc studics.

10

3.3. t.i/t'ct of paroxcrim.' and 5-HT.l '(n'plO' cmtagollÎsrs
on the l'I'okl..'cl rch'Clse of tririatcc/ lIomc/fenolillt!

3.-1. Effeet of 2-met"r!-5-HT 01/ cr ,·"elrel/erg;e {I//torecep­
lors of Iloradrena/ine terminais

d.llo.an 2·0ot·S..T
(1 ,,~.,. ! tCG .,\"1
tefcrlt S. t:~!or'l S

5

CTL
o

OB

5-HT. the inhibitory effect of UK-14.3114 was test~ù in
the absence and in the presence of l "M of nisoxeline.
As cxpcclcd. cIcvation of noradrcnl.lline in the nin­
phase inùueed by nisoxetine decrea,eù lhe cfficacy of
UK·14,304 introduced 20 min bcl,,,e S, 10 inhibit the
evoked release of [-'H)noradrenaline (Fig. 5). Com­
pared to control S,ISI ratios. l "M of UK·14.3114
produced 83'70 and 70% inhibition in the absence 'Ind
in the presence of nisoxetine. respectivcly.

The evoked relcase of [-'Hlnoradrenaline was in­
creased in the presence of l "M of idazoxan (control:
SI = 3.0 ± 0.2%. 1/ = 5: idazoxan: SI = 14.6 ± I.Xr ;. 1/

= 5) as weil as in the presence of IIJO !LM of 2-melbyl·
5-HT but to a mueh lesser degree (control: SI = 2.1 ±
0.2%. 1/ = 5; 2-methyl-5-HT: SI = 3.1 ± Il.l r ;. 1/ = 5).
When 1 !LM idazoxan was added 20 min bdore SI
until the end of the superfusion. the S,ISI ralio was
0.86 ± 0.06 (" = 5). The addi(ion of UK·14.304 inhib·
ited by only 34% the evoked release of [-'H]noraùrena.
line in the presence of idazoxan. indieating an effective
bloek of the cr ,·"drenergie autoreeeptors. The pres·
ence of 2-methyl-5-HT in the same condition ùid not
attenuate the inhibition by UK-14.304 of the evoked
release of [-'H]noradrenaline. In facto the inhibition
produced by UK·14,304 was slightly increased from

Fi~. 5. Erf~cl uf idaLO'l:an and 2-melh\'I·5·IlT un Ihe L'''· 1-:..10-1­
mediat~d inhihiliun of Ihe ~\,(lked rcle:lse of ('ll!nor;uJrenaJinc in
hippocampal !ilices !iuperfu!ied ",ilh a Kreb!i hutfer Ctlnlainin~ 1 J.l~l

uf ni,u:<clin~. The if ~';Idn:ntlcep(tlr a~llnj!'i1 U"-I-l,JII-1 (1 J.l ~II wa..
inlrc duccd in Ihe medium 10 min before Ihe ..ectlnd ..lil11ulalillrl tS~)

while Ihe cr ~·udrentlceplnr anlUgunisl idal.(l:'(an and Ihe :;·IIT, a~ll'

nisl ~·melhyl-5·11T were inlrnduced 20 min hcfore Ihe lïr"l "lilTlula·
tion (SIl. ;tlt a~ents remaining presenl in Ihe "urerfu..ale llllUI Ihe
end of !'iurerfusitln. Daia arc means ± S.E.~I. of lin: c\pCrilllcnh in
ea,h group... l' < lUIS..... l' < Il.IHl!. using a Iwo·l;lilcd SlLuh:nl\
t-Ies!.

Ratio S~ / SI"Ctlnccnlralion
I~Xfl

Orllg

Conlrul 10 1.1I2±1l.07
Oml~nsclron 1 4 I.IIHII.IIX
Zacupridc Il.111 4 I.OS±O.flll

11.1 4 Il.XS ± t1.II)
Trupisctrun Il.1 4 1.116 ± t1.IIS

The antagunists wc;rc inlruduCl:d in the medium 20 min b~fnr~ S:.
ail ag~nts r~maining pr~senl in the superfusale unlil lhe end of
supcrfusiun. D;lIa ilre means ± S.E.M.: If'" number of experimenls
per group.

Tallle: 2:
Effc:cl of the S·JlT, rccc:ptur anlagunisls. omJ:lnsclrtln. (S)'lacupridc
i1nd IropÎsclrun un the c\'okcd rclcasc: uf (.lI1Jnuradrcnalinc in hip·
pucilmpal sliccs

The cr,-adrenoceptor antagonist potency of 2­
me t hyl-5-HT was tested. in parallel with that of lhe
cr,-adrenoceptor antagonist idazoxan. against the in·
hibitory effeet of the cr,·adrenoeeptor agonist UK­
14.304 on the evoked release of ["H)noradrenaline
from preloaded sliees of the rat hippoeampus (Fig. 5).
Sinee the presence of a noradrenaline reuptake blocker
is required for the assessment of the effeet of 2-metbyl·

The specific s-I-n reuplake inhihitor paroxeline was
aùùed to lhe meùium to lesl whether an elevation in
the sl'naptic availahilitl' of enùogcnous 5-HT woulù
aller the relca~e of ['H)noTlùrenaline. Paroxetine (1
"M) introùuccù 8 min befoTt S, enbanccù bl' 38% tbe
eleclrically evoked release of ['H)noradrenaline from
preloaded ~liee~ of hippocampu~. wilhout enhancing
the ba~al outllow of lritium. This effecl wa~ bloeked by
adding lhroughout ~uperfu~ion nanomolar concentra·
tions of the 5-HT, receptor anlagonists. ondansetron.
(S)·zacopride and tropisetron (Fig. 4).

The pre~ence in the basal condition. of an endoge­
nous tone of 5-HT on the 5-HT, rcccptors modulating
[-' Hlnoradrenaline release. was {ested with various con·
eentrations of the 5-HT, receptor antagonists on·
dansetron. (Skacopride and tropisetron. None of
these reeeptor antagonists produced any significant
change in the spontaneous or the e1ectrically evoked
release of [-'Hlnoradrenaline at the concentrations
tested. although there wa~ a 15% deerease. albeit non­
signifieant. in the evoked relcase with 100 nM of (S)·
zacopride (Table 2).

•



•

•

ï(Jfr· 10 ~SI( (basal ratio with 2-mc.:thyl-.5-HT addt:d
hc.:forc 5ï l and prcscnt thmughout: S:/Sl = 1.13 ± ti.ijil.

11 = 5),
The 2-1111.:[l1yl·5·1-IT was :tlsn tcsll:L1 in the conl1ilion

whcrc thc.:rc is no autoinhihitiol1 of noradrcnal:nc rl.:­
kasc Ihn1ugh cr:-aurcnc.:rgic :IUhlTcccphlfS. Prc\'iolls
studics han: shown that dcctrical :-.timulations using -4
pulses at lOf) Hz (pscudn-{lI1c-pulsd clicil no autoinhi­
hition of noradrcn:t1inc n:lc.:asc. c\'c.:n in the prcst:ncc of
a noraL1rcnalinc rCliptakc inhihilOf (Zicr ct al.. 19X5).
Thesc rcsults l'oult! he.: rcplicatcd in our supc:rfusion
system. In the standard conditions (stimulation al .3 Hz
during 2 min in the presence of 1 Il M nf nisoxctinc). 1
p. M of the cr :-adrcnoccptoT antagonist iùazoxan addctl
21l min hdore S, produced a ~Illlr; incrcase in lhe
evokcd release o{[ 'Hlnoradrenaline (control: S,IS, ~
Il.94 ± I!.lIn. 1/ ~ 4: idazoxan: S,IS, ~ ~.XII ± Il.111. 1/ =
-D. Whcn the pscUl.lo-onc-pul~c ~timullitions were lIscd
(in the presence of 1 p.M of nisoxctinc) the:: c\'okcu
rclcasc of [-'H]noraurcnalinc (SI) \\-'as on average 0.64
± Il.115', (1/ = !X). and lhe introùuction of 1 JL:'v1 of
idazo.xan ~O min hcforc S, Jill nnt facilitatc the c\'okcLl
releasc (conlrol: S,IS, = 1.16 ± Il.14. 1/ = h: idazoxan:
S,IS, = 1.19 ± Il.11I. 1/ = 5). In conlrast. lhe presence
of 1 JLM of lhe cr,·adrenoceplor agooisl UK·14.JII4 211
min hcforc Ihe scconJ pseudo-one-pulse produced its
lIsllal inhihitory cffeet (wntrol: .1',/.1', = II.Xh :: Il.IIX. 1/

= S: UK·14.JII4: S';S, = Il.114 ± Il.112. 1/ ~ 4). Mosl im­
portanlly. 11111 JL M of !-methyl-S-HT introduced X min
hcforc the second pseudo-noe-pulse prouuccd il 7~";

cnhanccmcnl of the c\'okcù rch:asc of [,l H]noraurcna-
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Fig. h. Erreet of 5.7·[)IIT Ic ..ioll" of the 5·IIT fillers!lll the ~·Illclhyl·

5·IIT·mcdialcLl cnhanccmcnl uf Ihe c\'llkct..l rclc;l~c uf {lili_
nuradn:n;l1inc in hipplX:illllpal :oolkes sllperru~ed with a Kret'l' hulll.'r
~·tlnlainil1g 1 .uM uf ni~u;l;eline, The to\in 5,7·DlIT was inje'h.:d i.es.
as weil a~ injecled in the dtH~al and Ihe Illedian raphe J \\ccl\,
hcr(lTl~ Ihe c\pCrilllenls, D:lI,1 arc Illean':!: S,E,~1. The nUlllbcr Ilf

e:(perilllen!,i i.; gi\'en wilhin cach data p{lint.

lint: (ctll1lr<ll: '\':/-"1 = 0,71 :±. 11.1l7. Il =~: ~·nll:lh~I-5­

HT: .1':/,1', ~ 1.24:: lUI. 1/ = 4: l' --: Il.1111.

3,5. !::tfc.'(l o( /t'.\'ùmillg 5·IIT Ilt'tllïms 011 litt' cultal/ct'­
mellf of Cl'o/.:et! re/caSt' of lrilialct! lIf1I'{Ic!n'lIcllillt' hy
:!·/IIt·rhl'/·5·/ IF

Tilt: ksioning of 5·HT nl:urons with Ihl: Ill:urtlltl'\in
5.7·DHT was pl.:rfnrllll.:u to assess whethcr thl.: 2­
l1ll.:thyl-5-HT-rnl.:ùiatcu enhanccmen~ of thl: c\"Okcd rl:­
kasl.: of ['H}noraurcnalin.: was Illl:uia(cu hl' 5-HT nl:U­
mns. The rl.:sults of Fig. (, show that thc dTect of
2·melhyl·S-HT was slill present in S.7·0HT-prelreated
rats, Furthcrmorc. a shift to the ldt of the concl:otra·
tion-response curve of ::!·mc:lhyl-S-HT \\oulu havc ht:c:n
.:xpc:ctcu if the 5-HT n:cc:ptors involvc:d hau hecome
sllperscnsitive in rcsponse to the prolongcLl 5-1'IT ll\:­
pktion induct:L1 hy tht: lesions. The rt:sponsivel1ess of
the 5·HT.; rect:ptors moLiulating ['H]ntlradn:nalinl: re·
leasl: was not enhanCl:L1 since the conccmration-effect
relationship was unahered (Fig. (,1.

... Discussion

The present stuuy uemonstrah:s (hat 5-1IT, rl:cep­
tors facilitate noraurenaline rcle:a~e in \'aritlll~ Iimhic
~tructun:s of the rat hrain. namely. th.: hipptlcampll~.

the hl'P(Jthalamu~ anu the frontal cortcx, Thc~e re~ults

"r-.~ consistent with a previous !'\tuuy hy Fellcr!'\tein and
Heming (19Xhl in the rahhil hippocanlpus. The faeili­
tatory d'l'cet of S-HT reccptor agonists on the cle:~tri·

cally c\'okeu relcasc of [" Hlnoraurcnalinc report cd hl'
thl.:sC authors was then attrihuteu hl the al.'ti\':ltion of
5-HT-~1 rcceptors. It is no\\' gcnerally acceptcù th~'at

5·f-rr·~t and 5-HT.' arc two dcnominations for the
saml: reccptor (Hoyer. IlJl)()), Howc\'l:r. thc eoham:c·
ment of the cvoked rdcasc of [.' H]n(lraUrcnaline from
preloaded sliees of rahhit hippocampus hl' S·CT in
Fl.:uerstdn and Hcrtting's stuLly l,.·annot he accountcu
for hl' 5·HT.1 rcccptors sincl: the pA·" of 5-C1' for
S-HT, reeeplOrs is only 4.1 (Ho}'er. l'Nil. In the pres·
l:nt stuuy the introùucrion of 5-CT intll Ihe ~llperfllsion

medium X min hefore the scconu stimulation did not
alter the evoked relcase of ['Hlnoradrenaline fmm rat
hippocampus sliees (Tahle 1l. Al present. wc have no
udiniti\'e expia nation for this L1iscrcpancy exccpt fOI a
possihle: specics differl.:nce. A.t any rate. 00 the h:'lsis of
the negative result obtaineu here with 5·(-1'. as weil as
those ohlaineù wilh X-OH-OPAT anù CP-\)~.lè9 (Ta­
hic 1l. an implicalion of 5-HT, receptors in the modu­
lation of noradrenaline relcase in the rat hippocampus
can he ruleJ out. Finally. an enhan':"menl in the
e\'oked rdease of ['Hlnoradrenalinc was also f,'und
with ( ± )·OUl which is a 5·HT,,\ ,c ligand (Table 1l.
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Till: r~spons~ is prohahly not m~dbtt:J hy 5-HT::c
rc.:l:c.:ptors siI1l:c.: il \\as not ohs~ :\'c.:u with JO ,u ~1 S-CT.
which has mnJeratc.: aflïnity for this silC {pl\.! = 6.2:
Hoyer. l')l)1I 1. Sinee ond"nsetron did not bloek this
dket of ( ± )·DOI. thus exduding any in\'Olvement of
the 5·HT~ fl:l'l:ptors. il WOlS uCl:mcù nUl of the scope of
the prcscnt stutiy ln furthl:r charactcrizc this rcsponsc.
N'"1ethdess. it is noteworthy that the effectof ( ± ).DOI
in the present stutly ùocs not concord \Vith the rcsults
of a rcceot in vivo microdialysis st ully whcrc the admin­
istration of [his urug dccrcascd the rclcasc of codage­
nous noradrcnalinc in the same brai" nrca (Donc and
Sharp. 199~).

An enhancement in ["H)noradrenaline rdease was
also obse,,"ed with the 5·HT, agonist m·chlorophenyl·
biguanide. However. eonsidering that this dfeet was
not blocked by ondansetron nor by (S)·zacopride and
that micromolar concentrations of this polent 5·HT,
receptor agonist <!"H)GR673311 binding pK, = 9.5; KiI~
patrick et al.. 1991l) were required. m-chlorophenylbi·
guanide at high concentrations probably does not acl
through 5-HT, reeeptors to increase ['H]noradrenaline
rclease. It was intriguing that nanomolar concentra·
tions of ",-chlorophenylbiguanide failed to produce
any enhancement of [' H)noradrenaline release similar
to that of 5-HT and 2·methyl-5·HT. A previous report
by Kilpalrick ct al. <I991l) has shown that nanomolar
concentrations of m-chlorophenylbiguanide depolarize
rat vagus ne,,"e through 5.HT, reeeptors. an cffect
which is blocked by the 5-HT, receptor antagonist
ondansctron. Furthermore. lhe enhancing effect of
phenylbiguanide on dopamine release in the rat nu·
c1eus aceumbens is bloeked by zaeopride and on·
dansetron (Chen ct al" 1991). However. I/l·ehlorophen.
ylbiguanide was found to be ineffeetive when lestcd on
5-HT, reeeptors mediating fast excitatory synaptie po­
tenti,i1 in the rat amygdala (Sugita ct al., 1992). In
addition. Steward ct al. (1993) reeently reported that
[JH)III.chlorophenylbiguanide displays specifie binding
in hindbrain nuclei of the rat (nucleus tractus solitar·
ius. area postrema and dorsal motor nucleus of the
vagus ne,,"e) similariy to other 5-HTJ ligands such
as [JH)I,l')·zaeopride. But. in eontrast 10 [-'HI(S).
zacopride. [! H]III·chlorophenylbiguanide did not dis­
play any specifie binding in forebrain areas of the rat
(c,g. cerebral cortex. hippoeampus. amygdala). Hence.
further studies arc required to determine whether there
is intraspecies heterogeneily of 5-HT, reccptors, as it
may appear from lhe above.

The present finding of an enhanccment of the clee­
trieally e\'Oked release of [JH)noradrenaline in the rat
hypothalamus by ~·methyl·5·HT is discordant wilh the
results of Blandina ct al. (1991) who found the oppo­
site wilh potassium·evoked rclease of endogenous no­
radrenaline in the same brain region of this species.
Three possibilities ean be envisaged to aeeount for this

discrcpancy. First. they uscu potas~ium whik wc uscd
dcctrical pulses ln c\'okc the rclcasc of ncurotransmit­
ter. Second. contral)' lU the rclcasc of prcloalkd (riti­
ateu ncurotransmittcrs. the rclcasc of cndogcnous ncu­
rotransmiucrs rcllccts the contrihution of ncwly syn·
thcsizc:d ncurotransmittcr. Howc\'cr. altl10ugh thcsc
(\\'0 factors l'oulu account for a quantitative diffcrcncc
in the amplitude of 2-methyl·5·HT modulation. thcy
can hardly explain a qualitative difference. i.e. an inhi­
bition instead of a facilitation. Another diffcrencc that
could account for the diserepancy is the fact that the
monoaminc oxidase inhibitllf parb'Yline was used in the
experiments of Blandina ct al. (1991) to prevent the
degradation of noradrenaline. Pargyline prevents nol
only lhe degradation of noradrenaline. bul also that of
5·HT and dopamine and consequenlly clevates the
concentration of thcsc ncurotransmiucrs in the bio­
phase. Thus. this concurrent and sustained elevation of
the levels of 5-HT. noradrenaline. and dopamine may
have conlributcd to decre"se the evoked rclease of
endogenous noradrcnalinc. Il wouId thus be intcrcsting
ta study the 5·HT, modulation of endogenous nor·
adrcnulinc rclcasc using a selective noradrcnalinc TC­

uptake blocker rather than a monoamine oxidase in·
hibitor.

Il was eoneeivable that the enhancing dfeet of 2­
methyl·5-HT in lhe present study cO:lld have heen duc
[0 an antagonistic action of [his drug al cr~.'H..Ircncrgic

autorcccptors gi\'cn the nc:gativc fcedback mie they
excrt on noradrenaline releasc. It was thus deemed
crucial 10 test this possibility. The effect of UK·14.31l4
and idazoxan wcrc tested in the presence of nisoxc:tinc.
The smaller effects of these ",·adrenergic agents in
the presence of nisoxetine. l'ompared tn those in the
control condition. most Iikely resulted rrom a competi­
tion with the incrcascd endogenous noradrenaline in
the biophase indueed by nOradlen"line reuptake block·
ade. Nonetheless, the results c1early indicate the inabil·
ity of 2·methyl·5·HT. contrarily to idazoxan, to block
lhe agonistie effect of UK-14,31l4 at lerminal ",-auto·
receptors. In faet. the inhibilory action of UK·14.31l4
on ['Hlnoradrenaline release was even greater in lhe
presence of 2·methyl-5·HT. This enhancement of the
effect of UK·14.304 could possibly be related to the
increased release of [JH]noradrenaline in the presence
of ~-methyl·5·HTwhieh muid have allowed a greater
amplitude of negative modulation. A second argument
against an antagonistie action of 2·methyl·5·HT ;Il ",.
autoreeeptors is the faet that this drug still produeed
its enhaneing effect in an autoinhibition·free environ·
ment using pseudo-one-pulse experiments.

Although the experiments \Vith the selective 5·HT
reuptake bloeker paroxetine c1early indieate an activa·
tion of 5·HT, receptors by elevated levels of endoge·
nous S-HT. a tonie action of this neurotransmilter \Vas
not apparent under basal conditions. Indeed. the 5-HT,



R. ,\(ml,ltt'/W ~r a/.; Europe'an Journa/ of Plramwcolo,l,').· 256 (I99-JJ 2fJ9-279

•

•

receptor antagonisls omJanselron. (S)-zacopride and
lropisetron did nol decre:!se by tbemselves lbe evoked
release of [)H]noradrenaline (Table 2). However. one
sbould be cautious in inlerpreting a lack of apparent
endogenous tone from results oblained in vitro. For
instance. in vivo results indicating an endogcnous tone
of noradrenaline on a,-adrenergic heteroreceptors on
5-HT terminais arc at variance with in vitro studies
reporting either a weak or no endogenous tone at this
level (sec Mongeau Cl al.. 1993 for a review).

The question of whether the responsiveness of the
5-HT, receptors modulaling the evoked release of
['H]n'oradrenaline decreased following prolonged ago­
nist stimulation was also considered. Many reports
have indicated the occurrence of a rapid desensiliza­
tion of 5-HT, receptors in differenl preparations
(Fozard ct al" 1979; Ireland and Tyers. 1987; Yakel
and Jackson. 1988; Sugita ct al" 1992). In the guinea
pig fronlal cortex and hypothalamus. 2-methyl-5-HT
was reportcd 10 enhance lhe evoked release of ["H]5­
HT from preloaded slic~s when introduced in the
medium 8 min. but nol wben added 20 min. before the
second stimulalion period (Galzin and Langer. 1991;
Blier and Bouchard. 1993). The agonist 2-methyl-5·HT
was thus lested under identical conditions. No decre·
ment in its effecliveness in increasing ['H]noradrena.
line release was observed after 20 min of exposure
compared to the 8 min exposure. indicating that a
desensitizalion does not occur within this time period.
Il is noteworthy that a similar absence of desensitiza·
tion of 5·HT, receplors has been reported in the
modulation of dopamine release in the rat striatum
<Blandina Cl al" 1989). Thus. it might be argued that
the 5·HT, receptors modulating lhe release of cate·
cholamines arc differenl. albeit maybe only slightly so.
from those modulating 5-HT release. Indeed. Yakel ct
al. (1992) using c10ned 5-HT, receptors have shown
lhat a single amino acid substitution is sufficient to
praduce marked changes in desensitizalion kinetics.
Alternalively. the differences between the two recep·
tors might be explained by inlracellular factors. For
inslance. 5·HT, receptor desensitization is acceleraled
in the presence of agents. such as the adenylate eyclase
activalor forskolin or the phosphodiesterase inhibitor
isobutylmethylxanthine. which increase cAMP levels
(Yakel. 1992).

Considering lhat the aclivation of lhe 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 ['Hl·
noradrenaline observed herein following exposure 10
5-HT, receptor agonists was indirectly mediated by
5-HT neurons. This eventuality was thus lested by
lesioning 5-HT neurons with the neurotoxin 5.7·DHT.
No change in the poteney of 2-methyl-5-HT to enhanee
the evoked release of ['Hlnoradrenaline was observed

in the 5.7-DHT-pretreated rats. indicating lhat 5-HT
fibers arc not necessary for lhe occurrence of this
effecl. Similar results were also obtained for the 5·HT,
receptors that modulale the release of dopamine (Chen
ct al.. 1991). A further objective of the 5.7-DHT lesions
was to assess whelher the 5-HT, receptors modulaling
["Hlnoradrenaline release become supersensilive fol·
lowing long-term 5-HT cteplelion. Microionlophorelic
applications of 5-HT and 2·methyl-5-HT praduce a
suppressanl cffect on the fi ring activity of prcfronlal
cortex pyramidal neurons (Wang ct al.. 1992). The
currenl·response of this effect was shown to be shifled
to the left afler 5.7·DHT lesions. indicaling a supersen·
silivity of the 5-HT, receplors following chemieal den­
ervation of lhe 5-HT fibers (Wang ct al.. 1992). Such
an adaplive phenomenon was not observed for the
5-HT, receptors that modulale lhe release of
['H]noradrenaline after a similar denervation <Fig. 6).
The reason mighl be that the endogenous tone of 5·HT
on these receptors is rather weak or absenl. as dis·
cussed above.

Although the results of the presenl study show lhal
lhe 5-HT, receplors which modulate ['H]noradrena­
line release are not located on 5-HT. no information is
yet available about the localization of these receptors.
A recenl report (Kidd Cl al.. 1993) indicates thal the
binding of ['H](S).zacopride to 5·HT, receptors is not
affected by a noradrenaline denervation. suggesling
thal the cffeets of 5-HT, ligands on nmadrenaline
release are not attributable to heteroreceptors on nor­
adrenergic neurons. However. only experimenls using
isolated noradrenergic nerve endings (i.e. in synapto·
somes) could reliably resolve this issue.

ln conclusion. lhe presence of facilitatory 5-HT,
receplors modulating the release of noradrenaline in
the rat hippocampus. frontal cortex and hypothalamus
was documented. Physiological relevance of these re·
sullS oblained with 2·melhyl-5-HT and exogenous 5-HT
was indicated by the demonstration that endogenous
5-HT. oblained by blocking 5-HT reuptake. can elicit a
facilitating cffect on 5-HT., reeeptors. The responsive­
ness of these receplors is not affected by short·lerm
agonist exposure. nor by long'lerm 5-HT depletion. Il
wouId be interesting 10 determine if the sensitivity of
these 5-HT, receptors is altered by long'lerm antide·
pressanl treal:nents lhal increase the synaptic avaihlbil·
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 hippocarnpus, it was possible to assess the effect of long-terrn antidepressant

treatments on the sensitivity of these receptors. It is noteworthy that Ibis is the frrst study

that has ever addressed Ibis issue. Concentration-effect curves with the agonist 2-methyl­

5-HT were generated to assess the sensitivity of these 5-HT3 receptors following long­

terrn treatments y,ith 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-terrn treatments with antidepressant drugs that increase the synaptic

concentration of 5-HT would desensitize the 5-HT3 receptors that enhance the release of

NA.

This article entiùed "Effect of long-term administration of antidepressant drugs
on the S-JfT3 receptors tOOr enOOnce 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

Ibis thesis .
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Abstraet

The present study investigated the effeets ofvarious classes ofantidepressanl drugs (10 mg/kg/day. s.c. during 21
days) on the electtieally evoked release of [3H]noradrenaline and on its modulation by the 5-HT3 receptor agolÙsl 2­
methyl-5-hydroxytryptarnine(2-methyl-5-HT) using preloadedralhippocampaisUces. Treabnentswitheither f1uoxetine.
a selective serotonin (5-HT) reuptake inlùbitor, or moclobemide, a reversible type A monoamine oxidase inlùbitor.
increased the evoked retease of [3H]noradrenaline. These IWO antidepressanl treabnents did not change, however, the
maglÙtudeoftheenhaneingeffeelof2-methyl-5-HTon theeleetticallyevolœdreleaseof[3H]noradrenaline. Desipramine
producedamuch Iarger inerease ofthe eleettically evoked release of [3H]nomdrenaline titan f1uoxetine ormoclobemide,
and desensitized the 5-HT3 receplors t/tal modulate titis release. Trimipramine, wlùch tike desipramine has a tticyctic
structure but does not block the reuptake of noradrenaline or t/tal of 5-HT, did nol increase the evoked release of
[3H]noradrenaline anddid noldesensitize the 5-HT3 receplors thatenhancethe releaseof [3H]noradrenaline. Maproûline.
a selective noradrenaiine reuptake inlùbilor, did nol produce the same changes asdesipramine, bul maproûline inlùbited
noradrenaiine reuptake to a lesser eXlenl (50%) titan desipramine (80%). These resuits suggesl t/tal the high pateney
noradrenaline reuptake blockerdesipramine desensitizes 5-HT3 reeeplors modulating [3H]noradrenaiine release, bUI t/tat
titis effeel is nol eommon ta all antidepressanl drugs.

Key words: Antidepressanl drugs; Desipramine; Auoxetine; Maproûline; Moclobemide; Trimipramine; 2-Methyt-5­
hydroxytryptarnine; 5-HT (5-hydroxytryptarnine); Reuptake inlùbition; Hippocampus; Presynaptic modulation.
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l, Introduetioo
The primary effeel ofmany antidepressant drugs is

10prolongthesynaplicactiOllofnoradrenalineandserotonin
(5-HT) (Maitre el al.. 1975; Wong el al., 1975; Ross and
Renyi, 1977; Blackburn el al., 1979; Hyr:el, 1982;
Waldmeier el al.. 1982; Thomas el al.. 1987). Aerilieal
issue that needs to be resolved in order 10 fully W1dersland
the meehanismofactionofantidepressanldrugs iswhether
they can aller interactions belWeen the noradrenergic and
the serotonergic systems. Il was therefo.e deemed impor.
tanl 10 investigate the effeel of long-term antidepressanl
drug Irealmenls on 5·RT recepiors modulaling
noradrenaline release. We recently reported that 5-HT, 2-

methyl-5.HT(a5-HT3receptoragolÙSl).and5-HTreuplake
inlùbition enhance the eleettieally evoked release of
[3H]noradrenaline in the rat limbie system, effeets wlùch
are blocked by 5-HT3 receplor antagolÙSts (Mongeau el
al., 1994a).

Il is nOleworthy that the 5-HT3 reeeptoragolÙsl m­
ehlorophenylbigualÙde was also found to enhanee the
eleettieally evoked release of [3H]noradrenaline, bUI titis
effeel occurs al concentrations weU above the affmily of
titis drug for 5·HT3 receplors and is nol blocked by 5-RT3
antagolÙSts(Mongeauelal.. 1994a:Schlickerelal.. I994).
This enhancing effeel of m-chlorophenylbiguanide was
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shown 10 be medialed by <X2-adrenergic aUloreceplors
(Schlicker el al., 1994). Although 2-methyl-5-HI' bas a
weakaffmily for tl2-adrenergic binding si!eS (Schlickerel
al., 1994), ils enhMcing on the electrically evokedrelease
of [3H]noradrenaline in the rat hippocampus does nOl
involve tl2-adrenergic auloreceplors. Indeed, 2-methyl·5­
HI' did nOl block the inhibilory effecl ofan tl2-adrenergic
auloreceptor agonisl and displayed ils usuaI enhancing
effecl in conditions where there is noauloinhibion I!'JOugh
<X2-adrenergic auloreceplors (Mongeau el al., 1994a).

ElectrophysiologicalslUdieshave shown \hallong·
lerm treattnenls withselective5-HTreuplake inhibitorsor
monoamine oxidase inhibitorsenhance the efficacy ofthe
electrical stimulation of the5-HI' pathway in suppressing
the ftring activilY of rat hippocampus pyramidaI neurons
(Blierandde Montigny,1994). Incontras!, treaunenls with
monoamineoxidase inhibitorsdo nolchange the suppress·
ing effecl of the slimuIation of the noradrenergic pathway
on these neurons (Blier el al., 1986). Superfusion experi­
menls cmried OUI in the guinea-pi8 hippocampus have
shownthatlong-termtreaunenls withamonoamineoxidase
inhibilor or a selective 5-HI' reuplake inhibitor increase
the eIectrically evoked release of [3H]5-HI' (Blier and
Bouchard, 1994). Furthermore, the increase in rat brain5·
HI' concentrations is higher following long-lerm than
following acule administration of monoamine oxidase
inhibilors (Blierelal., 1986).These findin8sare consistenl
with the facl that, al the beginning of a treattnenl with a
monoamine oxidase inhibitor. there is a decrease in the
firing rate of5-HI' neurons, bUl upon long-term adminis­
tration, the ftring activity of these neurons progressively
normalizes and there ensues a nel increase in 5·HT
neurolransmission (Blier el al.. 1986). A recenl
microdialysisslUdybasshownthata long-tennmonoamine
oxidase inhibilor treattnenl increases to a much greater
eAlenl the release ofnomdrenaline in the raI frontal cortex
than an acute monoamine oxidase inhibitor treaunen!,
despilesimilardegreesofenzymeinhibitionbeingachieved
(Fmberg el al.• 1993). Contrary to the increased 5·HI'
neurotransmission,however, the increase innoradrenaline
release following long-term monoamine oxidase inhibi·
lors appears inconsistent with the facl that the firing
activily of locuscoeruleusnOradrenergic neurons isstead­
i1y decreased bya long-tennmonoamineoxidase inhibilor
treattnenl (Blier and de Montigny. 1985).

The changes in 5-HI'release induced by long-term
treaunenls with monoamine oxidase inhibitors and selec­
tive 5-HI' reuptake inhibitors mighl alter secondarily the
relcaseofnoradrenaline. However. theoccurrence ofsuch
modulation would depend on the sensitivity 0' 5·HI'
receplors moduIating the release of noradrenalint; being
tmaltered by these antidepressanl treattnenlS. Recentdata
from our Iaboratory have shown that 5·HT3 receptol's
exeningapositivefeedbackon5-HI'releaseintheguinea·
pighippocampusdesensilizeduringa long.termtreaunenl
a selective 5-HT reuplake inhibitor (Blier and Bouchard,
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1994). Il was thus deemed crucial to test whether the
sensitivity of the 5-HI'3feceptors \hal enhance the release
of [3H]nomdrenaline can be a1lered by any of the major
classes ofantidepressanldrugs. The follt'wing drugs were
slUdied: 1) lluoxeline as a selective 5-HI' reuplake inhibi­
lor (Wong el al .• 1975); 2) moclobemide as a reversible
lypeAmonoamineoxidase inhibitor (Baldwinand Rudge,
1993); 3) desipramine as a tricyclic antidepressanl drug
thatblocksnoradrenalinereuptake(GIowinskiand Axelrod.
1964); 4) trimipramine as a tricyclic antidepressanl drug
devoid of noradrenaline· and 5·HI'-reuplake blocking
properlies (Randrup and Braeslrup. 1977; Hyuel, 1982);
and 5) maprotiline as a selective noradrenaline reuplake
inhibitor (Mal"tre elal.. 1975). Th~ ~ve <lrugs have been
shown to have comparable antidepressanl efficacy in
clinical trials (Pecknold el al., 1985; Coumoyer el al..
1987; Laux el al.• 1989: Bowden el al., 1993; Judd el al.•
1993; Williams el al., 1993).

2. Materials and Melbods

2.1 Treatments
MaleSprague-DawleyralS(175-200g),mainlained

ona 12:12 h Iighl-dark cycle with free access 10 food and
water. were treated for three weeks with saline or 10 mg/
kg/day of either fluoxeline. moclobemide, desipramine.
trimipramine or maproliIine using osmotic minipumps
(AIze!) implantedsubcUlaneOusly.Thesemwpumps were
removed under halothane anesthesia 48 h before the
superfusion experimenllo allow elimination of the drugs.

In the [3H]noradrenaline uptake experimenlS, raIS
(250-275 g) were treated for 2 days with saline or 10 mg/
kg/dayofeitherdesipramineormaproliIine using osmotic
mwpumps (Alzel) implanled subculaneously. The
minipumps containing the drugs were lefl in place al the
lime of sacrifice.

2.2 Superfusion experiments
RaIS (350-375 g) were sacrificed by decapitation

andtheirbminimmediatelyremovedandrapidlydissecled
on an ice-cold glass plate. Slices 400-J.lffi thick from the
hippocampus (aboUl 3 mm2 in surface) were prepared
usingaMcnwainchopperandincubatedfor30minal37OC
in Krebs buffer containing 0.1 !lM [3H]noradrenaline
(speciflC activity 15 mCi/mmol) and bubbled with a mix­
ture of95% 021 5 %C02. The composition of the Krebs
buffer in mM concentrations was: NaCl lI8. KCI 4.7.
CaCh 1.3. MgCh 1..2. NaH2P04 l, NaHC03 25, glucose
11.1, N82EDTA0.004 and ascorbic acid 0.1 1. Al the end
of the 30-min [3H]noradrenaline uptake period, the slices
were washed in Krebs buffer 10 remove the free
[3H]nomdrena1ine.andthenthreeslicesofthehippocampus
were transfem:dintoeachglasschamber(volume 1.85 ml)
and superfused al rate of 0.5 ml/min with oxygenaled
Krebs buffermainlainedal 37OC. Nineleenconsecutive4­
min fractions were collected staning 60 min afler the
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beginning of superfusion. The slices were stimuIated
twice. at 8 min (S1) and at 56 (S:) ..-.:'1. after the end of the
waslùng perie!!. The e!:;clrical field generated in the
chambers betwe~ri the two pIatinum electrodes (2 cm
apan) had a voltage drop ofabout 5 V/cm. The foUlJwing
stimulation parameters were used: 20 mA, 2 ms, 3 Hz for
2 min.ThefIlSt stimulation period (S 1) was alwavs used as
control and 2-methyl-5-HT (10, 30, 100 1lM) was added 8
min before Sz and remained present unlil the end of the
experiment. Nisoxeline.aselectivenoradrenaIine reuptake
inhibitor (FuIler et al.. 1979). was present tItroughout
superfusion period to avoid the displac.~.ment of
[)Hlnoradrenaline from noradrenaline terminaIs by 2­
methyl-5-HT. At the end of the experiments, the slices
•....;;oe solubilized in 0.5 ml ofSoluene 350 and the radioac­
tivity in the sUcesandsuperfusate sampleswas determined
by Iiquid scintil1ation spectrometry using 5 ml of Ready
Micro at 50 % efficiency USin8 a Beekman LS 1600 coun­
1er. Between 8 and 19 experiments were performed in
individuaI superfnsionchambers foreach concentrationof
2-methyl-5-HT and 4 to 6 animaIs were used to generate
each concentration-effeet curve. The amount of lritium
released per 4-min sample was expressed as a fraction of
the totallissue lritium contentat theonsetofthe respective
coUection period. Theoverflow oflritium produced by the
eleclrical stimulation was calculated as the lotal increase
in radioactivity above the basa1 outflow of lritium deter­
mined in the sample immediately preceding the onset of
stimulation.Toassess thedrug-inducedchangesofeleelri­
cally evoked release of tritium from the slices preloaded
witn [)Hlnoradrenaline, SzlSl ratios were calculated. and
Bu'B1ratios werealso calculated 10delermine whether the
drugs had altered the basal outflow of radioactivity.

2.3 Uprake experimenrs
Hippocampalsliceswerepreparedasforsupertusion

experiments and pre·incubated for 3minal370C in Krebs
buffer. Afterthe pre-incubationperiod, [)Hlnoradrena1ine
was added at a fmal concentration of20 nM. FoIlowing 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 ofSoluene 350. Pamllei experi.
ments were carried out at DOC as controls for passive
diffusion. Radioactivity in the slices and in the incubation
medium was determined by liquid scintillation
spectroscopy. AIlexperimentswere performed3t04times
and the amount of tritium actively caplUred by the tissue
(CA) wascalcuIatedaccording to the formula CA=CT-CP.
where CT and Cp are the tissue/ medium ratios of
[3Hlnomdrenaline at 370C (total) and DOC (passive), re­
spectively. The percentage inhibition was calculated by
comparing Ihe CA values obtained in Ihe sUces prepared
from the control and lreated rats.

3

2.4 Sratistir.iJi analyses
AIl results are expressed as means ± S.E.M. Possi­

ble differences in mean evoked release (S 1) belween
treated and control groups were tesled with the two-tailed
Student's Ilesl. Atwo-way ANOVA was used tocompare
the concentration-effeet curves for 2-methyl-5-HT in sa­
line and drug treated groups. concentration anC: :reatrnent
being !he two faclars. The results of the reuptake experi­
ments were anaIysed with the two-tailed Student's t tes!.
Probability (P) values smaller !han 0.05 were considered
as significan!.

2.5 Drugs
The foIlowing drugs were used: 2-methyl-5-HT and
maprotiline (Sigma Chemicals. St-Louis. MO. USA),
[)Hlnomdrenaline Ha (NEN, Mississauga, Ont.. Can.),
f1uoxetine HCI (Eli Lilly, Indianapolis. IN. USA),
moclobemide (Hoffman-La Roche. Basel, SwilZerland),
desipmmine (RBI, Natick, MA. USA), trimipramine
bismaIeate (RhOne·Poulenc, Montréal, Can.), nisoxeline
(Eli Lilly,Indianapolis. Ind, USA).

3. Results
3.1 Effects of long-term f1uoxetine. moclobemide and
desipramine trearmenrs

In a fIlSt series of experiments, the effect long·term
inhibition of monoamine oxidase A with moclobemide
(Baldwinand Rudge, 1993),or long-term blockade of!he5·
HT reuptake carrier with f1uoxeline (Wong el al.. 1975)
using 10 mg/kg/day x 21 days of ei!her drug was assessed
for their effects on the evoked release of [)HlnomdrenaJine
and its modulation by 5-HT) receplor activation. The
minipumps containing the drugs were rernoved 48 h before
the experiments10auow eliminationof!hedrugs. As shown
in Fig. 1. there was a smau but significant increase of the
electricauy evoked release of [3Hlnoradrenaline (S 1) from
rat hippocampal slices after either the f1uoxeline or
moclobemide treatments. The enhancing effects of these
long-term lreatrnents wereofabout thesameamplitude. i.e.
16 % with f1uoxeline and 18 % with moclobernide. How­
ever, the basal outflow ofmdioactivity (BI) was not altered
by Ihese lreatrnents (f1uoxeline: 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
mdioactivity recovered in slices at the end of the experi­
ments was slighlly reduced in the moclobernide group
(moclobemide: 40.7 ± 1.7 nC. n = 47 vs saline: 46.8 ± 1.4
nC, n=47; P<0.01),andsimilar10contrais in the f1uoxetine
group (f1uoxeline: 33.3± 1.8 nC, n= 38 vs saline: 34.9±2.4
nC. n=38).

It was previously shown!hat the activation of5·HT)
receptors wilh !he agonist 2·melhyl.5·HT concentration·
dependently enhances the evoked release of
[3Hlnomdrenaline from rat hippocampal slices (Mongeau
elal.. I994a). This effectwasconsistenlly reproduced in ail
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the groups of t1ùs series ofexperiments (Fig. 2). Indeed. 2­
methyl·S-HT inlIOduced in the medium 8 min before 52
producedasignificanl concentration-dependenlincrease in
the evoked release of [3H]nomdrena1ine withoul allering
the basal effiux of radioaclivity. The mean percentage
increases in the 5:z/S1ratiosproducedby IO,30and 100 J.lM
of 2-methyl-S-HT in the saline groups of this series of
experiments were.respectively,IS%. 30% and 47%. Long.
lerm lreabnenl with either adrug tha1 prolongs thesynaptic
action of S-HT. fluoxetine. or with one tha1 increases the
neuronal pool of S-HT, moclobemide, did nOl aller the
magnitude ofthe effeclofactivating S-HT3 receplOlS on the
evokedreleaseof[3H]nomdrena1ine. Indeed. thepotencyof
the S-HT3 recepoor agOJùsl in the fluoxetine and the
moclobemide groups was similar 10 tha1 in control rats run
in pamllel (Fig. 2A, 2B).

In contras!, a long.tenn tteaunenl with desipramine
(10 mg/kg/day x 21 days),a nomdrena1ine reuptake inhibi·
lor(GlowinskiandAxelrod, 1964),cJnsiderablydecreased
the effecl of 30 and 100 J.lM of2.methyl-S-HT 10 ellhance
the evoked release [3H]noradrena1ine (Fig. 2C). Al these

Fig. 1. ElI'CClofloogtenntrealmCllll with IOmgltg/day.21 day.or.lther
fJuOlctiOO or moclobemido ca the relcuo of tritium elicilOd by the

alcercie•••limulaliOD of bippocampa••licoi preloadcd with
[3HIDOIlldmla1ine .upedused ..lib • lCIobI buIr.r 00IlIaiDing 1 J1M or
Dllo••1iDe. 0rdllIIIe depiCll th. PO"""'lI&. ollldloadivily .._ by

360 pu1Iel or 2 DII deUvercd Il an iDlauity or20 mA and. rroquency or

3 Hz. Dala....""..ned u ......tS.E.M. or th. DnmberOr••periIIleDlI
Indlcaled iJulde th. colUIDDI•• P<0.05, wIng th.lWo-Wled :lbldent'.,

tell.
•

•



Fig. 3. Effect ofloag'lCnn._nuwilh IDmgAtsldey 121 dey. of.ilher
desipraminoormaprotiline 00 the rellWO oftritium eUciiodby the electricaJ.
stimulation of hippoçampaJ slice' preloaded with (3H]aoradrenaliac

.upcrtuscd wilh • Krebs buff.r colllainlD, t JlM nIJoxcliDc. OnIiDaIC
dcpieu IhcpcltClllag. ofradi_lvlly ..Icucd by 360pu1acJ (ZDmA,2Dlt.

3 Hz). Data arc clprelled u mean:t S.E.M. of the number ofClpcriments
indiCllcd in.ide Ibe COIUllUlI•• P <0.001, wing the two-tailed Studenl', ,

ICII.

two concenuations,lhere was respectively 44 %and 29 %
Jess enhancement in Ihedesipramine groupcomparOO 10 tll~

matehed control group. Furlhermore, 10 J.LM 2-melhyl-5­
lITdid not produce any significanteffect in sUces from rats
treated with desipramine(Fig. 2C). This decreased polency
of2-melhyl-5-1IT in Ihe desipramine group was accompa­
,ùed wilh a large increase (77%) in Ihe evokOO relcase of
[3H]noradrenaline in SI (Fig. 3). However, Ihis treabllent
did not change Ihe spontaneous outflow of radioactivity
(desipramine: 1.14±0.03 %,n=57; saline: 1.16 ± 0.03 %,
n=57),butdecreasedIheamountofradioactivityrecovered
in IheslicesatIheendoflheexperiments (desipramine:42.8
± 1.8 nC, n=57 vs saline: 51.3 ± 1.3 nC,n= 57;P<0.001).

Beforeconcluding an altenuatedsensitivityofIhe5·
1IT3 receptors, it was considerOO essenlial to determine
whelher such a large mcrease in Ihe evokOO relcase of
[3H]noradrenalinecould interferewilha reliable anaIysisof
Ihe effect of2-melhyl-5-1IT by prolon8ing Ihe lime during
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which Ihe release process occors. Considering !hat Ihe
overflow of [3H]noradrenaline is generally enhanced not
only in amplilUde but a1s0 induration by 2-melhyl-S-HT, it
was possible Iherefore !hat a large increase in Ihe evoked
release wouJd have causOO an underestimation of Ihe en­
hancing effecl of the 5-1IT3 receptor agonisl in the
desipramine group. Furlher experiments in desipramine
lrealOO-rats were thos carried out and the overflow was
collectOOandanaIysed for 30 insteadof22 minaflerthe flfSt
and Ihe second stimulation period. The S:z/S 1 values ob­
tainoo were identical lO those obtained wilh a 22 min
collection (data not shown), indicating Ihat it is not neces­
sary to take inlO account Ihe overflow of lritium sometimes
present after the end of the 22-min period 10 estimate
reliably the S:z/S1 values. More importantly, Ihe decreasOO
potency of2-methyl-5-1IT after Ihe desipramine treatrnent
was slill observOO in Ihis condition. Forexample, when the
ana1ysis of the overf1ow was carriOO out over a 22-min
period, 30 J.LM of2-methyl-5-lITproducOO a46 % increase
in Ihe saline group and a 33 % increase in the desipramine
group, and ana1ysing Ihe overflow over a 3Q-min period
indicatedsimi1arincreases, i.e. 49 %and 34 %respectively.

3.2 Comparison ofthe effectsof/ong-term trimipramine and
moproti/ine treatments with that ofdesipramine

Olherlong-termantidepressanttreatrnents were slUd­
iOO 10 determine whetherantidepressanldrugs sharing with
desipramine either a lricyclic structure or the property of
blocking nomdrenaline reuptake would a1so desensiti:ze the
5-1IT3 receplOrs that modulate [3H]nomdrenaline release.
F"1fS1, lrimipramine (10 mg/lcg/day x 21 days) was studied
because Ihis lricyclic antidepressanl drug blocks neither 5­
lIT nor noradrenaline reuptake (Randrup and Brncstrup,
1977; Hyttel, 1982).Second, theantidepressantmaprotiline
(10 mg/lcg/day x 21 days) was also slUdied since il is a
letracyclic whichselectivelyblocksnoradrenaline reuplake
(Maître el al., 1975).

Neither the lrimipramine nor !he maprotiline treat­
ment producOO any change; in the evokOO release or spon·
taneous outflow of [3H]noradrenaline (lrimipramine: SI =
3.73±0.20, BI = 1.35±0.03 %,n=34 vs saline: SI = 3.86
±0.2I,Bl = 1.32±0.04 %,n= 36; maprotiline: SI seeFig.
3, BI = 1.09±0.03 %,n= 35 vs saline: BI = 1.0S ±0.03 %,
n=35). The amount of l"lldioactivity recovered in the slices
of these \WO groups were a1so similar lO their respective
controls (lrimipramine: 43.9±2.OnC. n=34 vs saline: 43.9
±1.8nC,n=36;maproti1ine;55.2±2.4 nC,n=35 vssaline:
55.8 ± 2.2 nC, n = 35). The Mean percentage increase in the
S2IS1 ratios producOO by 10, 30 and 100 J.LMof2-methyl-5­
lIT in the saline groups was of 20%, 31 % and 71%,
respectively. Neither lrimipramine nor maprotiline a1lered
the effect of 2-methyl·5·1IT on the evokOO release of
[3H]nomdrenaline. The concentration-effect curves of 2­
methyl·5·1IT in the lrimipramine and maprotiline groups
were not different from those of their matehed controls
(Fig.4A and 4B).
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4. Discussion
F1uoxetine prolongs the synapûc actionof5-HT and

moclobemide increases the neuronal pool of S-HT via the
inhibiûon of reuptake and monoantine oxidase, respec­
tively (Wong etai., 1975; Baldwinand Rudge, 1993). Long­
lerm trealment with thesedrugs did notchange the sensiûv­
ity of the S-RT3 receptors !hat enhance the release of
[3H]noradrenaline in the rat hippocampus (Fig. 2). It is
interesting lO compare these results with those of previous
studies wruch e.,amined the interaction belween the
noradrenergic and î'Ie S-HT systems mediated through lX2­
adrenergic heteroreeeptors ofS-HT terminais. Endogenous
noradrenaline tOlûcally inhibits the release of S-HT by
acûvating these heteroreceptors in the rat hippocampus
(Mongeau et al.. 1993). Long-term inhibition of
noradrenaline re~ptake or monoantine oxidase desensiûze
these lX2-adrenergic heteroreceplors, an effect !hat was
shown to result from a sustained increuse in noradrenaline
synaplicconcentration(Mongeauetal.. 1994b).Contrary to
lX2-adrenergic heteroreceptors, the S-HT3 receptor !hat
enhances the release of [3H]noradrenaline dues nOI appear
tobe tonicallyactivatedby itsendogenousneurotransmitler
onderbasal conditions. Two observations soppon tlûs con­
tenûon: 1) S-HT3 receptor antagonists do not decrease the
evoked release of [3H]noradrenaline; and, 2) S-HT
denervation dues not increase the sensitivity of the S-HT3
receptors modulating [3H]noradrenaline release (Mongeuu
et al., 1994a). Differences in levels of neurotransmitlers
normally present in the biophase of the presynaptic libers
DÛghtaceOunt forthe fact thatlX2-adrenergicheteroreceptors
modulating 5-HTrelease,butnotS-HT3 receplors modulat­
ing noradrenaline release. desensitize following sustained
increase in the concentraûon of neurotransDÛtler acling at
these receplOrs.

Long-term treabnents with moclobeDÛde increascd
the evoked release of [3H]noradrenaline from rat
ruppocampal sUces (Fig. 1). TItis observation cannol be
explained by an inlûbition of monoantine oxidase at the
lime of the experiment since moclobemide is a reversible
monoamineoxidase inhibitorand the minipumpcontaining
thedrughadbeenremoved48hbeforetheexperirncnl. TItis
result isconsistentwith thoseofarecentmicrodialysis sludy
which showed !hat long-term inhibition of monoamine
oxidaseAbyclorgylineincreases thereleaseofnoradrenaline
in the rat frontal cortex more !han an acule trealment with
thisdrull (Finbergetal.. I993).This increase in noradrenaline
release couId notreadily be explained bydifferences in the
degree"f monoantine oxidase inhibiûon as there was near
maximal inlûbitionoftheenzymearterbathaCUle and long­
term treaunents (Finberg etai., 1993). Long-term changes
in Ihe basicmechanismsofnoradrenalinerelease have 10 be
consideredto explain theenhancingeffeetofmoclobemide.
The prolonged increase in the synaptic concentration of
noradrenaline induced by moclobemide DÛght have de­
creased the sensitivity of terminal lX2-adrenergic
autoreceptors and consequently increased the evoked re-
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Fig. 4. ConccDtration-effoct cwveJ of 2-melhyi-$-Hr. introduccd 8 min
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tritium cUcitcd by the eleetrica1 stimulation ofblppocampal.liœ. pœpucd

from rail trcaIedwitbsalin.or 10mBJ1o:slday • 21 clay.ofoithertrimipnmioo
(A) or moprotilin. (8). Th. ci..l. aod 1q\W'O .ymboIJ repro_ ••peri­

menU wilh aalinc·treated and dJug·treaeted rab, rc'pedivoly. Ordüwe
Joplets the flOClloo of 101a1l1J... ndlolClivity ..Ioued by 3150 polsoa (20

mA, 2m., 3Hz) oxpros.od u th. ratio (S21S 1) obcainod bdw..., th'lOCOOd

period of.timu1aIioointho1"""''''of2-methyl-S-!IT(S2)oud the fint 00'

don. withou. thiI dl1l8 (5 1). Each point IOplOSlllll th. moon±s.E.M. of Ibo
numbor of ••perim.... whicb w... of 8-10 (A) oud 8-10 (8). Two-way

ANOVA ..vealod a .igoifiCXDl.rroct for COllcallraliOD (P <0.001) for a11
th. groupa wltbout ouy .igoifiCXDlerroct for tJulm....

Maprotiline was compared 10 desipramine for its
efficacy in blocking [3H]noradrenaline uptake. Two groups
ofrats received 10mg/kg/day for2 daysofeitherdrug while
a third group received saline for the same period. The
minipumpscontaining the drugs were kept in theanimalsat
the lime of sacrifice. As expected, bath drug treaunents
reduced, when compared to the saline group, the uptake of
[3H]noradrenaline in hippocampus sUces (tissue / medium
raûosoftriûum;desipramine: 0.33±O.IO.n=5; maprotiline:
0.83±0.18,n=S;saline: I.S7±0.13,n=S). However,the
degree of inhibiûon of [3H]noradrenaline uptake by the
desipramine trealment (80%) was significantly grearer (P<
0.05) !han !hat produced by the maprotiline treaunent
(50%).
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leaseof[3H]noradrena1ine.Toourknowledge.nosuperfusion
slUdies have yet directly assessed the effect of long-term
moclobemide on the sensitivity of terminal cx2-adrenergic
autoreceptors. Nevertheless. slUdies have shown thatlong­
tenD treattnents with monoamine oxidase inhibitors in­
crease the release of [3H]noradrenaIine but do not change
the sensitivity of the cx2-adrenergic autoreceptors in the
hippocampus (Campbelland McKernan. 1986; Palfreyman
et al.. 1986; Blier and Bouchard. 1994). There is also the
possibility thatmore storagevesicles are released peraction
potential durin8 long-term moclobemide treattnent. How­
ever. titis appears unIikely considering that the levels of
dopamine I>-hydroxylase. an enzyme co-released with
noradrenaline. is normally reduced after long-tenD admin­
istration of monoamine oxidase inhibitors (Finberg et al..
1993). An alternative hypothesis is that long-tenD changes
in S-RT release induced by monoamine oxidase inhibitors
might have secondarily altered the evoked release of
[3H]noradrenaIine. This possibility is suggested by the fact
that fluoxetine has producedasimilar increase in theevoked
release of [lH]noradrenaline (Fig. 1). Yet. titis inhibitor is
highly selective for 5-RT reuptake. A recent slUdy has
shown that long-term monoamine oxidase inhibitor or
selective S-HT reuptake inhibitor treattnents increase the
evoked release of [3H]S-RT in the guinea pig hippocampus
(Blier and Bouchard. 1994). It is noteworthy that these
effects were attributable to alterations of the sensitivity of
presynaptic reeeptors on S-RT terminaIs rather than to the
acuteactionsofthesedrugssincetheminipumpscontaining
the drugs were removed 4S h before the experiments to
aIIow climination of the inhibitors (Blier and Bouchard,
1994). Furthermore, previous electrophysiological slUdi,'s
in the rat hippocampus had documented an enhanced effi­
c::(;y of the electrical stimulation of the S-RT pathw3)'
following long-tenD. but not acute. treattnents witii ,arious
selective S-RTreuptake inhibitors and monoamine oxidase
inhibitors (Blier and de Montigny. 1994). Such increases in
the releaseof5-HTinducedby moclobemideand fluoxetine
treattnents might have concomitantly enhanced the release
of [3H]noradrenaline throuSh the activation of S-HT
receptors. such as the S-RT3 receptors that enhance the
release of [3H]noradrenaline.

Asurprising fmding was the reducedsensitivity ofS­
RT3 receptors modulating [lH]noradrenaline release fol­
lowing the desipramine treaunent(FiS. 2).Thenoradrenaline
rcuptake blocker potency or the tricyclic struChJre of
desipramine might account for titis effec!. An action of
tricyclic antidepressant drugs at the S-HT3 receptors ap­
peared plausible considering that titis class of drugs is
commonly known to down-regulate. for instance. S-RT2
receptors in bindinS slUdies (WilIner. 19S5). We have thus
decided to test the effects of a long-term treattnent with
trimiprarnine. a tricyclic antidepressant drug that does not
blockthe reuptakeofnoradrenaIine(RandrupandBmestrup.
1977; Hyttel. 19S2). 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
t1T3 receptors by amechanism ~ommon to tricyclic anlide­
pressant drugs. We then considered the possibility that a
desensitization of 5-RT3 receptors which enhance the re­
lcase of [3H]noradrenaline could be produced by other
antidepressant drugs that block the noradrenaIine reuptake
carrier. long-tenD treatments with maprotiline, a selective
noradrenaline reuptake inhibitor (Maitre et al.. 1975). did
not change the sensitivity of 5-HT3 receptors modulating
[lH]noradrenaIine release. Preliminary data have further
shown that lons-term treatments with nomifensine. another
antidepressantdrug that blocks noradrenaline reuptake, did
not alter the sensitivity ofthese receptors (data not shown).
Taken together. the above results sussest that the desensi­
tization of the 5-RT3 receptors that enhance the release of
[lH]noradrenaline might not be a generaI property of anti­
depressant druss that inhibit the reuptake ofnoradrenaline.

However, it cannot be excluded that the effect of
desipramine on these S-HT3 receplors involved the
noradrenaline reuptake carrier. Indeed, desipramine pro­
duced a greater inhibition of noradrenaline reuptake t!",n
did rnaprotiline (section 3.2). This result was consistent
with previousslUdiesshowing thatdesipramine hasagreater
affmity for the NA reuptake carrier than maprotiline (Km
values of 0.97 nM for desipramine versus S.4 nM for
maprotiline; Hyttel.19S2). There was also a large increase
in the evoked release of [lH]noradrenaline followinS the
desiprarnine treattnent that was not present after the
maproliline treattnent (Fig. 3). The laller effect of
desipramine might he linked with a tltreshold level of
noradrenaline reuptake blockade not having been reached
with maprotiline treattnent in our experimental conditions.
Ahigh degree of noradrenaline reuptake inhibition could
desensiÛ2e, for example. either the reuptake sites them­
selves or the terminal cx2-adrenergic autoreceptors and
consequently lead to an enhancement of the evoked release
of [lH]noradrenaline. Indeed, there are autoradiographic
data showinS that noradrenaline reuptake sites are down­
resulated in the rat hippocampus following a long-term
treattnent with desipramine (Bauer andTejani-Bull. 1992).
Nevertheless. titis down-regulation is not likely to be
responsible for the large enhancement in the evoked relcase
of [3H]noradrenaline since nisoxetine (a selective
noradrenaline reuptake inhibitor) was present in the
superfusion medium throughout experiments and should
have masked the effeet ofa desensitization of the reuptake
carrier. Consistent with the present data, other slUdies have
found an increase in the electrically evoked release of
[lH]noradrenalineintheratbrainafterlong-tenndesipramine
treaunent (Schoffelmeer and Mulder, 19S2; Campbell and
McKeman. 19S6). However. no changes were generaIly
found in the sensitivity ofthe cx2-adrenergic aUloreceptor to
the inhibitory actionofexogenously applied noradrenaline
or cIonidine (Schoffelmeer and Mulder. 19S2; Campbell
and McKernan. 1986; Hollinssworth and Smith, 1991).
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Thedecrease in thesensitivityofthe5-fIT3receptors
thal enhance the release of noradrenaIine associated with
the large increase in the release of t1ùs neurotransmitler
mighl be the conSequence of an increased intraneuronal
concentration of calcium resulting from the desipramine
treatmenl. The facls thal the exocylolic reJease of
noradrenaIine bas been postulaled 10 involve intraneuronal
calcium (Jackisch el al., 1992) and thal the sensitivity of
lerminal S·fIT auloreceptors is reduced by high calcium
concentration (Starke el al., 1989), suppon this contention.
Ilmighlbearguedthalthedesensitizationof5-fIT3receptors
isaphysiologicalmechanismthalcompensates for the large
increase in the basal releaseofnoradrenaIine inducedby the
desipramine treatment.Theefficacyof5-HTin inducing an
increase in the neuronal dcpoIarization evoked release of
noradrenaline would thereby be reduced by such a
homeostatic mechanism. Il wouid be of interesl 10 know
whether other drug treatments, such as amphetamine, thal
produce large increases in noradrenaIine release couidalter
as weIl the sensitivily of the 5-fIT3 receplors modulating
noradrenaIine.

These results suggesl thal the high polency
noradrenaIinereuptakeblockerdesipraminedesensitizesS­
HT3 reeeplors modulating [3H]noradrenaIine release; how­
ever, t1ùs effeel is nol common 10 aIl antidepressanl drugs.
ln mosl cases, enhancemenl in the release of5-fIT induced
by antidepressanl drugs could aise change noradrenaIine
release through normosensitive S·fIT3 reeeplors.
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VII - 1

GENERAL DISCUSSION

The data of the present thesis provide new elernenlS for the comprehension of the

physiology ofNA and S-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 S-HT receptors. The fust study revealed that the release of S-HT is inhibited in

vivo by a,2-adrenergic heteroreceptors located on S-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 S-HT fibers. In facto sorne

preliminary data suggest that these S-HT3 receptors could be heteroreceptors localized on NA

fibers because the enhancing effect of 2-methyl-S-HT was observed in hippocampal slices in

which the propagation of action potentials was blocked with tettodotoxin (data not shown), as

weil as in hippocampal pinched-off nerve terminals (p.J. Monroe, personal communication). It

also important to emphasize that these S-HT3 receptors did not appeal' to be tonically activated

by endogenous S-HT in basal conditions, albeit they were activated when the concentration of

this neurottansmitter was raised by blocking the S-HT reupIake carrier.

The presence of an inhibitoryfeedbackrnechanism involving terminalS-HTIB orS-HTlD

autoreceptors has been well documented (section 5.1). In sorne rare conditions, such as when

depolarization is elicited with a single pulse, there is no autoinhibition ofS-HT release via these

autoreceptorsl8. However, in most cases this negative feedback is operative even at low

frequencies of nerve depolarization, or low synaptic concentratic.IS of S-HT, and thus exerts a

precise and continuous control over the amount S-HT released. The existence of an alternative

feedback rnechanisrn might be put forward on the basis of the resullS of the present thesis (fig.

1). An increased NA oUlput would be triggered by S-HT3 heteroreceptors when the amount of

S-HT released from varicosities gelS 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 a,2-adrenergic heteroreceptors and, thereby, provide a negative

feedback on the release of S-HT (fig. 1).

The existence of such a regulatory loop remains only hypothetical. Further experiments

would be required to determine if sorne aspeclS of S-HT autoinhibition are irnpaired by

inactivating NA neurottansmission. Knowing that S-HT aUlOreceptor antagonislS increase the

evoked release of [3H]S-HT (in the presence of a SSRl)9, it would be of interest to verify if the

blockade ofa,2-adrenergic heteroreceptors on S-HTfibers could potentiate the enhancing effect

ofS-HTterminal autoreceptorantagonislS. Methiothepin has the unique property, among various
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Fig, 1. Hypothetical regulatary loop involving
lXfadrenergic and 5-HT3 heteroreceptors on
5-HT and NA varicosities.

fick:a to produce a net increase in

the release of 5-HT, because the

momentaryenhancedoutputofthis

neurotransmitterresulting from the

blockade of autoreceptors would

trigger an enhanced output of NA

via 5-HT3 receptors. This would

subsequently lead to a negative

feedback on the release of 5-HT

via lXz-adrenergic heteroreceptors.

Another way to verify the hypothetical physiological relevance of a regulatory loop

involving lXz-adrenergic and S-HT3 heteroreceptors would be ta perforrnexperirnents following

lesions of NA fibers. We could verify whether the effect of increasing the frequency of nerve

terminal depolarization, by electrically stirnulating either brain slices in vitro or the 5-HT

pat'tway in vivo, woulddecrease the release of5-HTin NA-denervatedrats as much as incontrols.

The above hypothesis predicts that noradrenergicdenervationwould impair5-HTautoinhibition

tenninal5-HTautoreceptorantago­

nists, of substantially increasing

the evoked release 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 5-HT

autoreceptorsZl. Itmight be postu­

lated, alternatively, that the pro­

pensityofmethiothepin ta increase

the release of5-HT in basal condi­

tions is explained by the dual block­

ade of5-HTtenninalautoreceptors

and lXz-adrenergic heteroreceptors

on 5-HT fibers as methiothepin

was shown to be a potent lXZ­

adrenoceptorantagonist11.Inkeep­

ing with this view, the rnere block­

ade of terminal autoreceptors in

basal conditions would not be suf-
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VII - 3

rnostly at high frequencies of terminal depolarization, i.e., when the biophase of S-HT is high.

So far. the only clue that we have cornes from the second study (with befloxatone), in which it

was shown thatthe efficacy ofthe stimulation ofthe5-HTpathway, to suppress the firing activity

ofCA3 pyramidal neurons, is rnarkedly enhancedfour weeks after apretreatmentwith 6-0HDA.

However, these experirnents 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 ofa 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 rnechanisrn mediated by NA is indeed important for
5-HT autoinhibition. A second topic ofinterest regarding the putative regulatory loop of figure
1 concerns the 5-IiT3 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 stirnulating preloaded brain slices. This enhancement in the release

of [3H]5-HT, produced by endogenous 5-HT, was rnarkedly diminished when paroxetine was

introduced 20 minutes instead of8 minutes before the second stimulation. It was thus suggested
that the 5-HT3receptors rnediating thisenhancementrapidlydesensitize throughsorne intracellular

mechanism3. An alternative explanation could be that a prolonged activation by paroxetine of

the 5-HT3 receptors that enhance the release of NA (for 20 lIÙnutes, but not for 8 lIÙnutes)

sufficiently enhances the inhibitory input at a2-adrenergic heteroreceptors, and thus counteracts
the facilitarory action ofthe 5-HT3 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 a2-adrenergic heteroreceptors in vivo provides an important insight into the behavioral

physiology of the NA and 5-HT systems. Indeed, itcan he inferred thatany 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 fuing activity in response to noxious, stressful or

anxiogenic stimuli, resulting in an increased NA outputin terminal brain areas. Itcan be assumed

thatnoradrenergic responses toenvironmentai stimuli will, in tum, decrease the release 5-HTvia

the activation of a2-adrenergic heteroreceptors on 5-HT terminais. The release of NA in

forebrain areas is thought to he 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 ofa nover environment, and increase

hippocampal cells' responses associated with food rewards 10.27,28. Increased NA

neurotransmission also facilitates the acquisition of memory traces 15. On the other hand, a

particularly strong case was made for an inhibitory role of S-HT on a variety of behavioral

responses. Indeed, evidence was provided indicating thatlow levers ofS-HT are associated with

a trend towards impulsivity and exaggerated stimulus reactivity30. S-HT has been described as

a neurotransmitter selectively disengaging memory traces 14. Furthermore, Gray has reviewed

findings 13 supporting the notion that increases in S-HT neurotransmission facilitate the activity

of the septo-hippocampal system to suppress behavioral responses leading to punishment. It

might thus be argued thatthe NA and S-HTsystems have antagonistic actions on sorne behavioral

responses to the environment. In this regard, the tonie inhibitory input ofendogenous NA at IX2­

adrenergic heteroreceptors mightrender the NA system unable to exert acontinuous control over

the S-HT behavioral inhibition system.

One salient biological correlate of the behavioral deficits produced by uncontrollable

chronic aversive events (e.g. foot-shocks) in the leamed helplessness model ofdepression is the

depletion of NA in brain terminal areas. This phenomenon appears to have sorne psychologieal

ground because no depletions ofNA are produced when chronic stresses, ofequivalentduration

and intensity. are delivered to animals that are allowed to control the terrnination of the aversive

stimuli (e.g. by pressing alever)33. One consequence ofthedepletion ofNA would be to increase

the sensitivity of adrenergic receptors l6. We can suppose that this could also occur in human

depression as it was consistently round that high affmity IX2-adrenoceptors are up-regulated in

platelets ofdepressive patients (for a review see24). Previous fmdings2and the results ofour first.

and second article with thedenervation oftheNA fibers with 6-0HDAsuggest that the sensitivity

of the IX2-adrenergic heteroreceptors is increased by a sustained NA depletion. Based on these

facts, it can be hypothesized that one etiological factor leading to depression is an up-regulation

of IX2-adrenergic heteroreceptors on S-HT fibers. If this interpretation is correct, an outburst of

NA in response to aversive events would decreaseS-HT neurotransmission indepressed patients

more than in healthy individuals becauseofthe supersensitivityofIX2-adrenergic heteroreceptors.

An indirect way to test this hypothesis would be to assess the responsiveness of IX2-adrenergic

heteroreceptors ta intravenous clonidine in rats with the behavioral deficits of leamed helpless­

ness.
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The results ofthe 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. Itisofinterestat this pointto integrate these findings with those ofthe 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 te desensitize the 1X2-adrenergic heteroreceptors on 5-HT fibers (the

effect of the high dose of clonidine was abolished). AIthough the inhibitory effect of high NA

output appeared blunted by this treatrnent, the tonic inhibitory action of basal levels of

endogenous NA on5-HTneurotransrnission was still present (unchangedeffectofthe small dose

of clonidine). The sketches of figure 2 iIlustrate these notions: (1) NormaIly, 5-HT

1 PRIOR ra TR;;;;EA;.;,;TM~E;;,;NT~~~__...,

High NA output

2) FOLLOWING LONG-TERM mEATMENT WITH NISOXETlNE

Fig. 2. Desensitization by nisoxetine of ~-adrenergic heteroreceptors on 5-HT terminaIs
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neurotransmission is decreased in the conditionofincreased NA output. (2) Following long-term

treatrnents with nisoxetine there might be, for example, a down-regulation of a,2-adrenergic

heteroreceptors on S-HT flùers. The consequent desensitization of the a,2-adrenergic

heteroreceptors would not hinder the inhibitory action ofiow NA output. However, an increased

NA output would not decrease further the release of S-HT. The consequence ofail this is that 5­

HT neurotransmission would remain under the tonic control of the NA system after long-term

treatrnents with antidepressantdrugs that block NA reuptake. However, the decline in the release

of S-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. Sorne studies, but not

aIl, found that these treatrnents decrease the fuing activity ofLe 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 (flfth article) and the efficacy of the

stimulation of the NA pathway (at 5 Hz) to suppress the fuing activity of CA3 pyramidal

neurons 17 were both found increased following long-term treatrnents with desipramine. But this

contrasts with the effect of the long-term maprotiIine treatrnent which did not change the evoked

release of [3H]NA (fifth article). There are aIse contradictions regarding the sensitivity of the

terminal a,2-adrenergic autoreceplOrs after long-term NA reuptake inhibitors. Administration

of high doses of desipramine was shown to desensitize these autoreceptors when assessed in
vivo l7 , but nOl in vitro8•26. FinaIly, we have shown that the S-HT3 receptors that enhance the

release of NA become desensitized following long-term treatrnents with desipramine, but not

with maprotiline (fifth article). It was postulated that this might be a homoeostatic mechanism

that restrains S-HT3 receptors to enhance the release of NA when Lnis parameter is aiready very

high.

We have aIse studied the effect of antidepressant drugs that black selectively the S-HT

reuptake carrier. Long-tenn treatrnents with SSRIs have been shown 10 desensitize both

somatodendritic and terminal S-HT autoreceptors. Indeed, short-tenn treatrnents with SSRIs

decrease the firing rate ofDR S-HT neurons. However, this firing activity progressively returns

10 baseline level in the courseofiong-term treatrnents as the sornatodendriticS-HT1AaUlOreceptors

become desensitized (section 7.4). Moreover, the amount of S-HT released per each action

potentiai is enhancedconsequently to the desensitization ofterminalS-HTautoreceptors (section

8.1.4). These effects would account for the enhancement of S-HT neurotransmission following

long-term SSRIs. In the second article, we have seen that long-term treatrnent with paroxetine
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does not change the sensitivity of <X2-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 ofBlieret aI.6indicating that the occupation of the 5-HTreuptake

carrier, and the consequent activation of tenninaI5-HT ailtoreceptors, decreases the sensitivity

of<X2-adrenergic heteroreceptors through sorne molecular link. This decreased sensitivity of <X2­

adrenergic heteroreceptors was not observed here (second article) because there was no

paroxetine present in the brain of the animai at the moment of the experiments (the minipumps

containing the drug were removed twodays before). In future electrophysiologicaI experiments,

we could detennine if the inhibitory effect of high intravenous dose of clonidine is attenuated

in the presence ofparoxetine. After aU, it is possible that this acute effect of SSRIs contributes,

with the desensitization of 5-HT autoreceptors, to increase 5-HT neurotransmission.

Contrary to <X2-adrenergic heteroreceptors, the 5-HT3 receptors that enhance the release

of NA did not become desensitized foUowing long-term treatrnents with a selective reuptake

blocker that increase the synaptic concentration ofthe endogenous neurotransmitter acting at the

receptor (füth 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 long­

term treatrnents with SSRIs. The expression of tyrosine hydroxylase was found to be increased

in the LC area foUowing long-term treatrnent with fluoxetine7. Interestingly, the evoked release

of [3H]NA was aIso increased in rats treated with this drug (ftfth 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 study4long-term treatrnents with a SSRI was shown to increase the

evoked release of [3H]5-HT two days after the last administration of the drug. One way to test

this hypothesis would be to introduce a 5-HT3 antagonist before SI and to compare the evoked

release of [3H]NA from preloaded hippocampaI 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 synapticconcentration ofboth NA and 5-HT. Although

the firing rate ofDR 5-HT neurons is decreased after short-term treatrnents with type AMAOIs,

there is agraduai recovery ofthe firing a;:tivity of5-HTneurons in the course ofIong-term MAOI

treatrnents as the somatodendritic5-HT1Aautoreceptors becomedesensitized (section 7.3). This

effectmostlikelycontributes to increase 5-HTneurotransmission. Another presynaptic effectof

MAOIs that could produce the same result, i.e. enhancement of 5-HT neurotransmission, is the

increased release of 5-HT at the level of tenninaIs. 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 ofraphe nuclei neurons) nor by adesensitization

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 cxz-adrenergic

heteroreceptors. As was suggested4, the increased release of 5-HT observed after long-term

MAOIs nùght be attributed to an attenuated sensitivity of cxz-adrenergic heteroreceptors.

In contrast to DR 5-HT neurons, the fIring activity of LC NA neurons remained inhibiteJ

throughout long-term treatments with MAOIs, and there was no desensitization of either

somatodendritic or ternùnal CX2-adrenergic autoreceptors. In addition, the efficacy of the

stimulation of the NA pathway to suppress the firing activity ofCA3 pyranùdal neurons was also

found unaltered (sections 7.3 and 8.1.3). From these studies it could he concluded that the

decreased f!ring activity of NA neurons produced a decrease in NA output at the level of the

hippocampus. However, it was found (flfth article) that long-term treatment with the MAOI

moclobenùde increases the evoked release of [3H]NA in the hippocampus. It thus appears that

sorne presynaptic mechanisms, not related to a desensitization of cx2-adrenergic autoreceptors,

contribute to increase NA neurotransnùssion. This nùght he attributed to an increased 5-HTinput

at the 5-HT3 receptors that enhance the release of NA inasmuch as the sensitivity of these

receptors was found unaltered after long-term moclobenùde treatments (flfth article). Overall,

these results suggest that after long-term MAOI treatments the decreased fIring acti'lity of NA

neurons is counteracted by an increased release per action potential of NA from ternùnals.

We have seen that long-term TCAs and ECS do not generally have pronùnent 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 5-HT neurotransnùssion by their long-term action on

postsynaptic 5-HTreceptors. For instance, many investigations (sections 8.1.1 and 8.1.2) as weil

as our present results (third article) indicate that the sensitivity of 5-HT1A receptors that inhibit

the fIring activity ofCA3 pyranùdal neurons is increased b~llong-term treatments with TCAs and

by ECS. Furthermore, the fact that the sensitivity of cxz-adrenergic heteroreceptors was not

changed by ECS (third article) brings forth another argumentindicating that the increased 5-HT

neurotransnùssion produced by this type of treatment does not involve presynaptic receptors on
5-HT neurons.

Several indications would suggest that another pronùnent effect of TCAs and ECS is to

decrease NA neurotransnùssion in the hippocampus. Although the results remain controversial,

sorne studies indicated thatthe frring activity ofLCNA neurons is decreased by long-term TCAs.

Second, the expression of the synthesizingenzyme ofNA, tyrosine hydroxylase, is decreased by
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ECS and by TCA treatrnents (section 7.1 and 7.2). Third, 13-adrenergic functions and receplor

number are also decreased by these treatrnents. We have also learned thal long-lerm treatrnents

with TCAs thathaveeitherweakor no NA reuptake potency, such as trimipramine, do notchange

the amountofNAreleased from terminals nor the sensitivity ofthe 5-HT3 receplors 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 thal there is no net increase in NA neurotransmission

after long-term treatrnents with this drug since it desensitized the 5-HT3 receptors that enhance

the release of NA in addition 10 the 13-adrenoceptor:.

Despite the fact that the sensitivity of 5-HT3 and <X2-adrenergic heteroreceplors was not

changed by the TCA trimipramine and ECS, il is important to emphasize that there is evidence

indicating that interactions between the NA and 5-HT systems are important in the mechanism

ofaction ofthese types ofantidepressanttreatrnents. Forexample, the s~nsitization ofthe 5-HTIA

receptors that inhibit the fJring rate ofCA3 pyramidal neurons by long-termTCA treatrnenls was

prevented by lesions of the noradrenergic neurons 12. Furthermore, the desensiti.lation by long­

term desipramine treatrnents of the 13-adrenergic mediated production ofcAMP in the cerebral

cortex was prevented by lesions of the serotonergic fibers 1.

It was also of interest to consider the effects of sorne atypical antidepressant drugs. Long­

term treatrnents with mianserin and idazoxan share with classical noradrenergic antidepressanl

drugs (inhibitorsofMAOandNAreuptake) the ability to desensitize <X2-adrenergic heteroreceplors

(third article). This desensitization is mosllikely explained by an increased synaptic concentra­

tion of NA during the treatrnenl, resulting from the blockade of <X2-adrenergic aUloreceplors

(sections 7.5 and 8.1.5). Interestingly, the main metabolite of antidepressanl drugs of lhe

azapirone family, I-PP, blocks also <X2-adrenergic aUloreceplors (sections 7.5 and 8.1.5).

Therefore, long-term treatrnents with azapirones should theoretically desensitize <X2-adrenergic

heleroreceplors like idazoxan and mianserin did. Il would be ofinteresl to verify this assumplion

using the sameelectrophysiologicalparadigmwithclonidine. Azapirones, similarly 10 SSRIs and

MAOIs, were shown to desensitize 5-HTIAautoreceplors on 5-HTneurons (section7.5), and the

5-HTIA agonisl activity of these agents may increase the serolonergic inpul al poslsynaptic 5­

HTIA receplors ~ince they do nOl desensitize these receplors (section 8.2.1). Il is possible that

the latter two properties, in addition 10 the desensitization of <X2-adrenergic heteroreceplors, acl

logether 10 increase 5-HT neurotransmission after long-term treatrnents with azapirone antide­

pressanl drugs.
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The status of the NA neurotransmission after these treatrnents can be debated from the

results presently available. The enhancing effect of the small dose ofclonidine that is mediated

by o.2-adrenergic autoreceptors was markedly reduced after the idazoxan and mianserin

treatments (third article). Studies which have directly assessed the function of terminal 0.2­

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 peraction potential is decreased after treatments with

antidepressant drugs that block o.2-adrenoceptors. The NA input at postsynaptic targets, such as
the o.2-adrenergic heteroreceptors, should consequently be decreased (third article). Further­

more, the sensitivity of postsynaptic ~-adrenoceptors was shown to be decreased by long-term

mianserin treatments (section 8.2.2). Nevertheless, it is not clear if the net effect of these agents

is to decrease NA neurotransmission considering that, during treatment, these agents block 0.2­

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 ofdepression. It was recently shown thatdepressive

patients respond more rapidly to medication when they are treated with the combination of a

selective NA reuptake inhibitor plus a SSRI than with eitherdrug alone23.29.Yet, antidepressant

drugs that either block NA or 5-HT reuptake are equally effective in the treatment of

depression35. Il could be argued from these data that an antidepressant drug that desensitizes the

o.2.adrenergic heteroreceptors on S-HT fibers, by blocking NA reuptake, as weil 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 S-HT and

desensitize o.2.adrenergic heteroreceptors, treatments with these drugs would not produce rapid

antidepressant responses because they do not desensitize terminalS-HT autoreceptors5. It will

be of interest to follow up the clinical trials with compounds such as duloxetine and venlafaxine,

which potently block both NA and 5-HTreuptake22.34,"s data suggest that these drugs may exert

a more rapid and robust antidepressant response25,32. Al1oth'~r strategy could be to use a potent

o.2.adrenergic autoreceptor antagonist as an adjunctive therapy to a SSRI treatment. Idazoxan,

for instance, would be a treatrnent ofchoice as this drug is as effective as aNA reuptake blocker

to desensitize o.2-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. Sirnilarly to classical antidepressant

drugs, administration of low doses of ondansetron, zacopride or tropisetron reduced the

behavioral defidts produced by uncontrollable foot-shocks I9. It is possible that the 5-HT3
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receptors that enhance the release of NA are implicated in this "antidepressant" effec!. The

reversal of helplessness behaviors by antidepressant drugs is thought to be related to an increase

in S-HT neurotransmissionzO. In this contex!, it might be argued that by blocking S-HT3

receptors. the purported negative feeback mediated by these receptors and the lXz-adrenergic

heteroreceptors (fig. 1) is impaired and therefore allows agrealer release ofS-HT. However. this

is highly speculative. and data indicating that S-HT3 antagonists are effective antidepressive

agents in hurnans are awaited before exploring further this possibility.

Overall. our results suggest that there are interactions between the NA and S-HT systems

in tenninal areas such as the hippocampus. and that these are altered by sorne. but not all.

antidepressant treatrnents. Nonetheless. a global picture of the NA - S-HT interactions in the

whole brain can hard1y be outlined at the present lime because there are no data concerning the

relative contribution ofsimilar interactions in other brain areas. It was mentionned. for instance.

that there are a-adrenoceptors and S-HT receptors that modulate the fuing activity of DR and

Leneurons (section 9.4). We do notknow whether these receptors or those in lenninal areas are

predorninantly affected by the administrationofnoradrenergic and serotonergic agents. It would

also be of interest to explore whether these receptors modulating cell fuing are involved in the

mechanism of action of antidepressant treatrnents. This might weil be the subject of future

investigations.
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