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RÉSUMÉ

L'implication des systèmes monoaminergiques centraux dans la régulation de

l'humeur, particulièrement celle des systèmes sérotonergique (S-HT) et

noradrénergique (NE), est chose connue depuis maintenant près de quarante

années. Les différentes classes de molécules prescrites pour traiter les différents

troubles affectifs influent d'ailleurs directement sur la transmission médiée par

ces systèmes, que ce soit à l'étape de leur synthèse, de leur relâchement, de la

stimulation de leurs récepteurs, de leur recapture ou encore de leur dégradation.

La théorie prédominante veut que l'augmentation de la transmission

sérotonergique soit la voie de convergence finale des traitements

antidépresseurs existants.

Des études pharmacologiques et électrophysiologiques ont montré que les

le contrôle du taux de décharge et du relâchement de 5-HT par les neurones du

noyau raphé dorsal, ce qui en font une cible extrêmement intéressante pour de

nouvelles molécules adjuvantes dont le rôle serait de potentialiser, voire

accélérer l'action des molécules antidépressantes déjà cliniquement utilisées.

Car si l'augmentation des niveaux synaptiques deS-HT semble être le but ultime

des traitements antidépresseurs actuels, elle n'est pas observée suite à

l'administration aigüe de ces composés et dépenderait de la désensibilisation

des récepteurs S-HT1A du raphé dorsal, un phénomène d'ailleurs corrélé



5

temporellement avec le délai d'action clinique de deux à trois semaines associé

à la prise chronique d'antidépresseurs et ce, quelque soit leur classe.

La caractérisation de l'impact, sur la fonction des systèmes 5-HT et NE, de la

délétion du gène codant pour le récepteur 5-HT1Achez des souris, est un moyen

de choix pour évaluer l'importance du récepteur dans ces systèmes.

Des enregistrements électrophysiologiques extracellulaires unitaires ont donc été

effectués dans des neurones 5-HT du raphé dorsal de souris mutantes

dépourvues de récepteurs 5-HT1A pour en déterminer le taux de décharge

spontané, en parallèle avec des expériences de superfusion de tranches de

cerveau préincubées dans une solution de 5-HT ou de NE marquée au tritium,

paradigme servant à évaluer la sensibilité des autorécepteurs

somatodendritiques 5-HTm mésencéphaliques ainsi que des autorécepteurs

t corticaux et hi

déterminer s'il y a sublimation de la .fonction des récepteurs 5-HT1A .par ces

autres récepteurs qui contrôlent aussi de manière importante les neurones 5-HT

et NE.

Dans le cadre de nos études, il a été démontré que de la disparition de la boucle

de rétroaction. négative médiée par l'activation des autorécepteurs

somatodendritiques5-HT1A résulte en une drastique augmentation (90%) du taux

de décharge spontané des neurones 5-HT du raphé dorsal chez les souris
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mutantes, sans pour autant que la sensibilité des autres autorécepteurs étudiés

n'ait été altérée. Cette observation, additionnee à la perte de l'activité inhibitrice

médiée par les récepteurs 5-HT1A postsynaptiques, confirme l'état

hypersérotonergique de ces souris, expliquerait le phénotype anxieux de ces

souris et soutiendrait le rôle indispensable du récepteur 5-HT1A dans le contrôle

de l'activité neuronale sérotonergique.
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ABSTRACT

The implication of central noradrenergic and serotonergic systems in the control

of mood has been known for fortY years. Indeed, the different classes of

molecules prescribed in the treatment of major depression directly interfere with

the transmission mediated by these amines, either at the level of the synthesis,

the release, the stimulation of receptors, the reuptake or the degradation.

According to the leading theory in the field, the increase in serotonergic

transmission is the final convergence point of currently prescribed antidepressant

drugs.

accelerate augmentation

of synaptic levels of 5-HT, thought to be necessary for the beneficial action .of

antidepressants in mood, does not immediately occur subsequent to acute

administration of those molecules but depends on the desensitization of 5-HT1A

somatodendritic autoreceptors located in the dorsal raphe, a phenomenom

temporally correlated with the onset of action of ail antidepressant classes.

Pharmacological and electrophysiologicalstudies have shown the essential role

of the somatodendritic 5-HT1A autoreceptor in the control of dorsal raphe 5-HT

neuronal firing frequency and release; these characteristics make this receptor

fOL .. ad'uvant drugs that potentiate or
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The characterization of the impact of 5-HT1A receptor gene deletion on 5-HT and

NE neuronal function is thus an interesting mean to further evaluate this

receptor's importance in these circuitries.

Extracellular unitary electrophysiological recordings have been performed in DR

5-HT cells of mice lacking 5-HT1A receptors to measure the spontaneous firing

rate. At the same time, superfusion experiments of brain slices preincubated with

tritiated 5-HT or NE have been conducted to evaluate the sensitivity of 5-HT10

somatodendritic autoreceptors in the mesencephalon, of terminal 5-HT1B and U2

adrenergic autoreceptors in the prefrontal cortex and hippocampus and of U2

adrenergic heteroreceptors in the prefrontal cortex and hippocampus to see if

the function of the 5-HT1A receptors has been sublimated by these receptors.

Within the context of our studies, it has been concluded that the removal of the

autoreceptors results in a drastic increase (90%) in the spontaneous firing rate of

5-HT-DR cells null mutant animais, without any concomitant modification in the

sensitivity of the other autoreceptors examined. This observation, in addition with

the los8 of the postsynaptic 5-HT1A receptors inhibitory action, confirms the

hyperserotonergic state of these mice, fits weil with their anxious behavior and

supports the pivotai role of the 5-HT1A receptor in this network.
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PREFACE AND CONTRIBUTION OF THE AUTHORS

The following text is cited from "Guidelines Concerning Thesis Submission" in

accordance with the regulations:

"As an alternative to the traditional thesis format, the dissertation can consist of a

collection of papers of which the student is an author or co-author. These papers

must have a cohesive, unitary character making them a report of a single

program of research. The structure for the manuscript-based thesis must

conform to the following:

1. Candidates have the option of including, as part of the thesis, the text of one or

more papers submitted, or to be submitted, for publication, or the clearly

duplicated text (not the reprints) of one or more published papers. These texts

line spacing and margin sizes and must be bound together as an integral part of

the thesis (Reprints of published papers can be included in the appendices at the

end of the thesis).

2. The thesis must be more than a collection of manuscripts. Ail components

must be integrated into a cohesive unit with a logical progression from one

chapter to the next. In order to ensure that the thesis has continuity, connecting

texts that provide logical bridges between the different papers are mandatory.
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3. The thesis must conform ta ail other requirements of the "Guidelines for Thesis

Preparation" in addition ta the manuscripts.

The thesis must include the following:

a) a table of contents;

an abstract in English and French;

b) an introduction which clearly states the rational and objectives of the

research;

c) a comprehensive review of the literature (in addition ta that covered in the

introduction ta each paper);

d) a final conclusion and summary.

4. As manuscripts for publication arè frequeritly very concisèdoc:umehts, ""hèrè

appropriate, additional material must be provided (e.g., in appendices) in

sufficient detail ta allow a c1ear and precise judgement ta be made of the

importance and originality of the research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate

must have made a sl..lbstantial contribution ta ail papers included in the thesis. In

addition, the candidate is required ta make an explicit statementin the thesis as

ta who contributed ta such work and ta what extent. This statement should
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appear in a single section entitled "Contributions of Authors" as a preface to the

thesis. The supervisor must attest to the accuracy of this statement at the

doctoral oral defence. Since the task of the examiners is made more difficult in

these cases, it is in the candidate's interest to clearly specify the responsibilities

of ail the authors of the co-authored papers."

ln order to conform to the above-stated regulations, 1would Iike to mention the

contribution of the following people:

My supervisor Dr. Pierre Blier, for guiding the project and preparing the

manuscript; Dr. René Hen's group at Columbia University for their work in

creating the 5-HT1A null mutant animais used in our experiments; Claude

Bouchard and Normand Lavoie for their general technical assistance; Dr.

Gabriella Gobbi in teaching me the rudiments of "in vivo" extracellular

help: Steven T.Szabo, Tarek Zghoul, Helene Cameron, Guillaume Lucas,

Malika Robichaud and Jordanna Bermack.
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Since the first antidepressant drugs were discovered serendipitously, it took a

few years to find out that they interfere with noradrenergic (NE) and serotonergic

(5-HT) neurotransmissions (Schildkraut, 1965). In 1964, it was suggested that

tricyclic antidepressants block NE reuptake, a discovery that converged with the

already-known capacity of monoamine oxydase inhibitors to inhibit its catabolism.

Consequently, the catecholamine deficit theory of affective disorders was born.

The understanding of the antidepressants mechanism of action further

broadened to include 5-HT neurotransmission as a critical variable in the

equation, an idea that eventually lead to the development of selective serotonin

reuptake inhibitors (SSRls) and 5-HT1A receptor agonists (Blier and deMontigny,

1994). The progress in molecular biology then allowed the c10ning of a multitude

of receptor subtypes for the two transmitters (7 for NE and 15 for 5-HT) and

brought investigators to search for the receptors particularly involved in

controlling the firing rate and the transmitter release. As an increase in both NE

antidepressant treatments, the selective receptors is one of the

future steps in the quest for more efficient and tolerable drugs.

Pharmacological and electrophysiological studies supported the view of the 5

HT1A receptor as one of these critical receptors (Blier et aL, 1998) modulating 5

HT and NE systems. After reviewing the basic knowledge of 5-HT and NE

systems from neuroanatomical, pharmacological, biochemical and

electrophysiological perspectives, the issue of the interaction between the two
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systems will be addressed, paving the way to the presentation of our study on

the 5-HT1A knockout animais.
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1.1 THE SEROTONERGIC SYSTEM

1.1.1 NEUROANATOMY

Using histochemical fluorescence and autoradiography, 5-HT-containing cell

somata have been found in high concentrations along the midline of the brain

stem, clustered in the nine raphe nuclei (81-89). The pontine and medullary

nuclei project caudally to the spinal cord which explains the involvement of 5-HT

in motor control, pain perception and visceral regulation (Graeff, 1997). Rostrally

lie the midbrain nuclei, the two more important beingthe dorsal (DRN) and

medial raphe (MRN) nuclei. These groups of neurons massively innervate the

forebrain (as no other classical transmission system does in terms of density)

where they modulate the function of areas involved in affectivity, cognition and

neuroendocrine control (Azmitia, 1978).

Six pathways stem from the DRN and the MRN with only two them proceE~dirlg

through the medial forebrain bundle (MF8). There is a certain level of topography

in these projections as sorne brain areas are selectively innervated by one of

these two nuclei while others receive mixed afferences (Graeff, 1997). For

instance, the 5-HT terminais connecting the septum and dorsal hippocampus

mostly emanatefrom MRN neuronal bodies while those reaching the amygdala

and the ventral hippocampus mainly originate from the DRN. The hypothalamus

receives projections from both nuclei which remain segregated, the DRN and
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MRN respectively sending axons to the medial and lateral parts of this region.

One of the fiber systems to comefrom the dorsal raphe isthe periventricular tract

(ORPT) which supplies the periventricular hypothalamus, the periventricular

thalamus and the midbrain periaqueductal gray matter (PAG), three areas

formed of undifferentiated gray matter and which encircle both the third ventricle

and the acqueduct of Sylvius. The dorsal raphe-cortical tract (ORCT) and the

dorsal raphe-forebrain tract (ORFT) are also formed of axons whose cell bodies

are located in the ORN. They notably, but not restrictively, send projections to the

basal ganglia, more specifically to the caudate-putamen and the globus pallidus,

respectively. Besides, the ORCT massively innervates ail thelayers of the

parietal and temporal neocortex in a highly branched manner. The piriform and

temporal cortices receive ORFT fibers in parallel. The MRN-cortical projections

pass through the MFB and extend to the frontal, cingulate and entorhinal

cortices.

ln addition of their different patterns of innervation, the

originating either from the ORN or the MRN also differ by the nature of their

terminais, as shown by many electron microscopy· studies (Molliver, 1987).

Indeed, the axons whose cel! bodies are located in the dorsal raphe (0 fibers)

are comparatively fine, profusely branched in their target areas and endowed

with small pleomorphic varicosities which makes the occurence of synaptic

contacts difficult to demonstrate. Oppositely, the fibers to emanate from the MRN

(M fibers) are thicker and terminated in large beaded spherical varicosities which
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make better-defined synapses on target ceUs. These anatomical differences are

further strengthened by lesion studies done with halogenated amphetamines,

such as para-chloramphetamine showing the selective destruction of D but not M

fibers (Blier et al., 1990).

Although the relevance of this duality remains largely unexplored, the high

numberof non-specialized neuronal terminations, in addition to the existence of

extrasynaptic receptors for this transmitter, supports the view of the 5-HT system

as a modulatory system operating through "volume transmission" (Descarries

and Mechawar, 2000), setting the tone of under way synaptic transmission. The

specificity of action of such a system is lessened as compared to classical

synaptic transmission but compensated by a broader range of action. It is also

dependent on the diversity of receptors and their respective patterns of

expression.
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names

5-HT1A

5-HT1-like

5-HT1X

5-HT1D~

rodent 5-HT1B 5-HT1D

5-HT1-like

5-HT1X

5-HT1Da

19

Selective 8-0H-DPAT 8umatriptan CP93129 Sumatriptan

agonists Flesinoxan PNU109291

Selective WAY100635 GR127935 GR127935 GR127935

antagonists SB224289 cyanopindolol BRL15572

Transductional Inhibition Inhibition Inhibition Inhibition

properties adenylyl adenylyl adenylyl adenylyl

cyclase cyclase cyclase cyclase

5-HT2B 5-HT2c 5-HT3 5-HT4

Previous 5-HT2F 5-HT1C M

names

Selective BW723C86 R0600175 SR57227 Cisapride

agonists m-chlorophe- BIMU8

nylbiguanide

Selective SB204741 8B242084 MDL72222 GR113808

antagonists RS102221 Ondansetron 8B204070

Transductional Induction Induction Cation channel Stimulation

properties Inositol Inositol opening adenylyl

phosphates phosphates cyclase



5-HT1E 5-HT1F 5-HT2A

Previous 0

names 5-HT2

Selective LY344864

agonists LY344370

Selective Ketanserin

antagonists MDL100907

Transductional Inhibition Inhibition Induction

properties adenylyl adenylyl Inositol

cyclase cyclase phosphates

5-HTsA 5-HTsB 5-HT6 5-HT7

Previous 5-HT1-like

names 5-HT1Y

"orphan"

agonists

20

Transductional Inhibition

Selective

antagonists

properties adenylyl

cyclase??

R0046790

R0630563

Stimulation

adenylyl

cyclase

S8258719

Stimulation

adenylyl

cyclase

TABLE 1. Classification of 5-HT receptors. Based on Saxenaet aL, 1998.
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Antidepressant Responsiveness Function of Function of Responsiveness NetS-HT
Treatment of terminal S-HT terminal Œ2- of S-HT1A transmission

somatodendritic autol'eceptors adl'energic postsynaptic
S-HT1A l'eceptors l'eceptors receptors

Selective serotonin Decreased Decreased NC NC Increased
reuptake inhibitors
Monoamine Decreased NC Decreased NC or decreased Increased
oxidase inhibitors
5-HT1A agonists Decreased NC ND NC Increased
Tricycfic NC NC ND Increased Increased
antidepressants
Electroconvu/sive NC NC NC Increased Increased
shocks

TABLE 2. Effects of long-term administration of antidepressant drugs on the
serotonergic system. From the work of Blier and deMontigny 1994; Ne = no
change; ND = no data. Reproduced with permission.
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1.1.2 RECEPTORS SUBTYPES

Progress in molecular biology has permitted the cloning of fifteen receptor

subtypes activated by 5-HT in vertebrates (Murphy et al., 1998), each of them

adding to the complexity of the system by their unique pattern of expression,

cellular localization (pre- or postsynaptic) and regulation. Each of those subtypes

are transmembrane G-protein coupled metabotropic receptors with the exception

of the 5-HT3 receptor, a pentameric ligand-gated ion channel (Marick, 1991).

Those receptors are grouped in seven distinct families (5-HT1-5-HTy) based on

their homology and second messenger machinery (Table 1).

The 5-HT1 receptors are a relatively well-characterized family, on which a special

emphasis will be placed since their role as presynaptic autoreceptors controlling

the firing rate and the release of 5-HT is imperative to the relevance to the

to this family so far: the 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E and 5-HT1F. by

intronless genes (365-422 amine acids), they share an average sequence

homology of 40%. They are predominantly coupled to Gj or Go and their

activation by ligand binding produces either an inhibition of AMP formation (Gj) or

an opening of K+ channels (Go) (Stamford, 2000).



23

5-HT1A RECEPTORS

The 5-HT1A receptor is expressed throughout the CNS both pre- and

postsynaptically (Hamon, 1997). Presynaptically, it is mainly found on the cell

bodies of MR and DR-5-HT neurons where it assumes the role of an inhibitory

somatodendritic autoreceptor controlling the firing rate (Blier et al. 1987) and the

release of 5-HT from projection areas (Kennet! et al. 1987; Bohmaker et al.

1993), as shown by extensive pharmacological studies with 5-HT1A agonists such

as 8-0H-DPAT. Conversely, in awake cats, the blockade of this receptor by the

systemic administration of the 5-HT1A antagonist WAy -100635 increases 5-HT

neuronal activity (Fornal et al. 1996). Also of interest, presynaptic 5-HT1A-R

activation induces hyperphagia and anxiolytic-like effects in behavioural

paradigms (De Vry, 1995).

Postsynaptically, high amounts are found in the hippocampus, septum and

am dala, structures that are ail part of the limbic system. Their activation .also

a in postsynaptic ceUs· (Sprouse and

Aghajanian, 1988). Stimulation of the postsynaptic 5-HT1A receptors classically

results in a so-called "5-HT syndrome" including a fiat body posture, forepaw

treading, headweaving hypothermia and ACTH release (Wilkinson and Dourish,

1991).

Partial 5-HT1AR agonists,such as buspirone andgepirone, are clinically used in

the treatment of anxiety disorders (Coplan et al. 1995).
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5-HT1BRECEPTORS

Although the 5-HT1B receptors are less ubiquitous than the 5-HT1A, they are still

found in high concentrations in many different regions of the brain such as the

basal ganglia, the striatum and the frontal cortex, where they act as terminal

autoreceptors (Hervas, 1998). Negatively coupled to adenylate cyclase, they

were originally thought to be present only in rodents, based on a different binding

affinity to compounds such as the p-adrenoreceptor antagonist cyanopindolol.

Following its sequencing, the murine 5-HT18 receptor was discovered to share

93% of overall homology and 96% of identity in the transmembraine domains

with the previously cloned human 5-HT1D~ receptor, which is only found in higher

species. Considering that the human 5-HT1D~ receptor is distributed similarly to

the rodent 5-HT18 and that their different pharmacological profiles have been

explained bya single mutation in the transmembrane spanning region, they were

(formerly 5-HT1D~) and r5-HT1B,withthe h and r prefix referring to the human and

ratspecies respectively (Hartig et aL, 1996).

The 5-HT18 receptor controls 5-HT release at the serotonergic terminais. For

instance, in microdialysis experiments, Lv. administration of the specifie 5-HT1B

receptor agonists CP93,129 decreases the amount of 5-HT in the hippocampus

of rats (Hjorth and Tao, 1991). The protein is thus in an interesting position to

attenuate any acute and transient extracellular increase in 5-HT to occur in
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projection areas innervated by serotonergic afferents. Because many classes of

antidepressants produce such an effect, the use of potent and selective 5-HT18

antagonists as adjuvants could prevent such a negative feedback and facilitate

serotonergic transmission (Hervas, 1998).

Interest in molecules with 5-HT1B agonistic properties have also been amplified

by the discovery of the antimigraine properties of the 5-HT1B/5-HT1D agonist

sumatriptan, a compound which may act .either through the 5-HT18 receptors

located on cerebral arteries (their activation mediates vasocontriction) or those

located on trigeminovascular afferents (whose activation blocks neurogenic

inflammation and nociceptive transmission) (Hamel, 1999). Additional evidence

supports an action through 5-HT18 autoreceptors located on 5-HT neurons

themselves.

As aforementioned, this receptor was originally found to share a considerable

degree of homology with the murine 5-HT1B receptor (Hartig, 1996). However in

humans, the story was complicated by the sequencing of not only one but two

genes encoding for S-HT1D receptors: 5-HT1Du and 5-HT1D13' The issue was

eventually resolved by the cloning of a rat5-HT1D receptor which shares a high

homology and a similar pattern of expression (r5-HT1D receptor mRNA has been

found in the caudate-putamen, nucleus accumbens, hippocampus, cortex, dorsal

raphe and locus coeruleus (Hoyer et aL, 1991) with the hS-HT1Du. Given such
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similarities, this rat receptor has been named r5-HT10 and is now considered

homologous to the human 5-HTlOa, which itself is now classified as h5-HTlO (see

above for the nomenclature concerning the 5-HT1D(3).

The presence of 5-HTlO mRNA in the raphe suggests a role of somatodendritic

autoreceptor for this protein, in complement with the 5-HT1A receptors. Indeed,

sumatriptan reduces the electrically-evoked release of tritiated 5-HT from

preincubated mouse mesencephalic slices (Pineyro, 1995). The rationale behind

this apparent redundancy is unsettled, but the control of 5-HT release mediated

by the 5-HTlORdistinguishes itself from the one exerted by the 5-HT1AR by its

firing rate independency (Stamford et al., 2000). This property, added to different

expression patterns and gene regulations, likely contributes to the plasticity of the

serotonergic system.
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1.1.3 BIOCHEMISTRY

SYNTHESIS

The biochemical pathway responsible for 5-HT synthesis starts with the

precursor, the amino acid L-tryptophan, whose availability is dependent upon the

diet. Us transport fram blood to brain is facilitated by a heutral amino acid carrier

{the leucine-preferring (L) transport system according to. Christensen's

nomenclature (Bannai et al. 1984)}, like other amino acids phenylalanine, leucine

and methionine. The concentration of .the other amino acids competing for the

carrier thus has a major influence on its transport thraugh the blood-brain barrier.

Indeed, a tryptophan depletion paradigm exploiting this characteristic has been

developed and is used clinically to evaluate the relatiohship between brain 5-HT

levels and the mechanism of action of psychotherapeutic drugs (Young, 1996).

ptophan (5-HTP),

reac:tion catcllyzE:ld by is

specifie to cells.that synthetise 5-HT. The Km of this enzyme for tryptophan is 30

60<pM (Frazer and Hensler, 1999), a concentration similar to that of tryptophan in

the brain. If the concentration of tryptophan in the whole brain truly representsits

concentration in 5-HT neurons, the enzyme is hot saturated under normal

conditions: the synthesis of 5-HT in brain should consequently follow tryptophan

levels. This is the case, even though the relationship is not completely

straightforward and is yetto be fully understood (Frazer and Hensler, 1999)
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The third step in the 5-HT biosynthesis pathway is the conversion of 5-HTP to 5

HT, a reaction catalyzed by the aromatic L-amino acid decarboxylase (MDC), a

soluble pyridoxal-5'-phosphate-dependent enzyme. MDC is not specifie to 5-HT

neurons since it is also expressed in dopaminergic neurons, where it catalyses

the transformation of 3,4-dihydroxyphenylalanine (DOPA) to dopamine. The Km

of the enzyme for 5-HTP, 10 IlM, makes it far from being saturated under normal

conditions. A supplementation in 5-HTP thus leads to an increase in 5-HT

synthesis, but also causes non-selective synthesis and release of 5-HT by

dopaminergic ceUs.

STORAGE

5-HT is stored in typical synaptic vesicles via active transport from the cytoplasm

as a result of an electrochemical gradient generated by a vesicular H+-ATPase

(D.~:lI~"liQr 2000), uptake·of cytoplasmic amine is extrusion of a

proton. The effects of the monoamine-depleting drug reserpineon mood, which

is one of the tenets of the monoamine hypothesis of depression, is due to the

specifie blockade of the particular isoform of this vesicular pump in

monoaminergic CèUS, the vesicular membrane transporter 2 (VMAT2) (Weihe,

1994; Peter, .1995). Part of the mood-enhancing effects produced by the 5-HT

releasers fenfluramine and MDMA is also mediated by their association to the

substrate-binding site of VMAT2 (Bankson and Cunningham, 2001). This
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interaction with the transporter would interfere with 5-HT uptake and cause the

transmitter to be massively released by a nonexocytotic mechanism.

REUPTAKE

FoUowing Ca2+-dependent release of 5-HT and subsequent stimulation of pre- or

postsynaptic receptors, 5-HT is pumped back into the ceUs through a specifie 12

transmembrane domain membrane carrier, the serotonin transporter (SERT). In

the CNS, SERT mRNA is only found in the 5-HT ceUs of the raphe nuclei, which

makes it a highly specifie way to identify those ceUs (Zhou, 1996). The transport

role of this membranous protein is supported by lesion studies showing that the

selective destruction of central 5-HT neurons is associated with a marked

decrease in the high-affinity uptake of eH]5-HT in brain areas innervated by 5-HT

afferences (Marcusson, 1988).

process is dependent on temperature and extemal Na+ and cr and is even

blocked by Na+/K+ ATPase inhibitors. From this evidence, a model has been

developed where the energy necessary to the 5-HT reuptake is used to maintain

the Na+ gradient across the membrane rather than to be directly used in the

transport of 5-HT. According to this model, one Na+, one cr and one protonated

5-HT must bind to the transporter to generate a conformational change (a

process that might involve the opening of a pore) and aUow transmitter reuptake

(Frazer and Hensler, 1999).
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SERT shares about 50% of homology with the transporters for norepinephrine

(NET) and dopamine (DAT), which is sufficient to provide pharmacological

specificity since the more conserved regions are found in TMDs 1, 2, 4 and 8,

regions not directly involved in ligand binding. Indeed, secondary amine tricyclic

antidepressants, such as desipramine, are 25- to 150-fold more potent at

blocking the reuptake of NE than 5-HT (Finn et aL, 1998). Some drugs, like

cocaïne, can block ail three transporters.

This transporter is the primary target of both tricyclic antidepressants and SSRls,

and its blockade would eventually lead to an increase of 5-HT in the synaptic

terminais, a final effect common to ail major classes of antidepressants and

thought to be necessary to their clinical action (Table 2).

The intracellular breakdown of 5-HT is accomplished by the mitochondrial

enzyme monoamine oxydase (MAO), a flavin-containing enzyme that converts S

HT to S-hydroxyindoleacetaldehyde, a productsubsequently oxidized in the brain

to yield S-hydroxyindolacetic acid (S-HIAA) by an NAD+-dependent aldehyde

dehydrogenase (Weyler, 1990). Two different isoforms of MAO are known to

existin monoaminergic cells, MAO-A and MAO-B; they share 70% of homology

(Bach et aL, 1988; Grimsby, 1991). MAO-A preferentiaUy degrades S-HT and NE

over DA while the opposite is true for MAO-B. However, thissubstrate preference



31

is not absolute, as each isoform can take over and degrade the transmitter it is

not a priori suited for. Selective inhibitors exist for the two enzymes. For instance,

MAOls, like clorgyline, and the more selective RIMAs (reversible inhibitors of

MAO-A), like moclobemide, target the type A and are clinically used in the

treatment of mood disorders. When chronically administered, these molecules

enhance 5-HT and NE transmission by increasing the levels of unmetabolized

transmitter in the neurons and, consequently, the amount of action potential

dependent transmitter release (Blier et al. 1986). Deprenyl is a molecule which

preferentially inhibits the type Band is used to counteract the dopamine deficit in

Parkinson's disease.

Curiously, 5-HT neurons predominantly contains MAO-B (Jahng, 1997). A role in

preventing the accumulation of a false transmitter would explain this observation.

ln any case, the observation of increased brain levels of 5-HT following the

in 5-HT catabolism.

1.1.4 ElECTROPHYSIOlOGY

The serotonergic raphe neurons fire action potentials at slow and steady rate in

different species (Jacobs, 1991; Vander Maelen and Aghajanian, 1983). This

firing pattern is attributed to the pacemaker alternation of hyperpolarization and

depolarization ramps involving a calcium-dependent K+ outward current and a



32

low threshold T-type Ca2+ current (Aghajanian, 1982 and 1984). A voltage

dependent outward K+ current is also implicated and simultaneously activated

with the T current. Known as the lA current, its opening slows down the rate of

depolarization and thus the firing frequency of the Gall.

Interestingly, the firing rate of these ceUs is more influenced by the behavioral

state than the environmental stimulation, at least in cats (Jacobs and Fornal,

1993). Indeed, the DR 5-HT neurons pass from an average firing frequency of

1.5 Hz during slow wave sleep to an average of 4-7 Hz during behavioral

activation (Jacobs, 1991). Furthermore, they are virtually silent during REM

sleep, a observation which is temporally correlated with muscle atonia. However,

pain, hot environment exposure, increase in blood pressure, insulin-induced

hypoglycemia, painful stimuli and physical restraint were not found to affect their

activity (Jacobs and Fornal, 1993). These observations, in addition with the

stereotyped oral-buccal movements in cats, a strong

between motor output and 5-HT neuronal activity (Jacobs and Fornal, 1993).

Such a link should be kept in mind when interpreting.data gathered with common

paradigms used in antidepressant research.
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1.2 THE NORADRENERGIC SYSTEM

1.2.1 NEUROANATOMY

The Locus Coeruleus (LC), an irregular aggregate of pigmented cells located

nextto the periventricular gray matter of the superior portion of the fourth

ventricle, is the major supplier of noradrenergic fibers in the brain. In rats, it

corresponds to group A6 following Dahlstrôm and Fuxe's nomenclature

(Dahlstrôm and Fuxe, 1964). In humans, the nucleus is partially immixed with the

mesencephalic nucleus of the trigeminal nerve, although the large globular

neurons of the latter nucleus are also present dorsaUy and rostrally at the

outskirts of the central gray matter (Pearson et aL, 1990). LC neurons can be

divided in two categories: medium-sized round ceUs with eccentric nuclei and

important clumps of melanin granules, and smaU oval non-pigmented ceUs with

more of those two types of can be

and constitutes the nucleus subcoeruleus (NSC).

Unlike other noradrenergic groups of neurons dispersed in the pontine and

meduUar lateral tegmentum (AS and A7), the LC-NE neuronsform a compact

entity. Their projections reach the telencephalon, the diencephalon, the midbrain,

the cerebellum, the pons, the meduUa, and the spinal cord. The LC thus appear

to be a specifie transmission system (Parent, 1996).
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The LC and SCN-NE cells, as revealed by immunohystochemistry, are partly

intermixed with neurons secreting many different neurotransmitters. The list

includes acetylcholine, y-aminobutyric acid (GABA), 5-HT and different

neuropeptides (Fodor et aL, 1992; Jones, 1991; Pioro et aL, 1990). Furthermore,

light and electron microscopie autoradiography have shown the presence W

opioid receptors on noradrenergic neurons themselves (Beaudet, 1997).

ASCENDING PROJECTIONS

ln humans, the LC ascending projections are found throughout the neuraxis (Fig.

2A). Apart from the midbrain 5-HT system, no other reticular formation cell group

has been found to send as many projections to the forebrain (Parent, 1996). On

their way, these projections pass through the midbrain (rostrally), next to the to

the medial longitudinal fasciculus (laterally) and to the central gray matter

noradrenergic axons reach the medial forebrain bundle (MFB) by first entering

the mammillary peduncle and the ventral tegmental area. These fibers are part of

the MFB when they pass through the hypothalamus. The bundle continues

further rostrally to divide at the level of the anterior commissure, where it

separates in two bundles innervating the diencephalic and telencephalic

structures. A stria medullaris component deviates caudally to reach midline

regions of the thalamus, while the amygdala is innervated by the stria terminalis.

The noradrenergic projections to the thalamus are among the more abundant of
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their kind, innervating the intralaminar thalamic nuclei, the anterior nuclear group

and the lateral geniculate body. They account for the involvement of

noradrenaline in sleep processes (Jones, 1991). Other afferents fibers coming

from the LC go to the hippocampus, the cingulate cortex and the subiculum via

the fornix. The rostral, dorsal and lateral cortex of the frontal lobe noradrenergic

innervation is provided by the more rostral LC-proJecting fibers, which pass from

the MFB to the external capsule. Some groups of axons, smaller in siZè,

separate from the main bundle (also named "dorsal catecholamine pathway")

and proJect into the third ventricle periaqueductal and periventricular gray

maîters.

An important contigent of LC neurons (10%) innervates the cerebral and

cerebellar cortices. The superior cerebellar peduncle is the gateway of NE fibers

reaching the cerebellum, where they connect in the Purkinje cell somata vicinity

The brainstem structures such as the inferior and superior collicu li, the primary

sensory, the association nuclei as weil as a portion of the pontine nuclei are

connected by noradrenergic projections. The spinal cord also receives LC and

SCN fibers via the anterior and lateral funiculi, which innervate portions of the

anterior and intermediate gray matter at ail levels (Parent, 1996).
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1.2.2 RECEPTOR SUBTYPES

Noradrenaline produces its effects through receptors belonging to three major

families: ai, a2 and f). The distinction between a and f) receptors was originally

made upon their different affinities for synthetic derivatives of catecholamines.

For instance, the agonist isoproterenol and the antagonist propanolol

preferentially bind 2 receptors, while phentolamine is a specific blocker of K

receptors (Bylund, 1992; Bylund, 1994; Hieble et aL, 1995). The adrenergic

receptors can further be classified as aiA, aiB, aiC, a2A, a2B, a2C, Pi, P2 and f)3.

They exert many important functions peripherically both on neural and non

neural tissue, as shown in table 1. In the brain, the main adrenergic receptors to

be found are the a2 and f)i receptors.

a2 RECEPTORS

Among diverse functions, a2 receptors act as presynaptic autoreceptors

throughout the peripherical and central nervous systems, not only on

noradrenergic fibers themselves but also on non-adrenergic terminais. For

instance, the application of the a2-agonist clonidine to Le-NE cell bodies

decreases their firing rate and the release of NE in terminal regions such as the

cortex and the hippocampus (Mongeau et al., 1997). The application of the same

compound to terminal regions of the serotonergic system also diminishesthe
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release of 5-HT (Tao and Hjorth, 1992). Conversely, the antidepressive

properties of the clinically used a2-antagonist mirtazapine are partly attributable

to the augmented terminal release of 5-HT (de Boer, 1995; Haddjeri eral., 1997).

1.2.3 BIOCHEMISTRY

SYNTHESIS

The initial step in the synthesis of catecholamines dopamine and norepinephrine

is the meta-hydroxylation of their amine acid precursor, L-tyrosine, into 3,4

dihydroxy-L-phenylalanine (L-DOPA) (figure 2B). This reaction is catalysed by

the mixed-oxidase tyrosine hydroxylase (TH), an enzyme also requiring

molecular oxygen, Fe++ and biopterin (Shiman, 1971). It is a complex formed 4

subunits each having a molecular weight of 60 000 which isfound in ail

catecholamine-secreting cells. The Km of TH for tyrosine is in the micromolar

enzyme is thus the limiting step in the pathway, a major difference when

compared to the 5-HT biosynthesis pathway where tryptophan availability is the

critical variable. Indeed, marked reductions in the levels of dopamine and

norepinephrine can be achieved in the brain and in sympathetically-innervated

tissues of the periphery by competitive inhibitors of TH such as the tyrosine

analog a-methyl-p-tyrosine (AMPT) (Udenfriend et al., 1965; Engelman et al.,

1968).
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The second step is the decarboxylation of L-DOPA to dopamine, a reaction that

requires the ubiquitously expressed DOPA decarboxylase (DOC) or aromatic

amino acid decarboxylase (AADC), the same enzyme involved in serotonin

synthesis (Christenson et aL, 1970). DOC has a low Km (4 X 10-4 M) and a fast

Vmax that allows it to readily transforms L-DOPA into dopamine.

The third step, the 2-hydroxylation of dopamine, which finally yields

norepinephrine, occurs in noradrenergic and adrenergic but not in dopaminergic

cells. Dopamine ~-hydroxylase (DBH), a mixed-function oxidase and tetrameric

glycoprotein composed of 77 and 73 kDa subunits, is the enzymegoverning this

reaction which takes place inside the vesicles (Craine et aL, 1973; Lamouroux et

aL, 1987). It requires molecular oxygen and ascorbic acid as cofactors and

contains Cu2
+ which is implicated in electron transfer during the reaction. Most of

DBH is bound to the interior of synaptic vesicles, a topological observation that

trains of action potentials (Weinshilboum et aL, 1971).

STORAGE

As mentioned previously, norepinephrine· enters the vesicles through 12

transmembrane domain transporters VMAT2, vesicular transporters common to

ail monoaminergic cells and that can be blocked by reserpine. Different fram

serotonergic vesicles, noradrenergic vesicles also contain ATP, which suggests a

role of neuromodulation for the purine.
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REUPTAKE

The reuptake of noradrenaline back into the nerve terminais is carried out by the

norepinephrine transporter (NET), a 12 membrane-spanning domain protein of

617 amino acids which, as mentioned previously, shares 50% of homology with

SERT and DAT (Fraser et aL, 1999). Like its homologs, its action is Na+

dependent and blocked by inhibitors of the Na+/K+-activated ATPase. Sorne

clinically-used antidepressants, like desipramine and nisoxetine, exert their effect

by blocking the normal function of this transporter.

CATAB01l8M

Similarly to 5-HT, Norepinephrine is first metabolized to its corresponding

aldehyde by the mitochondrial enzyme MAOA. In the brain, this intermediate is

rapidly oxidized to become an acid by the enzyme aldehyde dehydrogenase.

. h level of NE and 5-HT and an a ressive

behavior in behavior tests (Cases et aL, 1995). This impulsive aggressivity was

also observed in men from a Dutch family with a point mutation in the gene

encoding MAOA and resulting in its complete inactivation (Brunner et aL, 1993).
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1.3 INTERACTIONS BETWEEN THE S-HT AND NE SYSTEMS

The idea of 5-HT and NE systems being reciprocally connected and exerting a

mutual influence is supported by both anatomical and pharmacological

evidences. Firstly, the LC receives dense 5-HT projections (which do not entirely

originate trom the dorsal raphe, however) while the DR is innervated by LC-NE

projections. Seeondly, as previously mentioned, the activation of U2

adrenoreeeptors by the Lv. administration acutely reduces 5-HT synthesis in both

hippocampus and dorsal raphe nucleus (Yoshioka ,1992). The action of clonidine

on u2-adrenoreceptors develops along three different mechanisms: 1) it shuts

down the firing rate of LC-NE through somatodendritic receptors, thus decreasing

the tonic excitatory LC-NE input (exerted through u1-adrenergic heteroreceptors)

on 5-HT neurons 2) it decreases the release of transmitter by NE terminais

through the terminal autoreceptors, also removing the LC-NE tonie input and 3) it

The issue of the LC-NE neuronal modulation by the 5-HT system has also been

addressed using a 5-HT fibers lesioning strategy. In fact, Haddjeri et al. (1997)

have found the Le-NE neuronal activity to be elevated after the destruction of 5

HT fibers with the selective neurotoxin 5,7-dihydroxytryptamine, thus unravelling

an inhibitory tone exerted by the 5-HT system on noradrenergic neurons.
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ln light of these complex interrelations, it is easy to conceive that a noradrenergic

reuptake inhibitor, like reboxetine, or a selective serotonin reuptake inhibitor, like

citalopram, may affect the activity of both systems, even if it is primarily targetting

a neuronal element belonging only to one of the two transmission systems

(Szabo et al., 2000)
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2.1 ABSTRACT

Using null mutant mice for the serotonin (5-HT)1A receptor (5-HT1A -/-),

extracellular electrophysiological recordings were first conducted to evaluate the

impact of its genetic deletion on the firing rate of dorsal raphe 5-HT neurons.

Experiments were also done using brain slices to assess whether any

compensation phenornenon had taken place in key receptors known to control 5

HT and norepinephrine (NE) release. The mean firing rate of 5-HT neurons was

nearly doubled in 5-HT1A -/- mice, although 65% of the neurons were firing in

their normal range. In preloaded brain slices, the 5-HTm/B agonist sumatriptan

equally inhibited the electrically-evoked release of [3H]5-HT in mesencephalic

slices (containing the dorsal and median raphe) from wildtype and 5-HT1A -/

mice. The 5-HT1B agonist CP 93129 and the u2-adrenergic agonist UK 14,304

produced the same inhibitory effect in both groups of mice in hippocampus and

frontal cortex slices. No difference was observed on the UK14,304-mediated

two groups of mice. In conclusion, the loss of control of the. 5-HT1A autoreceptor

in 5-HT1A -/- mice lead to a smaller enhancement of 5-HT neuronal firing than

expected and it did not alter 5-HT or NE release in anyof the brain structures

examined. In addition, it was not associated with changes in the function of5

HTm and 5-HT1B autoreceptorsand of u2-adrenergicheteroreceptors on 5-HT

neurons, nor of that of u2-adrenergic autoreceptors on NE terminais.
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2.2 INTRODUCTION

The serotonin (5-hydroxytryptamine; 5-HT) 5-HT1A receptors are Gi/0 protein

coupled receptors, located on the cell body and dendrites of 5-HT neurons and

on postsynaptic neurons with a particularly high density in Iimbic structures.

These receptors mediate an inhibitory effect on firing rat~ through K+ channels.

They can also be coupled to Ca2
+ channels and second messenger systems

(Jacobs and Azmitia, 1992).

The therapeutic response of several antidepressant drugs like selective serotonin

reuptake inhibitors (SSRls) relies in part on the desensitization of 5-HT1A

autoreceptors, via the partial loss of the negative feedback action normally

exerted by this autoreceptor on 5-HT neuronal firing (Blier and de Montigny,

1994). Other antidepressant treatments, like tricyclic antidepressants and

electroconvulsive shock treatment, increase the sensitivity of postsynaptic 5-HT1A

+..0·'3+....'0..,+'" on 5-HT is an in the degree of

postsynaptic 5-HT1A receptors (Haddjeri et aL, 1998). Consistent with the

proposed mechanism of action of SSRls in major depression, the5-HT1A

antagonist pindolol shortens the onsetof action of SSRls, bydecreasing the

inhibitory feedback on 5-HT neuron firing rate (Artigas et aL 1996; Blier and

Bergeron, 1.998). This leads rapidly to enhanced synaptic levels of 5-HT in the

presence of 5-HT reuptake blockade by SSRls.. Moreover, 5-HT1A agonists like

buspirone and gepirone can be used, alone or in combihation with
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antidepressant drugs, to treat major depression and generalized anxiety disorder

(Bouwers and Stein, 1997; Robinson et al. 1990; Wilcox et al. 1996).

The neurotransmitter norepinephrine (NE)can also play an important role in the

mechanism of action of antidepressants (Anand and Chamey, 2000). Moreover,

the 5-HT and NE neurotransmitter systems are endowed with reciprocal

interactions throughout the brain (Mongeau et al., 1997). For example, the (l2

adrenergic agonist clonidine decreases 5-HT neuronal firing and release as a

result of its inhibitory effect on NE neuronal function (Tao and Hjôrth,1992). In

contrast, the <l2-adrenergic antagonist mirtazapine would exert its antidepressant

action by enhancing NE release, and indirectly that of 5-HT as weil, after long

term administration (de Boer, 1995; Haddjeri et al., 1997a). Conversely, a three

week but not a subacute treatment with SSRls attenuates the firing rate of NE

neurons (Szabo et al., 1999,2000).

Nul! mutants animaIs for the 5-HT1A receptor (5-HT1A -/-) have been produced

and shown to be more anxious in differentbehavioral tests (Ramboz et al., 1998;

Heisler et al., 1998; Parks et al., 1998). Given the prior demonstration that 5-HT1A

autoreceptorfunction is absent in 5-HT1A -/- mice (Ramboz et al. 1998), this

study was thus undertaken to evaluate the impact of this geneti.c deletion on 5

HT neuronal firing activity and to determine if any compensation phenomenon

had taken place in presynaptic receptors controlling 5-HT and NE neuronal

function in the mutants. To this end,extracellular electrophysiological recordings
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were carried out on dorsal raphe 5-HT neurons. The sensitivity of 5-HT1B

autoreceptors and u2-adrenergic heteroreceptors, located on 5-HT terminais, and

of somatodendritic 5-HT1D autoreceptors, as weil as that of u2-adrenoreceptors

on NE terminais were also assessed.
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2.3 MATERIALS AND METHODs

ANIMAlS

Male 129/SvEvTac wild-type mice and null mutant male mice lacking 5-HT1A

receptors weighting 20-30 9 on the day of the experiment were used (Columbia

University, Center for Neurobiology and Behavior, New York, USA). These 5

HT1A mutant mice were produced from 129/SvEvTac cells and the resulting

chimeras were bred with 129/SvEvTac females (Ramboz et aL, 1998). The

animais were maintained on a 12:12 hours light:dark cycle with free access to

food and water. Principles established by Canadian Committee on Animal Care

were followed at ail times and the procedures approved by the McGiII University

Ethics Committee.

EXTRACEllULAR UNITARY RECORDINGS

mg/kg, .•i•.p, ••••using·.a·4%aqueous

solution) and were mounted in a stereotaxic apparatus. Additional doses (100

mg/kg, Lp.) were given to maintain the anesthesia during the experiment. The

recordings were performed with single-barrelled glass micropipettes filled with 2

M NaCI. The electrodes were positionned at 0.5-0.9 mm posteriorto lambda and

lowered in the dorsal raphe. The neurons were usually found at a depth of 2.5

3.5 mm below the surface of the brain. They were identified using the following

criteria: a generally slow (0.5 to 2.5 Hz) and regular firing rate and long-duration

(0.8 to 1.2 ms) positive potentials.
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SUPERFUSION EXPERIMENTS

The animais were killed by decapitation and the brain immediately removed and

then dissected on an ice-cold glass plate. 8lices, 400 l-tm thick, from the

mesencephalic raphe, hippocampus and frontal cortex were prepared with a

Mcllwain tissue chopper. The slices were then incubated for 30 min at 37°C in

Krebs buffer containing 100 nmol/l eH]-5-HT creatinine sulphate (specifie activity:

21.8 Ci/mmol); NEN Research Products, MA, U8A) or 100 nmol/l [3H]-NE

hydrochloride (specifie activity: 13.5 Ci/mmol); NEN Research Products, MA,

U8A) and bubbled with a mixture of 95% 0 2/5% C02. The composition of the

Krebs solution was the following (in mmol/l): NaC1118, KCI4.7, CaCI2 1.3, MgCb

1.2, NaH2P04 1, NaHC03 25, glucose 11.1, Na2 EDTA 0.004 and ascorbic acid

0.11. At the end of the incubation period, the slices were washed, transferred to

glass chambers, and superfused at a rate of 0.5 ml min-1with oxygenated Krebs

starting 90 min after the beginning of superfusion for the three structures. Two

periods of stimulation, 81 and 82, were carried out within the same experiment at

8 min and 52 min, respectively, afterthe end ofthe 90-min washing period. The

electrical field (30 mA, 2 ms, 3 Hz for 2 min) was generated in the chambers

between 2 platinum electrodes positioned 2 cm apart. The frequency of

stimulation was chosen because it was. within the ranQe of the firing rate of 5-HT

neurons recorded in freely moving animais (Jacobs, 1986). The first stimulation

period (81) was used as a control and the drugs were added 20 min before 82
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and remained present throughout the rest of the experiment. At the end of the

superfusion period, the slices were solubilized with O.S ml Soluene 350 (Packard

Instruments, Downersgrove, Il, U.S.A.) and the radioactivity in the slices and

superfusate samples was determined by liquid scintillation spectrometry. The

results are expressed as the fraction of tritium content present at the time of the

onset of the respective collection periods. The fractional release evoked by

electrical stimulation was calculated as the difference between the total amount

of radioactivity released during stimulation and the basal outflow obtained in the

sample preceding the onset of stimulation (SPi or SP2). To assess the drug

induced changes of electrically-evoked release of tritium from the. slices

preloaded with [3H]-S-HT or eH]-NE, the ratio of fractional release between the

second and the first period of stimulation (S2/S1) were also calculated to

determine whether the drugs altered the basal outflow of radioactivity. The

amount of tritium released by electrical stimulation under these conditions

rovides a reliable estimate of the release of tritiated or endo

(Baumann et al., 1981; Blier and Bouchard, 1993).

DRUGS

The following drugs were used: UK14,304 (RBI, Natick, MA, USA), sumatriptan

succinate (Glaxo, Middlesex, UK) and CP93129 (Tocris, Ballwin, MO, USA).
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STATISTICAlANAlYSES

Results are expressed as means ± standard errars. Differences between the

wildtype mice (5-HT1A +/+) and the5-HT1A -/- mice were compared with the

Student's two-tailed t test. The effects of the drugs on fractional release were

assessed using a one-way ANOVA, with the mutant genotype as the main factor,

followed when necessary by the post-hoc Tukey test. In order to detect treatment

effects, theexperiments were conducted by studying simultaneously in the same

superfusion apparatus slices prepared fram a wildtype and slices fram a

knockout mouse with the same drug solutions. This experimental design was

deemed optimal to minimize the prablem of inter-experimental variations.

Prabability values equal or smaller to 0.05 were consideredas significant.
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2.4 RESULTS

SPONTANEOUS FIRING ACTIVITY OF 5-HT NEURONS

Spontaneously active dorsal raphe 5-HT neurons were recorded from 18 5-HT1A

+/+ and 12 5-HT1A -/- mice. Their mean spontaneous firing rate was however

nearly doubled in the 5-HT1A -/- mice as compared to the. 5-HT1A +/+ mice

(wildtype mice: 1.1 :t. 0.2 Hz, n = 59; knockout mice: 2.0 :t. 0.1 Hz, n = 57; Fig. 1).

Interestingly, in the 5-HT1A +/+ mice only three neurons were firingat a rate

above 2 Hz, whereas in the 5-HT1A -/- mice 35% of the neurons werefiring in that

upper range (Fig 2).

ElECTRICAllY EVOKED RElEASE OF eH]5-HT FROM PRElOADED SUCES IN 5-HT -/

MICE

The spontaneous outflow of radioactivity (Sp1), which is mainly comprised of

principaHyconiprised (Blier and Bouchard 1993), was not different in

cortical, hippocampal or mesencephalic slices when comparing wildtype and

mutant mice. The fractional release of r3H]-5-HT evoked by S1 in the absence of

any drug was also not significantly different in slices of any of these three

structures from 5-HT1A -/- animais as compared to the controls studied in parallel

in the same experiments (Table 1). The radioactivity remaining in the Slices at the

end of the experiment was unchanged in the 5-HT1A -/- when compared to the. 5

HT1A+/+ mice (data not shown).
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EFFECT OF THE 5-HT1B AGONIST CP93129 ON·THE ELECTRICALLY EVOKED RELEASE

OF TRitiUM FROM eH]5-HT PRELOADED SUCES

The addition of CP93129 to the superfusate, 20 minutes before 82, did not alter

the spontaneous outflow of tritium but resulted in a significant inhibition of [3H]-5

HT in cortical slices [F(2,14) = 18.9, p<0.001 and F(2,18) = 13.1, p<0.001 for 5

HT1A +/+ and 5-HT1A -/-,respectively; Fig.3A] at the 30 nmol/I concentration

(post-hoc tests, p<0.01 and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-, respectively)

that was equal in both strains of mice (p=O.71, p=0.80, p=0.22 for the 0,10 and

30 nmolll concentrations, respectively). In hippocampal slices, a concentration

dependent inhibition was observed [F(3,29) = 20.4, p<0.001 and F(3,27) = 12.6,

p<0.001 for 5-HT1A +/+ and 5-HT1A -/-,respectively; Fig. 38] for 10 (post-hoc tests,

p<0.01 and p<0.01 for 5-HT1A+/+ and 5-HT1A -/-, respectively), 30 (post-hoc test,

p<O.01 and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-, respectively) and 100 nmolll

concentrations 1

fespectively). However, the degree was equal in both strains of mice

(p=0.43, p=0.80, p=0.48, p=0.79 for the 0, 10, 30 and 100 nmol/I concentrations,

respectively) .

EFFECT OF THE UrADRENERGIC AGONISt UK14,304 ON THE ELECTRICALLY EVOKED

RELEASE. OF TRITIUM FROM [3H]5-HT PRELOADED SLICES

The fractional release of eH]-5-HT evoked in 82 in the presence of the agonist of

the u2-adrenergic agonist was significantly diminished [F(2,20) = 6.4, p<0.01 and
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F(2,21) == 9.1, p<0.001 for 5-HT1A+/+ and 5-HT1A -/-, respectively; Fig. 4A] by

the addition of 100 (post-hoc test, p<0.01 and p<0.01 for 5-HT1A+/+ and 5-HT1A 

/-, respectively) and 300 nmolll UK14,304 in the cortex (post-hoc tests, p<0.05

and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-, respectively), as previously reported for

other species (Blier et aL, 1990; Blier and Bouchard, 1994). However, no

significant change was observed between 5-HT1A +/+ and 5-HT1A -/- animais

(p==0.71, p==0.66 and 0.67 for the 0, 100 and 300 nmol/I concentrations,

respectively). In the hippocampus, a significant inhibition waS also observed

[one-way ANOVAs, F(3,30) == 6.5, p<0.002and F(3,27) == 8.0, p<0.001 for 5

HT1A +/+ and 5-HT1A -/-, respectively; Fig. 4B] after the addition of 100 (post-hoc

tests, p<0.01 and p<0.05 for 5-HT1A +/+ and 5-HT1A -/-, respectively), 300 (post

hoc tests, p<0.01 and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-, respectively) and

1000 nmolll (post-hoc tests, p<0.05 and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-,

respectively), but no difference resulted between the two strains of mice (p==0.43,

'0

respectively) .

EFFECT OF THE S-HT1D/1B AGONIST SUMATRIPTAN ON THE ElECTRICAllY EVOKED

RElEASE OF TRITIUM FROM [3H]5-HT PRElOADED SUCES

Sumatriptan produced a significant diminution in the release of [3H]-5-HT by

preloaded mesencephalic sUces [F(2,36) == 16.7, p<0.001 and F(2,27) == 3.8,

p<0.03 for 5-HT1A +/+ and 5-HT1A -/-, respectively; Fig. 5]at the 30 (post-hoc

tests, p<0.01 and p<0.05 for 5-HT1A +/+ and 5-HT1A -/-, respectively) and 100
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nmolll concentrations (post-hoc tests, p<0.01 and p<0.05 for 5-HT1A +/+ and 5

HT1A -/-, respectively), without altering the spontaneous outflow of tritium. No

difference was observed in the 5-HT1A -/- when compared to the 5-HT1A+/+ mice

(p=0.16, p=0.72 and p=0.35 for the 0, 30 and 100 nmol/I concentrations,

respectively) .

EFFECT OF THE u2-ADRENERGiC AGONiST UK 14,304 ON THE ElECTRICAllY EVOKED

RElEASE OF TRITIUM FROM [3H]NE PRElOADED SUCES

ln control conditions, the spontaneous outflow of radioactivity (SP1) was not

significantly different, neither in cortical nor in hippocampal slices preloaded with

eH]NE in 5-HT1A -/- and 5-HT1A +/+ mice (Table 2). The electricallyevoked

release of [3H]NE in 81was also unaffected in mutant animais when compared to

that of normallittermates in both structures (Table 2). The release of eH]NE was

decreased in preloaded cortical slices from knockout and control animais

and ) = 57.3, p<0.001 for and 5-HT1A respectively; .6A]

at the 10 (post-hoc tests, p<0.01 and p<0.01 for 5-HT1A +/+ and 5-HT1A -/-,

respectively) and 100 nmolll concentrations (post-hoc tests, p<0.01 and p<0.01

for 5-HT1A +/+ and 5-HT1A -/-, respectively). However, these concentrations

produced an equal inhibition in both groups of mice (p=0.85, p=0.44 and p=O.53

forthe 0, 10 and 100 nmolll concentrations, respectively). In hippocampal slices,

UK14,304 inhibited the evoked release of eH]NE from both strains [F(2,13) =

14.3, p<0.001 and F(2,13) = 7.9,p<0.01 for 5-HT1A +/+ and 5-HT1A -/-,
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respectively; post-hoc tests for 10 mmol/l: p<0.01 and p<0.05 for 5-HT1A +1+ and

5-HT1A -1-, respectively; post-hoc tests for 100 mmol/l: p<0.01 and p<0.01 for 5

HT1A +1+ and 5-HT1A -1-, respectively; Fig. 68]. These concentrations of the (X2

adrenergic agonist produced the same degree of inhibition in both groups of mice

(p=0.36, p=0.44 and 0.57 for the 0, 10 and 100 nmol/l concentrations,

respectively).
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2.5 DISCUSSION

The results of the present study indicate that the firing rate of dorsal raphe 5-HT

neurons was markedly increased in 5-HT1A -/- mice because of the absence of

the 5-HT1A autoreceptors (Ramboz et al, 1998; see Figs. 1,2). In contrast, the

electrically-evoked release of [3H]5-HT from preloaded brain slices was

unaltered in 5-HT1A -/- mice, as weil as its modulation by 5-HT1D. 5-HT18 and U2

adrenergic receptors in various brain structures. In addition, the genetic deletion

of the 5-HT1A receptordid not result in a modification of theelectrically evoked

release of [3H]NE from preloaded brain slices or in an altered capacity of U2

adrenergic autoreceptors to diminish NE release in two forebrain structures.

Considering that 5-HT1A receptors mediate an inhibitory effecton the firing

activity of 5-HT neurons, an increase in firing rate in 5-HT1A -/- mice was

expected. Indeed, the mean spontaneous firing rate of dorsal raphe 5-HT

wildtype Iittermates (Figs. 1,2). Similarly, in neurokinin 1 null mutant mice, the

spontaneous firing rate of 5-HT neurons is enhanced to the same degree as

reported in the present study in 5-HT1A -/- mice (Santarelli et al. 2001). The latter

phenomenon was attributed to a •marked desensitization of· the 5-HT1A

autoreceptorin these mice lacking thé receptor on which substance P acts.

Taken together, these results indicate that when a loss of the inhibitory effect of

the 5-HT1A autoreceptor is achieved, without interfering with other inactivating

mechanisms of 5-HT, the firing rate of 5-HT neurons is approximately doubled,
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when these neurons are recorded under anesthesia. Consistent with the present

observations, Ase et al. (2000) have recently observed an increased 5-HT

turnover, as measured by the determination of the 5-HT/5-HIAA ratio, in the

dorsallmedian raphe. However, these authors concluded this alteration should

result in an increased release of 5-HT at the cel! body level of 5-HT neurons,

which was actually not seen in the present experiments (Table 1). Nevertheless,

it is important to mention that the rate of neuronal depolarization in the present

study was driven at a fixed rate of 3 Hz. Consequently, only microdialysis

experiments carried out under basal conditions will determine whether 5-HT

release in the raphe area is enhanced in 5-HT1A -/- mice. It is quite possible that

this parameter would not be increased because about 65% of 5-HT neurons in 5

HT1A -1- mice were still firing in the range of those in the 5-HT1A +/+ mice (Fig. 2).

The brain slice superfusion paradigm used in the present study has been used in

pné:lnTlaCOiOIQlc:al treatments. For instance,it has been shown by two groups of

investigators that chronic SSRI treatment enhances 5-HT release and

desensitizes terminal 5-HT1B autoreceptors (Blier and Bouchard, 1994; El

Mansari et al, 1995; Moret and Briley, 1990), consistent with results obtained in

vivo electrophysiological studies (Chaput et aL, 1986, 1991). Moreover, it has

been reported that long-term administration of monoamineoxidase and of NE

reuptake inhibitors diminish the function of u2-adrenergic receptors controlling the

release of 5-HT in the hippocampus, using both experimental approaches (see
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Mongeau et aL, 1997 for a review). Thus, given the similar release of 5-HT

obtained herein in normal and mutant mice, it may be concluded that the

absence of 5-HT1A receptors did not lead to any alteration of the responsiveness

of the presynaptic receptors that were studied. Preliminary data obtained using

only the ICso concentration of the 5-HT1B agonist CP93129 to study the sensitivity

of the 5-HT1B autoreceptor in the hippocampus suggested that the latter receptor

was sensitized in 5-HT1A -/- mice (Ramboz et aL, 1998). Clearly, upon studying

more than one concentration of this 5-HT1B agonist, the present results did not

confirm this initial observation (Fig. 38). Results from microdialysis experiments

examining the decrease of extracellular levels of 5-HT by local perfusion of the

same 5-HT18 agonist are fully consistent with the results presented herein

(Knobelman et aL, 2001). Furthermore, it is important to mention that both the

present superfusion paradigm and the microdialysis approach have revealed that

5-HT release is unaltered in 5-HT18 -/- mutant mice, despite the loss of the

Knobelman et al., 2001).

There are now three microdialysis studies that examined the extracellular levels

of 5-HT in postsynaptic structures of 5-HT1A -/- mutant mice. Two· showed

unaltered levels of 5-HT in the striatum and/or the hippocampus (He et aL, 2001;

Knobelman et aL, 2001) and one an increase in the frontal cortex and the

hippocampus (Parsons et aL, 2001). It is always possible to claim that such

divergent results could be attributed to the use of different background strains of
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mice, but the one striking difference of the latter work, showing an altered level of

5-HT, is that much older mice were used. It is important to emphasize here that

the present experiments were carried out with mice originating from the same

laboratory and were approximately of the same age as those used by Knobleman

et al. (2001). Both studies yielded identical results with respect to 5-HT levels

and 5-HT1B autoreceptor sensitivity.

One possibility to envisage for the lack of alteration of 5-HT release in the 5-HT1A

-/- mice is that the 5-HT transporter could theoretically be up-regulated ta

compensate for the increased number 5-HT molecules released into synaptic

cleft. Nevertheless, the presentresults would not support this contention as the

amount of [3H]5-HT remaining in the slices after the experiments, a reliable index

of reuptake in the presence of unaltered release and presynaptic receptor

function, was not different in the 5-HT1A -/- mice when compared to the controls.

This conclusion is also in line with

normal density

animais (Heisler et al., 1998).

of the 5-HT trl::ar"lc:.nnrfl=:or in these

The NE and 5-HT systems are known to interact extensively (Mongeau et al.,

1997). For instance, although acute injection of the S8RI paroxetine does not

alter the firing rate of locus coeruleus NE neurons, a. robust inhibitory effect

gradually develops as the treatment is prolonged (Szabo et al., 1999). Moreover,

many pharmacological compounds targeting primarily the NE system, like the
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selective NE reuptake inhibitors desipramine and nisoxetine, also induce

profound alterations of 5-HT neuronal elements after long-term administration

(Mongeau et aL, 1997; Yoshioka et aL, 1996). It therefore remains possiblethat,

even if no change in NE neuronal function have been identified in the present

study, potential mutation-induced alterations in NE neuronal function could have

been dampened by the 5-HT system. For instance, it willbe interesting to

examine the firing rate of NE neurons in 5-HT1A -/- mice, given that 5-HT neurons

exert a tonic inhibitory action on the latter parameter and that 5"HT turnover is

increasedin the locus coeruleus of 5-HT1A -/- mice (Ase et aL, 2000; Haddjeri et

al., 1997b).

ln conclusion, the present study documented a marked increase in the mean

firing activity of 5-HT neurons .. However, it did not put into evidence alterationsof

the electrically evoked release of [3H]5-HT and eH]NE in 5-HT1A -/- mice nor of

NE controHing the release two the

firing rate of 5-HT neurons was nearly doubled in these mice, it will be interesting

to determine which 5-HT neuronal elements allow such an apparent homeostasis

to be maintained. Finally, based on the present results, it is possible to tentatively

conclude that the anxious phenotype of 5-HT1A -/- mice is mainly due to the

absence of the postsynaptic 5-HT1A receptors because 5-HT release appears to

be normal in the mutant mice. Therefore, there should not be anycompensation
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occurring by altered 5-HT release at 5-HT receptor subtypes other than the 5

HT1A subtype in 5-HT1A -/- mice.
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TABLE 1. FRACTION OF TOTAL TRITIUM RElEASED FROM HIPPOCAMPUS, FRONTAL

CORTEX AND MIDBRAIN RAPHE SliCES PRElOADED WITH [3H]5-HT IN 5-HT1A+/+ AND 5-

HT1A -/- MICE.

Spontaneous Electrically
tritium outflow evoked
(Sp1) release of

[3H]5-HT
(S 1)

5-HT1A+/+ 5-HT1A -/- 5-HT1A +/+ 5-HT1A-/-
Hippocampus 2.23 ± 0.09 2.31 ± 0.11 1.16± 0.09 1.22±0.10

(n=67) (n=64) (n=67) (n=64)
Frontal cortex 2.04 ± 0.08 2.05 ± 0.07 1.46 ± 0.1 1.38 ± 0.10

(n=60) (n=63) (n=60) (n=63)
Midbrain 1.90 ± 0.10 2.09 ± 0.11 1.02 ± 0.11 1.06 ± 0.17
raphe (n=30) (n=22) (n=30) (n=22)

Spontaneous outflow of radioactivity (SP1) refers to the percentage of total tissue

radioactivity released during the 4 min preceding the first stimulation. S1 is the

fraction of total tissue radioactivity released by 360 pulses (30 mA, 2 ms, 3 Hz) in

the first period of stimulation before the introduction of any drug in the perfusate.

mice for the

structures, respectively. None of the mean values in mutant mice were

significantly different fram those obtained in the wildtype mice (p>0.05) using the

non-paired Studenfs t test. In ail experiments, slices prepared fram 5-HT1A +/+

and 5-HT1A -/- mice were processed simultaneously.
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TABLE 2. FRACTION OF TOTAL TISSUE TRITIUM RELEASED FROM HIPPOCAMPUS AND

FRONTAL CORTEX SUCES PRELOADED WITH [3H]NE IN 5-HT1A+/+ AND 5-HT1A -/-MICE.

Spontaneous Electrically
tritium evoked release
outflow(sP1) of [3H]NE (Sü
5-HT1A +/+ 5-HT1A-/- 5-HT1A +/+ 5-HT1A -/-

Hippocampus 0.80 ± 0.1 0.74 ± 0.09 1.93 ± 0.30 1.57 ± 0.22
(n=19) (n=18) (n=19) (n=18)

Frontal cortex 0.80 ± 0.07 0.81 ± 0.07 1.55 ± 0.13 1.68 ± 0.14
(n=17) (n=16) (n=17) (n=16)

Spontaneous outflow of radioactivity (Sp1) refers to the percentage of total tissue

radioactivity released during the 4 min preceding the first stimulation. S1 is the

fraction of total tissue radioactivity released by 360 pulses (30 mA, 2 ms, 3 Hz) in

the tirst period of stimulation before the introduction of any drug in the perfusate.

The data were generated from a total of 12 mice for each structure. None of the

mean values in mutant mice were significantly different from those obtained in

the wildtype mice (p>O.05) using the non-paired Studenfs t test. In ail

experiments, slices prepared from 5-HT1A +/+ and 5-HT1A -/- mice were

processed simultaneously.
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LEGENDS TO THE FIGURES

FIGURE 1. Examples of representative recordings of 5-HT neurons obtained from

5-HT1A +/+ and 5-HT1A -/- mice during systematic electrode descents through the

dorsal raphe nucleus. The dots between each recording signify that the

recordings were not continuous. The numbers above each tracing represent the

distance between the surface of the brain and the site of recording within the

dorsal raphe. The bar at the bottom of the figure applies to both traces.

FIGURE 2. 5cattergrams depicting the firing frequency of ail spontaneously active

5-HT neurons encountered during systematic electrode descents through the

dorsal raphe of wildtype mice (A) and of 5-HT1A null mutant mice (8).

FIGURE 3. Effects of the 5-HT1B agonist CP93129 on the inhibition of electrically

evoked release of [3H]5-HT from preloaded (A) frontal cortex and (8)

agonist was introduced 20 min before 52 and remained present until the end of

the experiment. Values are expressed as means ± s.e.m. for at least four

experiments per group of animais. * p < 0.05; ** P < 0.01, versus control (Tukey's

test).

FIGURE 4. Effects of the u2-adrenoreceptor agonist UK 14304 on the inhibition of

electrically-evoked release of eH]5-HT.from preloaded (A) frontal cortex and (8)

hippocampus slices in wildtype (5-HT1A +/+) and mutant (5-HT1A -/-) mice. The

agonist was introduced 20 min before 52 and remained present until the end of
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the experiment. Values are expressed as means ± s.e.m. for at least four

experiments per group of animais. * p < 0.05; ** P < 0.01, versus control (Tukey's

test).

FIGURE 5. Effects of the 5-HT1D/1B agonist sumatriptan on the inhibition of

electrically- evoked release of [3H]5-HT from preloaded mesencephalic slices in

wildtype (5-HT1A+/+) and mutant (5-HT1A -/-) mice. The agonist was introduced

20 min before 82 and remained present until the end of the experiment. Values

are expressed as means ± s.e.m. for at least five experiments per group of

animais. * p < 0.05; ** p < 0.01, versus control (Tukey's test).

FIGURE 6. Effects of the Œ2-adrenoceptor agonist UK14304 on the inhibition of

electrically-evoked release of [3H]NE from preloaded (A) frontal cortex and (8)

hippocampus slices in wildtype (5-HT1A +/+) and mutant (5-HT1A -/-) mice. The

agonist was introduced 20 min before 82 and remained present until the end of

. ent. Values are

experiments per group of animais. * p < 0.05; ** P < 0.01, versus control (Tukey's

test).
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