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Summary

The serotonin 4 (5-Hj) receptor may be implicated in depression and mew target for
antidepressant treatment. This PhD project is fedusn the 5-H7 receptor in depression
related states, and on the interaction betweerb4H&, receptor and the 5-HT system. The
brain 5-HT,; receptor binding was studied by receptor autogadjshy in genetic and
environmental rodent depression models associaitd emdophenotypes of 5-HT system
disturbances, Flinders Sensitive Line (FSL) anda@tiry Bulbectomy (OBX); and
hypothalamic-pituitary-adrenal (HPA) axis modulagp Glucocorticoid Receptor Hetero-
zygous Mice (GK’) and Chronic Mild Stress (CMS). Brain 5-i{Teceptor binding was
related to 5-HTT binding and model-specific behaviRegulation of 5-HT receptor binding
was studied in vivo by sub-chronic 5-HT depletiand acute and chronic administration of a
selective serotonin reuptake inhibitor (SSRI) itsyand was compared to changes in 5HT
receptor binding. The effect of acute and sub-alr6rHT, receptor agonism on 5-HT levels
in the ventral hippocampus was investigated byivo wmicrodialysis.

In both the FSL and OBX depression models, hippgezdra-HT, receptor binding was
changed but in opposite directions. These moddferdn 5-HT system disturbances and
show opposite behavioral responses to stress amdtyiowvhich may explain the difference in
5-HT, receptor binding. In the models based on HPA axslulation, the 5-HJ receptor
binding was increased in the caudate putamen ¢f Gihile no effect of CMS was found.
The 5-HT, receptor binding was increased by sub-chronic 5ddfletion, and decreased by
chronic administration of the SSRI paroxetine. A&cU8-HT, receptor activation in the
presence of paroxetine, and sub-chronic 5-HTeptor agonism alone, increased 5-HT levels
in the ventral hippocampus.

The present findings implicate the 5-Hieceptor in 5-HT and HPA system associated
endophenotypes of depression, modeled by threentodepression models. As chronic
manipulations of 5-HT levels affected 5-HTeceptor binding with an inverse relationship
between 5-HT levels and 5-HTeceptor binding, the 5-HT system disturbancethenFSL
and OBX models may underlie the changes in 3-Fteptor binding. This hypothesis is
supported by changes in 5-HTT binding in severahefbrain regions, where changes in 5-
HT, receptor binding was found. Given that sub-chr@nldT, receptor stimulation increases
5-HT levels in the hippocampus, the regulation-6fh receptor binding by chronic changes

in 5-HT levels may represent a feedback regulatfaine 5-HT, receptor.



Dansk resumé

Serotonin 4 (5-HJ) receptoren kan veere impliceret i depression ogetenyt mal for
antidepressiv behandling. Dette ph.d.-projekt omdlexn5-HT,; receptoren i depressions-
relaterede tilstande og interaktionen mellem 5;dceptoren og 5-HT systemet. 5-HT
receptor binding i hjernen blev studeret med rememutoradiografi i genetiske og
miljginducerede dyremodeller for depression assetiened 5-HT system forstyrrelser,
Flinders Sensitive Line (FSL) og Olfactory Bulbautp (OBX); og hypothalamus-hypofyse-
binyre (HPA) akse modulering, Glucocorticoid RecepHeterozygous Mice (GR) og
Chronic Mild Stress (CMS). 5-HTreceptor binding blev relateret til 5-HTT bindiragy
model-specifik adfeerd. Regulering af 5-Hiieceptor binding blev undersggt in vivo ved
hjeelp af sub-kronisk 5-HT depletering, og akut agnisk administration af en selektiv
serotonin reuptake inhibitor (SSRI) i rotter, og\blsammenholdt med sendringer i 54T
receptor binding. Effekten af akut og sub-kronisk®, receptor agonisme pa 5-HT niveauer
i ventral hippocampus blev bestemt med in vivo wikalyse.

Den hippocampale 5-HT receptor binding var eendret i bade FSL og OBX
depressionsmodellerne, men i modsat retning. Rigsemodeller adskiller sig i 5-HT system
aendringer og udviser modsatrettede adfeerdsmeessiggoner pa stress og nye omgivelser,
hvilket muligvis kan forklare forskellene i 5-HTFeceptor binding. | modellerne baseret pa
HPA akse modulering var 5-HTreceptor bindingen gget i caudate putamen {"GRus,
mens CMS ikke havde nogen effekt. Sub-kronisk 5-dt€pletering medfarte gget 5-HT
receptor binding, mens kronisk administration af R&$ paroxetin inducerede en
nedregulering. Akut 5-Hi receptor aktivering ved tilstedeveerelse af painoxetamt sub-
kronisk 5-HT, receptor agonisme alene, medfarte et gget 5-Haniv ventral hippocampus.

Disse resultater tyder pa, at 5-HTeceptoren har en rolle i 5-HT og HPA system
relaterede depressions endofeenotyper, som de reesepteret i tre depressionsmodeller. Da
kronisk manipulering af 5-HT niveau influerede 5-Hfeceptor binding med en invers
sammenhaeng mellem 5-HT niveau og 5;H&ceptor binding, kan aendringerne i 5-HT
systemet i FSL og OBX modellerne veere arsag tilraeger i 5-HT; receptoren. Denne
hypotese understattes af, at eendringer i bade Sr¢tEptor og 5-HTT binding blev pavist i
flere hjerneregioner. ldet sub-kronisk 5-HTeceptor aktivering gger 5-HT niveauet i
hippocampus, er det muligt, at eendringer i 5Hdceptor binding som fglge af kroniske

aendringer i 5-HT niveau i hjernen udggar en feedlvagklering af 5-HT receptoren.
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Introduction

Depression is a debilitating and potentially lifegatening disease, which in 2020 is
estimated to become the second most important calugears of life lost or lived with
disability in the World, according to the World HtsaOrganization (Murray and Lopez
1997). Antidepressant treatment is available bug dreatment requires several weeks to have
effect and is only effective in a subset of pasefthe impetus to develop more effective and
faster acting treatments for depression is theeeftnong.

The first antidepressant drugs developed affeet tthnsport and metabolism of the
monoamines serotonin (5-hydroxytryptamine, 5-HTYl moradrenaline in the brain, leading
to the monoamine hypothesis of depression, whicestthat a relative deficiency in
monoamine transmission in the brain is associatéid tive depressed state (Rosenblatt et al.
1960). With the advent of a new class of antidegaets, the selective serotonin reuptake
inhibitors (SSRIs), focus within the field of depston research was directed at the 5-HT
system, in particular the 5-HT transporter (5-HBRd 5-HT and 5-HT receptors. Several
other theories of depression, implicating other rogansmitter systems and
neurodegenerative changes in the brain, exist efkect the complexity of the disorder and
the multitude of systems and brain functions inedlv

The 5-HT receptors studied in depression includ€Tss and 5-HTg autoreceptors, and
postsynaptic 5-Hi, 5-HT,a and 5-HEc receptors, which have an inhibitory effect on 5-HT
system activity. To augment the effect of SSRISdHT system activity and reduce the time
of treatment required, addition of antagonistsniiibitory 5-HT receptors to SSRI treatment
has been pursued. However, a stimulatory effe@-bfT neuron firing activity by activation
of the 5-HT, receptor has recently been reported (Lucas andmyedh 2002), indicating a role
for this receptor in depression. Polymorphismshef human 5-H7 receptor gene have been
associated with depression (Ohtsuki et al. 2008),changes in brain 5-HTeceptor binding
have been detected in depressed suicide victimse(red al. 2004).

This thesis is focused on the role of the 5;H®&ceptor in the pathophysiology of
depression and its potential as a target for aptedesant treatment. The brain 54HH&ceptor
binding is examined in environmental and genetionah models of depression and in
response to experimental manipulations of centredTSlevels; and the effects of 5-HT
receptor activation alone and in combination wiBR$ administration on brain 5-HT levels

are analyzed.
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Theoretical background

Clinical depression and antidepressant treatment

According to the World Health Organization GlobalrBen of Disease Study, unipolar major
depression was the leading cause of disabilithénworld in 1990 (Murray and Lopez 1996).
Depression is diagnosed according to symptomaiterier described in the International
Classification of Diseases, "I(Revision, Classification of Mental and Behaviobasorders
(ICD-10) or in the Diagnostic and Statistical Mahd4 ed. (DSM-IV) used mainly in the
United States (American Psychiatric Association4tB@blin et al. 2002;WHO 2004). The
diagnosis is syndromal, based on the presence siibset of possible symptoms, and
depression should therefore be viewed as comprifedeveral diseases with distinct
pathophysiologies (Nestler et al. 2002a). The I@Delassification system distinguishes
between mild, moderate and severe depressive esisahd the criteria include core
symptoms of depressed mood, anhedonia and decreassgy, of which at least two must be
present for a minimum of two weeks in combinatiothva subset of additional symptoms
(Table 1).

Core symptoms Depressed mood most of the day, nearly every day

Loss of interest or pleasure (anhedonia)

Decreased energy or increased fatigability

Symptoms Loss of confidence or self-esteem

Excessive or inappropriate guilt, or self-reproach

Recurrent thoughts of death or suicide, or suidiéhavior

Decreased ability to think or concentrate

Psychomotor agitation or retardation

Sleep disturbance (insomnia or hypersomnia)

Change in appetite and body weight

Table 1. ICD-10 diagnostfiteria for a depressive episode (adapted frord¢Pen et al. 2001)

About 50 to 60% of depressed patients will expe@emore than one depressive episode
(recurrent depressive disorder, or major depresdiserder (MDD)), the average number of
lifetime episodes being 4.7 (American Psychiatrisdciation 1994;Hasin et al. 2005).

The two-week prevalence in the Danish general ladipn of DSM-IV major depressive
episode and ICD-10 depressive episode (mild, meelesevere) is 3.3% and 4.1% (1.5%,
1.2%, 1.4%), respectively (Olsen et al. 2004;Epb\al. 2005). With respect to the Danish
population figures for the year 2006, a 3.3% pginevalence corresponds to 180,000
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individuals being affected by depression at anyegitime (Danmarks Statistik 2006). A
recent survey of MDD in the United States foundZanionth and lifetime prevalence of
5.28% and 13.23%, respectively (Hasin et al. 2006 mean age of onset of depression is
30.4 years in the United States, and corresporages are reported worldwide (Wong and
Licinio 2001;Hasin et al. 2005).

Based on a meta-analysis of five twin studies, ltbatability of liability to MDD has
been estimated to be 33%, making depression aahkridisorder to the same degree as
hypertension and type Il diabetes (Fava and Ken2ld®0;Nestler et al. 2002a). However,
vulnerability to depression is also influenced mn+genetic environmental risk factors, of
which gender (higher among women), stressful lifengs, adverse childhood experiences,
and the personality trait of ‘neuroticism’ are sigty associated with MDD (Fava and
Kendler 2000;Olsen et al. 2004;Wong and Licinio BBasin et al. 2005). Other
environmental adversities associated with MDD ideljob loss, marital difficulties, having a
low income, viral infections, and stochastic preessduring brain development (Fava and
Kendler 2000;Nestler et al. 2002a;Hasin et al. 208Hart from the obvious increase in risk
of suicide, depression also carries an increasek of medical morbidity, being an
independent risk factor for myocardial infarctiamdaassociated with decreased bone mineral
density (Wong and Licinio 2001;Hansen et al. 20@&jH et al. 2005).

The treatment approach to depressive episodesideps depression severity and on the
presence or absence of melancholic or psychotigptyms. Mild depressive episodes can be
treated with cognitive behavioral therapy, while demte and severe episodes require
treatment with antidepressant drugs (Stage 200bylevate to severe episodes can be treated
with SSRIs, serotonin and noradrenaline reuptakéibitors (SNRI) or tricyclic
antidepressants (TCA) (Stage 2001). In case ofreey@isodes with melancholic symptoms,
TCAs are used, and in case of psychotic symptoitigerel CAs or electroconvulsive therapy
(ECT) is recommended (Eplov et al. 2005). A givatidepressant drug will be efficient in
60-70% of cases, and it is therefore often necgsiartest several drugs of different
pharmacological classes in succession (Stage 200i3kes two to three weeks for an
antidepressant drug to have a noticeable effeat, @an additional two to three weeks of
treatment for the patient to feel well (Stage 20Hypwever, even after the symptoms of
depression disappear, continued drug treatmemcsmimended for approximately one year

to ensure that the underlying depression has hdlgrirfeated.
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Biological characteristics of depression

In order to identify genes involved in depressiand to understand the pathophysiological
mechanisms of depression, two groups of endophpestgf depression have been proposed:
psychopathological endophenotypes based on a tmsexf the DSM-IV phenotype, and

biological endophenotypes based on biological nrark&able 2) (Hasler et al. 2004). An

endophenotype is an internal, not directly visilgbenotype, lying between gene effect and
clinical symptom, and should be specific to theedge of interest, state-independent,
heritable, and biologically and clinically plausbl(Hasler et al. 2004). The proposed

endophenotypes show biological consistency andednvestigated in experimental animals.

Psychopathological endophenotypes Biological endophotypes

Depressed mood (mood bias) REM sleep abnormalities

Anhedonia (impaired reward function) Increased athay@ activity

Impaired learning and memory Decreased subgenu@ldetvity

Direction of appetite change Left ACC volume redtrct

Diurnal variation Hippocampal volume reduction

Executive cognitive function (response speed) Red&cHT;4 receptor binding potential

Psychomotor change Sensitive to tryptophan depletio

Increased stress sensitivity Sensitive to catechiakadepletion
Abnormal dexamethasone/CRH test
CRH dysfunction

Table 2. Adapted from (Hasler et al. 2004). ACQesior cingulate cortex. CRH: corticotropin-releashormone.
PFC: prefrontal cortex. REM: rapiceagovement.

In patients with primary, familial MDD there is @sificant increase in cerebral blood flow
in the amygdala (Drevets et al. 1992), which inttisacorresponding changes in afferent
synaptic transmission (reviewed in (Drevets 2000))contrast with the increased activity,
amygdala volume is found to be reduced in symptmmand remitted mood disorders,
possibly as a result of amygdala hyperactivity ([2te et al. 2004;Hasler et al. 2004). The
amygdala is a part of the limbic system and is irtgrd for organizing emotional and stress
responses. Amygdala activation produces anxietr, fdysphoria, and increased cortisol
secretion (Hasler et al. 2004). Amygdala projeatsthe locus coeruleus, containing
noradrenaline neurons, and excessive amygdalaitgctivay thereby contribute to the
agitation and insomnia seen in depressive epis(ieyets 2000). On the contrary, activity
decrease in association with volumetric reductias been found in the subgenual prefrontal
cortex (PFC), which is involved in autonomic resges to emotional stimuli and in
evaluating adverse consequences of detrimentablsbehaviors (Drevets et al. 1997).

Cerebral blood flow, glucose metabolism and voluame also decreased in the caudate
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nucleus of depressed individuals (Drevets et aB2iOrevets 2000;Sheline 2003), and
reductions in hippocampal volume have also beerectled in some studies (Sheline
2003;Sheline et al. 2003). These findings implicabmormal structure and function of a
limbic (amygdala) - cortical (PFC) - striatal (caiel) - pallidal - thalamic circuit, with an
excitatory triangular limbic - thalamic - corticaircuit and a disinhibitory limbic - striatal -
pallidal - thalamic side loop (Drevets et al. 1998Freased activity in the limbic - thalamic -
cortical circuit during depression may be assodiatith a decreased inhibitory effect of
dopaminergic projections to striatal regions, andréased dopaminergic and serotonergic
activity would both be predicted to inhibit activiin the limbic - thalamic - cortical circuit
(Drevets et al. 1992).

In a large proportion of MDD patients excessivévay of the hypothalamic-pituitary-
adrenal (HPA) axis, which is normally activatedé@sponse to stress, has been found and can
be corrected by antidepressant treatment (Nedtklr 2002a;Hasler et al. 2004). In response
to sympathetic, amygdaloid, and serotonergic atitima neurons in the paraventricular
nucleus (PVN) of the hypothalamus secrete cortgotr-releasing hormone (CRH), which
stimulates the anterior pituitary to synthesize aetbase adrenocorticotropic hormone
(ACTH) to the blood stream (Azmitia 1999;Nestleragt 2002a). ACTH induces synthesis
and release of the glucocorticoid cortisol from #mdrenal cortex to the blood, affecting
general metabolism and brain function (NestlerleR@02a). The release of CRH from the
PVN is inhibited by hippocampal afferents and isdem negative feedback control by
glucocorticoid receptors (GR) on PVN neurons andtha hippocampus (Nestler et al.
2002a;Hasler et al. 2004). This negative feedbaekhanism is the physiological basis of the
dexamethasone/CRH suppression test, where pretreatmith the synthetic glucocorticoid,
dexamethasone, prevents an increase in ACTH anidalan plasma after CRH injection in
healthy volunteers (Heuser et al. 1994). Howeveeo &f MDD patients have abnormally
increased ACTH and cortisol levels after CRH inttindicating that the negative feedback
mechanism is inhibited (Heuser et al. 1994). A @usd high level of cortisol decreases
branching and length of dendrites of hippocampakors and inhibits adult neurogenesis in
the dentate gyrus through excitotoxicity and intdni of neurotrophin function (Sapolsky
2000). Damage to the hippocampus may interfere wighnormal GR mediated negative
feedback regulation of the HPA axis and therebwltes a further rise in cortisol levels
(Nestler et al. 2002a). Cortisol induced hippocanap@phy could contribute to the impaired

learning and memory deficits, found in depressigagler et al. 2004).
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The 5-HT system in depression and antidepresszatintent

The first drugs with therapeutic effect in depressiiproniazid and imipramine, were
discovered in the late 1950s (Bloch et al. 1954/KdB858). Iproniazid inhibits the enzyme
monoamine oxidase (MAO), involved in the degradatmf the monoamines 5-HT and
noradrenaline in the brain, and thereby increasesr textracellular concentrations. In
combination with reports on the depressive effdcteserpine, which depletes 5-HT and
noradrenaline storages, these observations ldtetmmbnoamine hypothesis, proposing that a
relative deficiency of monoamines is associatedilie depressive state (Rosenblatt et al.
1960). In 1969, the monoamine hypothesis was fabbwy the indoleamine hypothesis of
depression, stating that vulnerability to depresssaelated to decreased serotonergic activity
(Mann 1999).

The 5-HT system has an important influence on rséugological functions, such as
affective states, cognition, motor function, cineadrhythm, sleep, pain, sexual function, and
feeding behavior (Mann 1999;Bockaert et al. 200¥art from depression, it has been
associated with a range of neuropsychiatric camti including anxiety, suicidal behavior,
obsessive-compulsive disorder, mania, eating d&srdand alcoholism (Mann 1999).
Serotonin exerts its effects through up to 14 5-t¢€eptor subtypes located pre- and
postsynaptically, before it is inactivated by dfilon away from the 5-HT receptors or
reuptake by the 5-HTT. The majority of 5-HT neurooel bodies are located in the median
(MRN) and the dorsal raphe nucleus (DRN) (JacolosAamitia 1992), and project through
the medial forebrain bundle to the cortex, basalga, limbic system and diencephalon
(Tork 1990). As the rate of 5-HT synthesis is dejgett on the availability of the precursor of
5-HT, the essential amino acid tryptophan, braiHT5{evels can be acutely lowered by
tryptophan depletion (Bell et al. 2001). Tryptophdepletion induces a lowering of mood,
memory impairment and an increase in aggressideatthy volunteers, and causes a relapse
in depressed patients successfully treated withiseergic antidepressants (Bell et al. 2001).

Most antidepressant drugs used today inhibit réwptaf 5-HT by the 5-HTT, in
particular the SSRIs (Berton and Nestler 2006)diggiof brain 5-HTT binding in MDD in
vivo have shown increased, decreased or unchangdihdp potential in various brain regions
(Meyer 2007). However, a recent positron emisstondgraphy (PET) study using the highly
selective f'C]JDASB radioligand found pronounced increases iHT5F binding potential in

the thalamus, striatum, insular cortex, anterimgualate cortex (ACC), and periaqueductal
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grey of MDD subjects (Cannon et al. 2007). The la&gpn of the 5-HTT by 5-HT tonus is
paradoxical (Fig. 1), as both chronic SSRI admiaigin (Benmansour et al. 1999;Johnson et
al. 2008) and 5-HT depletion downregulate 5-HTTdibiig (Rattray et al. 1996a;Rothman et
al. 2003) and decrease 5-HTT function (Rattrayl.e1296a;Benmansour et al. 2002). Apart
from the 5-HTT, the 5-HTand 5-HT, receptors have been the most extensively studidd 5
system factors in mood disorders (Mossner et &7p0
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Figure 1. Chronic autoregulation of the rat 5-Hteyn. Relative changes
in 5-HT transporter and receptor binding in respdieschanges in central
5-HT levels, achieved by chronic 5-HT depletiorS&RI administration.
See text for references. 5-HT levels after SSRliaitnation are estimated
from (Kreiss and Lucki 1995;Hajos-Korcsok et aloap

The 5-HTa receptors are located presynaptically on 5-HT oesiin the raphe nuclei, and
postsynaptically in 5-HT terminal projection fieJdsainly in cortico-limbic areas (Celada et
al. 2004). During depression, the binding potentifilthe 5-HTa receptor is reduced in
terminal projection fields and the raphe nucleivigo (Drevets et al. 1999;Drevets et al.
2000;Sargent et al. 2000). Acute increases in ftraeellular concentration of 5-HT inhibits
5-HT neuron firing through 5-HRk receptors in the raphe nuclei (Gartside et al51198jos

et al. 1995). However, chronic antidepressant rmeat reduces the electrophysiological
responsivity of 5-HTa receptors in the raphe nuclei (Invernizzi et #@94;Sprouse and
Aghajanian 1987) and thereby disinhibits the 5-HTnonal firing, increasing extracellular 5-
HT levels in the hippocampus and frontal cortexj@dalorcsok et al. 2000). Addition of 5-
HT.a receptor antagonists to acute SSRI administrapicvents the inhibition of 5-HT
neuronal activity (Gartside et al. 1995), which Had to experimental addition of 5-HJ
receptor antagonists to SSRI treatment to accelevaset and augment the therapeutic
response (Celada et al. 2004). In contrast to theembitizing effect of chronic SSRI

administration on the somatodendritic 54 Treceptors, chronic SSRI administration does
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not affect 5-HTa autoreceptor binding in the DRN or postsynaptid B receptor binding
in the hippocampus (Fig. 1) (Le Poul et al. 199&(Ret al. 2008). Tryptophan depletion
acutely decreases 5-hi receptor {HIWAY100635 binding in the DRN, which may be a
compensatory response to low 5-HT levels (Cahialet2007). However, this effect is
transient, as chronic tryptophan depletion indu@8e81% reduction in brain 5-HT does not
affect PHJWAY100635 binding in any region (Cahir et al. Z90 Chronic, partial 5-HT
depletion by MDMA exposure also has no effect oHTaa [12l]cyanopindolol binding in
cortical and subcortical regions (McGregor et @03), On the other hand, chronic severe
(>95%) 5-HT depletion by pCPA but not by 5,7-dihyxlytryptamine (5,7-DHT) increases
cortical 5-HT;a receptor {H]-8-OH-DPAT binding (Compan et al. 1998). In adtafit to 5-
HT1a receptors, 5-His autoreceptors regulate 5-HT system activity byhitimg terminal 5-
HT synthesis and release (Barnes and Sharp 1999).

The postsynaptic 5-HTreceptors have inhibitory effects on 5-HT neuraing rate,
which are mainly mediated by the 5-pATreceptor subtype (Boothman et al. 2003). The 5-
HT.a receptor binding is increased in the frontal codad the caudate nucleus of depressed
suicide victims postmortem (Stanley and Mann 1983k et al. 2004), while most PET
studies have found decreased cortical binding (M&@®7). The effect of chronic 5-HT
depletion on 5-H7a receptor binding may depend on degree of deplesismpartial (29-70%)
5-HT depletion induces an increase in cortical 54Teceptor binding (Cahir et al.
2007;Heal et al. 1985), while severe (>95%) 5-HPplegon by 5,7-DHT causes dramatic
decreases in 5-Hl,c receptor 1]DOI binding in the cortex (Compan et al. 1998).
However, partial but long lasting 5-HT depletion biironic MDMA also causes large
decreases in 5-Hkc[**1]DOI binding striatum, thalamus, hypothalamus atider regions
(McGregor et al. 2003), while severe 5-HT depletogn5 days of pCPA administration has
no effect on ¥3]DOI binding in the cingulate, frontal, and pagétortex (Compan et al.
1998). The cause of these discrepancies may beratiies in method of 5-HT depletion and
time point of binding analysis. If 5-HT depletioarcinduce both an increase and a decrease
in 5-HT,a receptor binding depending on degree of 5-HT d&ple there may be an
intermediary point of substantial 5-HT depletiordaro change in 5-H} receptor binding.
This may be around 50-90% 5-HT depletion as somdiet have found no change in
[*H]ketanserin (Fischette et al. 1987) &FJDOI binding (Compan et al. 1998;0wens et al.
1996) at this degree of 5-HT depletion. Chronic Bs€&atment moderately decreases cortical
5-HT,a receptor binding in depressed subjects in vivoy@iest al. 2001) and in some animal
studies (Gunther et al. 2008;Nelson et al. 1989:ajl. 1996).
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Animal models of depression

Animal depression models represent particular sgmptor endophenotypes of depression,
allowing investigation of the underlying pathophgegical mechanisms (Nestler et al.
2002b), and can be used to investigate efficacyna@chanisms of action of new approaches
to antidepressant treatments. Depression modess liegen developed by exposing animals to
chronic, environmental stressors mimicking naturahditions such as early life stress,
Chronic Mild Stress (CMS), and social stress, oldsyoning the olfactory and interconnected
systems by olfactory bulbectomy (OBX). Genetic nisdeve been developed by selective
breeding for extreme responses to stress or dsugs, as the congenital learned helplessness
model and the Flinders Sensitive Line (FSL), orchgnged expression of depression related
genes. In this project, analyses are conductedanrat depression models, FSL and CMS;

and in two mouse models, OBX and glucocorticoiceptar heterozygous (GR mice.

The Flinders Sensitive Line

The FSL was developed from Sprague-Dawley rats ddgctve breeding at the Flinders
University of South Australia in an attempt to deea strain with resistance to the
organophosphate diisopropyl fluorophosphate (DF),inhibitor of acetylcholinesterase
(Overstreet et al. 1979). Instead a line of ratthwincreased sensitivity to muscarinic
cholinergic agonism was developed (Overstreet et 1&879;Overstreet and Russell
1982;Overstreet et al. 1984). The FSL breeding armgwas based on 30 generations of
selection for extremes in hypothermic responsengési in water intake, and changes in body
weight in response to DFP (Overstreet et al. 206ports of increased sensitivity to
muscarinic agonists in MDD patients prompted stsidié FSL as a genetic model of
depression (Risch et al. 1981;Overstreet et al81%¥hd the FSL was later found to display
increased immobility in the forced swim test (F&hd increased 5-HE receptor sensitivity
compared to the Flinders Resistant Line (FRL) (@gerstreet et al. 1994). The increase in
immobility in the FST was correlated with increagetiT;4 receptor sensitivity but not with
cholinergic sensitivity, indicating that the demies-like phenotype of the FSL rats was
associated with changes in the 5-HT system (Owastt al. 1994). The FSL model exhibits
several depression related endophenotypes, abehtvioral responses to drug treatment in
the FST reflect antidepressant effects of TCAs, ISS&d new antidepressant drugs (Table
3).
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The Chronic Mild Stress Model

The CMS model is a model of chronic stress-induteggression, based on applying a variety
of mild, unpredictable, environmental stressorsdeveral weeks (Willner 2005). The CMS
model was designed to model anhedonia (Willner.e1202), which in biological terms is
translated into a generalized decrease in respems$gs to reward, mediated by the
mesolimbic dopaminergic pathway (Kornetsky et QO Willner et al. 1992) and evaluated
by reduction in intake of and/or preference forilatd sucrose solution (Willner 1997). The
CMS protocols typically consist of 2-3 weeks of mse solution-consumption training,
followed by application of CMS for several weekstwiveekly sucrose intake monitoring.
The stressors are applied for several hours eachjrelude interchanging periods of food
and water deprivation, overnight illumination, air housing, 45 cage tilt, soiled cage
bedding, and stroboscopic illumination (Willnera&t1992).

Flinders Sensitive Line Chronic Mild Stress Olfactoy bulbectomy GR" mouse
Construct Genetic cholinergic and 5-  CMS-induced anhedonia  Neurodegeneration in limbic Heterozygous for the
HT1a hypersensitivity (Willner et al. 1992) and 5-HT system glucocorticoid receptor
(Overstreet et al. 1994) (Song and Leonard 2005) (Ridder et al. 2005)
Validation 5-HT1a response, FST Sucrose intake Open field test @paot
Endophenotypes
Behavior Increased immobility in FST, Anhedonia, increased Hyperactivity in novel, Deficit in corticosterone
decreased appetite and immobility in FST, stressful environments, suppression in
weight, reduced psychomotor decreased sexual behavior, increased exploration dexamethasone/CRH
activity (Overstreet et al. grooming and aggression  (Zueger et al. 2005), changestest, increased
2005), vulnerable to CMS (Willner 2005), decreased in aggression (Mucignat- helplessness after stress
(Pucilowski et al. 1993) weight (Willner 1997) Caretta et al. 2004) (Ridder et al. 2005)
REM sleep Increased Increased Decreased in rats ND
(Willner and Mitchell 2002)  (Willner 2005) (Kelly et al. 1997)
HPA axis No change Increased activity Increased activity in rat Deficit in regulation
(Zangen et al. 2002) (Willner 1997) (Cairncross et al. 1977b) (Ridder et al. 2005)
5-HT levels Increased content (Zangen etDecreased (Li et al. Decreased turnover (Hellweg No change
al. 1997), decreased synthesi®003;Bekris et al. et al. 2007) and synthesis (Schulte-Herbruggen et
(Hasegawa et al. 2006) 2005;Kang et al. 2005) (Neckers et al. 1975) al. 2007)
5-HT,A receptor No change in hippocampus Increased in hippocampus No change ND
binding/mRNA (Bjornebekk et al. 2007) (Papp et al. 1994) (Gurevich et al. 1993)
5-HT, receptor Decreased in hippocampus Increased in cortex Increased in frontal cortex Decreased in frontal
binding/ mRNA (Bjornebekk et al. 2007), (Papp et al. 1994) (Gurevich et al. 1993) cortex
cortex and amygdala (Kostova et al.
(Osterlund et al. 1999) unpublished results)
Predictive validity =~ High (Overstreet et al. 2005)  High (Willner 1997) odsl (Jarosik et al. 2007) ND

Table 3. Summary of selected depression-relatectaistics of the FSL, CMS, OBX, and G’Rlepression models. ND: no data.

The CMS procedure reveals an underlying heterogensth respect to stress sensitivity and

response, as CMS induces anhedonia in approxima@y of animals, while the remaining
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animals display unchanged or increased sucroskein@ergstrom et al. 2007). The CMS
induced difference in reward sensitivity is alsalent in the conditioned place preference test
(Bergstrom et al. 2008), and is reflected in défgral regulation of 156 genes in the
hippocampus (Bergstrom et al. 2007). The CMS modsplays several depression
endophenotypes, in particular anhedonia, whichoisnalized by chronic administration of
most antidepressant drugs and by electroconvussivek (ECS) (Table 3).

Olfactory bulbectomy

OBX consists of bilateral ablation of the olfactdmylbs, which in rodents induces behavioral
and neurobiological changes similar to certain etspef clinical depression (Table 3) (Kelly
et al. 1997;Song and Leonard 2005). The OBX mosseharacterized by decreased 5-HT
turnover in the hippocampus, frontal cortex, anddigalamus, and has been conceptualized
as a model of agitated depression (Hellweg et @072 The key behavioral change is
hyperactivity in response to novel, stressful emwnents, such as the open field test
performed under bright illumination, but bulbectasd rodents also display increased
irritability, anhedonia, learning and memory dd8ciand changes in aggression (Zueger et al.
2005;Kelly et al. 1997;Song and Leonard 2005). Ti&X behavioral syndrome develops
over 14 days after surgery due to anterograde etnoigrade neurodegeneration, and resulting
structural and functional changes in brain areag. (@mygdala, raphe nuclei, and
hippocampus) connected to the olfactory bulbs (Ketl al. 1997;Song and Leonard 2005).
The bulbectomy model has high predictive validitince chronic but not acute treatment with
the majority of antidepressants can reverse thehkimical and behavioral deficits (Jarosik et
al. 2007;Kelly et al. 1997). Several studies havews that changes in the 5-HT system are
involved in the neurobiological basis of the OBXhdyome. Injection of a serotonergic toxin
into the olfactory bulbs is sufficient to induceet®BX syndrome (Cairncross et al. 1977a),
and OBX induces neurodegeneration in the DRN ofenfiesterova et al. 1997), possibly
due to retrograde degeneration of the serotonditgges innervating the main olfactory bulb
(McLean and Shipley 1987).

Glucocorticoid receptor heterozygous mice

Given the importance of HPA axis deregulation ia gathophysiology of depression, mice
with genetic alterations of the GR have been deetloas models of depression (Chourbaji
and Gass 2008). The GR heterozygous mice(J3Bck one GR allele and have reduced GR

mRNA and protein level (Ridder et al. 2005). The*GRice have ineffective corticosterone
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suppression in the dexamethasone/CRH test (Riddal. 005), indicating deficits in the
negative feedback control of glucocorticoid relea#seomparable deficit is seen in more than
50% of patients with severe depression (Heuserl.el@4). While exhibiting normal
behavior at baseline, the GRmice display depression-like behavior upon steegsosure
(Ridder et al. 2005).

Characteristics of the 5-HTeceptor

The 5-HT, receptor is a post-synaptiG @rotein-coupled 5-HT receptor, which was origipall
identified as the mediator of 5-HT stimulated ir&e in adenylate cyclase activity in colliculi
neurons and hippocampal membranes (Dumuis et 88;B8ckaert et al. 1990). Activation
of the 5-HT, receptor inhibits neuronal *Kcurrents, resulting in increased neuronal
excitability (Fagni et al. 1992). The 5-HTeceptor mediated stimulation of adenylate cyclase
activity is rapidly and strongly desensitized byesure to 5-HT in mouse colliculi neurons,
and requires a recovery period of 72 hours to metarmaximal capacity (Ansanay et al.
1992). The 5-HT receptor is alternatively spliced into at least ré@eptor isoforms with
distinct expression pattern and functional profitesitro (Bockaert et al. 2004;Brattelid et al.
2004). However, as the isoforms differ mainly ire timtracellular C-terminal domain, they
cannot be discerned by binding of available 5;iceptor ligands (Bockaert et al. 2004).

The 5-HT, receptor binding is high in the olfactory tubes;lsubstantia nigra, ventral
pallidum, nucleus accumbens, interpeduncular ngcleedial habenula, and locus coeruleus;
and intermediary in the caudate putamen, globudidpa] hippocampus, amygdala,
hypothalamus, and lateral septum, while corticatliig is low (Jakeman et al. 1994;Waeber
et al. 1994;Manuel-Apolinar et al. 2005). The 5;Hi@ceptors are associated with at least two
functional systems, the cortico-striato-nigro-técpmthway, and the septo-hippocampo-
habenulo-interpeduncular pathway, which transmitgulses from the limbic forebrain to the
raphe nuclei (Waeber et al. 1994). The 5;H8ceptors are expressed on striatal GABAergic
neurons and on their projections to the globusicaal and substantia nigra pars lateralis
(Patel et al. 1995;Compan et al. 1996). In the ddpmpus, 5-HJ receptors are localized on
glutamatergic CA1 pyramidal neurons, on granuldsciel the dentate gyrus, and on CA3
neurons (Bockaert and Dumuis 1998). In the periph&HT, receptors are present in the

gastrointestinal tract, bladder, heart, vasculatanel adrenal gland (Hegde and Eglen 1996).
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The 5-HT, receptor has stimulatory effects on both the cmobic (Yamaguchi et al.
1997;Matsumoto et al. 2001) and nigrostriatal dopangic system (Lucas et al. 2001).

Acute agonism of the 5-HTreceptor increases the mean 5-HT neuron firing mathe
DRN by 96%, and increases extracellular 5-HT lewsls200% in the hippocampus, while
decreasing 5-HT levels by 80% in the frontal cor(®arnes et al. 1992;Ge and Barnes
1996;Lucas and Debonnel 2002). On the other hasd] Sreceptor antagonism inhibits
mean 5-HT neuron firing in the DRN by 80-100% armdtréases hippocampal 5-HT levels,
indicating the presence of an endogenous tone en5thiT, receptor (Ge and Barnes
1996;Lucas and Debonnel 2002). The response to Sreideptor ligands in the DRN is
present in a subset (50%) of 5-HT neurons, whiehchiaracterized by a higher mean basal
firing rate than the non-responding group (Lucag Bebonnel 2002). The stimulatory effect
of acute 5-HT receptor partial agonism is unchanged after 3 ahddays of agonist
administration (Lucas et al. 2005). The 54€ceptor influence on 5-HT neurons may be
mediated by a long feedback loop from the mediaC P&s overexpression of the 5-HT
receptor in this region increases mean activity-bfT neurons by 70% (Lucas et al. 2005).

The stimulatory effects of 5-HTreceptor activation on 5-HT neuron activity sudgges
role for the receptor in depression and antideprésseatment. However, compared to the 5-
HT.a and 5-HTa receptors relatively little is known about the 3 Hreceptor’s role in
depression. According to one study 5/H€&ceptor binding is increased in the frontal corte
and caudate nucleus and unchanged in the amygddlaippocampus of depressed violent
suicide victims (Rosel et al. 2004). In the samalgt total cCAMP levels were increased in
regions with increased 5-HTeceptor binding (Rosel et al. 2004). Also, thpeé/morphisms
in the splice variant region of tHdTR4 gene have been associated with MDD and bipolar
disorder (Ohtsuki et al. 2002). Behavioral studisthe 5-HT, receptor knockout mouse
indicate that the 5-Hjreceptor is implicated in normal reactions to sresd novelty
(Compan et al. 2004). Chronic treatmavith the antidepressangsaroxetine, citalopram,
fluvoxamine, imipramine or ECS attenuates the dtony effect of the 5-HJ receptor
agonist zacopride on hippocampal CAl1 neuronal eldity (Bijak et al. 1997;Bijak
1997;Zahorodna et al. 2002). However, chronic @gedm administration does not affect 5-
HT, receptor binding in the substantia nigra (Goblale1997). Though acute 5-HTeceptor
antagonism with SB204070A does not inhibit the degressant effect of fluoxetine in the
FST (Cryan and Lucki 2000), the 5-[fieceptor partial agonist RS67333 has antidepréssan
like effects in the FST, and in the CMS and OBX réspion models after only 3 days of

administration (Lucas et al. 2007).
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Aims of the thesis

The general objective of this thesis was to ingasé the 5-HJ receptor in animal models of
depression, and to determine the regulatory interas between the 5-HT system and the 5-
HT,4 receptor, including the antidepressant potenfi&-dT, receptor stimulation.
The specific aims were:

|  To investigate brain 5-Hjlreceptors in mouse and rat models of depression

[l To determine the effects of chronic changesantral 5-HT levels on 5-Hilreceptors

[l To explore antidepressant-like effects of 5-Hileceptor activation, alone and in

combination with SSRI administration
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Experimental methods

Determination of 5-HJ receptor levels

Brain receptor levels can at protein level be deteed with anatomical resolution by
receptor autoradiography and immunohistochemistguliring availability of radioligands or
selective antibodies, respectively. The same ppiesiof receptor detection can be applied to
brain homogenates in the form of homogenate recdpialing and immunoblot, which are
faster techniques but have reduced anatomical usol So far protocols and suitable
antibodies for immunohistochemistry or immunoblbtiee 5-HT, receptor are not available.
In this project it was important to determine braih T, receptor levels with high anatomical
resolution and in vitro receptor autoradiographyswadnosen, as this technique is semi-

quantitative and because a selective radioligdf5B207145 was available.

In vitro receptor autoradiography
In vitro receptor autoradiography employs radiosti labeled ligands, which bind
reversibly but with high affinity to specific redeps in their native, properly folded state,
allowing the localization and quantitation of retmp in thin brain sections. Quantitative in
vitro autoradiography with radiolabeled 5-HWeceptor agonists and antagonists has been
used to characterize brain 5-Hiieceptor binding in different species, diseastestand in
response to pharmacological manipulations (Bockaed Dumuis 1998;Bonaventure et al.
2000;:Bonhaus et al. 1997;Domenech et al. 1994;Jakeet al. 1994;Varnas et al.
2003;Vilaro et al. 2005;Waeber et al. 1993;Waebed.€1994;Grossman et al. 1993;Compan
et al. 1996). The compound SB207145 is a novel %-kCeptor antagonist with high
selectivity (GlaxoSmithKline, unpublished informat) and affinity for the 5-Hj receptor,
yielding Ky values between 0.13 and 1.01 nM for differentrbragions in rat (Parker et al.
2003). SB207145 has been labeled to relatively Biggcific activity (66.7 Ci/mmol) with
tritium, which in comparison to labeling with iodl25 has the advantage of not
necessitating changes in the molecular structutheiigand, and of higher stability due to
the long half-life of tritium (Bennett 1978).

Low-energy " -radiation from tritum decay can generate autagdims with high
spatial resolution, which normally comes at thet @ddong (weeks-months) exposure times

on tritium sensitive film. To reduce exposure tinagsl because tritium sensitive films were
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out of production, radiolabeled brain sections wexposed to tritium sensitive phosphor
imaging plates, which is a recently developed a#tve to conventional radiation sensitive
film for receptor autoradiography (Amemiya and Migaa 1988). The imaging plates are
based on the temporary storage in special crysibla latent spatial image of emitted
radiation energy, which is later released as phiotosated luminescence in a dedicated
scanner and converted to a digital image of théeative decay (Amemiya and Miyahara
1988). The high sensitivity of imaging plates altow marked reduction (4-5 times) in
exposure time compared to tritium sensitive filmtlae cost of lower resolution (Mori K
1993;Pavey et al. 2002).

The receptor autoradiography studies were perfornaéda single radioligand
concentration as the aim was to compare %-HTCeptor binding between groups. While a
saturation analysis using a range of at leastd@htigconcentrations is necessary to determine
whether changes in binding are due to changescapter affinity (Ky) or the total number of
receptor binding sites (B, this would require a 6-fold expansion of eaaldgtand was not
deemed necessary in this project. When deciding concentration for a single concentration
study, one can chose between two main approachessdo select a low concentration at or
below the K, where the difference between total binding and-specific binding (to tissue
and other receptors) is large, giving a high sigoaioise ratio (Herkenham and Pert 1982);
another is to choose a concentration approachingag@amn of the receptor (>5-6 timeg)K
and interpret the binding as a estimate gf,BChen et al. 1992). The concentration of
[*H]SB207145 used in this project was chosen baseth@mptimal signal-to-noise ratio of
autoradiograms, when comparing a range of cond@risaaround the K and corresponds to
1-7 times the K depending on brain region. The 5-HEceptor binding at this concentration
is compared between groups but is not assumedptesent Ba.x. The non-specific binding
was determined in the presence of an excess (1fad@0of the 5-HT, receptor antagonist
RS39604, which washosen for its high affinity (pkof 9.1) (Hegde et al. 1995), and because
it belongs to a different structural class, allogvisubtraction of potential binding to other
receptors from the’Hl]SB207145 binding (Burt 1978The MAO inhibitor pargyline and the
antioxidant ascorbic acid were added to the indababuffer to reduce degradation of
[*H]SB207145

Figure 2.Definition of regions of interest. The same bradaoton autoradiogram is
shown from left to right: without modification, witoverlaid line drawing, with
super-imposed line drawing and regions of intesast, with regions of interest
alone
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Brain regional measurements were performed withorsgof interest, defined as shown in
figure 2 by aligning autoradiograms of represeméatbrain sections with anatomical line
drawings of corresponding section levels from digdl versions of The Rat Brain in
Stereotaxic Coordinates (Paxinos and Watson 2008)the Mouse Brain in Stereotaxic

Coordinates (Paxinos and Franklin 2001).

In situ hybridization

To determine potential changes in 5H&ceptor gene expression and to investigate whethe
5-HT, receptor splice variants were regulated indepdhdeasstablishment of a protocol for
in situ hybridization of the 5-Hireceptor was initiated. In situ hybridization &sked on the
principle of specific annealing of complementarycleic acid molecules, and can among
other things be used to detect specific MRNA sgandissue sections by hybridization with
a probe consisting of the complementary ‘antisenseleotide sequence (Wilkinson 1999).
Among the different types of probes, synthetic atigcleotide probes allow the design of
probes from published sequences, can be readigredd and are sufficiently sensitive for
many purposes (Wilkinson 1999). The labeled prabapplied to pretreated tissue sections
and allowed to hybridize in a special buffer, npedfic binding is removed by washing, and
the labeled probe is detected by autoradiographsotunohistochemistry, depending on the
label (Rattray and Michael 1999).

In situ hybridization of brain 5-Hireceptors has been performed in rats, guinea-pigs,
humans (Vilaro et al. 1996;Mengod et al. 1996;\dlat al. 2005;Bonaventure et al. 2000).
Two oligonucleotide probes (abel and abe2) botbgmizing all three rat 5-HjTreceptor
splice variants (a, b, and e) were tested sepgratal in combination (Vilaro et al. 1996).
Signals in the hippocampus and caudate putamen olaéned with both antisense probes,
and the specificity of the signals confirmed byithebsence after hybridization with the
corresponding ‘sense’ probes or incubation withesgcunlabeled probe. However, uneven
background staining, which was not reduced by atshdless sticky) probe or optimized
washing procedures, impaired quantitative apphcestiof the protocol. These experiments
were performed during a research visit at the Diepamt of Pharmacology at the University
of Oxford and had to be discontinued, when theanredevisit ended.
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Manipulations of the 5-HT system

The 5-HT system can be modulated in experimentahas by pharmacological and genetic
means. Brain 5-HT levels can be reduced chronidallyb-HT or tryptophan depletion and
increased by chronic SSRI administration. Overesgiod or knockout of the 5-HTT gene in
mice affects 5-HTT binding and function, and thgrébHT system neurotransmission, in
opposite directions (Jennings et al. 2006;Bengal.€t998;Shen et al. 2004).

Sub-chronic 5-HT depletion

Experimental 5-HT depletion provides a means oflyahg effects of reduced serotonergic
availability on behavior, receptor regulation anehg expression. 5-HT depletion can be
achieved with selective neurotoxins and 5-HT sysithahibitors, through dietary tryptophan
depletion, or by 5-HT neuron lesioning with 5,7-DH{Woja et al. 1989;Kornum et al.
2006;Lieben et al. 2004;Compan et al. 1998). Varidegrees of 5-HT depletion can be
achieved by varying the extent of 5-HT lesioningl @ose and frequency of pharmacological
agents, and depend on recovery time. Compounds fmse8-HT depletion include the
substituted amphetamines, such as fenfluraminenf@an et al. 2000), p-chloroamphetamine
(Rudnick and Wall 1992) and MDMA (Garcia-Osta et 2004), which release 5-HT from
presynaptic storages through the 5-HTT, while siemdously blocking 5-HT reuptake; and
irreversible tryptophan hydroxylase inhibitors,.e@ghlorophenylalanine (pCPA) (Jequier et
al. 1967).

To determine the influence of reduced 5-HT leweish-HT; receptor binding, a protocol
of three days of once daily pCPA followed by onenadstration of fenfluramine was chosen
for this project, as this method gives the larg85€6) and most widespread reduction in 5-
HT levels (Kornum et al. 2006). The addition ofimaf fenfluramine administration to 2-3
pCPA injections was originally employed to atta@mger reductions in brain 5-HT content,
while avoiding the risk of toxicity associated whigh doses of pCPA (Prinssen et al. 2002).
The combination treatment reduces 5-HT immunorei#zin the amygdala, medial forebrain
bundle, olfactory tubercles, and substantia nigra greater extent than sub-chronic treatment
with pCPA alone, while some 5-HT remains in thehemuclei and the medial forebrain
bundle (Kornum et al. 2006). Though both pCPA asmfliramine have selective effects on
the 5-HT system, they also influence other systéfm to five days of pCPA treatment
reduces brain noradrenaline levels by 21-56% (Kaed Linnet 2000;Jha et al. 2006), and
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both fenfluramine and its main metabolite norferdghaine have affinity for 5-Hifand 5-HT
receptors (Garattini et al. 1987) and influenceadognaline and dopamine release (Fuxe et al.
1975;Clineschmidt et al. 1976).

Acute and chronic SSRI administration

Administration of SSRIs to experimental animals banused to investigate their mechanism
of action, as well as to analyze effects of inceelaS-HT neurotransmission. Paroxetine has
high affinity for the 5-HTT and is the most potéKi 1.1 nM) and the second-most selective
inhibitor of 5-HT reuptake but also inhibits noradaline reuptake (Ki 350 nM) to a smaller
degree (Magnussen et al. 1982). Paroxetine hasowgyprindications for depression,
obsessive-compulsive disorder, panic disorder, sowal phobia, and is also used in the
treatment of generalized anxiety disorder and p@simatic stress disorder (reviewed in
(Bourin et al. 2001)). Paroxetine is extensivelytabelized in rat, mice, monkey, and human
but the main metabolites have minimal activity alodhot modify the pharmacological profile
(Haddock et al. 1989).

In this project, a dose of 10 mg/kg administeredlp once daily was chosen because this
protocol has maximal effects on 5-HT reuptake, deiell above the ER of 1.9 mg/kg in
rats, has minor effects on noradrenaline reupt&f®y> 30 mg/kg) (Thomas et al. 1987),
and uses a route of administration which is simitathe clinical situation. A comparable
dosing of 5 mg/kg paroxetine twice daily cause®abting of basal extracellular 5-HT levels
in the hippocampus after 14 days (Hajos-Korcsokle2000). However, small effects on
noradrenaline reuptake are not avoided, as chradministration of 5 mg/kg paroxetine
inhibits reuptake by 10% (Thomas et al. 1987). Retine has no affinity foa-, a,-, andp-
adrenergic receptors,,PH;, 5-HT,, or 5-HT, receptors but has weak affinity for 5-Hand
cholinergic muscarinic receptors (Thomas et al.7198cchelli et al. 1995). As paroxetine
has a half-life of 4 hours in mouse brain (Hiranalke 2004), a drug washout period of 24
hours as used in this project should be sufficiergnsure that little paroxetine is left in the
tissue, when neurochemical analyses are perforf@ased on a pilot study indicating an
effect of 21 days of paroxetine administration edT, receptor binding, three time points of
1, 14 and 21 days of paroxetine administration wehtesen to confirm the pilot study,

compare acute and chronic effects, and evaluateéntieecourse of the effect.
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5-HTT overexpressing and knockout mice

To further investigate the regulation of 5-HEceptor binding in response to changes in the
5-HT system, investigations of 5-gTeceptor binding in 5-HTT knockout, heterozygound a
overexpressing mice were initiated. The 5-HTT oxpressing mice have 2-3 fold increases
in 5-HTT binding and 50-60% reduced extracellulad® levels (Jennings et al. 2006). In
comparison, the homozygous 5-HTT knockout mice hgygosite characteristics, displaying
no 5-HTT binding (Bengel et al. 1998) and more tBafold increased extracellular 5-HT
levels (Shen et al. 2004). The heterozygous 5-Hiidckout mice have a 50% reduction in 5-
HTT binding and intermediate changes in 5-HT aweptor binding (Fabre et al. 2000) but
normal 5-HT reuptake (Bengel et al. 1998) and eelialar 5-HT levels (Shen et al. 2004).
Both 5-HTT overexpressing and homozygous knockaaéave reduced whole-tissue 5-HT
levels (by 15-35% and 40-80%, respectively), whichy reflect deficits in 5-HT storage
(Jennings et al. 2006) and impaired recycling tdaged 5-HT due to inhibited 5-HT reuptake
(Bengel et al. 1998;Kim et al. 2005), respectively.

Based on extracellular 5-HT levels, opposite diceetlity of 5-HT, receptor binding
changes are expected in 5-HTT overexpressing amgoiygous knockout mice and the
directionality of changes are expected to corredptin the effects of sub-chronic 5-HT
depletion and chronic SSRI administration, respebti Female mice were used in this study,
as limited numbers of male mice were availablesTtoject was initiated during a research
visit at the Department of Pharmacology, University Oxford, and for this purpose
[*H]SB207145 autoradiography was established inaberatory of T. Sharp. The study was

not completed before the end of the visit, andiw tontinued in collaboration with T. Sharp.

Functional analyses of the 5-Fieceptor

While 5-HT, receptor function has been studied in neuronal tessdie slice cultures, few
functional assays exist for in vitro analysis ofiveabrain tissue. To be able to study brain 5-
HT,4 receptor function with high anatomical resolutideyelopment of a protocol for 5-HT

receptor stimulated functional autoradiography imagated.
Functional GTPyS autoradiography

Binding of agonists to G protein-coupled recepfmsmote and stabilize the formation of a

complex between agonist, receptor and heterotrax@rprotein, activating the G protein and
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inducing exchange of bound GDP for GTP in thg sBbunit (Sovago et al. 2001). This
guanine nucleotide exchange can be detected byrpodion of metabolically stable,
radioactively labeled GTP analogues, includifgS[GTR/S (Fig. 3). Agonist stimulated
[**S]GTR/S binding is unique in providing information on eptor functionality at the initial

G protein activation step, which compared to mezsof second messenger levels and signal
cascade enzymatic activity is subject to less s$igmaplification and convergence with
downstream effects of other receptors (Sovago e2@D1). The YS|GTR/S assay was
originally performed in membranes but was adapbednf vitro autoradiography by Sim et al.
(Sim et al. 1995), enabling functional biochemicdbrmation to be gained in the context of
high anatomical resolution. As in receptor autargdaphy, the specificity ofSTS]GTFVS
autoradiography derives from a selective recepganid but the radioactive signal pertains to
the level of °SJGTR/S bound by activated G proteins, making it a measircatalytic
activity. Brain tissue also has a ba§’5$IGTFVS binding capacity due to constitutive receptor
activity, endogenous agonists in the tissue, af@@®-GTP exchange of non-heterotrimeric
G proteins (Milligan 2003). Non-specific>5]GTR/S binding is determined by excess
unlabeled GT#S, and receptor specificity can be checked by iattab with excess of an

antagonist. Functional autoradiography has beefoipeed mainly for G, coupled receptors

and for a few @ coupled receptors but no successful applicatiorGiaoupled receptors has
been reported (Sim et al. 1997;Adlersberg et &028ovago et al. 2001).

Specific agonist

v

Figure 3.The principle of

agonist-stimulated’{S|GTR/S

binding. Stimulation of the

| receptor activates G protein,
inducing exchange of bound
GDP for labeled GTP by the,G
subunit.

A ™

[**SIGTFyS | | GDP |

The difference in applicability of this techniquer f{G versus G coupled receptors may be
due to the higher level of;@roteins in brain, higher guanine nucleotide ergiearate in G
proteins compared to {sand differences in receptor to G protein-coupliefficiency
(Wieland T 1994;Sim et al. 1997;Milligan 2003). &tcordance with the 5-HTreceptor
being G coupled, stimulation with the 5-HTBgonist SC53116 does not increaS8]GTRS
binding in brain sections (Waeber and Moskowitz7)98owever, 5-HT, receptor stimulated
[**S]GTR/S binding has been performed in homogenate oflicel transfected with 5-HT
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receptors (Pindon et al. 2002). The lack of del#etaesponse to stimulation of; Goupled
receptors inS]GTRS autoradiography is most likely due to a low agbstimulated signal
in the context of high basat®’5]GTR/S binding (Wieland T 1994;Milligan 2003;Cussac let a
2004).

In this project the protocol for 5-HTeceptor functional autoradiography used by Waeber
et al., 1997 was chosen as the starting pointul\sselective 5-H7 receptor agonists are not
available (Bockaert et al. 2004), the more selectind highly potent partial agonist RS67333
was chosen (Eglen et al. 1995). In a course ofrexpats several parameters were varied to
increase agonist stimulated binding and decreasal Hainding. However, no RS67333
stimulated °S]GTR/S binding was detected, and stimulation with thié 5eHT, receptor

agonist, zacopride, had no effect either.

In vivo microdialysis

As in vitro methods proved difficult to establish,vivo approaches to evaluate central 5;HT
receptor function and interactions with the 5-HBteyn came into focus. Among the assays
of 5-HT, receptor function in vivo, clear effects of 5-f¥Eceptor activation and inhibition on
extracellular 5-HT levels in the ventral hippocamg®e and Barnes 1996) and on basal 5-
HT neuron firing rate in the DRN (Lucas and Debdr2@02;Lucas et al. 2005) have been
reported. In vivo microdialysis of 5-HT in the vealthippocampus was chosen as the primary
method to investigate interactions between the Z4iddeptor and the SSRI paroxetine.

In vivo microdialysis is a well-documented techregdior measuring extracellular
neurotransmitter concentrations in the brain (neeig in (Sharp and Zetterstrom 1992)). A
microdialysis probe with a semi-permeable dialysemmbrane is stereotaxically implanted in
a discrete region of the brain and perfused witlfical cerebrospinal fluid (aCSF) (Fig. 4).
Perfusates are collected every 20-30 minutes aatyzed for neurotransmitter content by
high performance liquid chromatography (HPLC) wighectrochemical detection. The
microdialysis approach has been used to measuracehtlar 5-HT levels in different brain
regions in both anaesthetized and awake, freelyimgoanimals in response to different
pharmacological and behavioral manipulations (Shatpal. 1990;Sharp and Hijorth
1990;Kreiss and Lucki 1995;Gartside et al. 1995;8het al. 1997;Hajos-Korcsok et al.
2000). Despite the small size of the microdialygiebes, implantation causes neuronal
damage and breaches in the blood-brain barrierrShiad Zetterstrom 1992) but after a 2

hour stabilization period, the dialysate 5-HT lesvedflect 5-HT release in response to 5-HT
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neuron firing (Sharp et al. 1990). The 5-HT lewai$ained in the dialysates are influenced by
the 5-HT recovery and dialysis membrane area optbbe, and by aCSF perfusion speed and
sample collection time (Sharp and Zetterstrom 1992)

Outlet  Tnlet

X

— Silica tubing

“ Araldite

<« Stainless steel
cannula

|

|| «—— Dialysis membrane

'
b

@ «——— Araldite plug Interaural 3.96 mm Bregma -5.04 mm

Figure 4. Single cannula probe for microdialysist(ladapted from (Sharp and Zetterstrém 1992}, an

placement of probe in ventral hippocampus (rigiépaed from (Paxinos and Watson 2005)).
The HPLC method of molecule separation is basefioming molecules by high pressure
through a thin column packed with small beads, Wwhietain molecules for different times
depending on their physicochemical properties dedcomposition of the mobile phase used.
Monoamines can be separated by reversed-phasaionkpomatography, where changes in
pH, concentration of ion-pairing agents (e.g. sodioctanyl sulphonate), concentration of
organic solvent (e.g. methanol), and ionic stremjttihe mobile phase influence elution times
of monoamines and their acid metabolites (e.g. AAJI(Sharp and Zetterstrom 1992). In
HPLC with electrochemical detection, eluted molesubass over a carbon-based electrode,
where they are oxidized at the ring hydroxyl groeggating an electric current proportional to
the number of molecules oxidized and reflected ochematogram as variations in peak
height (Marsden and Joseph 1986). Monoamine pesaksidentified and calibrated by
comparison with elution times and peak heights afemal reference compounds,
respectively.

The experiments were performed in chloral hydrateeathetized animals, and drugs
were administered by the intravenous administrationte to reduce variability due to
differences in uptake of drug from tissue. The cele and potent partial agonist RS67333
was used (Eglen et al. 1995) at a dose of 1.5 mig¢ékgwhich increases 5-HT neuron firing
rate under chloral hydrate anesthesia (Lucas e2@5). Among SSRIs, paroxetine was
chosen as it had shown effects on 5;dceptor binding in previous experiments withia th

PhD-project. For combination experiments, RS6733% wawdministered 80 minutes after
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paroxetine, when the effect of paroxetine on 5-Hivels was reaching a plateau.
Combinations of fluoxetine and the 5-FATantagonist WAY100635 have shown that the
effect on 5-HT levels depends on sequence of adtration, being maximal when

WAY100635 is administered 80 min after fluoxetif@lper et al. 2000).

Expression of the immediate early gene Arc

The effector immediate early gene Arc/Arg3.1 (attivegulated cytoskeleton-associated
protein) is rapidly expressed in neuronal dendritesesponse to robust synaptic activity,
making it a useful marker of neuronal activity (igounis and Nicoll 2006). Arc transcription
is induced by NMDA receptor activation, calciumlinf and cAMP (Tzingounis and Nicoll
2006), and Arc mRNA levels are increased in cortiegions and the striatum in response to
elevated brain 5-HT levels (Pei et al. 2000). Tleesttvity to increased 5-HT levels is
reflected in increased Arc mMRNA expression afteonlt antidepressant drug treatment (Pei
et al. 2003) and in response to combined acute 88&Rb-HT A receptor antagonism (Castro
et al. 2003).

The effect of acute 5-Hilreceptor activation by RS67333 administration on ARNA
expression was examined by in situ hybridization. iAitial dose-response (0.1-10 mg/kg)
experiment showed downregulation of Arc expressiorcortical regions after 2 hours.
However, as this effect was present at all dosesthe change in expression was in the
opposite direction of what was expected, the erpemt was repeated with a single RS67333
concentration (1.5 mg/kg) and Arc expression detezth 2 hours after a single injection
(acute) and 24 hours after 3 days of RS67333 adtrition. These experiments were due to
partial degradation of the mRNA and high non-spediinding inconclusive and were not

included in manuscript IlI.
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Results and discussion

Changes in the 5-HTreceptor in animal models of depression (Aim 1)

To investigate the involvement of the 5-Hieceptor in depression, the 5-HTeceptor
binding was analyzed in four rodent models of degiem (Manuscript | and II). Several
models were included to evaluate the 5;Hdceptor in different depression endophenotypes,
induced by genetic or environmental manipulatidriee implication of the 5-Hf receptor in
depression endophenotypes related to 5-HT systeangels was investigated in a genetic
model with increased 5-HT system neurotransmisskiimders Sensitive Line, and in a
surgically induced model of 5-HT system disturbac®Ifactory Bulbectomy; and the
relationship between the 5-HTreceptor and depression endophenotypes of HPA axis
modulation was analyzed in a genetic model of imgmhiHPA axis regulation, the
glucocorticoid receptor heterozygous mouse, aral nmodel of environmental stress-induced
depression, Chronic Mild Stress. The 5zHfeceptor binding was investigated in the
hippocampus and caudate putamen of all modelsaddiional brain regions of relevance to
each model were analyzed post-hoc. In each motgilifisant changes in 5-HiTreceptor
binding were related to 5-HTT binding as a commoespnaptic marker of 5-HT system

change. Each model was validated by behaviorahgest genotyping (Table 3).

Animal models of 5-HT system disturbances

In the FSL model, the 5-HTreceptor binding was decreased in the dorsal (28%0.014)
and ventral (11%, p = 0.045) hippocampus, whilechange was detected in the caudate
putamen (Table 4). This may be related to the higygoocampal but similar striatal 5-HT
levels of FSL rats (Zangen 1997).

FRL FSL Percent chanye P value
Caudate putamen, medial 19.1+0.6 18.6 + 0.9 -2.6 0.654
Caudate putamen, caudal 32.2+0.9 31.8+0.8 -1.4 0.733
Hippocampus, dorsal 10.7 £ 0.7 8.3+0.5 -22.6 14%0
Hippocampus, ventral 20.1+£0.6 17.9+0.8 -11.0 04b*
Hypothalamus 16.8 + 0.6 17.1+0.6 1.8 0.732
Lateral globus pallidus 33.2+0.6 30.9+0.8 -7.0 0.027*

Table 4. 5-HT receptor binding in Flinders Line . Values are m&&SEM in fmol/mg tissuéFSL compared to FRL.

34



Given our present finding that chronic paroxetidenaistration downregulates hippocampal
5-HT, receptor binding, and is known to increase exthaee 5-HT levels (Owen and
Whitton 2005;Hajos-Korcsok et al. 2000), we findikely that the 5-HT receptor binding is
decreased in the FSL hippocampus in response Yatete 5-HT levels. Similar to the 5-HT
receptor binding changes, the 5-HTT binding wasetsed in both dorsal (12%, p < 0.0001)
and ventral (10%, p = 0.020) hippocampus with nange in the caudate putamen of FSL rats
(Manuscript Il). Furthermore, the changes in 5;i8ceptor and 5-HTT binding were directly
correlated in the dorsal hippocampus (r = 0.48,00034) but not in the ventral hippocampus
(Fig. 5). As chronic SSRI administration (Benmanseiual. 1999;Johnson et al. 2008) and 5-
HT depletion (Rattray et al. 1996a;Rothman et 803 have been shown to downregulate
hippocampal 5-HTT binding, the decrease in 5-HTidbng may be a response to changes in
5-HT levels.
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Figure 5. Correlation between 5-f{feceptor and 5-HT transporter binding in Flindkise rats. fH]SB207145 versus (S)-[N-methyl-
*H]citalopram binding in A) dorsal hippocampus (048, p = 0.034), and B) ventral hippocampus (t240p = 0.307) of FSL (triangles, n
=10) and FRL (squares, n = 10). Values are fmoliszye.
Post-hoc analyses of additional brain regions ie f8SL and FRL rats showed a
downregulation of 5-H7 receptor binding in the LGP (7%, p = 0.027) (Tad)dut this was
not paralleled by a change in 5-HTT binding (Mamigcll). Chronic dopamine depletion
upregulates 5-Hj receptor binding in the LGP (Compan et al. 19%6)] conversely, one
might expect an increase in dopamine to downreguatlidal 5-HT, receptor binding. The
FSL have increased dopamine tissue levels in thelata putamen (Zangen et al. 1999),
which may affect the 5-HiTreceptors in the LGP, as they are expressed dyaralGABA
neurons projecting from the caudate putamen (Corepah 1996).

As the hippocampal 5-HT system in the FSL is affddiy ageing (Husum et al. 2006), 5-
HT,4 receptor binding was also determined in aged @2abnths) male FSL and FRL rats
and compared to data from adult (4-8 months) FSLFRL. The aged FSL data are not part

of the manuscripts included in this thesis, andthesefore presented here in greater detail.
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While adult FSL have a tendency towards longer 5{ib€rs in the dorsal hippocampus
compared to adult FRL (3 months), aged 11 montdskSL rats have shorter 5-HT fiber
lengths in the CA1 and CA3 compared to adult F$id i the CA1 compared to aged FRL
(Husum et al. 2006), suggesting an enhanced agtedetlecrease in serotonergic innervation
in the FSL dorsal hippocampus. Two-way ANOVA of 3-Heceptor binding by Strain (FRL
vs. FSL) and Age (Adult vs. Aged) showed a sigaificeffect of AgeK(1,32) = 9.289, p =
0.0046) and an interaction between Age and StF(ih,82) = 6.976, p = 0.0127) in the dorsal
hippocampus. Bonferroni posttests showed thataanstlifference in 5-HJ receptor binding

is present in adult animals only (Fig. 6).
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Figure 6. 5-HT receptor binding in the adult and aged FlindersLiComparison ofH]SB207145 binding

(fmol/mg tissue) in adult FRL (n = 10) and adultH8& = 10) with aged FRL (n = 8) and FSL (n = 8prm

A) dorsal hippocampus, B) ventral hippocampus, GPLand D) medial caudate putamen. Columns are

mean + SEM. *p <0.05, **p < 0.01
There was also an effect of Age({,32) = 20.96, p < 0.0001) and an interaction eetwAge
and Strain £(1,32) = 6.881, p = 0.0132) in the ventral hippopas) and posttests showed
that a difference in 5-Hilreceptor binding between the FSL and FRL was pteaghe adult
animals only (Fig. 6). In the LGP, there was amrdfof Strain £(1,32) = 9.184, p = 0.0048)
and no effect of Age or interaction on the 5sH@&ceptor binding but Bonferroni posttests did
not show significant differences between FSL andl.HR the medial caudate putamen there
was an effect of AgeH(1,32) = 12.26, p = 0.0014) but no effect of Straminteraction
between the two. This suggests differential effe€tageing on 5-H7 receptor binding in the

FSL and FRL hippocampus only, which in the dorsglpbcampus may relate to the
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shortening of 5-HT fibers with ageing in the FSLu@gdm et al. 2006), possibly counteracting
the increased 5-HT levels in the adult FSL. Théed#ince between FSL and FRL in 5-HT
receptor binding in the LGP is present in both adnd aged animals, supporting the notion
that the 5-HT receptor binding in this region is regulated d#fatly. The strain-independent
age-related increase in 5-ifleceptor binding in the medial caudate putamen Ime with

an increase in 5-Hjlreceptor binding in the fundus striatum (and a-sigmificant increase in
the caudate putamen) of 9 months-old rats (ManylliAar et al. 2005).

In the OBX mice, we found an increase in 5zHEceptor binding in the ventral
hippocampus (12%, p = 0.041) but no change in theall hippocampus or caudate putamen
(Table 5). The ventral hippocampal upregulation f@ylue to reduced serotonergic tonus, as
chronic 5-HT depletion increases the 5sH&ceptor binding in the hippocampus (Compan et
al. 1996), and 5-HIAA tissue levels are decreasethé hippocampus but unchanged in the
caudate putamen after bulbectomy (Hellweg et @720The cause of the regional specificity
of the 5-HT, receptor change within the hippocampus is unknbuinmay be dorso-ventral
differences in connectivity (Bannerman et al. 20G#)d is in accordance with differential
changes in 5-HTT binding (Manuscript 1) between tlogsal and ventral hippocampus in a

pattern complementary to the 5-HfEceptor changes.

Sham OBX Percent charige p value
Caudate putamen, frontal 10.5+0.8 9.8+0.5 -7.3 0.399
Caudate putamen, caudal 28.6+1.3 28.3+0.5 -1.0 0.845
Hippocampus, dorsal 14.4+0.8 152+0.8 55 0.487
Hippocampus, ventral 24.1+£0.6 26.9+0.9 115 40%0
Frontal cortex 44+0.8 57+0.6 28.4 0.221
Hypothalamus 20.8+0.7 21.4+0.7 2.8 0.576
Lateral globus pallidus 322+1.2 29.9+0.9 -6.9 0.165
Lateral septum 17.3+£0.7 18.1+0.3 4.6 0.307
Medial amygdala 18.6 £ 0.7 19.9+0.6 6.9 0.168
N. accumbens shell 26.2+0.7 245+1.2 -6.3 0.331
Olfactory tubercles 31.9+1.6 27.4+1.1 -14.1 300

Table 5. 5-HT receptor binding after olfactory bulbectomy. Valsge mean + SEM fmol/mg tissd€DBX compared to Sham.
2n=4.*<0.05.

Changes in the 5-HT system are involved in the st@afogical basis of the OBX syndrome,
as the syndrome can be induced by injection oftseesgic toxins into the olfactory bulbs
(Cairncross et al. 1977a). OBX in mice induces odegeneration in the dorsal raphe nucleus
(Nesterova et al. 1997), possibly due to degermraii serotonergic fibers innervating the
main olfactory bulb (McLean and Shipley 1987), aaddecrease in brain tryptophan
hydroxylase activity and 5-HT synthesis rate (Nesket al. 1975). The pathophysiological
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relevance of the increase in 5-HTeceptor binding after OBX is supported by the
antidepressant effect of chronic 5-f-¥Eceptor agonism in the OBX rat (Lucas et al. 2007
Post-hoc analysis showed a downregulation of tRE breceptor binding in the olfactory
tubercles (14%, p = 0.037) (Table 5). The olfactotyercles are implicated in the rewarding
effects of morphine, cocaine, and brain-stimulatieward (Ikemoto 2007;Kornetsky et al.
1991;lkemoto 2003), and have high 54€&ceptor (Jakeman et al. 1994;Waeber et al. 1994)
and 5-HTT binding (Scheffel and Hartig 1989), irating dense innervation by serotonergic
fibers. After bulbectomy, a marked (qualitativegrease in indoleamine content is present in
the olfactory tubercles, indicating an increases4HT content in this region (Garris et al.
1984). As the 5-H7 receptor binding is downregulated in responsehimric paroxetine
administration, a possible explanation of the deseein 5-HT receptor binding in the
olfactory tubercles could be a downregulation & thceptor in response to increased 5-HT
levels. The 5-HTT binding in the olfactory tubecleas also reduced after OBX, and both 5-
HTT (Manuscript I) and 5-H{ receptor binding in the olfactory tubercles wemngersely

correlated with activity in the open field testdicating a relation to the behavioral phenotype
(Fig. 7).
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Figure 7.Relationship between 5-HTeceptor binding and activity in the open fieldttef bulbectomized and sham-operated mice.
[*H]SB207145 binding in A) ventral hippocampus (r.51) p = 0.105) and B) olfactory tubercles (r 66).p = 0.027) versus total
distance moved in the open field test (expresseutasentage of baseline activithham-operated animals are indicated by circles
and bulbectomized animals by squares.
While both FSL and OBX are models of depressiomy tlexhibit opposite behavioral
responses to stress and novelty. The FSL moddiagacterized by increased immobility in
the FST (Willner and Mitchell 2002), while the OBodel displays increased activity
(Mucignat-Caretta et al. 2004). Similarly, the OBXodel shows increased activity in the
aversive open field test (Zueger et al. 2005), evttile FSL rats are less active in this test
(Overstreet et al. 1986). Differences in both psyobtor response to stress and 5-HT system

changes may underlie these behavioral differericeboth models, we found changes in 5-
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HT, receptor binding in the hippocampus but not indhedate putamen. Importantly, the 5-
HT, receptor binding was changed in opposite direstiarthe two models; decreased in FSL
and increased after OBX. This may be caused by S@pdlirectionality of 5-HT system
changes in these models, increased hippocampal IS in FSL rats and decreased 5-HT
turnover in the OBX model. The directionality okethippocampal 5-Hireceptor changes in
the two models are in accordance with decreasédtacif 5-HT, receptor knockout mice in
the novel open field test (Compan et al. 2004).alde found changes in hippocampal 5-HTT
binding in FSL and after OBX but in this case theding was decreased in both models.
However, this does not contradict the opposite gharin 5-HF, receptor binding, as both
increasing (Benmansour et al. 1999;Johnson et G08)2and decreasing (Rattray et al.
1996b;Rothman et al. 2003) 5-HT levels can downetgu5-HTT binding. The post-hoc
analysis of 5-HT receptor binding implicated specific brain regidaseach model, the LGP
in FSL and the olfactory tubercles after OBX, ekxmpdle by model-specific characteristics.
Of potential importance for the differences in teaty to novelty and stress, post-hoc
analysis of 5-HTT binding also showed opposite gesnn 5-HTT binding in the basolateral

amygdala, being increased in FSL (Manuscript Ifj dacreased after OBX (Manuscript |).

Animal models of HPA axis change

The GR’ mice exhibited an 11% increase (p = 0.036) in 5-ldceptor binding in the
caudate putamen (Table 6), which is in agreemetit thie finding of increased postmortem
5-HT,4 receptor binding in the caudate nucleus of depressaiicide victims (Rosel et al.
2004). Notably, 5-HT receptor binding was increased in the caudal lotitim the frontal
caudate putamen (Table 6). While serotonergic datien leads to an increase in 5-HT
receptor binding in the frontal but not in the caudaudate putamen, lesions of the
nigrostriatal dopaminergic pathway induce an inseein 5-HT, receptor binding in the
caudal but not the frontal caudate putamen afteta®% (Compan et al. 1996). Our finding of
increased 5-H7 receptor binding in the caudal caudate putamen thayefore reflect
decreased dopaminergic activity in GRnice. The increased 5-HTeceptor binding is not
related to changes in tissue dopamine levels, esetlare similar in GR and GR"™ mice
(Schulte-Herbruggen et al. 2007), but could pogdlytireflect changes in dopaminergic
neuronal activity. In the GR mice, there was also a small (6%, p = 0.038) deserén 5-HTT
binding in the frontal caudate putamen but no ckaimgthe dorsal hippocampus or in the
post-hoc analyzed regions (Manuscript I). The desmein 5-HTT binding in the frontal

caudate putamen was unexpected given the absenSeH®f system change in the GR
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model (Schulte-Herbruggen et al. 2007). Post-hadyais showed a 10% increase in 5HT

receptor binding in the olfactory tubercles of @&" mice (Table 6).

GR™ GR” Percentchange  p value
Caudate putamen, frontal 13.8+1.1 146 £0.7 6.4 0.500
Caudate putamen, caudal 41.0+11 455+15 10.9 0.036*
Hippocampus, dorsal 15.7+1.0 18.4+0.7 17.0 D.05
Hippocampus, ventral 28.0+06.9 29.8+1.4 6.3 0.303
Hypothalamus 24.3+£0.9 26.3+0.8 8.1 0.115
Lateral globus pallidus 40.2+0.7 421+1.2 4.9 .180
Lateral septum 22313 23.7+0.7 6.5 0.353
Medial amygdala 21.6+0.8 229+0.9 6.0 0.305
N. accumbens shell 33.4+21 38.4+1.1 14.8 0.070
Olfactory tubercles 409+1.1 448+ 1.2 9.6 07032

I;lileo %55-Hrreceptor binding in GR mice. Values are mean = SEM in fmol/mg tissuR” compared to GR. >n=5°3n=4.

The 5-HT, receptor binding in the caudate putamen and hgppas did not correlate with
total sucrose intake during CMS (Manuscript Il).vitwver, the 5-HTT binding in the frontal
caudate putamen was inversely correlated with tatiafose intake (r = -0.41, p = 0.044),
associating increased 5-HTT binding with the anhédoesponse to CMS (Manuscript II).
The absence of a change in hippocampal 24#é€eptor and 5-HTT binding after CMS is in
accordance with anhedonic and CMS resilient animad$ differing in hippocampal

expression of genes related to the 5-HT systeng&em et al. 2007).

5-HT system disturbance HPA axis modulation
FSL OBX GR CMS
Hippocampus Decrease Increase No change No change
Caudate putamen No change No change Increase No change
Model-specific LGP Olfactory tubercles Olfactory tubercles None

Table 7. Comparison of 5-HTeceptor binding changes in animal models of degpoa. Changes marked with bold: supported by &ffec
5-HTT binding in the same region (no directionglity

The GR" and CMS models are both based on HPA axis modulatepresenting a genetic
disposition to inhibited feedback of HPA axis aityivand continuous HPA axis activation by
chronic, environmental stressors, respectively. 31T, receptor binding was increased in
the caudal caudate putamen of the"GRodel but was unchanged after CMS. However in
both models, 5-HTT binding was changed in the fibnaudate putamen, though in opposite
directions.

Animal models of depression display distinct chanige5-HT system and behavior, and
cross-model consistency is found in few if any bgtal marker (Table 3). From the

comparison of 5-HTT binding, a 5-HT system factoiplicated in the pathophysiology and
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treatment of depression, in four depression maafedifferent constructs within this project it
is clear that the 5-HT system is affected in magedeific ways, and that differences between
models are not explained by methodological diffeemnbetween studies (Manuscript | and
II). Similarly, the changes in 5-HTreceptor binding differ between the four modelal{fé

7). The majority of 5-HT receptor changes may be explainable by regionfapebanges in
endogenous agonism due to changes in 5-HT neuing &nd release, while a few may have

their origin in changes in other neurotransmittestams, e.g. the dopaminergic system.

Regulation of the 5-Hjreceptor by 5-HT system changes (Aim 1)

In order to understand the mechanisms behind tH& Sreceptor changes observed in the
animal depression models, we investigated regulaifo5-HT, receptor binding in response
to alterations in cerebral 5-HT levels (Manusctlpt To alter 5-HT levels, normal rats were
subjected to different treatment paradigms: 1,atl 21 days of paroxetine administration,
and sub-chronic 5-HT depletion. While there was daffect after one day of paroxetine
administration, a global and substantial (11-47%)regulation of 5-HT receptor binding
was present after 14 and 21 days of treatment &ignd Manuscript II). The absence of
change in 5-HT receptor binding after one day of paroxetine adstriation shows that the
changes in 5-Hf receptor binding after 14 and 21 days are not tduacute effects of

paroxetine but require chronic administration.

Figure 8.5-HT, receptor binding after acute and chronic paroeetidministration. Autoradiograms of speciffel[SB207145 binding (1
nM) at four section levels after 1 (left panel) &id(right panel) days of vehicle (n = 7-8; A, D, 3 or paroxetine (10 mg/kg, n = 7-8; B, E,
H, K) administration. C, F, I, L) Non-specific bing in the presence of 1M RS39604.

One study has previously investigated the effechobnic antidepressant treatment on 5:HT
receptor binding and reported no effect of citadopron 5-HT, receptor binding in the
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substantia nigra, which was the only region inggggd (Gobbi et al. 1997). Though we have
not quantified 5-HT receptor binding in this region (due to its smsite) after chronic
paroxetine administration, the global nature of 3Hd T, receptor downregulation and visual
inspection of the autoradiograms suggest thatubstantia nigra is affected too (Fig. 8, right
panel). Our findings are in accordance with elg@tysiological studies in hippocampal
slices, showing a decrease in 5H€&ceptor sensitivity after chronic but not acutsatment
with paroxetine (Bijak et al. 1997). The same grdopnd a similar decrease in sensitivity
after chronic administration of other antidepressaiiugs (imipramine, citalopram,
fluvoxamine) and after repeated ECS, indicating thi is a general effect of antidepressant
treatment (Bijak 1997;Bijak et al. 2001;Bijak et 8997). While paroxetine by acute blockade
of the 5-HTT increases synaptic 5-HT in certainiogrg, chronic administration strongly
downregulates 5-HTT binding globally, leading ttaeger decline in 5-HT clearance from the
synapse (Benmansour et al. 1999). The decreasdd Bekeptor binding after 14 and 21 days
of paroxetine administration may be due to incrdasgonism-induced downregulation of the
5-HT, receptor, as exposure to a saturating concemrafi®-HT decreases 5-HTeceptor
binding in colliculi neurons (Ansanay et al. 199B)ough endocytosis of plasma membrane
receptors (Barthet et al. 2005).

Sub-chronic 5-HT depletion induced a 13-41% inceeass-HT, receptor binding in the
dorsal hippocampus, hypothalamus, and LGP (TableM&nuscript 1I). As previously
published, our four day combined pCPA and fenflured-HT depletion paradigm results in
a 95% reduction in brain 5-HT on day five (Kornutrak 2006).

Saline pCPA + FEN Percent chafige p value
Caudate putamen, medial 17.6 £0.7 17.8+0.7 1.0 .8710
Caudate putamen, caudal 27.4+0.7 28.9+0.6 5.7 .1020
Hippocampus, dorsal 7.8+0.4 11.0+£0.7 40.7 07690
Hippocampus, ventral 15.1+6.9 16.4 + 0.4 8.6 0.163
Hypothalamus 14.8+0.2 18.1+0.6 22.2 0.0002%*+*
Lateral globus pallidus 26.6 £ 0.7 30.0+1.0 12.8 0.014*
Ventral pallidum 26.9+£0.6 29.3+1.1 8.8 0.087

Table 8. 5-HT receptor binding after sub-chronic 5-HT depletigalues are mean + SEM in fmol/mg tissiECPA + FEN
compared to salinén = 7.

Our results support the previous report by Compaal. €1996) of increased (28-83%) 5-HT
receptor binding in the rostral caudate putamenleus accumbens, substantia nigra, globus
pallidus, and hippocampus 21 days after 5,7-DHibfesof the raphe nuclei, and shows that
this effect is also present after sub-chronic pleawiogical 5-HT depletion. After 5-HT
depletion, the hippocampal 5-kHTeceptor binding was increased in the dorsal slfinly,

which is similar to the pattern of change in 5{H&ceptor binding after 5,7-DHT induced 5-
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HT depletion, where binding is decreased in thesramt (dorsal) but not the posterior
(ventral) hippocampus (Fischette et al. 1987).

To investigate whether the regulation of 544Eceptor binding by changes in 5-HT
levels was specific to this receptor, we compatredth that of an extensively described 5-HT
receptor, the 5-Hi receptor. In agreement with previous studies ufiHiketanserin (Maj
et al. 1996;Nelson et al. 1989), we found a deereas cortical 5-HEa receptor
[*HIMDL100607 binding after 21 days of paroxetine auistration (Manuscript I1). Whereas
chronic paroxetine administration was associatatl aiprofound and global reduction in the
5-HT,4 receptor binding, the effect on the 54ATeceptor was smaller and confined to frontal
and cingulate cortices (Fig. 9, Manuscript I1).
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See text (p.13-14 and 37-39) for references.
In contrast to the limited effects of chronic paetire administration, the 5-HA receptor
binding was globally and markedly decreased aftiérchronic 5-HT depletion (Manuscript
I1). While this is the first report to uséH]MDL100907 binding to evaluate 5-HZ receptor
binding after 5-HT depletion, it has been reporieat severe 5-HT depletion by 5,7-DHT
(but not by pCPA) causes a 16-26% decrease in SzidTreceptor fA]DOI binding in the
cingulate, frontal, and parietal cortex (Comparalet1998). Generally the effects of 5-HT
depletion on 5-H7a receptor binding are complex, and may depend &l Sdepletion
protocol, degree of 5-HT depletion, radioligandedignd time point of receptor binding
analysis (see p.16).

Based on the experiments in Manuscript 1l and toeysby Compan et al. (1996), the

model of effects of chronic changes in 5-HT levats5-HT system markers (Fig. 1) can be
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expanded to include regulation of 5-Hiieceptor binding (Fig. 9). In this model, a chooni
decrease in 5-HT levels will increase 5-Hreceptor binding in several regions, while a
chronic increase in 5-HT levels will decrease 5;8ceptor binding globally. The influence
of chronic changes in brain 5-HT levels on 5;H@&ceptor binding is unique in its plasticity
and unidirectional relationship to 5-HT levels cargd to the 5-HTT and other 5-HT
receptors investigated so far (Fig. 9). This suggtwat brain 5-HJ receptor binding may be
used as a marker of chronic changes in central 3ed@&ls in animals, and possibly also in
humans in vivo by'fC]SB207145-PET studies.

Effects of 5-HT, receptor agonism on the 5-HT system (Aim [Il)

Given that paroxetine administration strongly af$e6-HT, receptor binding with a time-
course similar to the clinical effect of paroxetirtee data from Manuscript Il implicate
regulation of the 5-HJ receptor in the effects of antidepressant treatm®mce 5-HT,
receptor agonism increases 5-HT neuron firing ratethe DRN (Lucas et al. 2005), the
decrease in 5-HfT receptor binding in response to increased 5-HTelevmay be a
compensatory downregulation of a positive regulafos-HT system function. This suggests
that activation of the 5-Hireceptor may augment the response of the 5-HTemsysb
paroxetine. To explore this possibility and to et characterize the effects of the 5;HT
receptor on 5-HT system activity, the effects dfi’bs receptor stimulation on extracellular 5-
HT levels in the ventral hippocampus alone and amigination with paroxetine were
investigated by in vivo microdialysis (Manuscrigi).|

Acute administration of the 5-HTreceptor agonist RS67333 (1.5 mg/kg, i.v.) had no
effect on extracellular 5-HT or 5-HIAA levels indlventral hippocampus of the anaesthetized
rat, while acute paroxetine administration (0.5 kgg/v.) caused the expected increase in 5-
HT (276% of baseline) and decrease in 5-HIAA lev@tgy. 10, Manuscript III). When
administering RS67333 after the effect of paroxetiad stabilized, an additional increase in
5-HT levels (to 398% of baseline) was observed.(E®. The absence of an acute effect of
RS67333 alone was unexpected as a previous migysidiastudy has shown markedly
increased 5-HT levels in the ventral hippocamptsrafystemic administration of the 5-HT
receptor agonist renzapride (Ge and Barnes 199®.ré&ason for this discrepancy could be
that RS67333 is a partial agonist (Eglen et al.5)9%hile renzapride is a full agonist.
Another difference between the two studies is tGat et al. (1996) performed their
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experiments in wake rats, while we used chloralraited anaesthetized animals. However,
administration of RS67333 at the dose used in tualysincreases 5-HT neuron activity in the

DRN of the chloral hydrate anaesthetized rat (Luetael. 2005), and stimulation of the DRN

is normally reflected in increased 5-HT releaséhm ventral hippocampus (Sharp and Hjorth
1990). The absence of a detectable increase in Tek@ls in response to acute RS67333
administration could be due to rapid reuptake &fT5by the 5-HTT.
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Figure 10. Extracellular 5-HT levels in the trahhippocampus, expressed as percentage

of baseline, after paroxetine (0.5 mg/kg, n = 6R333 (1.5 mg/kg, n =5), or vehicle

(n = 3) administration, and in response to combjmexetine and RS67333 (n = 7)

administration. Arrows indicate injection timesp % 0.05, ** p < 0.01, *** p < 0.001:

paroxetine relative to vehicle (0-260 mifi)p < 0.01: paroxetine + RS67333 compared to

paroxetine (140-300 min).
The increase in extracellular 5-HT levels in theatval hippocampus in response to acute
systemic paroxetine administration is in agreemetft previous studies (e.g. (Hajos-Korcsok
et al. 2000)). The increased 5-HT levels are a lrest inhibited 5-HT reuptake in
combination with basal 5-HT release due to 5-HTraediring (Sharp et al. 1990), the latter
of which is regulated by changes in extracelluldBlevels among other factors. Increased
synaptic 5-HT levels inhibit 5-HT neuron firing tugh 5-HT 4 autoreceptors in particular
(Sprouse and Aghajanian 1987) and postsynaptic H-ldiid 5-Hbg/c receptors (Boothman
et al. 2003). However, increased synaptic 5-HTIlfeweay also have stimulatory effects on 5-
HT neuron firing through postsynaptic 5-HTeceptors in a long feedback loop from the
medial PFC (Lucas et al. 2005). Addition of a 5-REuron activating compound, RS67333,
to acute systemic paroxetine administration mayt she balance between inhibitory and
stimulatory 5-HT receptor effects on 5-HT neuronivaty, and thereby increase the 5-HT

release in the ventral hippocampus (Fig. 10). Taesient nature of the additional increase in
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5-HT levels after RS67333 administration may be ttueegative feedback regulation of 5-
HT release, as the increase in 5-HT levels in nesp@o RS67333 will increase the activation
of inhibitory 5-HT receptors. Our results are ineliwith the ability of renzapride to increase
5-HT levels in the ventral hippocampus in the pnese of paroxetine after local

administration of both compounds via the microdigdyprobe (Ge and Barnes 1996), though

the latter implies a direct, local effect on 5-Hlease.

Control 3 days RS67333 p value
5-HT 0.008 + 0.001 0.014 + 0.001 0.0001***
5-HIAA 7.536 + 0.459 5.478 + 0.834 0.0474*
DOPAC 0.424 + 0.034 0.352 + 0.055 0.3209

Table 9. Basal 5-HT and metabolite levels aftea@sdof RS67333 (1.5 mg/kg). Values are mean + SEphiol.

Three days of RS67333 (1.5 mg/kg, i.p.) adminigtratincreased 5-HT (by 73%) and
decreased 5-HIAA baseline levels in the ventrapbgampus (Table 9). Given that acute
RS67333 administration did not have a similar éffde sub-chronic effect is most likely due
to a combination of 5-Hiareceptor stimulatory effects on 5-HT neuron attiyLucas et al.
2005) and desensitization of 5-khTautoreceptors in the raphe nuclei (Lucas et &7200ur
finding is in agreement with the observed increaseuis on hippocampal postsynaptic 5-
HT1areceptors after sub-chronic RS67333 administrgtioigas et al. 2007).
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Figure 11. Effect of paroxetine and RS67333 adriration on 5-HT levels after
sub-chronic RS67333 pretreatment. Changes in etluér 5-HT levels (pmol) in the
ventral hippocampus after paroxetine (0.5 mg/kg) R667333 (1.5 mg/kg)
administration in animals receiving 3 days of RSE¥8L.5 mg/kg, n = 5) pretreatment
or no pretreatment (n = 7). Arrows indicate injenttimes. * p < 0.05.

The increase in 5-HT levels after 3 days of RS678@inistration is smaller than the 2-3-
fold elevation, which has been observed after 14 d& SSRI treatment (Hajos-Korcsok et al.

2000;Kreiss and Lucki 1995). Together with the patme augmenting effect of acute
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RS67333 administration this suggests that a cortibmaf SSRI administration and 5-HT
receptor partial agonism enhances 5-HT systemisctibhis is supported by the observation
that a paroxetine challenge can still elevate 5-l8Vels after 3 days of RS67333
administration and to a higher absolute level tlethed with paroxetine alone (Fig. 11).

The regulation of 5-Hj receptor binding by changes in 5-HT levels, angarticular by
chronic SSRI administration (Fig. 8), in combinatiwith the stimulatory influence of sub-
chronic 5-HT, receptor agonism on 5-HT levels in the ventrapbgampus suggests, a role
for the 5-HT, receptor in antidepressant treatment. While abuitel, receptor antagonism
does not inhibit the antidepressant-like effectflabxetine in the FST (Cryan and Lucki
2000), a recent study has provided convincing gapgporting a fast antidepressant-like effect
of 5-HT, receptor partial agonists (RS67333 and prucaleprid the FST, CMS and OBX
models of depression (Lucas et al. 2007). The apt&ksant-like effects of RS67333 and
prucalopride may relate to their ability to stintel&-HT neuron firing rate both after acute
and chronic administration (Lucas et al. 2005)reasing 5-HT release in 5-HT projection
areas after sub-chronic administration (Table @ @bsence of desensitization of the 5-HT
receptor effect on 5-HT neuron activity after cheompartial agonist administration is
surprising given the present finding of chronicgaatine induced downregulation of 5-HT
receptor binding. However, the resistance to dezaison may be due to the partial agonist
profile of RS67333 and prucalopride (Duman 2008%)sab-chronic RS67333 administration
(2.5 mg/kg i.p.) does not affect brain 5-HEceptor binding (unpublished observations).
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Conclusions

This thesis is focused on the 5-Hieceptor in depression and antidepressant tretrimen
particular the regulatory interactions between3HéT, receptor and the 5-HT system. These
interactions have been explored in experimentahals, which have been used as models of
depression, antidepressant treatment, chronic esangf brain 5-HT levels, and
antidepressant-like responses of the 5-HT system.

The 5-HT, receptor binding was changed in three rodent nsooetepression, the FSL,
OBX and GR”, which are based on distinct constructs and exHifferent endophenotypes
of depression. In the FSL model, the 5;H&ceptor binding was decreased in the dorsal and
ventral hippocampus, and in the dorsal hippocantipeishange was directly correlated to 5-
HTT binding. Differential effects of ageing on hggampal 5-HT receptor binding was
found in the FSL and FRL rats, while aged FSL matkibited a similar decrease in 5-HT
receptor binding in the LGP as found in post-hoalgsis of adult FSL rats. While the FSL is
characterized by increased immobility in respomséotced swim stress, the OBX mice are
hyperactive in the aversive open field test. Theasjte effects of stress on locomotor activity
in the two models were reflected in opposite charigehippocampal 5-Hreceptor binding
and 5-HTT binding in the basolateral amygdala. T®X mice display increased 5-HT
receptor binding in the ventral hippocampus, ancreessed 5-HTT binding in several brain
regions, including the basolateral amygdala. The &% OBX models are characterized by
changes in the 5-HT system, which may affect endoge agonism on the 5-HTeceptor,
and thereby influence 5-HTeceptor binding. In comparison, the tGGRnodel is based on a
genetically induced deficit in negative feedbachtecol of the HPA axis in response to stress.
The GR" model showed increased 5-Hfeceptor binding in the caudal caudate putamen,
which was not readily explainable by changes in $hdT system. However, the 5-HT
receptor binding was not affected by chronic expes$o environmental stress (CMS).

Manipulation of central 5-HT levels indicated arvense relationship between 5-HT
levels and 5-HT receptor binding. Effects of sub-chronic 5-HT agjoin on 5-HT, receptor
binding were detected in the dorsal hippocampugotihalamus, and LGP, while chronic
SSRI (paroxetine) administration downregulated 5riHceptor binding in all brain regions
evaluated. The regionally confined pattern of clesnigmduced by 5-HT depletion may relate
to the relatively short duration (5 days) of dessxh5-HT levels, as others have reported

larger and more widespread changes after 21 ddesréigulation of 5-Hf receptor binding
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by these pharmacological manipulations of brainTo4elvels differed from that of another
postsynaptic 5-HT receptor, the 5-fATreceptor, which was moderately downregulated by
chronic paroxetine treatment in cortical regionsdydout globally downregulated by sub-
chronic 5-HT depletion. The inverse relationshipamen 5-HT, receptor binding and central
5-HT levels is unique among 5-HT receptors analysethr, and suggests the potential use of
5-HT, receptor binding as a marker of chronic changesnisiogenous 5-HT levels. It also
indicates that regulation of 5-HTreceptor binding may be a compensatory feedback
mechanism in the 5-HT system of relevance to aptetsant treatment and 5-HT system
control.

In support of a central role of the 5-iiieceptor in 5-HT system control, 5-klfieceptor
activation increased the effect of acute SSRI (getine) administration on 5-HT levels in the
ventral hippocampus, both acutely and after thragsdf administration with the 5-HT
receptor partial agonist RS67333. This effect isini@ely due to the acute stimulation of 5-
HT neuron firing rate by 5-Hilreceptor partial agonism, which has been repditedthers.
While acute administration of RS67333 did not afi@dracellular 5-HT levels in the ventral
hippocampus, three days of RS67333 administratifficed to elevate 5-HT levels. As an
increase in extracellular 5-HT levels is associatéd antidepressant effect of drug treatment,
these data suggest that 5-Hileceptor partial agonism have antidepressant pakeim
particular in combination with SSRI administration.

Collectively the results of this thesis suggestaeh of reciprocal regulatory interactions
between the 5-Hireceptor and central 5-HT levels: 5-HiEceptor activation stimulates 5-
HT release, leading to increased 5-HT levels, whimh increased receptor agonism
downregulates 5-Hil receptor binding. The regulatory effects requitd-shronic 5-HT
system stimulation, possibly to overcome 5:kButoreceptor mediated inhibition through
desensitization. This model provides a framework ifderpretation of changes in 5-HT
receptor binding found in three animal depressiauets and their relation to changes in 5-
HTT binding. Given that 5-HT system changes are ragrthe biological endophenotypes of
depression, the reciprocal regulation of 5;H&ceptor binding and 5-HT levels supports a

role for the 5-HT, receptor in the pathophysiology of depression.
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Research Perspectives

While this thesis has addressed important questiegarding the role of the 5-HTeceptor
in the pathophysiology of depression and its paaéat a target for antidepressant treatment,
these lines of research have potential for furéxéension.

The importance of changes in brain regional 5iceptor binding for the depression-
like behavior of the three animal models shoulccbefirmed by reversal of the changes by
chronic antidepressant treatment, and potentiadtiomal implications of the changes could
be examined by behavioral tests or in vivo pharrwagoal assays. The changes in 5HT
receptor binding could also be studied at the [lllevel in the affected brain regions to
examine potential relations to neurodegenerativangbs and determine sub-cellular
localization of affected receptors, requiring tleeelopment of suitable antibodies.

The mechanism and time course of the effects ofigés in brain 5-HT levels on 5-HT
receptor binding should be further explored. Thedtlgesis of the 5-Hireceptor binding
changes being mediated by changes in 2-H3ceptor stimulation should be tested by
studying the effects of acute, sub-chronic and micré-HT,; receptor antagonism, partial
agonism and full agonism on 5-glTeceptor binding. Of relevance to the potentia@ af5-
HT, receptor binding as a marker of chronic changess-AT levels, the effects of
intermediate degrees of 5-HT depletion on 5;H@ceptor binding should be explored. It
would also be relevant to determine the detailetkticourse of the effects of paroxetine
between one and 14 days of administration, anddatuate the time course of reversal of the
decrease in 5-Hireceptor binding, when discontinuing administnatido determine if the
effect of paroxetine can be extended to other aptissant treatments, 5-HTeceptor
binding should be evaluated after administratiomtbier antidepressant drugs and ECS. It is
also important to determine whether the changes-iir, receptor binding in response to
changes in 5-HT levels are reflected in differerioes-HT, receptor function.

The effects of 5-HT receptor stimulation on 5-HT levels in the ventngdpocampus
should be confirmed with another 5-lHfeceptor agonist and by blocking the response avith
5-HT, receptor antagonist. The antidepressant poteariti@mbined 5-HF receptor agonism
and SSRI administration should be further explarednimal models of antidepressant-like
effects. In addition, it would be interesting tsttehe effects of combined 5-HTeceptor
agonism and 5-Hily receptor antagonism as a possible means to achigigepressant-like

effects acutely.
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Abstract

The 5-HT, receptor is a new target for antidepressant treatment and may be implicated in the
pathogenesis of depression. This study investigated differences in 5-HT4 receptor and 5-HT
transporter (5-HTT) levels by quantitative autoradiography of ["H]SB207145 and (S)-[N-
methyl->H]citalopram in two murine depression models, olfactory bulbectomy and
glucocorticoid receptor heterozygous (GR*") mice, respectively. The olfactory bulbectomy
model is characterized by 5-HT system changes, while the GR*" mice have a deficit in
hypothalamic-pituitary-adrenal (HPA) system negative feedback control. The olfactory
bulbectomized mice displayed increased activity in the aversive open field test, a
characteristic depression-like feature of this model. After bulbectomy, 5-HT, receptor binding
was increased in the ventral hippocampus (12%) and decreased in the olfactory tubercles
(14%). The bulbectomized mice had a small but significant decrease in 5-HTT binding in the
dorsal hippocampus, hypothalamus, basolateral amygdala, lateral septum, olfactory tubercles,
and lateral globus pallidus. Both 5-HT, receptor and 5-HT transporter binding in the olfactory
tubercles were inversely correlated with activity in the aversive open field test. In comparison,
GR"" mice had increased 5-HT; receptor (11%) and decreased 5-HTT binding in the caudate
putamen, and increased 5-HTs receptor binding in the olfactory tubercles (10%). In
conclusion, we have found brain regional changes in 5-HT4 receptor and 5-HTT transporter
binding in two murine depression models, supporting a role for 5-HT4 receptors in

serotonergic and HPA system related endophenotypes of depression.
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INTRODUCTION

In 2020, depression is projected to be the second most important contributor to the worldwide
burden of disease (Murray and Lopez 1997). Among the biological endophenotypes of
depression, increased sensitivity to serotonin (5-hydroxytryptamine, 5-HT) system depletion
and hypothalamic-pituitary-adrenal (HPA) system sensitivity to manipulation are the most
consistent (Hasler et al. 2004). In the 5-HT system, the 5-HT4 receptor is special in its ability
to stimulate 5-HT neuron activity in the dorsal raphe nucleus (Lucas and Debonnel
2002;Lucas et al. 2005). The 5-HT, receptor binding is increased in the caudate and frontal
cortex of depressed suicide victims (Rosel et al. 2004), and two single nucleotide
polymorphisms of the 5-HT, receptor gene are associated with depression (Ohtsuki et al.
2002). The 5-HT4 receptor is regulated by both 5-HT system changes and corticosterone
levels: 5-HT depletion upregulates 5-HT4 receptor binding in the hippocampus and basal
ganglia (Compan et al. 1996), and chronic corticosterone administration increases 5-HT4

receptor effects on hippocampal neurons (Bijak et al. 2001).

Olfactory bulbectomy (OBX) in rodents induces behavioral and neurobiological changes
similar to certain aspects of clinical depression, (Kelly et al. 1997;Song and Leonard 2005).
The OBX mouse is characterized by decreased 5-HT turnover in several brain regions and has
been conceptualized as a model of agitated depression (Hellweg et al. 2007). The key
behavioral effect of OBX is hyperactivity in response to novel, stressful environments, such
as the aversive open field test (Zueger et al. 2005;Kelly et al. 1997;Song and Leonard 2005).
The OBX syndrome develops over 14 days after bilateral ablation of the olfactory bulbs, and
is caused by anterograde and retrograde neurodegeneration, and resulting structural and

functional changes in brain areas (e.g. amygdala, raphe nuclei, and hippocampus) connected
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to the olfactory bulbs (Kelly et al. 1997;Song and Leonard 2005). The bulbectomy model has
high predictive validity, since chronic but not acute treatment with the majority of
antidepressants can reverse the biochemical and behavioral deficits (Jarosik et al. 2007;Kelly

et al. 1997).

Given the importance of HPA system deregulation in the pathophysiology of depression, mice
with genetic alterations of the glucocorticoid receptor (GR) have been developed as models of
depression (Chourbaji and Gass 2008). The GR heterozygous mice (GR*") lack one GR allele
and have reduced GR mRNA and protein levels (Ridder et al. 2005). The GR*" mice have
ineffective corticosterone suppression in the dexamethasone/corticotropin-releasing hormone
test (Ridder et al. 2005), indicating deficits in the negative feedback control of glucocorticoid
release. A comparable deficit is seen in >50% of patients with major depression (Heuser et al.
1994). While exhibiting normal behavior at baseline, the GR*" mice display depression-like

behavior upon stress exposure (Ridder et al. 2005).

We have examined the 5-HT; receptor ["H]SB207145 binding in olfactory bulbectomized and
unstressed GR*" mice, and related this to 5-HT transporter (5-HTT) (S)-[N-methyl-
H]citalopram binding and behavior. We hypothesized that the 5-HT, receptor binding would
be increased in the caudate putamen and hippocampus, and performed a post-hoc analysis of

additional brain regions with high 5-HT}4 receptor binding and relevance for depression.

MATERIALS AND METHODS

Olfactory bulbectomy
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Adult male 3-month-old C57BL/6N mice (Charles River, Germany) were allowed to
acclimatize for 2 weeks to a reversed 12: 12h dark/light cycle. Animals were individually
housed with free access to food and water. OBX was performed as described previously
(Zueger et al. 2005). Briefly, mice (n = 9) were anaesthetized with Xylazin 80 mg/kg i.p.
(Bayer, Germany) and Ketamin 90 mg/kg i.p. (Aventis Pharma, Germany) diluted in saline.
The skull covering the olfactory bulbs was exposed by skin incision, a burr hole drilled, and
the olfactory bulbs removed by suction with a hypodermic needle attached to a water pump.
The burr hole was closed with bone wax, Neomycin powder (Sigma, Germany) applied, and
the skin closed with Histoacryl (Aesculap AG, Germany). Sham operations (n = 6) were
performed in the same way but with the bulbs left intact. The mice were decapitated on days
20-21 after the operation. The brains were removed, frozen on dry ice, and stored at -80 °C.
All animal experiments were approved by the German animal welfare authorities

(Regierungsprisidium Karlsruhe, Germany).

Open field test

Locomotor hyperactivity in response to a novel, stressful environment is a key behavioural
feature of the olfactory bulbectomy model (Song and Leonard 2005), and was analyzed in the
open field test on the day before (baseline) and 2 weeks after surgery, as described previously
(Zueger et al. 2005). The open field test behaviour was used as an indicator of successful
bulbectomy, and data from animals with unchanged activity was not included in the
autoradiography analysis (3 out of 9 mice tested). The open field test was performed during
the first hours of the dark (active) phase, in a circular arena (90 cm diameter) with white
plastic floor and a reflecting aluminium wall under 320 Lux light intensity. Mice were placed

near the sidewall and locomotion was recorded with a video camera for 5 min. The xy-
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coordinates were analyzed with Noldus Etho Vision 2.3, and the parameter ‘total distance

moved (cm)’ was determined.

Glucocorticoid receptor heterozygous mice

A non-functional GR allele (Grll-) was constructed by homologous recombination of mouse
embryonic stem cells with a modified Grl/ allele carrying loxP sites on either side of the Gri/
exon 3, followed by transient transfection with Cre recombinase leading to excision of exon 3
(Tronche et al. 1999). Embryonic stem cells carrying the Grll- allele were used to generate
Grll- chimaeras, which were then crossed with C57BL/6N mice to generate Grll-
heterozygous mice. GR heterozygous (GR*") mice were generated by crossing Grll-
heterozygous C57BL/6N males (backcrossed with the mutation for >10 generations) with
wild-type FVB/N females (Ridder et al. 2005). For all experiments, 5-7 months old male
GR"" mice and their male wild-type littermates were used. Animals were supplied with food
and water ad libitum and were single-housed on a reversed 12h: 12h dark-light cycle (lights
on at 6:00 in the evening), similarly as for the behavioral study described previously (Ridder
et al. 2005). The animals were decapitated, and the brains were removed, frozen on dry ice,

and stored at -80 °C.

Tissue preparation

The brains were sectioned on a cryostat in 10 pm coronal sections at -25 °C, thaw-mounted

onto gelatinated glass slides, allowed to dry at room temperature (RT), and stored at -80 °C

until processed. Sections were collected between Bregma 2.58 and 2.34 mm; 1.10 and 0.86

mm; -1.34 and -1.58 mm; and -3.16 and -3.40 mm (Paxinos and Franklin 2001). Tissue
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sections were collected in 4 parallel series so that every fourth section was thaw-mounted

onto the same glass slide with a total of three sections on each glass slide.

5-HT4 receptor autoradiography

The protocol for [’H]SB207145 autoradiography was adapted from Parker ef al., 2003 (Parker
et al. 2003). Frozen tissue sections were brought to RT and allowed to dry for 60 min.
Sections were preincubated at RT for 15 min in 50 mM Tris-HCI, pH 7.4, containing 0.01%
ascorbic acid and 10 uM pargyline. Sections were incubated in the same buffer containing 1
nM [3H]SB207145 (1-5 times Ky) for 60 min. Sections used for determination of non-specific
binding were preincubated and incubated in the presence of 10 uM RS39604. Sections were
washed for 2 x 20 seconds in ice-cold 50 mM Tris-HCI followed by 20 seconds in ice-cold
dH,O. Slides were dried at RT in a gentle air stream for 1 hour. They were then fixed in
paraformaldehyde vapour overnight at 4 °C. The sections were then dried for 3 hours in a
dessicator at RT, followed by exposure to a tritium-sensitive BAS TR2040 phosphor imaging
plate (Fuji, Science Imaging Scandinavia AB) along with 4 autoradiographic [*H]microscales
(8 and 80 nCi, Amersham Biosciences) for 2 weeks at 4 °C. The imaging plate was scanned
on a BAS-2500 bioimaging analyzer (Fuji Film Photo Co. LTD., Japan). Sections from each
model and the respective control group were for each section level processed and exposed to

imaging plates together.

5-HT transporter autoradiography

The protocol for (S)—[N—methyl—3H]citalopram autoradiography was adapted from Thomsen et

al., 2003 (Thomsen and Helboe 2003). Frozen tissue sections were brought to RT and allowed
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to dry for 60 min. Sections were preincubated at RT for 20 min in 50 mM Tris-HCI with 120
mM NaCl and 5 mM KCI, pH 7.4; and incubated in the same buffer with 2 nM (S)-[N-
methyl-"H]citalopram for 60 min. Sections used for determination of non-specific binding
were preincubated and incubated in the presence of 10 uM paroxetine. Sections were washed
for 3 x 2 min in buffer, followed by a quick dip in ice-cold dH,O. The sections were then
dried and processed for imaging plate exposure as described for 5-HT4 receptor

autoradiography. Sections were exposed for 7 days to tritium sensitive imaging plates.

Drugs

RS39604 HCl (Tocris Cookson Ltd, UK), [3H]SB207145 (66.7 Ci/mmol, donated by
GlaxoSmithKline, UK), (S)—[N—methy1—3H]citalopram (79.0 Ci/mmol, donated by H.

Lundbeck A/S, Copenhagen, Denmark), paroxetine HCI (donated by GlaxoSmithKline, UK).

Image analysis of autoradiograms

Autoradiograms were analysed with Image] V.1.32j (htttp://rsb.info.nih.gov/ij/). Image
optical density was converted to activity density in nCi/mg tissue equivalent (referred to as
tissue) using the linear range of [SH]microscale standards. Regions of interest (ROI) for each
section level were defined by aligning representative autoradiograms with anatomical line
drawings from the digital versions of The Mouse Brain in Stereotaxic Coordinates, Second
Edition by Paxinos and Franklin (2001). The alignment was performed with Adobe Illustrator
CS2 (v12.0.0). The ROIs were drawn on the atlas-superimposed autoradiograms in ImageJ,
and were then used to measure region-specific radioactive density on all sections from the

same section level. The activity density in nCi/mg tissue was converted to radioligand binding
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in fmol/mg tissue using the specific activity. The specific receptor binding was determined by
subtracting the non-specific binding from the total radioligand binding for each animal. The
dorsal hippocampus was defined as 50% of the hippocampal volume starting at the septal
pole, and the ventral hippocampus as 50% starting at the temporal pole (Bannerman et al.
2004). The dorsal hippocampus was evaluated on sections collected between -1.34 and -1.58
mm from Bregma, and the ventral hippocampus on sections collected between -3.16 and -3.40
mm from Bregma (Paxinos and Franklin 2001). As a fronto-caudal gradient in 5-HT4 receptor
binding in the caudate putamen has been described in rats (Vilaro et al. 2005), and the 5-HT4
receptor binding pattern in mouse is identical to that in the rat (Waeber et al. 1994), the 5-HT4
receptor binding was measured in both the frontal and caudal caudate putamen on sections
collected between 1.10 and 0.86 mm, and -1.34 and -1.58 mm from Bregma, respectively

(Paxinos and Franklin 2001).

Statistical analysis

Statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software Inc.). The
open field test was analyzed by two-way ANOVA with repeated measures, and Surgery
(OBX or Sham) and Time (Basal or Post-op) as independent factors. Group differences after
significant ANOVAs were analyzed by Bonferroni post-tests. The brain regional changes
were analyzed separately for each hypothesis region by two-tailed unpaired student’s #-test.
For each radioligand and model a post-hoc analysis of additional brain regions was
performed. The regional binding data was not corrected for multiple comparisons. Outliers
were detected by Grubb’s test. If an outlier was detected in one brain region, binding values
from other brain regions obtained at the same section level in the same animal were removed

from the group. For evaluation of correlations between behaviour and regional binding,
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activity in the open field test was expressed as percentage change in activity after surgery.

Pearson’s correlation analysis was applied. The level of significance was p < 0.05.

RESULTS

Olfactory bulbectomy

Olfactory bulbectomy increased the total distance moved (cm) in the open field test (Fig. 1).
There was a significant interaction between Surgery and Time (F(1,9) = 13.54, p = 0.0051),
and Bonferroni posttests showed that the increase in activity in the open field test at Post-op

versus Basal was present after OBX only (p < 0.01).

Representative autoradiograms of quantitative in vitro autoradiography with ["H]SB207145
are shown in figure 2. In the sham-operated controls, specific ["H]SB207145 binding was
detected in high levels in the lateral globus pallidus (LGP), olfactory tubercles, caudal caudate
putamen, nucleus accumbens shell, ventral hippocampus, and hypothalamus (24.1 + 0.6 to
32.2 £ 1.2 fmol/mg tissue), at intermediate levels in the medial amygdala, lateral septum,
dorsal hippocampus, and frontal caudate putamen (10.5 + 0.8 to 18.6 = 0.7 fmol/mg tissue),
and at low levels in the frontal cortex (4.4 + 0.8 fmol/mg tissue). The 5-HT4 receptor binding
was increased by 11.5% (p = 0.041) in the ventral hippocampus of olfactory bulbectomized
mice (Table 1). No change in binding was detected in the dorsal hippocampus, frontal or
caudal caudate putamen (Table 1). A post-hoc analysis of additional brain regions showed a
14.1% (p = 0.037) decrease in 5-HT}4 receptor binding in the olfactory tubercles but no change
in the frontal cortex, hypothalamus, LGP, lateral septum, medial amygdala, or nucleus

accumbens shell (Table 1). There was no correlation (r = 0.51, p = 0.105) between 5-HT,4
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receptor binding in the ventral hippocampus and total distance moved in open field test (Fig.
3A). In the olfactory tubercles, the 5-HT4 receptor binding was negatively correlated (r = -

0.66, p = 0.027) with activity in the open field test (Fig. 3B).

Representative autoradiograms of quantitative in vitro autoradiography with (S)-[N-methyl-
H]citalopram are shown in figure 4. In the sham-operated mice, (S)-[N-methyl-’H]citalopram
binding was detected at high levels in the olfactory tubercles, nucleus accumbens shell, lateral
septum, LGP, and hypothalamus (69.9 + 2.1 to 85.1 £ 0.9 fmol/mg tissue), and at intermediate
levels in the basolateral amygdala (BLA), frontal caudate putamen, ventral and dorsal
hippocampus (36.6 + 0.8 to 61.0 = 1.4 fmol/mg tissue). Olfactory bulbectomy lead to a 12.5%
downregulation of the 5-HTT binding in the dorsal hippocampus but had no effect on binding
in the ventral hippocampus or frontal caudate putamen (Table 2). The post-hoc analysis
showed significant downregulation in additionally 5 brain regions: the hypothalamus, BLA,
lateral septum, LGP, and olfactory tubercles (Table 2). The decrease in binding was in the
range of 10-12% in the hypothalamus, BLA and LGP, while a 4% decrease was detected in
the lateral septum and olfactory tubercles. In the lateral septum (r = -0.64, p = 0.048) and the
olfactory tubercles (r = -0.72, p = 0.018), the 5-HTT binding was inversely correlated with the
distance moved in the open field test, expressed as percentage of baseline activity (Table 2).
In the remaining regions with significant change in 5-HTT binding after OBX the correlations
were also negative but not significant (Table 2). The 5-HTT binding was not significantly
changed in the frontal cortex and nucleus accumbens shell. While both the 5-HT4 receptor and
the 5-HTT binding were decreased in the olfactory tubercles, the changes were not correlated

(r = 0.46, p = 0.18) (Fig. 5).

Glucocorticoid receptor heterozygous mice
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Representative autoradiograms of quantitative in vitro autoradiography with ["H]SB207145
are shown in figure 6. The specific [’TH]SB207145 binding was similar to the pattern found in
the sham-operated mice. In the GR"" mice, the 5-HT, receptor binding was increased in the
caudal caudate putamen (p = 0.036) by 10.9%, and in the dorsal hippocampus there was a
tendency (p = 0.052) towards a 17.0% increase (Table 3). There was no change in the frontal
caudate putamen and ventral hippocampus (Table 3). A post-hoc analysis of the
hypothalamus, nucleus accumbens shell, medial amygdala, olfactory tubercles, LGP, and
lateral septum revealed a 9.6% increase in 5-HT4 receptor binding in the olfactory tubercles (p

=0.032) in the GR"" mice (Table 3).

Representative autoradiograms of quantitative in vitro autoradiography with (S)-[N-methyl-
*H]citalopram are shown in figure 7. The pattern of specific (S)-[N-methyl-’H]citalopram
binding was similar to the distribution found in the sham-operated mice. There was a 6%
decrease in 5-HTT binding in the frontal caudate putamen (p = 0.038) but no change in the
dorsal hippocampus (Table 4). The 5-HTT binding was not evaluated in the caudal part of the
caudate putamen due to the very low signal in this area, and could not be evaluated in the
ventral hippocampus due to methodological noise (data not shown). The 5-HTT binding was
unchanged in the post-hoc analyzed regions: BLA, hypothalamus, lateral septum, LGP,

nucleus accumbens shell, and olfactory tubercles (Table 4).

DISCUSSION
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To the best of our knowledge, this study is the first to investigate 5-HT, receptor and 5-HTT
binding in OBX and GR"" mice, and is also the first report of [3H]SB207145 and (S)-[N-

methyl->H]citalopram autoradiography in mice.

Effects of olfactory bulbectomy

The olfactory bulbectomized mice showed an increase in total activity in the open field test,
which is in agreement with previous studies (Hellweg et al. 2007;Zueger et al. 2005). Among
the hypothesis regions, we found an increase in 5-HT, receptor binding in the ventral
hippocampus. This upregulation may be due to reduced serotonergic tonus, as chronic 5-HT
depletion increases the 5-HT4 receptor binding in the hippocampus (Compan et al. 1996), and
5-HIAA tissue levels are decreased in the hippocampus after bulbectomy (Hellweg et al.
2007). Changes in the 5-HT system are involved in the neurobiological basis of the OBX
syndrome, as the syndrome can be induced by injection of serotonergic toxins into the
olfactory bulbs (Cairncross et al. 1977a). OBX in mice induces neurodegeneration in the
dorsal raphe nucleus (Nesterova et al. 1997), possibly due to degeneration of serotonergic
fibers innervating the main olfactory bulb (McLean and Shipley 1987), and a decrease in
brain tryptophan hydroxylase activity and 5-HT synthesis rate (Neckers et al. 1975). Another
explanation of the increased 5-HT4 receptor levels may be glucocorticoid mediated
upregulation of the receptor, since chronic corticosterone administration increases the
hippocampal neuronal response to 5-HT, receptor activation (Bijak et al. 2001), and OBX
mice may have disturbances in HPA system regulation. While plasma corticosterone levels of
bulbectomized mice have not been reported, OBX rats display increased basal plasma
corticosterone levels in some studies and an exaggerated corticosterone response to stress

(Cairncross et al. 1977b). The pathophysiological relevance of the increase in 5-HT4 receptor

. 13
Journal of Neuroscience Research



O©CoOoO~NOOODWN -

Cecilie Loe Licht

binding after OBX is supported by the antidepressant effect of chronic 5-HT4 receptor
agonism in the OBX rat (Lucas et al. 2007). In contrast to the increase in 5-HT4 receptor
binding in the ventral hippocampus, we found no change in the dorsal hippocampus, possibly
due to regional differences in connectivity (Bannerman et al. 2004). We also detected
differential changes in 5-HTT binding between the dorsal and ventral hippocampus in a
pattern complementary to the 5-HT, receptor changes. While 5-HTT binding has not been
investigated in OBX mice before, ["H]paroxetine homogenate binding in the hippocampus is
unchanged 8 weeks after bulbectomy in rats (Zhou et al. 1998). The discrepancy between the
study by Zhou et al. (1998) and our study may be due to differences in post-surgery time, as
tendencies towards decreases in [*H]imipramine binding in rat hippocampal and cortical
synaptosomes have been detected four weeks after bulbectomy (Stockert et al. 1988). In the
caudate putamen, both 5-HTT and 5-HT, receptor binding were not affected by bulbectomy.
This is in contrast to the postmortem finding of increased 5-HT4 receptor binding in the
caudate nucleus of depressed suicide victims (Rosel et al. 2004), possibly due to
neurochemical differences between depressed violent suicide victims and the depression
endophenotype modeled by OBX. In OBX mice, the 5-HT and 5-HIAA levels in the caudate
putamen are unchanged (Hellweg et al. 2007), and while OBX reduces caudate nucleus size
(Wrynn et al. 2000), and increases caudate 5-HT synthesis (Watanabe et al. 2003) in rats, it

has no effect on caudate 5-HT; 4 and 5-HT, receptor binding (Slotkin et al. 2005).

Given the unexplored role of 5-HT4 receptors in depression, we chose to do a post-hoc
analysis of brain regions with high 5-HT, receptor expression. Out of 7 regions analyzed, we
found a downregulation of the 5-HT4 receptor binding in the olfactory tubercles. The
olfactory tubercles is part of the ventral striatum and have been implicated in the rewarding

effects of morphine, cocaine, and brain-stimulation reward (Ikemoto 2007;Kornetsky et al.
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1991;Ikemoto 2003). The tubercles receive projections from the main olfactory bulb (Shipley
and Adamek 1984), and are therefore likely to be affected by bulbectomy. The tubercles have
high 5-HT, receptor binding (Jakeman et al. 1994;Waeber et al. 1994), and high 5-HTT
binding (Scheffel and Hartig 1989), the latter being indicative of dense innervation by
serotonergic fibers. The decrease in 5-HT, receptor binding in the olfactory tubercles may be
a compensatory downregulation of the 5-HT4 receptor in response to changes in serotonergic
activity, as a marked (qualitative) increase in indoleamine content is present in the olfactory
tubercles at 21 days after bulbectomy, indicating an increase in 5-HT content in serotonergic
fibers in this region (Garris et al. 1984). As the 5-HT, receptor binding in cultured neurons is
reduced after 30 min. of exposure to 5S-HT (Ansanay et al. 1996), a possible explanation of the
decrease in 5-HT, receptor binding could be a downregulation of the receptor in response to
increased activation. The 5-HTT binding in the olfactory tubercles was also reduced after
OBX, and both 5-HTT and 5-HT}, receptor binding in the olfactory tubercles were inversely
correlated with activity in the open field test, indicating that their regulation is related to the
behavioral phenotype. The pattern of 5-HT, receptor and 5S-HTT changes after OBX is similar
to a recent report of 5-HT¢ receptor expression being increased in the posterior dentate gyrus
and decreased in the anterior dentate gyrus and the olfactory tubercles of rats with a high
activity response to a novel and inescapable environment (Ballaz et al. 2007), a response
which is comparable to OBX hyperactivity in the open field test. The two studies combined
suggest opposing 5-HT system changes in the ventral/posterior hippocampus and olfactory
tubercles as a biological marker of novelty-induced hyperactivity. A role for the 5-HTy4
receptor in modulating reactivity to novel environments is supported by decreased novelty-

induced locomotion in 5-HT} receptor knockout mice (Compan et al. 2004).
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While the primary result for 5-HTT binding after OBX was a decrease in the dorsal
hippocampus, post-hoc analysis showed downregulation of 5-HTT binding across several
brain regions: the BLA, hypothalamus, LGP, lateral septum, and olfactory tubercles. The
extensive distribution of changes in 5-HTT binding could indicate degeneration of
serotonergic projections to several brain regions, possibly due to degeneration of 5-HT
neurons. However, degeneration of 5-HT fibers would be expected to cause a decrease in
regional 5-HT levels but these are unchanged after OBX in mice (Hellweg et al. 2007).
Alternatively, the decrease in 5S-HTT binding can be due to decreased expression or increased
local degradation of the 5-HTT. In contrast to previous studies in rats, we did not see an effect
of bulbectomy on 5-HTT binding in the frontal cortex (Grecksch et al. 1997;Zhou et al.
1998;Huether et al. 1997). This difference may be related to the longer post-surgery time (12

weeks) applied compared to our study (3 weeks).

Glucocorticoid receptor heterozygous mice

In contrast to the OBX model of depression, the GR*" mouse is a model of predisposition to
depression, where a depression-related behavioural phenotype is evident after stress only
(Ridder et al. 2005). The animals used in the present study were not subjected to stress before
analysis of 5-HT, receptor and 5-HTT binding, and the present findings are therefore related
to the endophenotype of decreased HPA system control. GR*" mice exhibited a modest
increase in 5-HT4 receptor binding in the caudate putamen, which is in agreement with the
finding of increased postmortem 5-HT, receptor binding in the caudate nucleus of depressed
suicide victims (Rosel et al. 2004). Notably, 5-HT4 receptor binding was increased in the
caudal but not in the frontal caudate putamen. While serotonergic denervation leads to an

increase in 5-HT4 receptor binding in the frontal but not in the caudal caudate putamen,
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lesions of the nigrostriatal dopaminergic pathway induce an increase in 5-HT4 receptor
binding in the caudal but not the frontal caudate putamen after 3 weeks (Compan et al. 1996).
Our finding of increased 5-HT, receptor binding in the caudal caudate putamen may therefore
reflect decreased dopaminergic activity in GR*™ mice. The increased 5-HT, receptor binding
is not related to changes in brain regional tissue dopamine levels, as these are similar in GR**
and GR*" mice (Schulte-Herbruggen et al. 2007), but could potentially reflect changes in
dopaminergic neuronal activity. In the GR" mice, there was also a small decrease in the 5-
HTT binding in the frontal caudate putamen but no change in the dorsal hippocampus or in
the post-hoc analyzed regions. The decrease in 5-HTT binding in the frontal caudate putamen
was unexpected given the absence of 5-HT system change in this region in the GR*" model
(Schulte-Herbruggen et al. 2007). Post-hoc analysis showed an increase in 5-HT,4 receptor

binding in the olfactory tubercles of the GR*" mice, which is interesting in the light of the

decrease in 5-HT, receptor binding in the same region after OBX.
Overall, we have found generally increased 5-HT, receptor and decreased 5-HTT binding in
two murine models of depression. The changes in binding are small but we know from other

biological systems that small changes can have clear effects.
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FIGURE LEGENDS

Figure 1. Activity in open field test after olfactory bulbectomy. Total distance (cm) moved
before (basal) and 20 days after (post-op) olfactory bulbectomy (OBX, n = 6) or sham-
operated (n = 5) in male mice. Columns are mean + SEM. Two-way ANOVA with repeated

measures and Bonferroni posttests, **p < 0.01 versus OBX basal.

Figure 2. 5-HT4; receptor binding after olfactory bulbectomy. Autoradiograms of
[PHISB207145 binding (1 nM) at 3 section levels of sham-operated (A, E, 1) and olfactory
bulbectomized mice (B, F, J). C, G, K) Non-specific binding in the presence of 10 uM
RS39604. D, H, L) Section overlay with a digital version of the Mouse Brain in Stereotaxic
Coordinates 2™ edition (reproduced with permission from Paxinos and Franklin 2001).

Regions of interest are shown in white.

Figure 3. Relationship between 5-HT,4 receptor binding and activity in the open field test of
bulbectomized and sham-operated mice. [3H]SB207145 binding (1 nM) in A) ventral
hippocampus (r = 0.51, p = 0.105) and B) olfactory tubercles (r = -0.66, p = 0.027) versus
total distance moved in the open field test (expressed as percentage of baseline activity).

Sham-operated animals are indicated by circles and bulbectomized animals by squares.

Figure 4. 5-HT transporter binding after olfactory bulbectomy. Autoradiograms of (S)-[N-
methyl->H]citalopram binding (2 nM) at 3 section levels of sham-operated (A, E, I) and
olfactory bulbectomized mice (B, F, J). C, G, K) Non-specific binding in the presence of 10
uM paroxetine. D, H, L) Section overlay with a digital version of the Mouse Brain in
Stereotaxic Coordinates 2" edition (reproduced with permission from Paxinos and Franklin

2001). Regions of interest are shown in white.
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Figure 5. Relationship between 5-HT4 receptor and 5-HT transporter binding in the olfactory
tubercles of bulbectomized and sham-operated mice. ["H]SB207145 binding (1 nM) versus
(S)-[N-methyl-’H]citalopram binding in olfactory tubercles (r = 0.46, p = 0.18). Sham-

operated animals are indicated by circles and bulbectomized animals by squares.

Figure 6. 5-HT; receptor binding in GR heterozygous mice. Autoradiograms of
[*H]SB207145 binding (1 nM) at 3 section levels of GR™* (A, E, I) and GR* mice (B, F, J).
C, G, K) Non-specific binding in the presence of 10 uM RS39604. D, H, L) Section overlay
with a digital version of the Mouse Brain in Stereotaxic Coordinates 2" edition (reproduced

with permission from Paxinos and Franklin 2001). Regions of interest are shown in white.

Figure 7. 5-HT transporter binding in GR heterozygous mice. Autoradiograms of (S)-[N-
methyl-"H]citalopram binding (2 nM) at 2 section levels of GR** (A, E) and GR*"
heterozygous mice (B, F). C, G) Non-specific binding in the presence of 10 uM paroxetine.
D, H) Section overlay with a digital version of the Mouse Brain in Stereotaxic Coordinates 2™
edition (reproduced with permission from Paxinos and Franklin 2001). Regions of interest are

shown in white.
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Table 1. 5-HT, receptor binding after olfactory bulbectomy

Sham OBX Percent change’ p value
Caudate putamen, frontal 10.5+0.8 9.8+0.5 -7.3 0.399
Caudate putamen, caudal 286+1.3 28.3+0.5 -1.0 0.845
Hippocampus, dorsal 14.4+0.8 152+0.8 5.5 0.487
Hippocampus, ventral 24.1+£0.6 26.9+0.9 11.5 0.041%*
Frontal cortex 44+0.8 5.7+0.6 28.4 0.221
Hypothalamus 20.8£0.7 21.4+0.7 2.8 0.576
Lateral globus pallidus 322412 299+09 -6.9 0.165
Lateral septum 17.3+£0.7 18.1+0.3 4.6 0.307
Medial amygdala 18.6 £0.7 199+0.6 6.9 0.168
N. accumbens shell 26.2+0.7° 245+£1.2 -6.3 0.331
Olfactory tubercles 319+1.6 274+1.1 -14.1 0.037*

Values are mean + SEM fmol/mg tissue. ' OBX compared to Sham. * n = 4. *p < 0.05.

Journal of Neuroscience Research
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Table 2. 5-HT transporter binding after olfactory bulbectomy

Sham OBX Percent change'  p value  Correlation”
Caudate putamen, frontal 53.1+1.1 51.7+0.6 2.6 0.302 nd
Hippocampus, dorsal 36.6£0.8 320+1.3 -12.5 0.019* r=-0.52
Hippocampus, ventral 43.6+1.0 43.6+2.0° -0.1 0.991 nd
Basolateral amygdala 61.0+14 549+09 -10.0 0.006** r=-0.56
Frontal cortex 50.0+1.0 46.5+1.6° -7.0 0.107 nd
Hypothalamus 69.9+2.1 61.6+2.6 -12.0 0.036* r=-0.39
Lateral globus pallidus 71.0+£1.2 63.6+1.2 -10.4 0.003%** r=-0.56
Lateral septum 73.8+0.8 71.0+£04 -3.8 0.016* r=-0.64%
N. accumbens shell 75.1+0.7 729+09 -3.0 0.073 nd
Olfactory tubercles 85.1+£0.9 81.8 + 1.1 -4.0 0.048* r=-0.72%

in open field test (percentage of baseline activity). > n = 6. *p < 0.05, **p < 0.01

Journal of Neuroscience Research

Values are mean + SEM in fmol/mg tissue. ' OBX compared to sham. >5-HTT binding versus activity




O©CoOoO~NOOODWN -

Table 3. 5-HT, receptor binding in GR*" mice

GR™* GR"" Percent change' p value
Caudate putamen, frontal 13.8+1.1 14.6 +0.7 6.4 0.500
Caudate putamen, caudal 41.0+1.1 455+1.5 10.9 0.036*
Hippocampus, dorsal 15.7+£1.0 18.4+£0.7 17.0 0.052
Hippocampus, ventral 28.0+0.9° 20.8 + 1.4 6.3 0.303
Hypothalamus 243+09 26.3+0.8 8.1 0.115
Lateral globus pallidus 40.2+0.7 42.1+12 4.9 0.180
Lateral septum 223+13 23.7+£0.7 6.5 0.353
Medial amygdala 21.6+0.8 229+£09 6.0 0.305
N. accumbens shell 334£2.1° 384+ 1.1° 14.8 0.070
Olfactory tubercles 409 + 1.1 448+1.2 9.6 0.032*

Values are mean + SEM in fmol/mg tissue. ' GR*" compared to GR™*. *n =5, n=4. *p < 0.05.

Journal of Neuroscience Research
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Table 4. 5-HT transporter binding in GR*" mice

GR+/+

GR+/-

Percent change’ p value
Caudate putamen, frontal 357+0.8 33.6+0.5 -6.0 0.038*
Hippocampus, dorsal 39.9+0.7 39.3+0.6 -1.5 0.548
Hypothalamus 65.2+0.8 64.1+£0.7 -1.7 0.321
Lateral globus pallidus 57.1+1.1 55.8+09 -2.3 0.853
Lateral septum 57.1+1.1 55.8+09 -2.3 0.394
Basolateral amygdala 63.3+1.1 609 +1.2 -3.9 0.158
N. accumbens shell 478 +2.7° 445+£13 -6.9 0.131
Olfactory tubercles 61.3+25 61.1+2.6 -0.3 0.955

Values are mean + SEM in fmol/mg tissue. ' GR*" compared to GR™*. *n = 5. *p < 0.05.

Journal of Neuroscience Research
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ABSTRACT

The 5-HT,4 receptor may be implicated in depression and is a new target for antidepressant
treatment. We have investigated the brain 5-HTj receptor ["H]SB207145 binding in the
Flinders Sensitive Line and the Chronic Mild Stress rat depression models by quantitative
receptor autoradiography, and related this to 5-HT transporter (S)-[N-methyl-’H]citalopram
binding. We also determined the regulation of 5-HT4 receptor binding by 1, 14 and 21 days of
paroxetine administration and sub-chronic 5-HT depletion, and compared this to changes in 5-
HT;4 receptor [3H]MDL1009O7 binding. In the Flinders Sensitive Line, the 5-HT,4 receptor
and 5-HT transporter binding were decreased in the dorsal and ventral hippocampus. In the
Chronic Mild Stress model, the 5-HT transporter binding in the caudate putamen was
inversely correlated with sucrose intake during stress. Chronic but not acute paroxetine
administration caused a global 16-47% downregulation of 5-HT, receptor binding, while 5-
HT depletion increased the 5-HT,4 receptor binding in the dorsal hippocampus, hypothalamus,
and lateral globus pallidus. In comparison, the 5-HT;4 receptor binding was decreased in the
frontal and cingulate cortex after chronic paroxetine administration, and markedly reduced in
several regions after 5-HT depletion. Thus, the 5-HT, receptor binding is decreased in the

Flinders Sensitive Line and after chronic paroxetine administration.

Keywords: 5-HT, receptor, Flinders Sensitive Line, Chronic Mild Stress, selective serotonin

reuptake inhibitor, 5-HT transporter, 5-HT» receptor

Running title: 5-HT, receptor in depression and after paroxetine
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INTRODUCTION

The serotonin (5-hydroxytryptamine, 5-HT) system is a focus of research in depression and
antidepressant treatment, as most antidepressant drugs used today block synaptic reuptake of
5-HT by the 5-HT transporter (5-HTT) (Berton and Nestler 2006). Apart from the 5-HTT, the
5-HT, and 5-HT); receptors have been the most extensively studied 5-HT system factors in
mood disorders (Mossner et al. 2007). However, the 5-HT4 receptor may also be implicated in

depression and is a new target for antidepressant treatment.

The 5-HT, receptor was originally identified as the mediator of 5-HT stimulated increase in
adenylate cyclase activity in mouse colliculi neurons (Dumuis et al. 1988). Activation of the
5-HT, receptor inhibits K™ currents in colliculi neurons, resulting in increased neuronal
excitability (Fagni et al. 1992). In rodents as in humans, the 5-HT,4 receptor is expressed
mainly in basal ganglia and subcortical nuclei pertaining to the limbic system including the
hippocampus and amygdala, while the cortical expression is low (Jakeman et al. 1994;Waeber
et al. 1994). The 5-HT, receptor has been identified as a constitutive positive regulator of 5-
HT neuron firing rate in the dorsal raphe nucleus (DRN), and also has phasic stimulatory
effects, increasing the firing rate of 50% of the neurons (Lucas and Debonnel 2002;Lucas et
al. 2005). Two studies have looked into the 5-HT4 receptor in clinical depression, reporting
increased 5-HT4 receptor level in the caudate nucleus and frontal cortex of depressed suicide
victims (Rosel et al. 2004), and association of two single nucleotide polymorphisms of the 5-
HT, receptor gene with unipolar depression (Ohtsuki et al. 2002). It has recently been
reported that activation of the 5-HT4 receptor in rodents has an antidepressant potential
comparable to or stronger than the selective serotonin reuptake inhibitor (SSRI) citalopram,

and with a faster onset of action (Lucas et al. 2007). The 5-HT4 receptor is regulated by 5-HT
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system changes, as chronic antidepressant treatment attenuates the stimulatory effect of 5-HT,
receptor agonism on hippocampal neuron excitability (Bijak 1997;Bijak et al.
1997;Zahorodna et al. 2002), while chronic 5,7-dihydroxytryptamine (5,7-DHT) mediated 5-
HT depletion strongly upregulates 5-HT4 receptor binding in the hippocampus and basal
ganglia (Compan et al. 1996). The 5-HT,4 receptor is interesting in comparison to the 5-HT4
receptor, being a well-described postsynaptic 5-HT receptor with opposite effects on 5-HT

neuron firing rate in the DRN (Sharp et al. 2007).

Among the available rat models of depression, the Flinders Sensitive Line (FSL) and the
Chronic Mild Stress (CMS) model show good face, construct, and predictive validity (for
reviews see (Overstreet et al. 2005) and (Willner 2005)). The FSL model was originally
developed by selective breading for increased cholinergic sensitivity but was later found to
display increased immobility in the forced swim test (FST), a depression related behavior, and
increased 5-HT;5 receptor sensitivity compared to the Flinders Resistant Line (FRL) rats
(Overstreet et al. 1994). The increase in immobility in the FST is correlated with increased 5-
HT s receptor sensitivity but not with cholinergic sensitivity, indicating that the depression-
like phenotype of the FSL rats is associated with changes in the 5-HT system (Overstreet et
al. 1994). The CMS model is a model of chronic stress-induced depression, induced by
sequentially applying a variety of mild, unpredictable, environmental stressors for several
weeks (Willner 2005). The CMS model was designed to model anhedonia, a decreased
pleasure in normally pleasurable activities, which is a core symptom of depression (Willner et
al. 1992). The anhedonic effect of CMS is evaluated as a reduced intake of a dilute sucrose
solution, or by related reward paradigms (Willner 1997). While CMS induces anhedonia in
approximately 70% of animals, the remaining animals display unchanged or increased sucrose

intake, which is interpreted as stress resistance (Bergstrom et al. 2007).
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To further investigate the 5-HT4 receptor in depression, we have analyzed 5-HT, receptor
[’H]SB207145 binding in the caudate putamen and hippocampus in two rat models of
depression, FSL and CMS, and related this to 5-HTT (S)-[N-methyl-*H]citalopram binding as
a presynaptic 5-HT system marker. We also analyzed the regulation of 5-HT, receptor
binding by acute and chronic treatment with the SSRI paroxetine, and by pharmacologically
induced 5-HT depletion, and compared this to effects on 5-HT,a receptor [3H]MDL100907
binding. We hypothesized that the 5-HT,4 receptor binding would be decreased after chronic

but not acute paroxetine administration, and increased after sub-chronic 5-HT depletion.

EXPERIMENTAL METHODS

Flinders Sensitive Line

A colony of FSL and FRL rats, originally derived from the colony at the University of North
Carolina, was maintained at Centre for Psychiatric Research, Denmark (Overstreet et al.
2005). All breeding pairs were screened in the FST prior to breeding. Animals used for
autoradiography experiments were not themselves tested in the FST. Male FSL (n = 10) and
FRL (n = 10) rats (325-495 g.) were housed two per cage on a 12 hr light/dark cycle with free
access to food and water. All animal procedures were accepted by the Danish National
Committee for Ethics in Animal Experimentation (2002/561-585). The FST was performed
using a transparent cylinder (diameter 24 cm; height 60 cm, filled with 40 cm of water (25 +
0.5 °C) (Porsolt et al. 1977). On the first of two test days, the rats were placed in the cylinder

for 15 min. The following day, the rats were gently placed in the cylinder for 5 min. The
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behavior was video-recorded, and the immobility time in seconds was assessed using

NOLDUS Ethovision XT.

Chronic Mild Stress protocol

Male Wistar rats (350 g. at CMS start, Taconic, Denmark) were singly housed under a
standard 12 hr light/dark cycle, and food and water were freely available. All procedures
involving animals were accepted by the Danish National Committee for Ethics in Animal
Experimentation (2002/561-575). The animals were initially trained for 5 weeks to consume a
palatable sucrose solution (1.5%). Animals were food and water deprived 14h before the
sucrose consumption test, which consisted of a 1h exposure to a bottle of sucrose solution.
During the training period the sucrose test was made twice weekly during the first 3 weeks,
and once weekly during the last 2 weeks. During the stress period the sucrose consumption
test was performed one time per week. On the basis of sucrose intake in three final baseline
tests, animals were divided into two matched groups and placed in separate rooms. One group
(n = 16) was exposed to 4 weeks of chronic mild stressors, while the other group (n = 8) was
left undisturbed. The stress protocol was optimized in our lab (Jayatissa et al. 2006), and
consisted of one period (10-14 hours) of intermittent illumination, stroboscopic light,
grouping (alternating resident or intruder), or food or water deprivation; two periods of soiled
cage and no stress; and three periods of 45° box tilting. Total sucrose intake during CMS was

determined for all animals as the area under the curve (AUC).

Drug administration
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Male Sprague-Dawley rats (250-300g; Charles River, Germany) were housed in pairs on a 12
hr light/dark cycle with food and water freely available. For paroxetine administration the
animals were divided into a paroxetine (n = 24) and a vehicle (dH,O, n = 24) group, and
subdivided into 3 groups that were treated for 1, 14, and 21 days, respectively. Animals
received orally administered paroxetine (10 mg/kg, free base) or vehicle once daily. Animals
were decapitated 24 hours after the last drug administration, and the brains rapidly removed,
frozen on dry ice, and stored at -80 °C. The 5-HT depletion protocol closely followed
Kornum et al (Kornum et al. 2006): Animals were injected with para-chlorophenylalanine
(pCPA, 200 mg/kg i.p.) once daily for 3 consecutive days followed by a single fenfluramine
(20 mg/kg s.c.) injection on day 4. Animals in the saline group (n = 10) were housed in pairs,
while 5-HT depleted animals (n = 10) were housed individually to avoid aggressive behavior.
Approximately 24 hours after the last injection, the animals were decapitated and the brains
removed, frozen on dry ice, and stored at -80 °C. All animal procedures were in accordance
with the European Communities Council Resolves of 24" November 1986 (86/609/ECC) and

approved by the Danish State Research Inspectorate (J. No 2002/561-527).

Tissue preparation

The brains were sectioned on a cryostat in 10 pm coronal sections at -25 °C, thaw-mounted
onto gelatinized glass slides, allowed to dry, and stored at -80 °C. Sections were taken
between Bregma 5.64 and 4.20 mm; 1.56 and 1.32 mm; -0.24 and -0.72 mm; -2.52 and -2.92
mm; -5.28 and -5.52 mm; -5.88 and -6.12 mm (Paxinos and Watson 2005). Tissue sections

were collected in 4 parallel series with three sections on each glass slide.

5-HT;4 and 5-HT4receptor autoradiography
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The protocol for [’H]SB207145 autoradiography was adapted from Parker ef al., 2003 (Parker
et al. 2003). Frozen tissue sections were brought to room temperature (RT) and allowed to dry
prior to experimentation. For ["H]SB207145 and ["HJMDL100907 autoradiography sections
were preincubated at RT for 15 or 30 min, respectively, in 50 mM Tris-HCI, pH 7.4,
containing 0.01% ascorbic acid and 10 uM pargyline. Sections were incubated in the same
buffer containing either 1 nM [3H]SB207145 (1-5 times Ky) or 0.4 nM [3H]MDL1009O7 (1-2
times Ky, (Kristiansen et al. 2005)) for 60 min. Sections used for non-specific binding were
preincubated and incubated in the presence of 10 pM RS39604 (5-HT4 antagonist) or 10 uM
ketanserin (5-HT,5 antagonist). Sections were washed for 2 x 20 seconds in ice-cold 50 mM
Tris-HCI followed by 20 seconds in ice-cold dH,O. Slides were dried at RT in a gentle air
stream for 1 hour. They were then fixed in paraformaldehyde vapor overnight at 4 °C. The
sections were dried for 3 hours in a dessicator at RT, followed by exposure to a tritium-
sensitive BAS TR2040 phosphor imaging plate (Fuji, Science Imaging Scandinavia AB)
along with four autoradiographic [*H]microscales (8 and 80 nCi, Amersham Biosciences) for
2 weeks at 4 °C. The imaging plate was scanned on a BAS-2500 bioimaging analyzer (Fuji
Film Photo Co. LTD., Japan). Sections from each model and its respective control group were

for each section level processed and exposed to imaging plates together.

5-HT transporter autoradiography

The protocol for (S)-[N-methyl->H]citalopram autoradiography was adapted from Thomsen et
al., 2003 (Thomsen and Helboe 2003). The general procedure was as described for 5-HT4
receptor autoradiography with the following changes: preincubation was 20 min in 50 mM

Tris-HCI1 with 120 mM NaCl and 5 mM KCI, pH 7.4; and incubation was in the same buffer
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with 2 nM (S)-[N-methyl-’H]citalopram for 60 min. Non-specific binding was determined in
the presence of 10 uM paroxetine. Sections were washed for 3 x 2 min in buffer, followed by

a quick dip in ice-cold distilled water. Sections were exposed for 7 days to tritium-sensitive

BAS TR2040 phosphor imaging plates.

Materials

p.-fenfluramine HCI (Sigma, Denmark), ketanserin tartrate (Tocris Cookson Ltd, UK),
[3H]MDL100907 (64 Ci/mmol, donated by C. Halldin, Karolinska Institutet, Sweden),
paroxetine HCI (donated by GlaxoSmithKline, UK), p-chlorophenylalanine methyl ester HCl
(pCPA, Sigma), RS39604 HCI (Tocris Cookson Ltd, UK), [3H]SB207145 (66.7 Ci/mmol,
donated by GlaxoSmithKline, UK), (S)—[N—methy1—3H]citalopram (79.0 Ci/mmol, donated by

H. Lundbeck A/S, Copenhagen, Denmark).

Image analysis of autoradiograms

Autoradiograms were analysed with Image] V.1.32j (htttp://rsb.info.nih.gov/ij/). Image
optical density was converted to activity density in nCi/mg tissue equivalent (referred to as
tissue) using the linear range of [3H]microscale standards. Regions of interest (ROI) were
defined by aligning representative brain section autoradiograms with anatomical line
drawings from the digital versions of The Rat Brain in Stereotaxic Coordinates, Fifth Edition
by Paxinos and Watson (2005). The alignment was performed with Adobe Illustrator CS2
(v12.0.0). The ROIs were drawn on the atlas-overlayed autoradiograms in ImagelJ, and were
then used to measure radioactive density on all sections from the same section level. For the

[P’HIMDL100907 autoradiograms ROIs were drawn free-hand onto each section with
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reference to the Rat Brain Atlas (Paxinos and Watson 2005). The activity density in nCi/mg
tissue was converted to radioligand binding in fmol/mg tissue using the specific activity. The
specific receptor binding was determined by subtracting the non-specific binding from the
total radioactivity. The dorsal hippocampus was defined as 50% of the hippocampal volume
starting at the septal pole, and the ventral hippocampus as the 50% starting at the temporal
pole (Bannerman et al. 2004). The dorsal hippocampus was evaluated on sections taken
between -2.52 and -2.92 mm from Bregma, and the ventral hippocampus between -5.28 and -
6.12 mm from Bregma. Since there is a fronto-caudal gradient in 5-HT, receptor binding in
the caudate putamen in rats (Vilaro et al. 2005), the 5-HT, receptor binding was determined
separately for the frontal, medial, and caudal caudate putamen on sections taken between 1.56

and 1.32 mm, -0.24 and -0.72 mm, and -2.52 and -2.92 mm from Bregma, respectively.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software Inc.). The
FST was analyzed by one-way ANOVA followed by a Tukey post-test. Correlations between
AUC of sucrose intake and regional binding were analyzed by Pearson’s correlation analysis,
except in cases of non-normality where Spearman’s correlation was used. The brain regional
changes were analyzed by Student’s #-test. For each depression model a post-hoc analysis of
brain regions other than the caudate putamen and hippocampus was performed. The regional
binding data was not corrected for multiple comparisons. Outliers were detected by Grubb’s

test. The level of significance was set at p < 0.05.

RESULTS

10
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Flinders Line

FSL rats from our breeding colony displayed increased immobility in the FST compared to
FRL rats (76%, p < 0.001) as well as to outbred Sprague-Dawley rats (37%, p < 0.001) (Fig.
1). Also, FRL rats were less immobile than the outbred Sprague-Dawley rats (22%, p < 0.05)
(Fig. 1). Among the four hypothesis regions analyzed, the [’TH]SB207145 binding in the FSL
was decreased in the dorsal (23%, p = 0.014) and ventral hippocampus (11%, p = 0.045) but
unchanged in the medial and caudal caudate putamen compared to the FRL (Table 1). Post-
hoc analysis of the hypothalamus and lateral globus pallidus (LGP) showed a significant
downregulation of the [’H]SB207145 binding in the LGP (7%, p = 0.027) of FSL compared
to FRL (Table 1). In the dorsal and ventral hippocampus, the (S)-[N-methyl-3H]citalopram
binding was 12% (p = 0.0001) and 10% (p = 0.020) lower in the FSL than in the FRL (Table
2). By contrast, post-hoc analysis showed a 12% (p < 0.0001) larger (S)-[N-methyl-
3 H]citalopram binding in the basolateral amygdala (BLA) of FSL rats (Table 2). We found no
difference in (S)-[N-methyl-’H]citalopram binding neither in the medial and caudal caudate
putamen, nor in the post-hoc analyzed frontal cortex, hypothalamus, and LGP (Table 2). The
[*HISB207145 and (S)-[N-methyl-"H]citalopram binding showed a statistically significant
correlation in the dorsal (r = 0.48, p = 0.034) but not in the ventral (r = 0.24, p = 0.307)

hippocampus (Fig. 2).

Chronic Mild Stress

During the 4-week CMS period, stressed animals displayed larger increases or decreases in

sucrose intake (relative to baseline) than the control animals (Fig. 3A). At baseline, the CMS

and control group displayed similar variation in sucrose intake (p = 0.952, F test of variances)

11
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but after 2 and 4 weeks (p = 0.049 and p = 0.023, F test of variances) of stress exposure there
was a significant difference between the groups in the variation in sucrose intake (Fig. 3B).
Given that there were too few anhedonic animals to subdivide the stressed group into
anhedonic and CMS resilient (no decrease in sucrose intake) animals, we determined the total
sucrose intake (area under the curve, AUC) during CMS for all animals and correlated this to
regional changes in 5-HT4 receptor and 5S-HTT binding. There were no significant correlations
between AUC sucrose intake during CMS and [*’H]SB207145 binding in the caudate putamen
(frontal, medial, and caudal) or the hippocampus (dorsal and ventral) (Table 3). We did not
detect any correlations within the post-hoc analyzed regions: hypothalamus, LGP, nucleus
accumbens shell, or olfactory tubercles (Table 3). The (S)-[N-methy1-3H]citalopram binding
was inversely correlated with AUC sucrose intake during CMS in the frontal caudate putamen
(r = -0.41, p = 0.044) but not in the caudal caudate putamen, hippocampus (dorsal and

ventral), or in any of the post-hoc analyzed brain regions (Table 4).

Acute and chronic paroxetine administration

One day of paroxetine administration had no effect on 5-HT, receptor ["TH]SB207145 binding
(Fig. 4, Table 5). However, as shown in Table 5, 14 days of paroxetine administration led to a
significant 11-42% decrease in [*HISB207145 binding in the olfactory tubercles (32%, p <
0.0001), nucleus accumbens shell (36%, p < 0.0001), ventral pallidum (31%, p < 0.0001),
LGP (frontal, 39%, p < 0.0001; and caudal, 42%, p < 0.0001), caudate putamen (medial, 19%,
p = 0.0031; and caudal, 33%, p < 0.0001), hippocampus (dorsal, 24%, p = 0.0050; and
ventral, 11%, p = 0.0443), and hypothalamus (38%, p < 0.0001). Among the 11 brain regions
measured, only the frontal part of the caudate putamen (17%, p = 0.0760) did not show a

statistically significant decrease in [*HISB207145 binding. As shown in Table 5 and Fig. 4,

12
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after 21 days of paroxetine administration, the ["H]SB207145 binding was 16-47% decreased
in all measured brain regions, except dorsal hippocampus (p = 0.068): olfactory tubercles
(32%, p < 0.0001), nucleus accumbens shell (34%, p < 0.0001), ventral pallidum (35%, p <
0.0001), LGP (frontal, 40%, p < 0.0001; and caudal, 47%, p < 0.0001), caudate putamen
(frontal, 16%, p = 0.0048; medial, 23%, p = 0.0031; and caudal, 37%, p < 0.0001), ventral

hippocampus (23%, p = 0.0443), and hypothalamus (42%, p < 0.0001).

One and 14 days of paroxetine treatment had no effect on ["THJMDL100907 binding in frontal
cortex, cingulate cortex, frontal caudate putamen, and dentate gyrus (Table 6). However,
paroxetine administration for 21 days was associated with a significant decrease in
[3H]MDL100907 binding in the frontal cortex (10%, p = 0.004) and cingulate cortex (10%, p

= 0.049) but not in the frontal caudate putamen or dentate gyrus (Table 6).

Sub-chronic 5-HT depletion

Sub-chronic 5-HT depletion induced a significant increase in ["H]SB207145 binding in the
dorsal hippocampus (41%, p = 0.0007), hypothalamus (22%, p = 0.0002), and LGP (13%, p =
0.014) (Fig. 5, Table 7), whereas no effect was seen in the ventral hippocampus, ventral
pallidum, and caudate putamen (medial and caudal) (Table 7). The [3H]MDL1009O7 binding
was markedly decreased in the frontal cortex (24%, p < 0.0001), cingulate cortex (33%, p <
0.0001), medial caudate putamen (27%, p = 0.0015), and dentate gyrus (63%, p = 0.0001)

after sub-chronic 5-HT depletion (Fig. 6, Table 8).

DISCUSSION

13
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To the best of our knowledge, this is the first study to investigate 5-HT, receptor and 5-HTT
binding in the Flinders Line and CMS models of depression, and to analyze the effect of acute
and chronic antidepressant treatment on 5-HT, receptor binding in the investigated regions.
The 5-HT; receptor ["H]SB207145 binding density and pattern were comparable to those
previously reported for this (Parker et al. 2003) and other 5-HT, receptor radioligands in rats

(Jakeman et al. 1994).

The immobility times in the FST of FSL, FRL, and SD rats of our colony are within the
previously reported range (Porsolt et al. 1977), and the FSL rats show increased immobility, a
depression-like behavior (Cryan et al. 2005), compared to both FRL and SD rats. Within the
hypothesis regions, the 5-HT4 receptor binding was decreased in the dorsal and ventral
hippocampus of FSL, while no change was detected in the caudate putamen. The FSL rats
have higher hippocampal but similar striatal 5-HT levels compared to FRL rats (Zangen
1997). Given our present finding that chronic paroxetine administration downregulates
hippocampal 5-HT, receptor binding, and is known to increase extracellular 5-HT levels
(Owen and Whitton 2005;Hajos-Korcsok et al. 2000), we find it likely that the 5-HT, receptor
binding is decreased in the FSL hippocampus in response to regionally elevated 5-HT levels.
While we did not measure 5-HT levels in the hippocampus of our FSL and FRL animals, we
determined 5-HTT binding as a marker for presynaptic serotonergic changes. Similar to the 5-
HT, receptor binding changes, the 5-HTT binding was decreased in both dorsal and ventral
hippocampus with no change in the caudate putamen of FSL rats. Furthermore, the changes in
5-HT, receptor and 5-HTT binding were directly correlated in the dorsal hippocampus but not
in the ventral hippocampus. This may be due to a larger influence of variability in section
level and angle on ventral hippocampal binding measurements. It is unlikely that the

decreased 5-HTT binding is a result of degeneration of 5-HT fibers, as there are no
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differences in 5-HT cell number in the DRN or in 5-HT fiber length in the dorsal
hippocampus between the FSL and FRL rats (Husum et al. 2006). Rather, the decreased 5-
HTT binding may be due to decreased expression, increased degradation, or increased
internalization of the 5-HTT within serotonergic hippocampal projections. Though it has not
been found in all studies, both chronic SSRI administration (Benmansour et al. 1999;Johnson
et al. 2008) and 5-HT depletion (Rattray et al. 1996) have been shown to downregulate
hippocampal 5-HTT binding, indicating changes in 5-HTT binding in response to changes in
serotonergic tonus. Our own findings of decreased hippocampal 5-HT4 receptor and 5-HTT
binding in the FSL together with preliminary reports of increased hippocampal 5-HT; and 5-
HT; receptor binding in this strain (Schiller 1991) indicates pronounced serotonergic changes
in the hippocampus of the FSL model. The opposite directionality of hippocampal 5-HT, and
5-HT;a receptor binding changes observed in these animals corroborates previous
observations showing opposite regulation of hippocampal 5-HTs and 5-HT; receptor

sensitivity by chronic antidepressant and corticosterone administration (Bijak et al. 2001).

Post-hoc analyses of additional brain regions in the FSL and FRL animals revealed
downregulation of 5-HT4 receptor binding in the LGP and no change in the hypothalamus.
The unchanged 5-HT, receptor binding in the hypothalamus was unexpected given the
previously reported elevated 5-HT levels in this region in FSL rats (Zangen et al. 1997).
However, we did not detect differences in hypothalamic 5-HTT binding, suggesting no
presynaptic 5-HT system differences in this region either. Whether our observation of a
downregulation in 5-HT4 receptor binding in the LGP in FSL rats can be explained by
differences in serotonergic tonus in this area is difficult to say. While we in the present study
have found that both 5-HT depletion and chronic paroxetine administration is capable of

regulating 5-HT4 receptor binding in the LGP in opposite directions, no study has analyzed 5-
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HT levels in the LGP of FSL rats. We did not detect changes in 5-HTT binding in the LGP in
the FSL animals, suggesting that the observed 5-HT4 receptor changes in this region could be
due to other factors than 5-HT system changes. Chronic dopamine depletion upregulates 5-
HT}, receptor binding in the LGP (Compan et al. 1996), and conversely, one might expect an
increase in dopamine to downregulate pallidal 5-HT4 receptor binding. The FSL have
increased dopamine tissue levels in the caudate putamen (Zangen et al. 1999), which may
affect the 5-HT4 receptors in the LGP, as these receptors are expressed on GABA neurons
projecting from the caudate putamen to the globus pallidus (Compan et al. 1996). Post-hoc
analysis also revealed an increase in 5-HTT binding in the BLA of FSL rats. This is
interesting as in humans 5-HTT binding in the amygdala is inversely correlated with
amygdala activation in response to negative emotional faces, thereby linking increased 5-HTT
binding with decreased amygdala excitability (Rhodes et al. 2007). As a parallel to these
clinical observations, our finding of increased 5-HTT binding in the amygdala of FSL rats is
in accordance with the FSL central amygdala being less responsive to acute stress (Zambello
et al. 2008). The pattern of decreased hippocampal and increased amygdaloid 5-HTT binding
in the FSL rats is similar to 5-HT;4 receptor expression changes in a reciprocal manner, with
FSL rats having increased hippocampal and decreased (medial anterodorsal) amygdaloid 5-

HT;4 receptor mRNA levels compared to FRL rats (Osterlund et al. 1999).

Apart from analyzing 5-HT4 receptor binding in a congenital depression model, the FSL
strain, we also examined a model of environmentally induced depression, the CMS depression
model. In some laboratories, CMS induces both a decrease (anhedonia) as well as no change
or an increase (CMS resilience) in sucrose intake (Strekalova et al. 2004;Bergstrom et al.
2007;Bergstrom et al. 2008;Bisgaard et al. 2007). The CMS induced difference in reward

sensitivity is also evident in the conditioned place preference test (Bergstrom et al. 2008), and
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is reflected in differential regulation of 156 genes in the hippocampus (Bergstrom et al. 2007).
In the present study, CMS as expected induced both an increase and a decrease in sucrose
intake, leading to increased variation in sucrose intake in the CMS group. Given that there
were relatively few anhedonic animals in our cohort, we decided to relate the 5-HT, receptor
and 5-HTT binding to accumulated sucrose intake during the entire CMS period. However,
the present results should be treated with caution due to the induction of anhedonia in a
limited number of animals. The 5-HT4 receptor binding in the caudate putamen and
hippocampus did not correlate with the total sucrose intake during CMS. However, the 5-HTT
binding in the frontal caudate putamen was inversely correlated with total sucrose intake,
associating increased 5-HTT binding with the anhedonic response to CMS. This is in
agreement with the 5-HTT binding being increased in the striatum of depressed subjects in
some studies (Cannon et al. 2007). The absence of a change in hippocampal 5-HT, receptor
and 5-HTT binding after CMS is in accordance with anhedonic and CMS resilient animals not
differing in hippocampal expression of genes related to the 5-HT system (Bergstrom et al.

2007).

In order to understand the mechanisms behind the 5-HT4 receptor changes observed in the
FSL depression model, we investigated regulation of 5-HT,4 receptor binding in response to
alterations in cerebral 5-HT levels. For this normal rats were subjected to different treatment
paradigms: acute and chronic paroxetine administration, and sub-chronic 5-HT depletion.
While there was no effect of acute (1 day) paroxetine administration, a global and substantial
downregulation of 5-HT4 receptor binding was present after 14 and 21 days of treatment.
Only one study has previously investigated the effect of chronic antidepressant treatment on
5-HT, receptor binding and reported no effect of citalopram on the 5-HT4 receptor binding in

the substantia nigra, which was the only region investigated (Gobbi et al. 1997). We did not
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quantify 5-HT4 receptor binding in the substantia nigra pars lateralis, as the small area of this
region made it difficult to evaluate with the resolution of our method. We can exclude that the
effect of chronic paroxetine administration on 5-HT4 receptor binding is due to a direct effect
of paroxetine or its metabolites on the receptor, as paroxetine does not bind to central 5-HT4
receptors (Lucchelli et al. 1995), and only has polar metabolites which do not modify its
pharmacological profile (Haddock et al. 1989). Further, we used a 24 hour drug washout
period in our study, after which the inhibitory effect of paroxetine on 5-HT uptake is no
longer present (Thomas et al. 1987). The absence of change in 5-HT4 receptor binding after 1
day of paroxetine administration shows that the changes in 5-HT4 receptor binding after 14
and 21 days are not due to the presence of paroxetine in the tissue. Our findings are in
accordance with hippocampal slice electrophysiological studies, showing a decrease in 5-HT4
receptor sensitivity after chronic (14 days) but not acute treatment with paroxetine (Bijak et
al. 1997). The same group found a similar decrease in sensitivity after chronic administration
of other antidepressant drugs (imipramine, citalopram, fluvoxamine) and after repeated
electroconvulsive shock, indicating that this is a general effect of antidepressant treatment
(Bijak 1997;Bijak et al. 2001;Bijak et al. 1997). Among available antidepressant drugs,
paroxetine is the most potent inhibitor of 5-HT reuptake (Owens et al. 2001). Acute
administration of paroxetine increases extracellular 5-HT levels in the hippocampus (Hajos-
Korcsok et al. 2000) but not in the frontal cortex (Owen and Whitton 2005;Beyer et al. 2002).
However, after 14 days of paroxetine administration the extracellular 5-HT baseline 1is
increased in both the hippocampus (Hajos-Korcsok et al. 2000) and the frontal cortex (Owen
and Whitton 2005). While paroxetine by acute blockade of the 5-HTT increases synaptic 5-
HT in certain regions, chronic administration strongly downregulates 5-HTT binding globally,
leading to a larger decline in 5-HT clearance from the synapse (Benmansour et al. 1999).

Also, when administered for 3-21 days, paroxetine progressively desensitizes somatodendritic
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5-HT 4 receptors without affecting 5-HT; receptor binding, leading to diminished negative
feedback control of 5-HT neuronal activity in the raphe nuclei (Le Poul et al. 1995). We
suggest that the present finding of decreased 5-HT, receptor binding after 14 and 21 days of
paroxetine administration is due to an increase in serotonergic activity and/or extracellular 5-
HT levels. The decreased 5-HT, receptor binding could reflect decreased expression of the 5-
HT, receptor, or theoretically, a substantial decrease in receptor affinity. However, we will
argue that the decrease in binding is due to increased agonist-induced internalization and
degradation of the 5-HT, receptor, as prolonged 5-HT exposure decreases 5-HT,4 receptor
binding in colliculi neurons (Ansanay et al. 1996) through endocytosis of plasma membrane
receptors (Barthet et al. 2005). Given that 5-HT, receptor agonism increases the 5-HT neuron
firing rate in the DRN, downregulation of the 5-HT4 receptor level in response to increased
serotonergic tonus may be interpreted as a compensatory downregulation of a positive
regulator of 5-HT system function. While acute administration of 5-10 mg/kg paroxetine does
not affect extracellular noradrenalin levels in the frontal cortex or hippocampus (Beyer et al.
2002;Hajos-Korcsok et al. 2000), hippocampal noradrenalin levels are increased after chronic
(14 days) paroxetine administration (Hajos-Korcsok et al. 2000). From the present data it is
not possible to determine if the increased noradrenalin levels contribute to the observed

decrease in 5-HT, receptor binding after chronic paroxetine administration.

Given that paroxetine strongly affects 5-HT4 receptor binding with a time-course similar to
the clinical effect of paroxetine, the present data implicate the 5-HT4 receptor in the effects of
antidepressant treatment. While acute 5-HT4 receptor antagonism does not inhibit the
antidepressant-like effect of fluoxetine in the forced swim test (Cryan and Lucki 2000), a
recent study has provided convincing experimental data of a fast-acting antidepressant effect

of partial 5-HT4 receptor agonists (Lucas et al. 2007). The antidepressant effect of 5-HT4
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receptor partial agonists (RS67333 and prucalopride) may relate to their ability to stimulate 5-
HT neuron firing rate both after acute and chronic administration (Lucas et al. 2005). The
absence of desensitization of this effect in response to chronic partial agonist administration is
surprising given the present finding of chronic paroxetine induced downregulation of 5-HT4
receptor binding. However, 3 days of RS67333 administration (1.5 mg/kg i.p.) has no effect
on 5-HT4 receptor binding in several brain regions (unpublished observations). The lack of
desensitization after chronic RS67333 or prucalopride administration may be due to the
partial agonist profile of these compounds (Duman 2007). To investigate whether the 5-HT,4
receptor changes are characteristic for this receptor, we compared the 5-HT system regulation
of 5-HT, receptor binding to that of an extensively described 5-HT receptor, the 5-HT,a
receptor. In agreement with previous studies using [*H]ketanserin (Maj et al. 1996;Nelson et
al. 1989), we found a decrease in cortical 5-HT;4 receptor binding after chronic (21 days) but
not acute paroxetine administration. This is also in accordance with the clinical observation
that chronic paroxetine treatment downregulates cortical 5-HT,o receptor binding, as
measured with ['*F]setoperone, in depressed patients (Meyer et al. 2001). The decrease in 5-
HT;4 receptor binding is not due to the presence of paroxetine, as paroxetine does not interact
with the 5-HT,5 receptor (Thomas et al. 1987), or to paroxetine metabolites (see above).
Whereas chronic paroxetine administration was associated with a profound and global
reduction in the 5-HT4 receptor binding, the effect on the 5-HT,4 receptor was smaller and

confined to frontal and cingulate cortices.

The chronic 5-HT depletion paradigm in our study induced a moderate increase in 5-HT4
receptor binding in the dorsal hippocampus, hypothalamus, and LGP. As previously
published, our 4 day 5-HT depletion paradigm results in a 95% reduction in brain 5-HT on

day 5 (Kornum et al. 2006). Our results support the previous report by Compan et al. of
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increased 5-HT4 receptor binding in the rostral caudate putamen, nucleus accumbens,
substantia nigra, globus pallidus, and hippocampus 21 days after 5,7-DHT lesions of the raphe
nuclei (Compan et al. 1996), and shows that this effect is also present after sub-chronic
pharmacological 5-HT depletion. The hippocampal 5-HT, receptor binding was selectively
increased in the dorsal part after 5S-HT depletion, which is similar to the pattern of change in
5-HT, receptor binding after 5,7-DHT induced depletion, where binding is decreased in the
anterior (dorsal) but not the posterior (ventral) hippocampus (Fischette et al. 1987). By
contrast, the 5-HT,4 receptor binding was globally and markedly decreased after sub-chronic
5-HT depletion. While this is the first report to use ["THIMDL100907 binding to evaluate 5-
HT;4 receptor binding after 5-HT depletion, it has been reported that 5,7-DHT induced 5-HT
depletion causes a 16-26% decrease in 5-HT,a/c receptor [IZSI]DOI binding in the cingulate,
frontal, and parietal cortex (Compan et al. 1998b) but an increase in striatal ['*IIDOI binding,
ascribed to 5-HT,c receptors (Compan et al. 1998a). Also, chronic 5-HT depletion induced by
chronic, high dose MDMA exposure causes dramatic decreases in cortical, striatal, thalamic,
and hypothalamic ['*I]DOI binding (McGregor et al. 2003). However, 5-HT depletion by 5
days of pCPA administration has no effect on [IZSI]DOI binding in the cingulate, frontal, and
parietal cortex (Compan et al. 1998b), and other studies report an increase (Heal et al. 1985)
or no change (Fischette et al. 1987) in [3H]ketanserin binding after 5,7-DHT induced 5-HT
depletion. The cause of these discrepancies may be the different 5-HT depletion protocols and

radioligands used or the time point of receptor binding analysis.

Overall, the 5-HT4 receptor binding is downregulated by chronic but not acute paroxetine
administration, and upregulated after sub-chronic 5-HT depletion. In comparison, the 5-HT2a
receptor binding is downregulated by both chronic paroxetine administration and 5-HT

depletion. While chronic paroxetine administration has a more widespread and pronounced
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suppressing effect on the 5-HT, receptor, the effect of sub-chronic 5-HT depletion is most
evident on 5-HT,p receptor binding. The decrease in 5-HT, receptor binding in the
hippocampus of the FSL depression model correlates with decreased 5-HTT binding, and may

be a compensatory response to regionally increased 5-HT levels.
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TABLES

Table 1. 5-HT, receptor binding in Flinders Line

FRL FSL Percent change® p value
Caudate putamen, medial 19.1 £0.6 18.6 +0.9 -2.6 0.654
Caudate putamen, caudal 32.2+09 31.8+0.8 -14 0.733
Hippocampus, dorsal 10.7£0.7 83+0.5 -22.6 0.014*
Hippocampus, ventral 20.1+0.6 179+0.8 -11.0 0.045*
Hypothalamus 16.8 £0.6 17.1£0.6 1.8 0.732
Lateral globus pallidus 33.2+0.6 30.9+0.8 -7.0 0.027*

Values are mean + SEM in fmol/mg tissue. “FSL compared to FRL.
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Table 2. 5-HT transporter binding in Flinders Line

FRL FSL Percent change® p value
Caudate putamen, medial 40.5+1.0 30.6+1.2 2.2 0.587
Caudate putamen, caudal 422+1.0 439 +0.8 4.0 0.207
Hippocampus, dorsal 33.0+£0.7 29.0+0.5 -12.1 <0.0001%***
Hippocampus, ventral 41.7+1.0 37.5+13 -10.2 0.020*
Basolateral amygdala 53.7+0.8 60.1 £0.3 12.0 <0.00071***
Frontal cortex 50.6 +1.0 50.2+£1.0 -0.7 0.823
Hypothalamus 48.7+£0.7 48.2+£0.7 -1.0 0.614
Lateral globus pallidus 46914 48.0+0.8 2.5 0.477

Values are mean + SEM in fmol/mg tissue. “FSL compared to FRL.
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Table 3. 5-HT, receptor binding after Chronic Mild Stress

Control CMS r value® p value
Caudate putamen, frontal 13.6 £0.5 13.3+04 -0.21 0.329
Caudate putamen, medial 185+1.1 19.1 £0.6 -0.36° 0.083
Caudate putamen, caudal 25.5+0.6 25.0+0.6 -0.12 0.586
Hippocampus, dorsal 10.6 £0.5 10.5£0.5 -0.22 0.310
Hippocampus, ventral 14.6 £0.3 13.7£0.5 -0.10° 0.651
Hypothalamus 16.6 £0.5 16.4£0.5 -0.30 0.154
Lateral globus pallidus 26.1 £0.7 253+0.8 -0.05 0.824
Nucleus accumbens shell 225+£04 23.1+£0.5 -0.27 0.207
Olfactory tubercles 31.1+£0.6° 30.9+0.5 -0.13 0.563

Values are mean + SEM in fmol/mg tissue. “Pearson’s correlation coefficient between 5-HT, receptor binding

and AUC sucrose intake during stress. "Spearman’s correlation coefficient. “n = 7.
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Table 4. 5-HT transporter binding after Chronic Mild Stress

Control CMS r value® p value
Caudate putamen, frontal 40.1+1.2 38.6 +0.7 -0.41 0.044*
Caudate putamen, caudal 506+1.0 51.0+0.7 -0.16 0.449
Hippocampus, dorsal 37.7+£0.9 36.8+0.8 -0.37° 0.076
Hippocampus, ventral 535+1.7 559+1.0 0.24 0.258
Basolateral amygdala 65.6 1.1 64.9 + 0.6 0.26 0.213
Frontal cortex 61.7+1.9 60.9+1.6 -0.30 0.150
Hypothalamus 541+13 56.0 +£0.5 -0.16 0.466
Nucleus accumbens shell 654+1.0 67.2+0.8 -0.02 0915

Values are mean + SEM in fmol/mg tissue. “Pearson’s correlation coefficient between 5-HTT binding and AUC

. . b . . .
sucrose intake during stress. “Spearman’s correlation coefficient.
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Table 5. 5-HT, receptor binding after acute and chronic paroxetine administration

1 day 14 days 21 days
Vehicle Paroxetine Vehicle Paroxetine Vehicle Paroxetine

Caudate putamen, 16.6 £ 0.8 174 +£0.3 165+1.0 13.8+1.0 17.0 £ 0.6 14.3 £ 0.6**
Caudate putamen, m 20.6 +£0.6° 21.8+0.6 21.2+0.5 17.1 £ 1.0%* 22.8+0.5 17.5 £0.7%%*
Caudate putamen, ¢ 31.9+£0.8 30.7%x1.1 31.5+1.1 21.0£0.9*%** 34110 21.6%1.1%**
Hippocampus, dorsal 9.6 0.5 8.1+0.9° 9.7+£0.6 7.4 £0.3%* 11.1£0.8 84 +1.1

Hippocampus, ventral 16.2+09" 154%1.5 11.8£0.6 10.5 £0.2% 134 +£0.5 10.4 £ 0.9%*
Hypothalamus 18.0 £ 0.6 16.9 £0.7 17.7+£0.9 11.0£0.6%**  194+0.7 11.2+09%**
LGP, frontal 22.1+£09" 223%0.7 22.4+0.7 13.8 £ 1.2%*% 232 +0.5 13.9 £ 0.9%**
LGP, caudal 31.6+£1.0 31.2%1.6 209+14 17.3£1.1%%*%  322+1.1 17.1 £ 1.0%%*
N. accumbens shell 24.7+£0.7 256+0.8 27.6+1.1 17.6 £1.0%**  28.1+0.7 18.6 £ 1.0%**
Olfactory tubercles 329+0.8 33.6+1.1 36.6£0.9 248 +1.0%* 36,609 249+ 1. 1%**
Ventral pallidum 25.8+0.9" 26.1+0.6 28.2+0.8 19.6 £ 1.1%**  289+0.8  18.8 & 1.0%**

Values are mean = SEM in fmol/mg tissue. f: frontal, m: medial, n: nucleus, ¢: caudal. *n = 7. *p < 0.05, **p <

0.01, ***p < 0.0001 for paroxetine versus vehicle.
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Table 6. 5-HT,, receptor binding after acute and chronic paroxetine administration

1 day 14 days 21 days
Vehicle Paroxetine Vehicle Paroxetine Vehicle Paroxetine
Caudate putamen, frontal 14.4+08 13.7+0.7 125+0.7 134+05 11.1+0.7° 11.5+£0.8
Cingulate cortex 31.7+04 302+14 26707 268+06 26707 24.1%1.0%
Dentate gyrus, dorsal 16.9 £ 0.6 155+£04 124 +£1.1 11.3+£0.8" 17907 16.9 £0.9
Frontal cortex 404+10 403+1.7 433%1.1 42.0+08 398+0.8 355+009%*

Values are mean + SEM in fmol/mg tissue. “n = 7. *p < 0.05, **p < 0.01 for paroxetine versus vehicle.
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Table 7. 5-HT, receptor binding after sub-chronic 5-HT depletion

Saline pCPA + FEN Percent change® p value
Caudate putamen, medial 17.6 0.7 17.8+0.7 1.0 0.871
Caudate putamen, caudal 27.4+0.7 289+0.6 5.7 0.102
Hippocampus, dorsal 7.8+£04 11.0+£0.7 40.7 0.0007***
Hippocampus, ventral 15.1£0.9° 164+£04 8.6 0.163
Hypothalamus 14.8+0.2 18.1+£0.6 222 0.0002***
Lateral globus pallidus 26.6 £0.7 30.0+ 1.0 12.8 0.014*
Ventral pallidum 26.9+0.6 293+ 1.1 8.8 0.087

Values are mean + SEM in fmol/mg tissue. “pCPA + FEN compared to saline. 'n = 7.
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Table 8. 5-HT,, receptor binding after sub-chronic 5-HT depletion

Saline pCPA + FEN Percent change® p value
Caudate putamen, medial 285+1.7 209+1.2 -26.7 0.0015%%*
Cingulate cortex 33.8+1.5° 225+1.2 -33.3 <0.0001%*%**
Dentate gyrus, dorsal 17.4 £ 1.8 6.5+0.7 -62.5 0.0001%*%*
Frontal cortex 50.3+0.8 382+14 -24.1 <0.0001%***

Values are mean + SEM in fmol/mg tissue. *pCPA + FEN compared to saline. 'n = 9.
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FIGURE LEGENDS

Figure 1. Forced Swim Test of Flinders Line rats from our colony. Immobility time (seconds)
of FSL (n = 10), FRL (n = 10), and Sprague-Dawley (SD) (n = 12) rats, representing the
phenotype of our Flinders Line colony. Horizontal lines are mean = SEM. *p < 0.05, ***p <

0.0001

Figure 2. Correlation between 5-HT4 receptor and 5-HT transporter binding in Flinders Line
rats. ["H]SB207145 versus (S)—[N—methyl—3H]citalopram binding in A) dorsal hippocampus (r
= 0.48, p = 0.034), and B) ventral hippocampus (r = 0.24, p = 0.307) of FSL (triangles, n =

10) and FRL (squares, n = 10). Values are fmol/mg tissue.

Figure 3. A. Individual sucrose intake (g) of rats during 4 weeks of Chronic Mild Stress
(CMS, n =16) and control (n = 8). B. Variation in sucrose intake (g) within control and CMS

group during CMS procedure. *p < 0.05

Figure 4. 5-HT4 receptor binding after acute and chronic paroxetine administration.
Autoradiograms of specific [3H]SB207145 binding (1 nM) at four section levels after 1 (left
panel) and 21 (right panel) days of vehicle (n = 7-8; A, D, G, J) or paroxetine (10 mg/kg, n =
7-8; B, E, H, K) administration. C, F, I, L) Non-specific binding in the presence of 10 uM

RS39604.

Figure 5. 5-HT4 receptor binding after sub-chronic 5-HT depletion. Autoradiograms of
specific [3H]SB207145 binding (1 nM) at 3 section levels after 4 days of A, D, G) saline (n =
9) or B, E, H) 3 x pCPA + 1 x FEN (n = 10) administration. C, F, I) Non-specific binding in

the presence of 10 uM RS39604.
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Figure 6. 5-HT,5 receptor binding after sub-chronic 5-HT depletion. Autoradiograms of
specific [3H]MDL100907 binding (0.4 nM) at 3 section levels after 4 days of A, D, G) saline
(n = 10) or B, E, H) 3 x pCPA + 1 x FEN (n = 10) administration. C, F, I) Non-specific

binding in the presence of 10 uM ketanserin.
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Abstract

The 5-HT,; receptor stimulates 5-HT neuron activity and iseav target for antidepressant
treatment. We here evaluated the effect of the »-t¢Teptor partial agonist, RS67333, on
extracellular 5-HT levels in the ventral hippocammi the rat by in vivo microdialysis, and
explored the ability of 5-Hf receptor agonism to augment the acute effecthefselective
serotonin reuptake inhibitor (SSRI) paroxetine otraczellular 5-HT levels. As 3 days of
RS67333 administration shows antidepressant-likects in animal models of depression, we
also examined the effect of this treatment on egllalar 5-HT levels. Acute administration of
RS67333 (1.5 mg/kg i.v.) alone had no effect omaedilular 5-HT or 5-HIAA levels, while
acute paroxetine administration (0.5 mg/kg i.v)sed the expected increase in 5-HT (276% of
baseline) and decrease in 5-HIAA levels. When aditaning RS67333 after the effect of
paroxetine had stabilized, an additional increas®-HT levels (to 398% of baseline) was
observed. After 3 days of RS67333 administratiosabaextracellular 5-HT levels were
increased by 73%, 5-HIAA levels were decreased,aamutie paroxetine administration induced
higher absolute 5-HT levels. There was no additiefiect of acute RS67333 administration
on 5-HT levels after paroxetine in the RS67333rpeted animals. The present data suggest
that the 5-HT, receptor agonist RS67333 is able to augment thie atfect of paroxetine on 5-
HT levels in the ventral hippocampus. Also, thdigbof sub-chronic RS67333 administration

to increase extracellular 5-HT levels suggestdaptiessant potential.

Key words: selective serotonin reuptake inhibitor, 5-Hileceptor, in vivo microdialysis,

ventral hippocampus



INTRODUCTION

Antidepressant drugs of the selective serotonirpteke inhibitor (SSRI) type require a
minimum of three weeks to have therapeutic effBciufin et al. 2001) and are only effective
in 50% of cases, although partial responses caacbeved for 80% of patients (Nestler et al.
2002). To increase the effectiveness and reducdinte required for antidepressant effect,
pharmacological strategies have explored co-adtraign of 5-HT receptor ligands (Sharp et
al. 1997;Boothman et al. 2006;Hjorth 1993). The BSRhibit 5-HT reuptake by the 5-HT
transporter (5-HTT), leading to acute increasesximacellular 5-HT levels (Hajos-Korcsok et
al. 2000). However, the increased 5-HT levels iitBBHT neuron activity in the raphe nuclei
(Hajos et al. 1995) through activation of somatahigtic 5-HT;5 autoreceptors (Gartside et al.
1995;Sprouse and Aghajanian 1987), constrainingritiease in 5-HT levels. Addition of 5-
HTia receptor antagonists to acute SSRI administrafijgvents the inhibition of 5-HT
neuronal activity and increases the release of SrHfhe frontal cortex (Gartside et al. 1995)
and ventral hippocampus (Hjorth 1993). This is Emito the effect of chronic SSRI
administration, where the inhibitory effect of 5-HTreceptor activation is desensitized
(Invernizzi et al. 1994;Kreiss and Lucki 1995) amdtracellular 5-HT levels in the
hippocampus and frontal cortex increased (Hajoszgamk et al. 2000;0wen and Whitton

2005).

Apart from 5-HT autoreceptors, the postsynaptic Torlfeceptors also regulate 5-HT neuron
activity and 5-HT release. In contrast to the 5-&lforeceptor inhibition, however, the 5-HT

receptor stimulates 5-HT neuron firing rate in thersal raphe nucleus (DRN) (Lucas and
Debonnel 2002;Lucas et al. 2005), and this effeetsdnot desensitize in response to chronic

partial agonist administration (Lucas et al. 200B8)so, both local and systemic acute



administration of non-selective 5-HTeceptor agonists increases extracellular 5-HEl&in

the hippocampus by 200% (Ge and Barnes 1996)iheigfore likely that stimulation of the 5-
HT, receptor will increase general serotonergic agtiloe able to potentate the effect of SSRI
treatment, and possibly have antidepressant piepertitself. In support of the latter, a recent
study has demonstrated antidepressant-like eféétEs 3 days of 5-Hjreceptor partial agonist
administration in rodents (Lucas et al. 2007). aha of the present study was to examine by
in vivo microdialysis, the ability of acute 5-HTeceptor partial agonism to augment the effect
of paroxetine on hippocampal extracellular 5-HTeley and to determine the effect of sub-

chronic 5-HT, receptor partial agonism on 5-HT levels.

We have evaluated the effects of acute administratif a 5-HT, receptor partial agonist,
RS67333, on extracellular 5-HT levels in the venlig@pocampus by in vivo microdialysis.
We also examined the ability of RS67333 to increthse effect of acute SSRI (paroxetine)
administration on hippocampal 5-HT levels, and eatd the effects of 3 days of RS67333

administration on basal 5-HT levels.

EXPERIMENTAL METHODS

Animals

Male Sprague-Dawley rats (270-410 g, Harlan, UKyeneoused in groups of up to 6 under
controlled conditions of temperature (21°C) and flityr (50%) on a 12 h light/dark cycle with

food and water freely available. In the acute expents, the following groups were analyzed:
paroxetine (0.5 mg/kg, n = 6), RS67333 (1.5 mgrkg,5), paroxetine + RS67333 (n = 7), and

vehicle (distilled water, n = 3). The sub-chroniperiments consisted of 5 animals pretreated



for 3 days with RS67333 (1.5 mg/kg i.p.) followey &cute paroxetine + RS67333, and 2
animals pretreated with vehicle and used for baseldetermination only. All animal
procedures were covered by a project license (RR2445) issued by the Home Office, under

the UK Animals (Scientific Procedures) Act 1986 asdociated guidelines.

Microdialysis procedure

Rats were anaesthetized with chloral hydrate (4BD+8g/kg i.p., followed by supplementary
doses as necessary), and local analgetic (lignecaic.) was applied to the neck and ears
before placing the animals in a stereotaxic frakepf) with the incisor bar set at -3.3 mm.
Animal body temperature was maintained at 36°C leams of a homoeothermic heating pad
with rectal probe. The skull was exposed and bwiles were drilled for the stereotaxic
placement of a self-made (Sharp and Zetterstron2)18i@gle cannula microdialysis probe (4
mm membrane) into the right ventral hippocampu®resttaxic co-ordinates were: rostro-
caudal -5.0 mm, medio-lateral -4.5 mm, dorso-vén8® mm from Bregma and dura surface
according to (Paxinos and Watson 2005). The mialtgsiis probe was secured in place using
dental cement and two skull screws. The probe veafiged (2u/min) for 1 hour before and
during implantation, and throughout the experimep&iod with artificial cerebrospinal fluid
(aCSF) containing (in mM): NaCl 140, KCI 3.0, Cael4, MgC} 1.0, NaHPQ, 1.2, NaHPO,
0.27, and glucose 7.2, pH 7.4, via polyethylenan{0.38 mm i.d.) connected to a 1 ml
syringe mounted on a microinjection pump (CMA/1@Darnegie Medicine, Stockholm,
Sweden). Perfusates were collected every 20 mip. @pul) in small tubes, containing fl
0.06 M perchloric acid, placed over the outlet edarof the microdialysis probe throughout

the experiment (300 min). A 25 gauge hypodermidiee®/as placed in the lateral tail vein to



allow intravenous administration of drugs. Aftergery, the animal was removed from the

stereotaxic frame.

Experimental protocol

Animals were anaesthetized throughout the expetimh@eriod. In all experiments, a period of
at least 1.5 hours was allowed after probe inseftefore sample collection for 5-HT levels to
stabilize. Baseline samples were then collecte@ foours (6 samples) before administration of
paroxetine (0.5 mg/kg i.v.), RS67333 (1.5 mg/kg)j.er vehicle (distilled water, i.v.) over 3-4

min. in the middle of the following sample. Samplesre then collected for another 2 hours.
When combining paroxetine and RS67333, RS67333adasnistered 80 min. after paroxetine
injection. For sub-chronic RS67333 administrationomp to microdialysis, animals were

injected with RS67333 (1.5 mg/kg i.p.) once daity 8 consecutive days, and microdialysis
was performed on day 4. At the end of the expertnagimmals were given an overdose of
anesthetic, and the brain was removed to allowological verification of probe location.

Animals with a probe location outside of the vehitigpocampus were excluded.

High performance liquid chromatography (HPLC) analysis

Dialysate samples were analyzed for 5-HT, 5-HIAA)daDOPAC using HPLC with
electrochemical detection. Samples were separatgd) @ Rainin Dynamax HPLC Reverse
Phase Analytical (100 x 4.6 mm, Microsorl G um particles, Varian) and 5-HT was detected
at RT using a 3 mm glassy carbon electrode maiedaiat +0.75 V versus an Ag/AgCl
reference electrode (BAS LC-4 potentiometer, BATH)e mobile phase was 0.13 M N#&tD,

buffer containing 12.5% (v/v) methanol, 0.85 mM ERTand 0.05 mM,-octane sulphonic



acid (brought to pH 3.55 with orthophosphoric acitja flow rate of 1 ml mih (LKB 2150
HPLC pump). Dialysates were injected directly otite chromatography system immediately
following collection. The sample run time was appnin, and samples from two animals could
therefore be analyzed during the experiment. Chtognams were displayed, integrated, and
stored (Milton Roy CI 4000 integrator) prior to &sas. Chromatographic peaks for 5-HT, 5-
HIAA, and DOPAC were converted to absolute amoimismol by external calibration of the
integrator before each experiment. The limit ofedgébn for 5-HT was approximately 0.005

pmol per sample.

Drugs

Laboratory chemicals were Analar or HPLC grade. @hegs were: chloral hydrate (Centaur,
Somerset, UK), lignocaine HCl (Centaur, Somersek), Uparoxetine HCI| (donated by
GlaxoSmithKline, UK), RS67333 HCI (Tocris Cooksotd] UK), WAY100635 HCI (donated

by Wyeth Research, UK). All drugs were preparedtiren distilled water, calculated on the

basis of the respective salt.

Statistical analysis

Statistical analyses were performed with GraphPadnP 5.0 (GraphPad Software Inc.).
Microdialysis data after acute drug challenge aq@essed as percentage change compared to
baseline, calculated as the average of the lase teamples collected before drug or vehicle
injection. Baseline 5-HT levels after 3 days of R$83 administration are presented as
absolute levels (pmol/sample of 40), uncorrected for in vitro recovery. Between gwou

analyses were performed using two-way ANOVA witheated measures, and Drug and Time



as independent factors. Group differences aftenifsignt ANOVAs were analyzed by
Bonferroni posttests. The acute microdialysis da&s analyzed in two steps: first, we
compared the effects of paroxetine, RS67333, péirexer RS67333, and vehicle on 5-HT
levels for the time span 0-260 min. We then comgdine effects of paroxetine + RS67333 on
5-HT levels with that of paroxetine alone for themé span 140-300 min. Basal 5-HT and
metabolite levels after 3 days of RS67333 wereutaled as the average of the last four
samples collected before drug or vehicle adminisinaand compared with a control group of
combined untreated (n = 16) and 3 day vehicledeét = 2) animals by Studentdest. The

level of significance was set at p < 0.05.

RESULTS

Acute effects of RS67333 and paroxetine

When comparing the effects of paroxetine, RS67paByxetine + RS67333, and vehicle on 5-
HT levels, there was a significant effect of Drug(3,204) = 13.30, p = 0.0001) and Time

(F(12,204) = 18.97, p < 0.0001), and an interacti®f3§,204) = 8.541, p < 0.0001) between
the two. Bonferroni posttests showed a significsffiect of paroxetine on 5-HT levels but no

effect of RS67333, when administered alone (FigP&ayoxetine (0.5 mg/kg) injection caused a
rapid increase in 5-HT levels in the ventral hipgropus to 276% of baseline levels (Fig. 1).
The increase in 5-HT levels was significant 50 rafter paroxetine injection, reaching a

plateau after approximately 90 min. When compatirggeffects of paroxetine + RS67333 on
5-HT levels to that of paroxetine alone, there wasgnificant effect of TimeR(8,88) = 29.11,

p < 0.0001) and an interactio(8,88) = 2.479, p = 0.0179) between Drug and Time.
Bonferroni posttests showed a significant effect T levels, when RS67333 was

administered 80 min after paroxetine (p < 0.0144} &hin time point), giving a further increase



in 5-HT levels to 398% of baseline 30 min after R$&3 i.v. administration (Fig. 1). The

additional effect of RS67333 was no longer sigatificat the 260 min time point.

When comparing all treatment groups there was &actedf Time £(12,204) = 16.79, p <
0.0001) and an interaction between Drug and Ti{8q,204) = 1.520, p = 0.0381) on 5-HIAA
levels. Bonferroni posttests showed a decreaseHAB levels after paroxetine at the 260 min
(p < 0.05) time point and after paroxetine + RS&a8the 240 (p < 0.05) and 260 min (p <
0.001) time point (Fig. 2A). Comparison of the conabion of paroxetine and RS67333 with
paroxetine alone (140-300 min), showed a signiticeffect of Time F(8,88) = 95.42, p <
0.0001) and an interaction between Drug and TiR{8,88) = 2.243, p = 0.0314) on 5-HIAA
levels but no time points were significant by Bandai posttests. Two-way ANOVA of the
effects of all treatments on DOPAC levels showeckfiiect of Drug or Time but a significant
interaction F(36,204) = 1.885, p = 0.0033) between the two. Boohi posttests showed
lower DOPAC levels at the 240 and 260 min time pah all drug treatments (except
paroxetine at 240 min) compared to vehicle (Fig).2Bspection of the data in figure 2B
suggests that this is due to an increase in DORAEIY in the vehicle group at these time
points. Comparison of paroxetine + RS67333 andxadirme alone (140-300 min) showed a
significant effect of Time on DOPAC levels(8,88) = 4.543, p = 0.0001) and an interaction
(F(8,88) = 2.562, p = 0.0147) between Drug and Tirae Bonferroni posttests showed no

significant differences.

Three days of RS67333 administration increases 5-Hbaseline levels
Since the 5-HT levels of 3-day vehicle administesgdmals were within the range of the
untreated controls, a control group consisting othbuntreated and vehicle administered

animals was used (Fig. 3A and 3B). The analysi8 afays of RS67333 administration on



extracellular 5-HT baseline levels showed a sigaiit effect of Pretreatment with RS67333
(F(1,105) = 18.91, p = 0.0003) and Time (F(5,105.671, p = 0.0001) and no interaction
between Pretreatment and Time. Bonferroni postt&stsved a significant increase in 5-HT
levels after 3 days of RS67333 administration isefiae sample 1-3 and 5-6, i.e. over a period
of 120 min from sample collection start until admstration of drug (Fig. 3A). When expressed
as average 5-HT level (pmol/sample) of the fout s@mples before drug administration
(sample 3-6), there was a significant 73% incraase-HT levels after 3 days of RS67333
compared to controls (p = 0.0001, Fig. 3B). Thregsdof RS67333 administration also
induced a 27% decrease in baseline 5-HIAA levelhénventral hippocampus (p = 0.047) but

had no effect on DOPAC levels (Table 1).

We compared the influence of 3 days of RS67333 aditnation on the effect of paroxetine +
RS67333 on 5-HT, 5-HIAA and DOPAC levels. The twaywANOVA analysis showed a
significant effect of Time K(14,140) = 39.59, p < 0.0001) and Pretreatment ®Ri867333

(F(1,240) = 5.083, p = 0.048) on 5-HT levels but mderaction between Time and
Pretreatment. Bonferroni posttests showed thatwliegroups differed at the 280 min time
point (p < 0.05), where the 3-day RS67333 pretregteup had higher 5-HT levels (Fig. 4).
There was no change in the effect of paroxetineS6 /33 on 5-HIAA and DOPAC levels

after 3 days of RS67333 pretreatment (data not show

DISCUSSION

To our knowledge this is the first study to exampatential SSRI augmenting effects of

systemic 5-HT receptor agonism, and to evaluate the effectsubfchronic 5-HF receptor

agonism on extracellular 5-HT levels. We found tivaile acute pharmacological stimulation
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of the 5-HT, receptor alone had no effect on extracellular 5edB-HIAA levels in the ventral
hippocampus, 5-Hireceptor partial agonism after acute paroxetinmimidtration increased
extracellular 5-HT levels further than paroxetimBrgnistration alone. In contrast to the acute
experiments, three days of 5-FHTeceptor partial agonist administration increasedal
extracellular 5-HT levels, and when followed by agxetine challenge induced higher 5-HT

levels than in animals, which were not pretreatét RS67333.

Acute effect of 5-HT, receptor partial agonism on hippocampal 5-HT leved

Acute administration of RS67333 had no effect otramellular 5-HT levels in the ventral
hippocampus of the anaesthetized rat. This waspswed as a previous microdialysis study
has shown markedly increased 5-HT levels in thetraérhippocampus after systemic
administration of the 5-Hireceptor agonist renzapride (Ge and Barnes 199@).reason for
this discrepancy could be that RS67333 is a pagahist (Eglen et al. 1995), while renzapride
is a full agonist. We chose RS67333 because dfigiser selectivity for the 5-HTreceptor,
although RS6733 also has affinity for ando, receptors in vitro (Eglen et al. 1995). Another
difference between the two studies is that Ge .gperfformed their experiments in wake rats,
while we used chloral hydrate anaesthetized aninkédsvever, administration of RS67333 at
the dose used in our study increases 5-HT neurtivitpén the DRN of the chloral hydrate
anaesthetized rat (Lucas et al. 2005), and stimualadf the DRN is normally reflected in
increased 5-HT release in the ventral hippocamBbarp and Hjorth 1990). We speculate that
acute increases in 5-HT release in response tae é867333 administration could not be

detected in our study because of rapid reuptaketdt by the 5-HT transporter.

5-HT,4 receptor stimulation augments 5-HT response to atel paroxetine
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When administered 80 min after the SSRI paroxe®®67333 increased hippocampal 5-HT
levels above the levels induced by paroxetine aldine increase in 5-HT levels after acute
systemic paroxetine administration is influencedsleyotonergic tonus, which is affected by
both inhibitory effects of 5-Hiy (Sprouse and Aghajanian 1987), 5d4dTand 5-HBgc
receptors (Boothman et al. 2003), and by stimwatffects of 5-HF receptors on 5-HT
neuron firing. Addition of a 5-HT neuron activatimgpmpound, RS67333, may shift the
balance between inhibitory and stimulatory 5-HTeqor effects on 5-HT neuron activity,
increasing the 5-HT release in the ventral hippqmasn The transient nature of the additional
increase in 5-HT levels after RS67333 administratis unlikely to be due to acute
desensitization of the 5-HTeceptors, as the 5-HT neuron response to piddeptor partial
agonism does not desensitize even with chronidgbaagonist administration (Lucas et al.
2005). Rather the response may be inhibited by tivegéeedback, as the increase in 5-HT
release in response to RS67333 will increase thigation of inhibitory 5-HT receptors. In
comparison, the SSRI augmenting effect of acutel'psHleceptor antagonism is long lasting
and of a larger scale (Hjorth 1993), possibly dua targer influence of 5-HE receptors on 5-
HT neuron activity. Our results are in line witkethbility of renzapride to increase 5-HT levels
in the ventral hippocampus in the presence of pnos after local administration of both
compounds via the microdialysis probe (Ge and Barh®96). However, the effect of
renzapride on paroxetine elevated 5-HT levels \&egel and longer lasting, possibly because
the inhibitory effects of 5-Hijy autoreceptors were avoided due to the local adtnation

route.

Three days of 5-HT, receptor stimulation increases hippocampal 5-HT leels

Three days of RS67333 administration increased S€T baseline levels in the ventral

hippocampus. Given that the acute RS67333 admatiistrdid not have a similar effect, this is
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most likely due to the 5-Hireceptor stimulatory effect on 5-HT neuron acyiitucas et al.
2005), in combination with a desensitization of b:Klautoreceptors in the raphe nuclei (Lucas
et al. 2007). Our finding is in agreement with theserved increased tonus on hippocampal

postsynaptic 5-Hi, receptors after sub-chronic RS67333 administrgtiocas et al. 2007).

RS67333 shows antidepressant potential in the HorSeim Test, and sub-chronic
administration has antidepressant-like effects he Chronic Mild Stress and Olfactory
Bulbectomy animal models of depression (Lucas €2@D7). However, the increase in 5-HT
levels after three days of RS67333 administratiosmaller than the 2-3-fold elevation, which
has been observed after 14 days of SSRI treatnitajog-Korcsok et al. 2000;Kreiss and
Lucki 1995). Together with the paroxetine augmeneiffect of acute RS67333 administration
this suggests that a combination of SSRI administraand 5-HT, receptor partial agonism
enhances 5-HT system activity. This is supportethkyobservation that a paroxetine challenge
can still elevate 5-HT levels after three days 86R333 administration and does so to a higher

absolute level than reached with paroxetine alone.
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FIGURE LEGENDS

Figure 1.5-HT levels in the ventral hippocampus in respotsgaroxetine and RS67333
administration. Extracellular 5-HT levels in then#al hippocampus, expressed as percentage
of baseline, after paroxetine (0.5 mg/kg, n = 6R333 (1.5 mg/kg, n = 5), or vehicle (n = 3)
administration, and in response to combined panoxetnd RS67333 (n = 7) administration.
Arrows indicate injection times. * p < 0.05, ** p&01, *** p < 0.001: paroxetine relative to

vehicle (0-260 min)*p < 0.01: paroxetine + RS67333 compared to panoagfi40-300 min).

Figure 2.5-HIAA and DOPAC levels in the ventral hippocamjusesponse to paroxetine and
RS67333 administration. Extracellular 5-HIAA (A) arDOPAC (B) levels, expressed as
percentage change, after administration of parogetRS67333, vehicle, or paroxetine and
RS67333 combined. Arrows indicate injection tinfep.< 0.05: paroxetine relative to vehicle,
#p <0.05p < 0.01: paroxetine + RS67333 relative to vehitle.< 0.05: vehicle relative to

RS67333, paroxetine, and paroxetine + RS67333.

Figure 3. Effect of sub-chronic RS67333 administration on b-kevels in the ventral
hippocampus. Baseline extracellular 5-HT levels qhrafter 3 days of RS67333 (1.5 mg/kg
i.p., N = 5) administration compared to controlstf(eated and vehicle treated combined, n =
18). A) 5-HT levels in the 6 baseline samples ammgared by two-way ANOVA with RM and
Bonferroni post-tests. B) Baseline 5-HT levels, regged as the average of the four last
baseline samples before drug administration (sa@4@le Vehicle treated animals (n = 2) are
indicated by triangles, and untreated controls (t63by circles. * p < 0.05, ** p < 0.01, ** p

< 0.001.
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Figure 4.Effect of paroxetine and RS67333 administration5edT levels after sub-chronic
RS67333 pretreatment. Changes in extracellular Sei@&ls (pmol/4Qul sample) in the ventral
hippocampus after paroxetine (0.5 mg/kg) and RSB{33 mg/kg) administration in animals
receiving 3 days of RS67333 (1.5 mg/kg, n = 5) neiment or no pretreatment (n = 7).

Arrows indicate injection times. * p < 0.05,
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Table 1. Extracellular 5-HT, 5-HIAA, and DOPAC lésafter sub-chronic RS67333 administration

Control 3 days RS67333 p value
5-HT 0.008 + 0.001 0.014 + 0.001 0.0001***
5-HIAA 7.536 + 0.459 5.478 +0.834 0.0474*
DOPAC 0.424 +0.034 0.352 + 0.055 0.3209

Values are mean = SEM in pmol.




