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GeneralGeneral Introduction 

Inn this thesis, we investigated the effect of periods of prolonged high 
corticosteroidd levels at different time-points in life on 5-HT neurotransmission in the 
hippocampus. . 

1.1.. Hypothalamo-pituitary-adrenal axis and corticosteroids 

1.1.11.1.1 Stress and the hypothalamo-pituitary-adrenal axis 
Stresss is a situation in which the body is 'out of balance', when homeostasis is 

threatened.. When an organism is exposed to a stressor, several mechanisms are activated 
withh the purpose to restore homeostasis. Stress activates processes in the central nervous 
system,, particularly in the paraventricular nucleus of the hypothalamus (see Figure 1.1). 
Whenn this brain region is stimulated by stress, it releases corticotrophin-releasing 
hormonee (CRH) and its co-secretagogue vasopressin (VP). CRH and VP reach the 
pituitaryy gland, which is then stimulated to release adrenocorticotrophic hormone (ACTH) 
intoo the circulation. Via the blood, ACTH reaches the adrenal glands, which in response to 
ACTHH secretes Cortisol (in humans) or corticosterone (in rodents) (Clarke and Davison, 
1989).. Corticosteroids exert numerous functions in the periphery and the central nervous 
system.. In the periphery, corticosteroids are involved in energy mobilization 
(glycogenosis),, in the immune system, inhibition of bone and muscle growth, cell-
growthh and the cardiovascular system (McEwen and Stellar, 1993; Munck et al., 1984). 

Corticosteronee can pass the blood brain barrier and affect several brain regions 
thatt contain receptors for corticosterone. Via receptors in the hypothalamus and pituitary, 
corticosteronee can exert an inhibitory effect on the production and release of CRH and 
ACTHH respectively, the so-called negative feedback loop (Canny et al., 1989; Jacobson 
andd Sapolsky, 1991; Plotsky et al., 1993; Sawchenko, 1987). 

Thee activity of the hypothalamo-pituitary-adrenal axis (HPA-axis) is mainly 
determinedd by two factors, i.e. a combination of 1) rises due to stress with negative 
feedbackk efficacy superimposed on 2) normal circadian rhythm (Clarke and Davison, 
1989).. Both aspects can be largely altered in association with a number of diseases and 

FigureFigure 1.1: Schematic representation 
off  the HPA-axis. Upon stimulation of 
thee HPA-axis, e.g. by stress, the 
paraventricularr nucleus (PVN) 
secretess CRH and VP, which reach 
thee pituitary. The pituitary releases 
ACTHH into the bloodstream, which 
reachess the adrenal glands. In 
responsee to ACTH, the adrenal 
glandss secrete corticosterone, which 
cann enter the brain. Corticosteroids 
cann exert their effect on brain regions 
containingg corticosteroid receptors, 
likee the hippocampus. A negative 
feedbackk loop exists via stimulation 
off  corticosteroid receptors in the 
hypothalamuss and pituitary. 

disorderss (see further: section 1.4). 

corticosterone e 
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ChapterChapter 1 

1.1.21.1.2 Corticosteroids in the central nervous system 
Nextt to the periphery, the central nervous system is also a target for 

corticosteroidd action. Corticosteroids coordinate circadian events and restore disturbances 
inn homeostasis induced by stress (McEwen et al., 1986; Munck et al., 1984). 
Corticosteroidss are believed to play a role in long-term metabolic, affective and psychotic 
diseasee states (for review see Gold and Chrousos, 2002; McEwen and Stellar, 1993). 

Inn the central nervous system, corticosteroids can exert their effect on all brain 
regionss that contain receptors for corticosteroids. An area particularly rich in 
corticosteroidd receptors is the hippocampus, which makes it a target for corticosteroids. 
Inn the hippocampus, corticosteroids affect neuronal survival, structure, gene expression 
andd neuronal excitability and processes like learning and memory (Diaz-Brinton and 
Berger,, 2000; Gould and Tanapat, 1999; Joels, 1997; Kim and Diamond, 2002; McEwen, 
2000;; Sapolsky, 2000). 

Thee hippocampus is a three-layered structure and can be subdivided in different 
areas:: cornu ammonis 1-4 (CAI, CA2, CA3 and CA4), which contains (as principal cells) 
pyramidall  neurons, and the dentate gyrus (DG), which contains granule cells. These areas 
aree heavily interconnected. The dentate gyrus receives input from the nearby entorhinal 
cortexx via afferents of the perforant path. In turn, there is a projection of mossy fibers 
fromm the DG that terminate in the CA3 area. The CA3 area sends projections via the 
Schafferr collaterals to the CA1 area. From the CA1 area and the subiculum, the loop is 
closedd by returning projections to the entorhinal cortex (Diaz-Brinton and Berger, 2000; 
Lopess Da Silva et al., 1990; Sapolsky, 2000). 

1.1.31.1.3 Two receptor systems for corticostero ids 
Corticosteroidss can bind to two receptor types, the mineralocorticoid receptor 

(MR)) and the glucocorticoid receptor (GR). Both receptors exist in the periphery and the 
centrall  nervous system, and have an identical structure in both periphery, like in the liver 
andd kidney, and central nervous system (Arriza et al., 1987; Patel et al., 1989), although 
differentt receptor variants exist, e.g. of the GR (De Rijk et al., 2002). The MR is a high-
affinityy (Kd~0.5 nM) receptor which binds corticosterone at low concentrations. 
Therefore,, the MR is almost always occupied for nearly 90% and has a function in 
maintainingg homeostasis. The GR has an almost 10-fold lower affinity (Kd~5 nM) for 
corticosterone.. Under basal conditions, i.e. during rest, the GR is occupied for about 10% 
(Reull  and De Kloet, 1985). It becomes substantially occupied when the level of 
corticosteronee rises, for example during the peak of the circadian rhythm (Reul and De 
Kloet,, 1985) or during stress. Due to this differential occupation of the MR and GR, a 
differencee in function has been proposed, with a more tonic inhibitory control function for 
thee MR and a role for the GR in the negative feedback regulation of the HPA-axis during 
stresss (De Kloet and Reul, 1987). 

Thee MR and GR have a different distribution within the brain. The MR is highly 
expressedd in limbic regions like the hippocampus, while the GR has a more widespread 
distributionn in the brain, including hippocampus but also other brain regions like the PVN, 
supraopticc nucleus, nucleus arcuatis-median eminence complex and the locus coeruleus. 
GRR is also detected in the A2 nucleus and the raphe nuclei (Fuxe et al., 1985a; Fuxe et al., 
1985b;; Reul and De Kloet, 1985). 

Bothh receptors are present in the hippocampus (Jacobson and Sapolsky, 1991). 
However,, the areas of the hippocampus show a differential distribution of MR and GR. 
MRR is present in high levels in all hippocampal subfields. The GR is highly expressed in 
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thee CA1 and CA2 region, with low levels in CA3 and intermediate levels in the DG 
(Hermann et al., 1989; Reul and De Kloet, 1985; Van Eekelen et al., 1988). Co-localization 
off  MR and GR is found in hippocampal pyramidal neurons (Van Steensel et al., 1996). 
Thiss high expression of corticosteroid receptors in the hippocampus makes it possible for 
corticosteroidss to modulate hippocampal and, indirectly, HPA-axis function over a wide 
rangee of corticosteroid levels (De Kloet et al., 1998). 

1.1.41.1.4 Mechanism of action 
Steroidd receptors belong to the superfamily of nuclear receptors (Beato and 

Sanchez-Pacheco,, 1996; Tsai and O'Malley, 1994). Corticosteroids can bind to 
intracellularr receptors in the cytosol (Beato, 1989). These receptors are composed of a 
ligand-bindingg domain on the C-terminal, a DNA-binding domain with two zinc fingers 
motifss and an N-terminal domain involved in transrepression (Beato, 1989; Zilliacus et 
al.,, 1995). In particular, the protein complex of the GR has been extensively investigated. 
Thee receptor forms a multiprotein complex with heat shock proteins and an immunophilin 
(Jenkinss et al., 2001; Kanelakis et al., 2002). The ligand binding domain of the receptor 
containss an association area for heat shock protein 90 and one of the dimerization 
domains. . 

Bindingg of corticosteroids to the receptors causes a rapid dissociation of the 
multiproteinn complex and multiple phosphorylation steps are initiated (Beato, 1989; Tsai 
andd O'Malley, 1994). This causes dimerization of activated receptor complexes and an 
increasee in the affinity of the ligand-bound receptor for nuclear domains. Both homo- and 
heterodimerss of MR and GR can be formed. Glucocorticoid responsive elements (GREs) 
aree present on promoter regions of glucocorticoid-responsive genes (Zilliacus et al., 
1995).. Receptor dimers bind to the GREs of the nuclear DNA and via this route can 
initiatee transcription (Stockner et al., 2003; Truss and Beato, 1993). Together with the 
DNA-bindingg domain, the N-terminal and C-terminal regions determine the 
transcriptionall  activity. Activated steroid receptors can not only exert their effects by 
bindingg to the DNA, but also indirectly by interaction with several transcription factors, 
likee activating protein 1, nuclear factor-KB and cAMP-response element binding protein 
(Guardiola-Diazz et al., 1996; Pfahl, 1993; Ray and Prefontaine, 1994; Tranche et al., 
1998).. The binding of homo- or heterodimers to GREs leads to alterations in mRNA 
synthesiss and subsequent protein synthesis. 

1.1.51.1.5 Cellular actions in the CNS 
Inn the hippocampus, corticosteroids generally do not affect passive membrane 

characteristicss (Joels and De Kloet, 1989; Kerr et al., 1989). Basal cell characteristics, like 
restingg membrane potential and input resistance, show no steroid dependency, since these 
aree comparable for control and adrenalectomized (ADX) animals (Beck et al., 1994; Joels 
andd De Kloet, 1989; Kerr et al., 1989). Yet, corticosteroids can affect several targets that 
playy a role in neuronal excitability, for example ion channels, neurotransmitter systems 
andd ion transporters (Joels and De Kloet, 1995). Because the MR is occupied for nearly 
90%% during rest conditions, this receptor plays an important role in maintaining 
homeostasiss of the cell. When predominantly the MR is occupied, there is no extensive 
Ca2++ influx, the accommodation and Ca2+-dependent AHP are small, and neuronal 
excitabilityy is increased (Beck et al., 1994; Joels and De Kloet, 1990; Joels and De Kloet, 
1992).. Upon depolarization, the amino-acid mediated transmission is stable and inhibitory 
inputt of serotonergic fibers is attenuated. All these factors contribute to the stability of the 
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networkk and the neuronal cells. Upon additional occupation of the GR, Ca"+ current, 
accommodationn and AHP increase (Joels, 2000; Karst et al., 1994; Kerr et al., 1992), and 
thee inhibitory input from serotonergic innervation is no longer attenuated (Beck et al., 
1994;; Joels and De Kloet, 1990; Joels and De Kloet, 1992). While many of these 
propertiess wil l temporarily dampen neuronal excitability, in particular the increased Ca'+-
influxx may in the end endanger the hippocampal cells and network integrity. 

Interestingly,, when no corticosteroids are present, i.e. after ADX, 
accommodation,, Ca2+ current amplitude and AHP amplitude are also found to be large 
(Karstt et al., 1994). This shows that the dose-dependency for at least several of the 
steroid-sensitivee hippocampal cell properties forms a U-shaped relationship (Joels and De 
Kloet,, 1994). This U-shaped dependency is also seen for some neurotransmitter responses, 
likee the serotonin response (Hesen et al., 1996). 

1.22 Serotonergic system 

1.2.11.2.1 Function of serotonin in the CNS 
Inn 1948, Rapport et al. discovered a potent vasotonic factor, serotonin (5-

hydroxytryptamine,, 5-HT) (Rapport et al., 1948). Serotonin turned out to be involved in 
severall  functions in the central nervous system. Serotonergic neurons can modulate 
electricall  activity and afferent input responsivity in multiple targets by way of extensive 
collateralization.. Via this extensive collateralization, serotonin has a modulatory role in 
autonomic,, endocrine, motor and sensory functions and in complex emotional adaptive 
behaviourr (Baumgarten and Grozdanovic, 2000). The widespread distribution of 5-HT 
fiberss through the central nervous system accounts for the large variety of functions that 
cann be modified by 5-HT, including motor output, body weight regulation, aggression, 
learning,, sleep, circadian pattern, food intake and sexual activity. Serotonin is also 
involvedd in anxiety and affective disorders (Feldman et al., 1997; Smith and Cowen, 
1997). . 

1.2.21.2.2 Anatomy and projections of the 5-HT system 
Inn the central nervous system, the dorsal raphe nucleus (DRN) contains the 

largestt number of serotonergic cells. Together with the median raphe nucleus, the DRN 
containss about 80% of the serotonergic neurons (Azmitia and Whitaker-Azmitia, 1991; 
Baumgartenn and Grozdanovic, 2000). Serotonergic fibers have a very widespread 
distributionn throughout the brain, innervating virtually all regions of the central nervous 
system,, particularly cortex, limbic regions, basal ganglia and hypothalamus (Azmitia and 
Whitaker-Azmitia,, 1991; Baumgarten and Grozdanovic, 2000). 

Thee hippocampus receives a large projection of serotonergic neurons and is rich 
inn serotonin receptors (Baumgarten and Grozdanovic, 2000; Segal and Landis, 1974; Zifa 
andd Fillion, 1992). The projection of the raphe nuclei to the hippocampus shows a 
topographicall  organization. The DRN projects to the dorsal hippocampus, while the 
mediann raphe nucleus innervates the entire hippocampal system. Via the fimbria, 
projectionss from the raphe nuclei reach the stratum oriens and the stratum radiatum of the 
CA2-CA44 regions of the dorsal hippocampus (Baumgarten and Grozdanovic, 2000). The 
CA11 region of the hippocampus is reached by serotonergic fibers that run through the 
cingulatee bundle (Lowry, 2002). 
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1.2.31.2.3 Serotonin receptor subtypes 
Att present, 14 different subtypes of serotonin receptors are known to be present 

inn the brain. These receptors can be subdivided in different families, i.e. the 5-HT) (5-
HT1A,, 5-HT1B, 5-HT1D, 5-ht1E and 5-ht1F), 5-HT2 (5-HT2A, 5-HT2B and 5-HT2C), 5-HT3, 5-
HT4,, 5-ht5 (5-ht5A and 5-htSB), 5-ht6 and 5-HT7 family (for review, see Barnes and Sharp, 
1999;; Hartig, 2000). All 5-HT receptors, with the exception of the 5-HT3 receptor, belong 
too the superfamily of G-protein coupled receptors (Gerhardt and Van Heerikhuizen, 
1997).. The 5-HT3 receptor is not coupled to a G-protein, but the receptor itself forms an 
ionn channel across the membrane (Maricq et al., 1991). Many of these 5-HT receptor 
subtypess are expressed in the hippocampus (Barnes and Sharp, 1999). 

Onee of the best characterized 5-HT receptors is the 5-HTiA receptor. It belongs to 
thee 5-HT! family of receptors that is negatively coupled to adenylate cyclase via the Gi 
familyy of G proteins (Raymond et al., 1993). The 5-HT1A receptor is linked to a G-protein 
coupledd inwardly rectifying potassium (K+) channel (GIRK or Kir) (Andrade et al., 1986; 
Andradee and Nicoll, 1987; Sanders-Bush and Canton, 1995) and exerts different functions 
inn the brain. In the DRN, the 5-HT[A receptors act as somatodendritic autoreceptors, 
whichh on activation depress neuronal firing rate of the serotonergic neurons (Hamon, 
2000).. In other brain areas, like cortex and hippocampus, the 5-HT1A receptor is located 
postsynapticallyy (Zgombick et al., 1989). Pyramidal neurons in the CA1 area show high 
levelss of 5-HT1A receptor mRNA and 5-HTjA receptor binding (Aghajanian and Andrade, 
2000).. The 5-HT]A receptor has been implicated in processes like development (Lauder, 
1993;; Miquel et al., 1994; Whitaker-Azmitia and Azmitia, 1994), sexual behaviour 
(Ahleniuss et al., 1991) and temperature regulation (Bill et al., 1991). Furthermore, the 5-
HT1AA receptor plays a role in anxiety and antidepressant treatment (De Vry, 1995; Hamon, 
2000). . 

Otherr 5-HT receptors, like 5-HT2 receptors, 5-HT4 receptors and 5-HT7 

receptors,, exert a depolarizing effect, which is slower in onset though more prolonged in 
timee than actions via the 5-HT1A receptors (Aghajanian and Andrade, 2000; Barnes and 
Sharp,, 1999). Although these receptors may also form a target for corticosteroids 
(Birnstiell  and Beck, 1995; Kuroda et al., 1994; Le Corre et al., 1997; Mendelson and 
McEwen,, 1991; Watanabe et al., 1993; Yau et al., 2001), they were not directly examined 
inn this thesis. 

1.2.41.2.4 The 5-HT1A receptor signalling pathway 
Activationn of postsynaptic 5-HT1A receptors by 5-HT causes a conformational 

changee in the G-protein and subsequently the potassium channel. The conformational 
changee of the K+ channel causes opening of the channel, which results in an outflow of K+ 

ionss and subsequently hyperpolarization of the cell (Andrade et al., 1986; Colino and 
Halliwell,, 1987; Jahnsen, 1980; Sanders-Bush and Canton, 1995; Segal, 1980). In current 
clampp studies, activation of 5-HT1A receptors therefore induces membrane 
hyperpolarizationn and decrease in resistance (see Box 1.1 and Figure 1.2). 
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Boxx 1.1: Intracellula r  recordings in the CA1 region of the hippocampus 

Thee main technique used in this study is intracellular recording from CA1 pyramidal 
neuronss in the hippocampus. The hippocampus is a very suitable substrate for this kind of 
study,, because the structural organization of the hippocampus makes it possible to make 
transversee sections over the longitudinal axis. In these sections, the majority of the 
trisynapticc loop remains intact (Diaz-Brinton and Berger, 2000). CAI pyramidal cells are 
impaledd by a glass microelectrode. Via this electrode, basal cell characteristics like resting 
membranee potential, input resistance, inward rectification, membrane time constant, spike 
frequencyy accommodation and AHP can be recorded (as indicated by the arrows in typical 
examplee in Figure 1.2, left, above). The hippocampal slice is continuously perfused with 
artificiall  cerebrospinal fluid (ACSF). Addition of 5-HT (as indicated by the bar, left, 
above)) to the ACSF makes it possible to record from the same cell before, during and 
afterr 5-HT application. 5-HT causes hyperpolarization of the cell and a decrease in input 
resistancee due to activation of 5-HT1A receptors. 

Hippocampus s 

^ ^ 

// Schaffer collateral 
'' ^pathway 

Subfcuiar r 
complex x 

Mossyy fiber 
pathway y 

inwardd rectification = 
((A-B)) A)*  100 

-\\ -f~~ 
C--

AB! ! 

c c 

AHPP -
(averagee A-B) * 100 

Perforant t 
Dentatee gyrus pathway 

Adaptedd from: Hall 1992 

FigureFigure 1.2: The hippocampus is dissected out of the brain and cut into 400 uM sections, in which intracellular 
recordingss of CA1 pyramidal neurons are made by means of a glass microelectrode (Hall, 1992). The 
hippocampall  slice is continuously perfused with artificial cerebrospinal fluid, to which 5-HT can be added. 
Perfusionn of the slice with 10 uM 5-HT causes a hyperpolarization and a decrease in input resistance (inset left, 
above).. Basal cell characteristics can be measured before, during and after 5-HT application, as indicated by the 
arrows.. The insets below show examples for measurement of the inward rectification (left) and AHP (right). 
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GeneralGeneral Introduction 

Thee inwardly rectifying potassium channel, coupled to the 5-HT1A receptor, 
belongss to the Kir3 (or GIRK) family. This family consists of Kir3.1, Kir3.2, Kir3.3 and 
Kir3.44 subunits. The majority of the Kir3 channels are supposed to be heterotetramers 
containingg the Kir3.1 subunit, although functional Kir3.2 homomers and Kir3.2/3.3 
combinationss have also been reported (Isomoto et al., 1997). 

1.2.51.2.5 Potential modulators of5-HT!A receptor signalling 
Modulationn of 5-HT1A receptor signalling can occur at different levels of the 

signall  transduction pathway. For example, activity of the G-protein can be modulated by 
regulatorss of G-protein signalling (RGS). There are several types of RGS, RGS1-16. In 
celll  cultures, co-expression of GIRK channels with RGS1, RGS3 or RGS4 accelerated 
GIRKK current waveforms evoked by agonist activation of muscarinic m2 receptors or 5-
HTtAA receptors (Doupnik et al., 1997). RGS4 is of particular interest, because it is shown 
too be sensitive to corticosteroid treatment. Thus, in the PVN, mRNA expression for RGS4 
iss downregulated after acute and chronic exogeneous corticosterone administration. Also, 
chronicc unpredictable stress decreases RGS4 mRNA expression (Ni et al., 1999). 

Neuronall  cell adhesion molecules (NCAM) may also play a modulatory role in 5-
HTiAA receptor signalling. NCAM deficient knock out mice show anxiolytic-like effects in 
responsee to lower doses of the 5-HTiA receptor agonists buspirone and 8-OH-DPAT. 5-
HTT synthesis, release and mRNA expression for the 5-HT1A receptors are not altered in 
NCAM-/-- mice, suggesting that NCAM might affect the GIRK channels that are coupled 
too the 5-HTJA receptor (Stork et al., 1999). Indeed, in cultured hippocampal neurons from 
NCAM-deficientt mice, inwardly rectifying currents mediated by Kir3-channels are 
increasedd compared to wild type controls (Delling et al., 2002). Furthermore, NCAMs 
weree shown to be sensitive to corticosteroid treatment and chronic stress, particularly in 
thee prefrontal cortex, but also in the hippocampus (Sandi et al., 2001; Venero et al., 2002), 
suggestingg that NCAMs might play a modulatory role in the effects of stress on 5-HTiA 

receptorr signalling. 

1.33 Interaction between corticosteroids and 5-HT 

Interactionss between the HPA-axis and the 5-HT system can occur at multiple 
levels.. Both systems are interconnected and can influence each other. Serotonin can affect 
HPAA functioning on different levels, e.g. hypothalamic, pituitary or adrenal level. For 
example,, activation of 5-HT1A and 5-HT2 receptors in the PVN of the hypothalamus 
increasess the secretion of ACTH and corticosterone (Pan and Gilbert, 1992; Van de Kar et 
al.,, 2001). Thus, 5-HT increases the secretion of ACTH and corticosterone (Lesch et al., 
1990;; O'Keane and Dinan, 1991), an effect that is mimicked by application of 5-HT1A 

agonistss (Lesch et al., 1990; Meltzer and Maes, 1994; Van de Kar, 2000). Also, 
applicationn of 5-HT2 agonists increases the secretion of ACTH (Cowen et al., 1990; Van 
dee Kar et al., 2001). At the pituitary level, 5-HT-immunoreactive cells have been found 
(Carvajall  et al., 1991; Szabat et al., 1998; Van de Kar, 2000). Moreover, 5-HT and its 
metabolitemetabolite 5-hydroxyindoleacetetic acid (5-HIAA) have been shown to exist in the 
adrenall  cortex. 5-HT receptors in the adrenal cortex stimulate the secretion of 
corticosteronee independently from the HPA-axis (Lefebvre et al., 1992). So, 5-HT is able 
too affect the HPA-axis. However, the 5-HT system itself is also affected by actions of the 
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HPA-axis.. These interactions are of special interest because clinical trials have shown that 
bothh physical and psychological stressors might precipitate the onset of depressive 
episodess (Post et al., 2000). 

1.3.11.3.1 Acute effects of corticosteroids on the 5-HT system 
Corticosteroidss and stress can affect several aspects of the 5-HT system in the 

brain.. First, stress is known to affect serotonin synthesis. Stress and corticosteroids are 
shownn to increase the catalytic activity of tryptophan hydroxylase, the rate-limiting 
enzymee in 5-HT synthesis (Boadle-Biber et al., 1989; Singh et al., 1994; Singh et al., 
1990).. After ADX, this effect of stress is abolished (Singh et al., 1990). An increase in 5-
HTT synthesis in the DRN consequently increases the release of 5-HT in terminal areas (De 
Kloett et al., 1982; Van Loon et al., 1981). In accordance, an increase in extracellular 5-HT 
levelss has been observed in the hippocampus after swim stress (Fujino et al., 2002; 
Linthorstt et al., 2002). In the hippocampus, corticosteroids exert a stimulating influence 
onn 5-HT release, which occurs through activation of the GR (Korte-Bouws et al., 1996). 

Second,, corticosteroids have an effect on the transcription of the 5-HT1A receptor 
gene.. In the situation that no corticosteroids are present, i.e. ADX, increases in 5-HT]A 

receptorr gene expression have been shown in all hippocampal subfields (Chalmers et al, 
1994;; Mendelson and McEwen, 1992; Zhong and Ciaranello, 1995), together with 
increasess in 5-HT]A receptor binding (Chalmers et al., 1993; Tejani-Butt and Labow, 
1994).. In the DG, occupation of the MR causes normalization in 5-HTiA receptor gene 
expression,, while additional occupation of the GR results in a decreased mRNA 
expressionn of the 5-HTiA receptor (Meijer and De Kloet, 1994). The effect of high 
corticosteroidd levels can be blocked partially by application of a MR antagonist, while a 
GRR antagonist has no effect, indicating that the MR plays a crucial role in the effect of 
corticosteroidss on 5-HT1A receptor mRNA expression (Meijer and de Kloet, 1995). In the 
CA11 area of the hippocampus, high doses of corticosterone, sufficient to occupy the GR, 
orr application of the GR agonist dexamethasone, attenuates the increase in 5-HT)A 

receptorr mRNA expression after ADX, but 5-HT[A receptor mRNA levels remain higher 
whenn compared to SHAM (Chalmers et al., 1994). The 5-HT1A gene is intronless and is 
shown,, in a septal cell line, to contain a negative response element, that binds 
heterodimerss with a higher affinity than MR or GR homodimers (Ou et al., 2001). 
However,, corticosteroids are also able to affect the expression of this gene via interaction 
withh other genes and their respective protein products that can influence 5-HT1A receptor 
function.. For example, the GR can interact with two NF-KB elements in the promoter of 
thee 5-HTiA receptor gene, thereby repressing NF-KB-mediated induction of transcription 
(Wissinkk et al., 2000). 

Third,, corticosteroids affect functional responses to 5-HT. When the level of 
corticosteroidss is low, for example during rest, when the MR is predominantly occupied, 
thee response of CA1 pyramidal neurons to 5-HT is small (Beck et al., 1996; Hesen et al., 
1996;; Joels and De Kloet, 1992; Joels et al., 1991). When the level of corticosterone rises 
forr example during stress, and the GR becomes additionally occupied, the 5-HT response 
increasess (Joels and De Kloet, 1992). The increase in 5-HTiA receptor mediated responses 
afterr stress could be prevented by the application of the GR antagonist RU-38486 (Hesen 
ett al., 1996). MR ligands suppress the 5-HT[A receptor mediated hyperpolarization, while 
GRR ligands don't show this effect (Joels et al., 1991). Interestingly, when no 
corticosteroidss are present, during ADX, the response to 5-HT is also large (Hesen et al., 
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1996).. So, the functional response of CA pyramidal neurons to corticosterone shows a U-
shapedd dose dependency (Hesen and Joels, 1996; Joels and De Kloet, 1992; Joëls et al., 
1991). . 

Inn mutant mice that can not form GR homodimers, activation of the GR receptor 
doess not induce an increase in 5-HT-induced hyperpolarization. The formation of GR 
homodimerss is apparently necessary for the effects of high corticosteroid levels on the 5-
HTT response (Karst et al., 2000). The changes in functional response to 5-HT at different 
levelss of circulating corticosteroids are probably not due to changes in the potassium 
channell  that is coupled via a G-protein to the 5-HTiA receptor (Joëls et al., 1991). The 5-
HT]AA receptor shares the potassium channel with the GABAB receptor. Treatment with 
MRR ligands does not change the response of GABAB receptors to baclofen, suggesting 
thatt the potassium channel is not affected by corticosteroids (Joëls et al., 1991). This is 
supportedd by the study of Muma and Beck (Muma and Beck, 1999), in which different 
treatmentss like ADX, aldosterone and high corticosteroid treatment, did not affect the 
expressionn of GIRK1 (Kir3.1) in the CA1 area. 

1.3.21.3.2 Effects of prolonged elevations in corticosteroid level on the 5-HT 
system system 

Thee hippocampus is vulnerable to both chronic overexposure and chronic 
absencee of corticosteroids (Arbel et al., 1994). Chronic absence of corticosteroids leads to 
apoptoticc cell death particularly in the DG. After three days of absence of corticosteroids, 
DGG neurons experience chromatin condensation, cell nuclear pyknosis, DNA 
fragmentationn and cytoplasmic shrinkage (Sloviter et al., 1993; Sloviter et al., 
1989).Thesee effects can be prevented by the application of MR agonists (Sloviter et al, 
1989;; Woolleyetal., 1991). 

Inn humans, enduring levels of high corticosteroids are known to have a 
detrimentall  effect on hippocampal volume (Lupien et al., 1998). In rodents, a regression 
off  apical dendrites and atrophy of CA3 neurons is seen (Magarinos and McEwen, 1995; 
Watanabee et al., 1992; Woolley et al., 1990). High corticosteroid levels increase 
hippocampall  cell loss in primates and possibly in humans (Sapolsky et al., 1990). 
Althoughh the effects are more pronounced in the DG and CA3 regions, also the CA1 is 
affectedd by high corticosteroid levels (Sousa et al., 2000). Factors involved in these 
damagingg effects are thought to be an enhanced influx of Ca2+ and alterations in the 
glutamatergicc neurotransmission (Sapolsky, 2000). 

Thee serotonergic system is also affected by prolonged elevation in corticosteroid 
level.. Several studies show that 5-HT1A receptor mRNA expression and binding in the 
hippocampuss are downregulated by chronic restraint (Watanabe et al., 1993) and chronic 
unpredictablee stress (Lopez et al., 1998). ADX prevents this effect (Lopez et al., 1998), 
indicatingg the importance of corticosteroids in this effect. However, not all studies showed 
aa downregulation of 5-HT]A receptor mRNA by chronic stress or chronic high levels of 
exogeneouss corticosterone (Holmes et al., 1995; Karten et al., 1999; Lopez et al., 1998). 
Lesss data are available about the effects of chronic stress on functional 5-HT responses. 
Att the start of this thesis, it was only known that 3 weeks of exogeneous corticosterone 
administrationn reduces 5-HT!A receptor-mediated hyperpolarization and attenuates the 
decreasee in input resistance (Karten et al., 1999; Mueller and Beck, 2000). 
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1.44 Interaction between the HPA-axis and the 5-HT system in 
relationn to major  depressive disorder 

1.4.11.4.1 Major depress ive disorder 
Disturbancess of the serotonergic system are a key factor in depressive illness 

(Brownn and Van Praag, 1991; Maes and Meltzer, 1995). This was first inferred from 
observationss in the periphery, like low levels of plasma tryptophan, a reduced content of 
5-HTT and 5-HT transporters in blood platelets and low levels of the 5-HT metabolite 5-
HIAAA in the cerebrospinal fluid of depressed individuals (Meltzer, 1989). Also, studies in 
healthyy subjects with or without a family history of depressive illness show that acute 
depletionn of the 5-HT precursor tryptophan leads to lowering of mood (Benkelfat et al., 
1994;; Young et al., 1985). Genetic factors also play a role in the vulnerability of 
individualss to depression. A polymorphism in the 5-HT transporter is responsible for the 
outcomee of treatment with antidepressants, like selective serotonin re-uptake inhibitors 
(SSRIs).. In general, patients with the long (/) allele of the 5-HT transporter gene are more 
responsivee to treatment with SSRIs, compared to patients with the short (s) allele 
(Eichhammerr et al., 2003; Yu et al., 2002). 

Deakinn and Graeff (Deakin and Graeff, 1991) suggested that the 5-HT neurons of 
thee DRN that project to the hippocampus have a function of maintaining adaptive 
behaviourr in relation to aversive stimuli (Deakin and Graeff, 1991). Failure in this 
mechanismm of defence could then result in the development of depression. Hippocampal 
atrophyy and decreases in hippocampal size are features seen in depression, together with 
deficitss in explicit memory. The degree of hippocampal size reduction correlates with the 
durationn of depressive illness (Shelineet al., 1996). 

Involvementt of the HPA-axis in major depression is underscored by the 
observationn that stressful life events often precede episodes of depression (Brown et al., 
1994;; McNaughton et al, 1992). In part of the depressive patients, abnormalities of the 
HPA-axiss have been reported. In general, the HPA-axis is hyperactive in part of the 
depressivee patients. HPA-axis hyperactivity is reflected in increased levels of ACTH, 
CRHH and basal Cortisol (Carroll et al., 1976; Young et al., 1991), hypertrophy of the 
adrenall  glands (Amsterdam et al., 1987; Nemeroff et al., 1992; Rubin et al., 1996; Rubin 
ett al., 1995) and enlargement of the pituitary (Axelson et al., 1992). These patients have 
impairedd negative feedback, illustrated by dexamethasone nonsuppression of Cortisol 
levelss (Carroll et al., 1981; Holsboer, 1983; Kalin et al., 1982; Rush et al., 1996; Young et 
al.,, 1991). CRH-mediatedd stimulation of ACTH release is blunted (Holsboer et al., 1985; 
Urr et al., 1992). Some depressive patients show a flattening of the diurnal Cortisol rhythm 
(Gartsidee et al, 2003). 

1.4.21.4.2 Treatment in major depressive disorder 
Severall  classes of antidepressant exist, i.e. tricyclic antidepressants, monoamine 

oxidasee inhibitors and SSRIs. Long-term treatment with SSRIs increases the availability 
off  releasable 5-HT, probably due to desensitization of 5-HT autoreceptors without 
alterationss in responsiveness of 5-HTiA receptors in terminal areas (Blier et al., 1988). In 
agreement,, chronic administration of SSRIs leads to a decrease in the functional activity 
off  somatodendritic 5-HT,A receptors (Gartside et al, 2003). Tricyclic antidepressants are 
knownn to increase 5-HT1A receptor binding in the hippocampus, but not in DRN (Welner 
etal.,, 1989). 
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Antidepressantss do not only affect the 5-HT system, but also cause alterations in 
thee corticosteroid receptors in limbic areas. In rats, chronic treatment with antidepressants 
increasess GR mRNA levels (Pepin et al., 1989), which was mirrored by increases in 
corticosteroidd receptor binding sites (Reul et al., 1994). Desipramine restores MR/GR 
ratioratio in stressed animals, which may be a mechanism by which antidepressants enhance 
feedbackk and maintain low corticosterone levels, even in the presence of stress (Lopez et 
al.,, 1998). 

Partt of the depressive patients show abnormalities in HPA-axis functioning. For 
example,, these patients and some of their family members show Cortisol nonsuppression 
inn the combined CRH/dexamethasone suppression test (Modell et al., 1998). Patients who 
continuee to show Cortisol nonsuppression after treatment of the disease have a higher risk 
forr relapse (Greden et al., 1983). From these data, it becamee apparent that substances that 
actt on the HPA-system can contribute to the clinical outcome of antidepressant treatment. 
Moreover,, at the time this project started, it was already known that patients suffering of 
majorr depression, particularly those resistant to antidepressant treatment, show beneficial 
effectss of supplemental treatment with steroid suppressing agents (Murphy et al., 1991; 
Wolkowitzz et al., 1993). 

1.55 Outlin e of this thesis 

7.5.77 Aim of this thesis 
Hyperactivityy of the HPA-axis is a major risk factor for the precipitation of major 

depressivee disorder in genetically predisposed individuals. Presently, it is unknown how 
HPA-axiss hyperactivity, and the resulting hypercorticism, can result in the precipitation of 
clinicall  symptoms. We here hypothesize that corticosteroids reach this effect by a gradual 
attenuationn of 5-HT responsiveness in limbic areas. 

Inn this thesis, we investigated the effect of prolonged periods of high 
corticosteroidd levels at different time-points in life on 5-HT neurotransmission in the 
hippocampus. . 

1.5.21.5.2 Questions 
Muchh is known already about the interactions of the HPA-axis and the 

serotonergicc system, particularly about the effects of acute corticosterone application or 
acutee stress on 5-HT responsiveness in the hippocampus. Less data are available about the 
effectss of long-term high levels of endogeneous corticosteroids on the functional response 
off  5-HT1A receptors in CA1 pyramidal neurons of the hippocampus. This knowledge is 
highlyy relevant in view of the possible clinical implications of long-term high 
corticosteroidd levels in thee precipitation of major depressive episodes. In this thesis, we 
investigatee 5-HT1A receptor-mediated responses in different animal models, characterized 
byy a prolonged period of high HPA-axis activity or by high HPA-axis activity during 
criticall  time-points in life. 

Inn Chapter 2, animals are subjected to a 21-day protocol of unpredictable stress. 
Afterr this time period, functional responses to 5-HT are recorded in pyramidal neurons of 
thee CA1 area. Also, mRNA expression for the 5-HTiA receptor, the MR and the GR is 
studied. . 
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Inn Chapter 3, we asked ourselves if stress early in life will affect the response to 
5-HTT later on, when rats have reached adulthood. For this purpose, the maternal 
deprivationn protocol is used (Workel et al., 1997). On postnatal day 3, pups are separated 
fromm the dam and returned 24 hours later. After maternal deprivation, pups are left 
undisturbedd until time of weaning at postnatal day 21. Rats are tested for their 5-HT 
responsivenesss as young adults, at 3 months of age. 5-HTiA receptor mRNA expression is 
studied,, as well as MR and GR mRNA expression in different hippocampal subfields. 

Inn Chapter 4, we study the functional response to 5-HT in animals that are 
geneticallyy selected on aggressive behaviour. These two mice lines, the short attack 
latencyy (SAL) and long attack latency (LAL ) mice, show differences in neuroendocrine 
parameterss including the HPA-axis and in some parameters of the 5-HT system (Korte et 
al.,, 1996). Intracellular recordings are made to study the functional 5-HT response and 
againn mRNA expression for the 5-HT1A-receptor, MR and GR is studied. 

Inn Chapter 5, we try to elucidate some aspects of the mechanism, underlying 
attenuationn of 5-HT responsiveness in animals exhibiting high levels of corticosteroids at 
somee time in life. By means of in situ hybridization, a potential target is studied, i.e. 
NCAM. . 

Thee experimental findings are summarized and discussed in Chapter 6. 

Boxx 1.2 Main questions of this thesis 

Doess chronic stress and hyperactivity of the HPA-axis affect 5-HT responses in 
CA11 pyramidal neurons of the hippocampus? 

Doess this involve altered mRNA expression for the 5-HT1A receptor, MR and/or 
GR? ? 

Iff  chronic stress attenuates 5-HT responsiveness, is this due to GR resistance? 

Doo stressful early life events affect functional 5-HT responses in CA1 neurons 
laterr on in life? 

Iff  so, does this involve decreased expression of 5-HTiA receptor mRNA, MR 
mRNAA and/or GR mRNA in different hippocampal subfields? 

Iss 5-HT]A receptor-mediated responsiveness changed between two mice lines that 
aree genetically selected for aggression? 

Doo mice genetically selected on aggression differ in mRNA expression profiles 
off  the 5-HT,A receptor, MR and/or GR? 

Iss the expression of NCAMtota| and NCAM lg0 mRNA expression changed in the 
hippocampuss of animals exposed to early life stress or long-term high levels of 
exogeneouss corticosteroids when compared to control animals? 

Referencess are shown in the back of this thesis. 
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Chronicc unpredictable stress causes attenuation of serotonin responses 
inn CA1 pyramidal neurons 

E.. van Riel1, O.C. Meijer2, P.J. Steenbergen2 and M. Joels1 

'Swammerdamm Institute for Life Sciences, University of Amsterdam, 2Gorlaeus 
Laboratories,, Leiden University, The Netherlands 

Abstract t 
Inn the present study, serotonin (5-HT) responses of hippocampal pyramidal CA1 

neuronss were studied in rats subjected twice daily for 21 days to unpredictable stressors. 
Inn hippocampal tissue from thus stressed rats mRNA expression of the 5-HT|A receptor 
andd mineralo- as well as glucocorticoid receptors were examined with in situ 
hybridization.. On average, stressed rats displayed increased adrenal weight and attenuated 
bodyy weight gain compared to controls, supporting that the animals had experienced 
increasedd corticosterone levels due to the stress exposure. One day after the last stressor, 
underr conditions that corticosterone levels were low (predominant mineralocorticoid 
receptorr activation), the 5-HT|A receptor mediated hyperpolarization of CA1 neurons in 
responsee to 10 uM 5-HT was significantly reduced compared to controls. Basal membrane 
propertiess of CA1 cells in stressed rats were comparable to those of controls. The 5-HT!A 

receptorr mRNA expression was not changed after chronic stress exposure, in any of the 
hippocampall  areas. A small but significant increase in mineralocorticoid receptor mRNA 
expressionn was observed after stress in the dentate gyrus, while glucocorticoid receptor 
expressionn was unchanged. The data indicate that unpredictable stress exposure for 3 
weekss results in suppression of 5-HT 1A receptor mediated responses, possibly due to 
posttranslationall  modification of the receptor. 
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Introductio n n 

Stresss causes an increase in the level of circulating corticosteroid hormones 
throughh activation of the hypothalamo-pituitary-adrenal (HPA) axis. Corticosterone is 
releasedd from the adrenal glands into the blood and can subsequently enter the brain. In 
rats,, corticosterone can bind to two receptors in the brain, i.e. the high affinity 
mineralocorticoidd receptor (MR) and the lower affinity glucocorticoid receptor (GR) 
(Reull  and De Kloet, 1985). At low levels of corticosteroids, e.g. under rest at the circadian 
trough,, predominantly MRs are occupied (Reul et al., 1987a). When the levels of 
corticosteroidss rise, e.g. after activation of the HPA-axis by stress, GRs becomes 
additionallyy occupied (Reul et al., 1987b). The degree of occupation of these two 
receptorss determines the response of pyramidal CA1 neurons in the hippocampus to 
neurotransmitters,, including serotonin (5-hydroxytryptamine, 5-HT). With predominant 
occupationn of the MR, the response to 5-HT is small (Beck et al., 1996; Joels and De 
Kloet,, 1991). When MR and GR are both occupied, e.g. during stress, the response to 5-
HTT is relatively large (Hesen and Joels, 1996). 

Whilee acute rises in corticosteroid level, either by exogeneous corticosterone 
applicationn or by stress, result in large 5-HT responses, long-term administration of 
exogeneouss corticosterone to rats was associated with relatively small 5-HT responses in 
thee hippocampus (Karten et al., 1999). Concurrent measurements of mRNA expression for 
thee 5-HT|A-receptor (5-HT1A-R) revealed no changes after prolonged corticosterone 
treatment,, suggesting posttranslational modification of the 5-HT1A-receptor function 
(Kartenn et al., 1999). The experimental paradigm used in this study, i.e. subcutaneous 
administrationn of corticosterone for 3 weeks, markedly suppressed the activity of the 
HPA-axis.. Thus, it remained unresolved whether the attenuated 5-HT responses were due 
too the rise in corticosterone or linked to alterations in other components, e.g. changes of 
thee central corticotrophin-releasing hormone (CRH) system. 

Inn the present study, we therefore investigated hippocampal 5-HT responsiveness 
inn a model in which corticosterone levels as well as other components of the HPA-axis are 
elevatedd for a prolonged period of time, i.e. the chronic unpredictable stress paradigm. In 
thiss model, rats receive unpredictable stressors twice daily, for three weeks (Herman et al., 
1995).. If corticosterone rather than another HPA-axis factor plays a crucial role in the 
earlierr observed attenuation of hippocampal 5-HT responses (Karten et al., 1999), we 
expectt to see similarly reduced 5-HT responsiveness in the present paradigm. 

Too monitor 5-HT responsiveness, we here made intracellular recordings from 
identifiedd pyramidal CA1 neurons in hippocampal slices perfused with 10 (iM 5-HT. 
Restingg membrane potential, input resistance as well as the afterhyperpolarization 
followingg brief depolarization were recorded before, during and after 5-HT application. In 
addition,, mRNA expression of hippocampal 5-HT1A-R was determined, since earlier 
studiess demonstrated great sensitivity of the 5-HT1A-R for both acute and chronic stress, 
withh respect to the expression (Lopez et al., 1999a; Lopez et al., 1998) and binding 
(Mendelsonn and McEwen, 1991). In adjacent sections, MR and GR mRNA expression 
wass studied. 
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Experimentall  procedures 

Animals Animals 
Alll  animals used in this study were male Wistar rats (Harlan, The Netherlands) of 

1500  4.3 g at the beginning of the experiment. Two rats were housed together in a 
standardd cage with food and water ad libitum. All rats were kept at a 12-hour day-night 
cyclee (lights on at 8.00 a.m.). Rats were randomly assigned to the control or stress 
situation.. The experiments were approved by the Local Animal Experimentee Committee 
(projectt DED80). 

StressStress protocol 
Ratss were stressed according to a chronic unpredictable stress protocol adapted 

fromm Herman et al. (Herman et al., 1995). Briefly, rats (n=24) were subjected to different 
stressorss twice daily for 21 days as follows: day 1: cold immobilization 1 h 4 °C; forced 
swimm 30 min 25 °C; day 2: immobilization 1 h; crowding 24 h (overnight); day 3: cold 
forcedd swim 5 min; isolation 24 h (overnight); day 4: immobilization 1 h; vibration 1 h; 
dayy 5: forced swim 30 min 25 °C; cold immobilization 1 h 4 °C; day 6: cold forced swim 5 
minn 4 °C; crowding 24 h (overnight); day 7: vibration 1 h; isolation 24 h (overnight). This 
schedulee was repeated two more times, so that rats were subjected to chronic 
unpredictablee stress for 21 days. The last stressor was applied at the day before the 
electrophysiologicall  experiments, so that only chronic but not acute effects of stress were 
investigated.. To exclude effects of handling of the stressed rats, control rats (n=22) were 
handledd twice daily. On forehand, certain criteria were set for excluding animals from the 
studyy (extreme weight loss, wounds etc). Every day, the animals were weighed and 
checkedd for wounds and these findings were noted in a "welfare-diary" for each animal. 
Theree were no animals excluded from the study, because dramatic weight loss and 
woundss did not occur. 

SliceSlice preparation 
Att the day of the electrophysiological experiment, animals were taken out of their 

homee cage and rapidly decapitated (  9.30 a.m). In total, 12 stressed and 14 control rats 
weree used. Trunk blood was collected and centrifuged at 5000 rpm (1900 g) for 20 
minutess at room temperature. The plasma was stored at -20 °C until determination of the 
plasmaa corticosterone concentration by means of a radioimmunoassay (RI A; ICN 
Biomedicalss Inc., Costa Mesa, CA, USA). Both adrenals and thymus were dissected out 
off  the rat and weighed on an analytical balance (Explore, Ohaus, France). Basal 
corticosteroidd level, body weight and the weight of adrenals and thymus together could 
indicatee whether or not the animals had indeed experienced chronic stress. 

Thee brain was dissected out and put into carbonated dissection buffer (120 mM 
NaCl;; 3.5 mM KC1; 5.0 mM MgS047H20; 1.25 mM NaH2P04; 0.2 mM CaCl2H20; 10.0 
mMM glucose; 25 mM NaHCC )̂ at 4 °C. Next, the brain was placed in a vibroslicer (Leica, 
France)) and cut into 400 JIM horizontal slices. Slices were kept in carbonated artificial 
cerebrospinall  fluid (ACSF; 120 mM NaCl, 3.5 mM KC1, 1.3 mM MgS04 7H20, 1.25 mM 
NaH2P04,, 2.5 mM CaCl2 H20, 10 mM glucose and 25 mM NaHC03) at room temperature 
untill  use for intracellular recordings. After at least one hour, one slice at a time was 
transferredd to the recording chamber of the experimental setup. The slice was kept in 
placee between two nylon meshes and kept submerged at all time. The recording chamber 
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wass continuously perfused with warm ACSF (31-33 °C; pH 7.4) at a flow rate of 2-3 
mlmin"1. . 

Compounds Compounds 
Serotoninn (5-hydroxytryptamine, Sigma Aldrich Chemie, The Netherlands) was 

dissolvedd in distilled water to a concentration of 10 mM and stored at -20 °C. Just before 
use,, 5-HT was further diluted into ACSF to a final concentration of 10 JJ.M. This 
concentrationn was selected because earlier work by us and others (Joels and De Kloet, 
1991)) showed that a concentration of 10 (iM 5-HT is well above threshold but still yields 
submaximall  responses in hippocampal CA1 neurons. This allows observation of 
facilitationn as well as attenuation of responses. 

Inn a limited number of experiments, we tested the effect of in vitro corticosterone 
treatmentt on 5-HT responses. Corticosterone (Sigma Aldrich BV, The Netherlands) was 
dissolvedd in ethanol to a stock with a concentration of 1 mM. Just before in vitro 
treatment,, corticosterone was diluted in ACSF to a final concentration of 100 nM. Some 
slicess of stressed rats were treated with 100 nM corticosterone for 20 minutes at 34 °C. In 
thesee slices, 5-HT responses were recorded 1-4 hours after corticosterone treatment was 
terminated. . 

Electrophysiology Electrophysiology 
Intracellularr recordings were made from pyramidal CA1 neurons in the 

hippocampuss of stressed and non-stressed control rats. Glass microelectrodes filled with 4 
MM KAc and with an impedance of 80-130 mft were used. All signals were fed into the 
computerr and a continuous recording was registered by means of a chart recorder. 
Afterr impalement of the cell, a hyperpolarizing current was injected into the cell to help 
thee cell recover and seal the membrane. When the cell had reached a stable resting 
membranee potential, hyperpolarizing pulses of-0.1 to -0.5 nA (200 ms) were given to 
determinee input resistance. Input resistance was determined from the slope of the current-
voltagee relationship. 

Forr a pulse of-0.3 nA (200 ms duration) the inward rectification of the cell 
membranee was determined as shown in figure 2.IB. Two depolarizing pulses of 0.5 or 1.0 
nAA (50 ms) were given to determine the afterhyperpolarization (see figure 2.1C). 

Afterr establishing the basal characteristics of the cell, 5-HT was applied to the 
slicee via the perfusion medium. CA1 pyramidal cells react typically to 5-HT application 
withh a hyperpolarization of the cell membrane (Andrade and Nicoll, 1987; Colino and 
Halliwell,, 1987). Several basal cell characteristics (resting membrane potential, input 
resistance,, inward rectification, time constant of the cell membrane and 
afterhyperpolarization)) were measured by standard recording protocols before, during and 
afterr 5-HT application. During the entire recording period, resting membrane potential en 
inputt resistance (by the application of-0.3 nA pulses of 200 ms duration) were 
continuouslyy monitored. 

InIn situ hybridization 
Hippocampall  tissue was obtained from another set of animals subjected to the 

samee chronic unpredictable stress protocol (n=10 rats) or control treatment (n=10). 
Transversall  slices were prepared as described above. Directly after preparation, one slice 
perr brain, containing the hippocampus, was quickly frozen on dry ice and stored at -80 °C 
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forr later use in an in situ hybridization for 5-HT1A-R, mineralocorticoid receptor and 
glucocorticoidd receptor mRNA expression. From these rats too, body weight gain and -
uponupon decapitation- adrenal and thymus weight were determined. Since these parameters 
weree obtained under comparable conditions as values from the set of rats used for 
subsequentt electrophysiological investigations (see above), data regarding the body 
weightt gain and adrenal / thymus weight obtained in the two sets of rats were pooled. 

Coronall  sections (12 jiM ) of the hippocampus were cut on a cryostat at -20 °C 
andd thaw-mounted on Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany). 
Forr each animal, four series of the hippocampus (each two slides) were cut with 4 
hippocampall  sections on each slide. For each probe, two slides per animal were used. 
Prehybridizationn of the sections was done in 4% paraformaldehyde for 30 minutes at room 
temperature.. Sections were rinsed twice in lx phosphate-buffered saline (PBS) for 3 
minutes.. Sections were treated with 0.1 M HC1 for 10 minutes at room temperature to 
increasee permeability. To decrease background signal, an acetylation step was performed 
withh lx triethanolamine (TEA; pH 8.0) + 0.25% acetic anhydride. Subsequently, sections 
weree washed in 2 x SSC for 10 minutes at room temperature and dehydrated in an ethanol 
seriess (50%, 80%, 100%, 100%,). 

Forr MR and the 5-HT]A-R, 33P-dATP end-labelled desoxyoligonucleotide probes 
('oligo's')) were used. The 5-HTjA-R oligo sequence was: 5' 
tggagatgagaaagccaatgagccaagtgagcgagatcagcgcag.. One slide was incubated with a 5-HT]A 

mismatchh oligo sequences: 5' tgtagatgataaagcaaatgatccaagggagcgcgatcatcgcag. For MR 
mRNAA expression, an oligo directed at MR exon 2 was used (antisense: 5' 
ttcggaatagcaccggaaacgcagctgacgttgacaatct;; mismatch control sequence: 5' 
gtcggactagcaacggaaccgcagatgacggtgacactct).. 0.3 pmol of oligo was end-labelled with 6.6 
pmoll  33P-dATP (NEN) using Terminal d-Transferase (TdT; Roche), purified with a 
chloroformm extraction and ethanol-precipitated. 

Forr the oligo probes, a hybridization mix was prepared containing 50% 
formamide,, 4x SSC, 5x Denhardt's, 25 mM sodiumphosphate (pH 7.0), 1 mM 
sodiumpyrophosphate,, 20 mM DTT, 100 Hg/ml poly A, 100 fig/ml sheared salmon sperm 
DNAA and 10% Dextran S04. All radiolabelled oligo's were diluted to 1*106 cpm/100 |^1. 
Thiss mixture (100 |il) was applied to each slide, which was then covered with a coverslip. 
Thee sections were hybridized overnight in a moisturized chamber at 42 °C. The next day, 
coverslipss were carefully removed and sections were rinsed in lx SSC at room 
temperature.. Sections were washed twice for 30 minutes in lx SSC at 50 °C. Next, 
sectionss were washed in 1 x SSC for 5 minutes at room temperature. Dehydration was 
performedd in an ethanol series (50%, 80%, 100%, 100%). Sections were air-dried and 
placedd under a Kodak X-omat AR film for 3 weeks. 

Forr GR mRNA expression, a riboprobe was used. A 500 bp fragment (exon 2, 
codingg for N-terminus of the receptor -courtesy of Dr. M. Bonn) of the original full length 
GRR clone (courtesy of Dr K.R. Yamamoto) was transcribed with SP6 RNA polymerase in 
thee presence of  35S labelled UTP. Per slide, 100 u.1 of hybridization mix, containing 50% 
formamide,, 10% dextran sulphate, 10 mM DTT, 1 x Denhardt's, 3 x SSC, tRNA and 
sssDNA,, and 106 cpm of the GR probe were used to hybridize overnight at 55 °C. As a 
controll  the sense probe was used. After hybridization, sections were washed in 2 x SSC at 
roomm temperature and incubated with RNAse A in 0.1M Tris, pH= 8.0 for 15 min. 
Sectionss were washed in 2 x SSC/50% formamide at 65 °C (twice: 5 minutes and 10 
minutes),, 1 x SSC/50% formamide at 65 °C for 15 minutes, 0.5 x SSC at 65 °C for 15 
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minutes,, 0.1 x SSC at 65 °C for 15 minutes and 0.1 x SSC at room temperature for 5 
minutes.. After dehydration in an ethanol series films were put in a cassette and a Biomax-
MRR film (Kodak) was exposed for 2 weeks. 

Fromm each animal, eight hippocampal sections were analyzed per probe. Each 
sectionn was scanned and loaded into NIH Image (NIH Image 1.62). Sections were 
correctedd for background. In each section, the CAI, CA3 and dentate gyrus were analyzed 
forr grey values. The value of the stratum lacunosum/moleculare of the CA3 area was used 
ass tissue background. Gray values were averaged for all hippocampal sections of one 
animal.. In the end, all values from non-stressed control rats were averaged, and the same 
wass done for the chronically stressed rats. 

Statistics Statistics 
Alll  data represent mean  standard error of mean (SEM). Data were statistically 

testedd by an unpaired Student's t-test with a two-tailed P-value. Differences were 
consideredd significant, when the two-tailed P-value was < 0.05. When standard deviations 
weree not equally distributed between the two groups, a nonparametric Mann-Whitney-U-
testt was applied to the data. 

Results s 

BodyBody weight gain and weight of adrenals and thymus 
Att the start of the experiment, there was no difference in body weight between 

thee non-stressed and stressed group. Body weight increased gradually in both 
experimentall  groups during the three week period. Stressed rats showed a significantly 
(p<0.05)) smaller gain in body weight (68.0%; n=22) when compared to control rats 
(86.8%;; n=24, see Table 2.1). 

TableTable 2.1: Body weight, adrenal weight and thymus weight at the day of the electrophysiological experiment. 

Bodyy weight gain (g) 

Adrenall  weight (mg) 

Adrenall  weight / 100 g 
bodyy weight 
Thymuss weight (mg) 

Thymuss weight / 100 g 
bodyy weight 

control l 
(n== 24) 
127.33 6 

38.00 6 

14.22 6 

652.55 8 

244.99  10.9 

stress s 
(n== 22) 
100.77 9 

43.66  1.9 

17.66 7 

552.77 4 

222.99  7.9 

P-value e 

0.0003 3 

0.03 3 

0.001 1 

0.005 5 

0.10 0 

Thee adrenals of the stressed rats were significantly enlarged compared to non-
stressedd rats (Table 2.1). When the weight of the adrenals was corrected for body weight, 
thee difference was highly significant between stressed and non-stressed rats (see Table 
2.1).. Thymus weight was on average reduced in stressed compared to non-stressed rats, 
butt this reduction was not statistically significant when corrected for body weight (see 
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Tablee 2.1). Basal corticosterone levels determined in a limited number of the animals 
weree on average slightly though not significantly elevated (control: 2.2  1.3 (xg/dl, n=4; 
chronicallyy stressed: 4.7  2.5, n=7). 

Electrophysiologic Electrophysiologic 
Inn total, intracellular recordings were made from 30 pyramidal CA1 neurons in 

thee hippocampus. Cells were characterized as being hippocampal pyramidal cells on basis 
off  their resting membrane potential, inward rectification, membrane time constant with 
hyperpolarizingg pulses of-0.5 to -0.1 nA (200 ms duration) and afterhyperpolarization 
(Joelss and De Kloet, 1991). All cells had a stable resting membrane potential between -63 
andd -75 mV. Basal cell characteristics, like resting membrane potential, input resistance, 
inwardd rectification, membrane time constant and afterhyperpolarization amplitude did 
nott differ between the chronic stress (n=13 cells) and control (n=17) groups (see Table 
2.2).. Amplitudes of afterhyperpolarization were relatively small but comparable values 
havee been reported in earlier studies which used the same experimental protocol (Joels 
andd De Kloet, 1989; Joëls and De Kloet, 1990). 

TableTable 2.2: Basal cell characteristics of identified CA1 pyramidal neurons. 

RMPP (mV) 

Rinn (mii) 

Inwardd rectification (%) 

Membranee time 
constantt (ms) 

Afterhyperpolarization n 
(mV) ) 

control l 
(n=17) ) 

-66.77  1.5 

52.99 9 

0.77  1.2 

11.8  1.2 

2.66 8 

stress s 
(n=13) ) 

-69.00  1.6 

47.77 7 

0.99 3 

12.44 1 

3.88 1 

P-value e 

0.29 9 

0.46 6 

0.23 3 

0.71 1 

0.37 7 

Fromm 17 identified cells stable intracellular recordings were obtained before, 
duringg and after the application of 10 |i.M 5-HT. In response to 10 |J.M 5-HT application, 
pyramidall  CA1 cells showed in general a hyperpolarization of the cell accompanied by a 
decreasee in input resistance (see example in figure 2.1 A), as described earlier by others 
(Andradee and Nicoll, 1987). This hyperpolarization in response to 10 |iM 5-HT was 
significantlyy decreased by approximately 44 % in slices from rats that were subjected to 
thee chronic unpredictable stress protocol for 3 weeks (n=8 cells) compared to non-stressed 
animalss (n=9 cells; p < 0.05, figure 2.1 A). Although the 5-HT-induced decrease in input 
resistancee was, on average, attenuated by a similar degree in the chronically stressed 
comparedd to the non-stressed situation (figure 2.1 A), this difference did not attain 
statisticall  difference. The latter may be explained by the larger variability observed for the 
changee in input resistance than for the hyperpolarization. 

Inn addition to a membrane hyperpolarization, 5-HT also caused a decrease in the 
afterhyperpolarizationn amplitude. In CA1 cells from chronically stressed rats, the 5-HT 
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inducedd reduction of the afterhyperpolarization amplitude (34.2  12.8 %, n=6) was not 
significantlyy different from the reduction seen in cells from control rats (37.0 3 %, 
n=8).. In two cells from the stressed and one from the control rats respectively, the 5-HT 
inducedd effect on the afterhyperpolarization could not be analyzed reliably, since the AHP 
amplitudee before 5-HT amplitude amounted to less than 1.5 mV. 
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FigureFigure 2.1: A. Typical traces of the change in resting membrane potential for a CA1 pyramidal cell perfused with 
100 |̂ M 5-HT of a control (above) and a stressed (below) rat. The change in resting membrane potential induced 
byy 5-HT is indicated above each trace. Basal cell characteristics, like resting membrane potential, input 
resistance,, inward rectification and afterhyperpolarization amplitude, were measured before, during and after 5-
HTT application, as indicated by the arrows. If necessary (i.e. when the membrane potential was changed by > 2 
mVV during 5-HT application), the resting membrane potential was restored temporarily to the value before 5-HT 
perfusionn to exclude voltage dependent effects on basal cell characteristics. The black bar indicates the time 
whenn the slice was perfused with 5-HT. Basal properties before 5-HT application: control cell, RMP= -67 mV, 
Rin== 41 MÜ; stressed cell, RMP= -68 mV, Rin= 43 MQ. The change in resting membrane potential (below, left) 
inn response to 10 u.M 5-HT was significantly (p<0.05) decreased in slices from rats that were subjected to 3 
weekss of chronic unpredictable stress (-2.1  0.4, n=8) compared to the controls (-4.7  7, n=9), as indicated by 
thee asterisk. The change in input resistance (below, right) was on average similarly reduced in slices from 
chronicallyy stressed rats (stressed: 8.5  6.8, n=8; control: 16.2 , n=9) but this did not attain significance 
probablyy due to the large variation. B. Inward rectification was determined for a -0.3 nA pulse of 200 ms 
durationn as shown in the example on top. Maximal voltage deflection (A) minus voltage deflection at the end of 
thee pulse (B) were divided through A and multiplied by 100 to give the value for inward rectification. Inward 
rectificationn was relatively small when using -0.3 nA current pulses and comparable for the two groups as shown 
forr two representative traces (see also Table 2.2). C. Two depolarizing pulses of 0.5 and 1.0 nA (50 ms) were 
givenn to determine afterhyperpolarization. Afterhyperpolarization (AHP) was determined by the difference 
betweenn the average value for the resting membrane potential (A) just before the pulse and the maximal voltage 
deflectionn (B) during the pulse, as shown here for a cell belonging to the control (upper trace) and stressed group 
(lowerr trace). The AHPs shown in these examples were induced by a current pulse of 0.5 nA. The AHP 
amplitudee in the control and stressed group were comparable (see also Table 2.2). 
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Inn a limited number of slices from rats subjected to the chronic stress protocol, 
corticosteronee (100 nM) was applied in vitro. The change in resting membrane potential in 
thesee cells was significantly increased when compared to cells from slices that were not 
treatedd with corticosterone (stressed: -2.1  0.4, n=8; stressed+corticosterone: -3.9  0.1, 
n=3;; P<0.05). The change in input resistance in response to 10 uM 5-HT was not 
significantlyy changed between these two groups (stressed: 8.5  6.8, n=8; 
stressed+corticosterone:: 16.0  5.3, n=3), probably due to the large variation between 
measurements. . 

InIn situ hybridization 
Inn situ hybridization was performed on hippocampal tissue from animals 

subjectedd to chronic unpredictable stress to examine 5-HTiA-R, MR and GR mRNA 
expressionn levels in different areas of the hippocampus. All probes gave the known 
hybridizationhybridization patterns (Chalmers et al., 1993; Van Eekelen et al., 1988), while mismatch 
andd sense probes showed no specific labelling signal. In all three main areas of the 
hippocampus,, i.e. CAI, CA3 and dentate gyrus, we found no significant differences in the 
expressionexpression levels of 5-HTiA-R mRNA between the experimental groups (see figure 2.2). 
Inn the CA1 and CA3 area, we could also not show significant differences in MR mRNA 
expressionn levels between the chronic stress and control group (see figure 2.3A). 
However,, in the dentate gyrus the expression of MR mRNA was significantly higher in 
thee chronic stress group compared to the non-stressed group (p < 0.05; stress n=10, 
controll  n=10). The GR mRNA expression was not significantly different between the two 
groupss in all hippocampal areas tested (see figure 2.3B). 

CAII  CA3 DG 

FigureFigure 2.2: 5-HTiA-R mRNA expression was not significantly changed in the CAI, CA3 and dentate gyrus area 
off  the hippocampus after chronic stress (n=10 rats) compared to the control situation (n=10). Examples of 5-
HTiA-RR mRNA expression in a control (left) and stressed (right) animal are shown in the inset. 
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FigureFigure 2.3: A. MR mRNA expression was examined in CAI, CA3 and dentate gyrus of the hippocampus. In the 
CA11 and CA3 area of the hippocampus, no changes were observed for MR mRNA expression after chronic 
stress.. In the dentate gyrus, an increase in MR mRNA expression was observed in the stressed compared to 
controll rats (control 33.3  5.0, n = 10; stress 46.4  2.6, n = 10; P < 0.05). The asterisk indicates significance 
(p<< 0.05). Examples of MR mRNA expression are given in the inset. B. GR mRNA expression was not 
significantlyy different for control and stressed rats in CAI, CA3 and dentate gyrus of the hippocampus. Inset 
showss examples of GR mRNA expression in a control (left) and stressed (right) rat. 
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Discussion n 

Earlierr studies have shown that acute rises in corticosteroid level increase 
responsess of hippocampal CA1 neurons to 5-HT (Hesen and Joels, 1996), while prolonged 
elevationss of corticosteroid level following exogenous corticosterone administration for 3 
weekss result in relatively small responses to 5-HT (Karten et al., 1999). In the present 
study,, we examined if prolonged elevations of endogenous corticosterone levels are also 
associatedd with attenuated 5-HT responses. To this end, rats were exposed for 3 weeks to 
aa chronic unpredictable stress protocol. To obtain an indication about the effect of the 
stresss procedure, we investigated some hallmarks, like body weight gain during the stress 
period,, adrenal weight and thymus weight. In rats subjected to chronic unpredictable 
stresss for three weeks, we found a smaller increase in body weight gain accompanied by 
ann increase in adrenal weight and a decrease in thymus weight, although the latter did not 
reachh significance when corrected for body weight. These hallmarks support that animals 
subjectedd to this protocol indeed were exposed to elevated levels of corticosterone for a 
considerablee period of time, as described earlier by others (Akana et al., 1992; Herman et 
al.,, 1995). Interestingly, although trough levels of corticosterone were on average 
increasedd by approximately 100% in chronically stressed compared to control animals, 
thiss did not attain statistical significance. The latter is in line with an earlier study using a 
comparablee paradigm (Paskitti et al., 2000). It should be noted that these observations on 
corticosteronee level represent a single time-point measurement. Therefore, we can 
presentlyy not exclude possible differences in corticosteroid levels between the two 
experimentall  groups during the rest of the day. 

Ass hypothesized, a clear attenuation of hippocampal 5-HT responses was found, 
afterr three weeks of chronic unpredictable stress. Thus, in slices from rats subjected to 
chronicc stress, CA1 pyramidal neurons showed a significantly smaller hyperpolarization 
inn response to 10 uM 5-HT compared to neurons from non-stressed rats. The response to 
5-HTT in chronically stressed rats was decreased by approximately 45% compared to non-
stressedd rats. The 5-HT induced decrease in resistance showed a similar trend, but was 
foundd to be more variable so that no statistical significance was attained. Because we 
testedd only one concentration of 5-HT, i.e. 10 uM, the present study does not allow clear 
statementss about the specific properties of 5-HT receptor that are changed after chronic 
stress,, i.e. the maximal response or the potency. Exogenous application of high doses of 
corticosteronee for 2 weeks has previously been shown to decrease the potency as well as 
thee maximal response to 5-HT in CA1 pyramidal neurons (Mueller and Beck, 2000). The 
presentt observation that chronic stress did not change the mRNA expression level of the 
5-HTiA-receptorr in the CA1 area of the hippocampus suggests that chronic elevation of 
endogenouss corticosteroid levels might not affect the capacity (maximal response) of the 
5-HT1A-receptorr (see further discussion below), but e.g. affects the binding affinity of the 
receptor.. Differences in the response to 5-HT after chronic stress cannot be explained by 
stress-inducedd changes of the basal cell characteristics, since basal cell properties were 
comparablee for CA1 neurons in stressed and control rats. 

Applicationn of 5-HT to pyramidal CA1 neurons activates various types of 5-HT 
receptors,, including at least 5-HT1A and 5-HT4 receptors (Andrade and Chaput, 1991; 
Andradee and Nicoll, 1987). Of these, the 5-HT1A receptor causes a rapid hyperpolarization 
duee to opening of an inwardly rectifying K-channel GIRK (Andrade et al., 1986; Okuhara 
andd Beck, 1994). The presently analyzed membrane hyperpolarization and decrease in 
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resistancee probably mostly reflect activation of this receptor type. However, we cannot 
excludee that partial, slower activation of the 5-HT4 receptor linked cascade, resulting 
(amongg other things) in reduction of the afterhyperpolarization (Goaillard and Vincent, 
2002;; Torres et al., 1995; Torres et al., 1994) may have contributed to the recorded 
responses.. This is particularly relevant because others showed that 5-HT4-receptors are 
alsoo sensitive to corticosteroids (Bijak et al., 2001). Importantly though, 
afterhyperpolarizationn associated with a short depolarizing pulse and the serotonin 
inducedd suppression thereof-as established at a moment that the rapid 5-HTiA-R mediated 
responsee was already reversed- were not affected by chronic stress. This does not support 
aa major influence of the 5-HT4 receptor based on our present findings. 

AA reduction in 5-HT]A-R mediated responses could be explained by a reduced 
bindingg capacity and affinity of the receptor. Interestingly, in situ hybridization for 5-
HTiA-RR mRNA expression showed no significant changes in CAI, CA3 and dentate gyrus 
areass between the stressed and non-stressed rats. This does not support a major change in 
bindingg capacity, although it awaits further proof at the protein level. This is in agreement 
withh some (Holmes et al., 1995), but not all studies (Lopez et al., 1998) where a chronic 
stresss model was used. Exogenously applied corticosterone for three weeks did also not 
causee differences in the 5 HTIA-R in the CA1 and CA3 area (Karten et al., 1999). 
Howeverr this study did show differences in 5 HTiA-R mRNA expression in the DG. 
Interestingly,, in humans suffering from major depression, a reduction in the binding 
potentiall  of the 5-HTiA-R in limbic areas has been shown (Drevets et al., 1999; Sargent et 
al.,, 2000). A dissociation between changes in functional properties of the 5-HT1A-R and 
itss expression level was also found in earlier studies (Karten et al., 1999), although 
parallell  effects have also been reported (Van Riel et al., 2002): differences in expression 
cann lead to differences in responses, but different responses are not necessarily caused by 
changess in binding capacity and/or expression of the receptor. In addition to altered 
numberr of receptors, changed affinity or coupling of the 5-HT1A-R to G proteins could 
alsoo account for the presently observed loss of function, as was suggested earlier (Kowal 
ett al., 2002; McKittrick et al., 1995). This could involve posttranslational modification of 
thee receptor. Possible intermediate proteins are the regulators of G-protein signalling 
(RGS),, which are known to alter 5-HT1A-mediated K"-channels in heart cells. Gold et al 
(1997)) showed that several of these RGS proteins are expressed in the hippocampus (Gold 
ett al., 1997). The expression of one particular subtype, RGS4, is known to be 
downregulatedd by chronic stress (Ni et al., 1999). 

Whenn corticosterone was exogenously applied for 3 weeks, 5-HT responses were 
foundd to be attenuated under conditions that control as well as treated rats exhibited very 
highh corticosteroid levels, so that probably both MRs and GRs were extensively activated 
(Kartenn et al., 1999). It remained unresolved whether this was due to attenuation of 5-
HT|A-RR mediated responses or to a resistance in GR function. In the present study, 5-HT 
responsess were tested in rats that displayed low (2-4 ug/dl) plasma corticosterone levels at 
thee time of decapitation. These concentrations are expected to cause extensive MR 
activationn but only partial GR activation (Reul et al., 1987a), provided that the steroid 
receptorr properties are not largely changed by the chronic stress protocol. In accordance, 
inn situ hybridization of MR and GR mRNA did not reveal major changes in the CA1 area, 
althoughh a small increase in MR mRNA expression was seen in the dentate gyrus. The 
latterr is at odds with other studies (Herman et al., 1995; Karten et al., 1999; Lopez et al., 
1998).. The lack of effect on GR mRNA expression fits with an earlier study (Herman and 
Spencer,, 1998), although other studies reported a decrease of the GR mRNA expression in 
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thee hippocampus after a period of prolonged stress exposure (Kitraki et al., 1999; Paskitti 
ett al., 2000). The discrepancies between the various studies could be due to differences in 
thee stress protocol, the rat strain used and the delay after the last stressor. Although the 
effectt of chronic stress (this study) and exogeneous high corticosterone application 
(Kartenn et al., 1999) on the 5-HT response are in agreement with each other, final proof of 
thee modulatory effect of corticosterone on 5-HT responsiveness would need experiments 
withh ADX rats, which receive corticosterone replacement in several concentrations while 
subjectedd to chronic stress. 

Inn agreement with a presumed predominant MR activation, 5-HT induced 
hyperpolarizationss were around 4 mV for control animals, which is comparable to values 
recordedd earlier in rat and mouse hippocampal CA1 neurons in the absence of extensive 
GRR activation (Hesen and Joels, 1996; Karst et al, 2000). In a limited number of cells we 
testedd whether extensive activation of GRs with in vitro applied 100 nM corticosterone to 
slicess from chronically stressed rats led to larger 5-HT responses, as earlier seen in non-
stressedd rats (Hesen and Joels, 1996). Activation of GRs in addition to MRs indeed caused 
ann increase in 5-HT hyperpolarization. This suggests that when the corticosterone 
concentrationn rises, GRs are still responsive after 3 weeks of chronic unpredictable stress. 
Wee tentatively conclude that chronic stress causes an overall loss in function of the 5-
HT1A-RR mediated cascade rather than a specific loss of GR function. A corticosterone-
inducedd change in serotonin-receptor signalling rather than a generalized GR resistance 
agreess with a study in the dorsal raphe nucleus, showing desensitization of the 5-HT1A 

autoreceptorss in mice subjected to chronic ultramild stress for 8 weeks (Lanfumey et al., 
1999),, although it should be added that raphe and hippocampal receptors are regulated in 
aa different manner by acute changes in corticosterone. 

Patientss with a history of major depression are found to have a hyperactive HPA-
axiss (McAllister-Williams et al., 1998). Importantly, HPA-axis hyperactivity can be 
observedd prior to the precipitation of the disease (Stokes, 1995). This suggests that 
hyperactivityy of the HPA-axis is a risk factor for the onset of clinical symptoms. We here 
showw that chronic stress in rats, which is associated with hyperactivity of the HPA-axis, 
causess attenuation of 5-HT responsiveness in the hippocampus, an area which is critically 
involvedd in mood and memory (Eichenbaum, 1992). This attenuated function of an 
aminergicc system that plays an important role in depression may form a crucial 
intermediatee step between exposure to a prolonged period of stress and the onset of 
affectivee disorders. 

Referencess are shown in the back of this thesis. 
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Abstract t 
Inn this study we investigated the effects of early life stress on several aspects of 

serotoninn (5-HT) transmission in hippocampus, later on in life. Three-day old rats were 
subjectedd to 24-hour maternal deprivation or control treatment. Maternal deprivation is 
knownn to activate the hypothalamo-pituitary-adrenal axis, resulting in increased 
corticosteronee levels at a time-point in life when the axis is particularly insensitive to most 
stressfull  stimuli. When these animals had matured to 3 months of age, functional 
responsess to 5-HT as well as 5-HT1A-receptor mRNA expression were examined. Also, 
indicess for hypothalamo-pituitary-adrenal function were studied in the adult state, 
includingg hippocampal mRNA expression for the mineralocorticoid and the 
glucocorticoidd receptor. 

Restingg membrane potential of CA1 pyramidal neurons was significantly 
depolarizedd in animals earlier subjected to maternal deprivation compared to the controls. 
Despitee this depolarized resting potential, hyperpolarizing responses induced by 5-HT in 
CA11 pyramidal neurons from deprived compared to non-deprived rats were attenuated. 
Thiss attenuation in 5-HT response was not accompanied by changes in mRNA expression 
off  the 5-HT|A-receptor. Maternal deprivation was not found to change any of the 
neuroendocrinee parameters investigated once animals had matured. 

Wee conclude that maternal deprivation can alter specific aspects of hippocampal 
5-HTT transmission later on in life, possibly by post-translational modification of the 5-
HT,A-receptorr or changes in the 5-HT1A-receptor signal transduction pathway. 
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Introductio n n 

Corticosteronee is released from the rat adrenal glands upon stimulation of the 
hypothalamo-pituitary-adrenall  axis (HPA-axis). Corticosterone can enter the brain and 
bindd to two receptor subtypes, i.e. the high affinity mineralocorticoid receptor (MR) and 
thee lower affinity glucocorticoid receptor (GR) (Reul and De Kloet, 1985). When the level 
off  corticosterone is low, predominantly MRs are occupied (Reul et al., 1987a). The GR 
becomess additionally occupied when the level of corticosterone rises, e.g. during stress 
(Reull  et al., 1987b). Earlier studies showed that functional properties of the hippocampal 
CA11 area, including responses to serotonin (5-hydroxytryptamine, 5-HT), depend on the 
degreee of occupation of the two receptors. When the corticosterone level is low -with 
predominantt MR occupation- the response to 5-HT is small (Beck et al., 1996; Joels and 
Dee Kloet, 1991). After an acute rise in corticosterone level, so that GRs in addition to 
MRss become occupied, the 5-HT response is enhanced (Hesen and Joels, 1996). If the 
levell  of corticosterone, however, is high for several weeks, either by exogeneous 
corticosteronee application or by chronic stress, 5-HT responses become attenuated over 
timee (Karten et al., 1999; Mueller and Beck, 2000; Van Riel et al., 2003a; Van Riel et al., 
2002).. Apparently exposure to high corticosteroid levels for a prolonged period of time 
duringg adulthood causes (mal)adaptive changes in the hippocampus, leading to altered 5-
HTT responsiveness. 

Relativelyy littl e is known about changes in cellular function of the adult 
hippocampuss caused by prolonged and severe stressors that take place at a much earlier 
timee point, in early life. For example, separation of 3-4 day old pups from their mother for 
244 hrs (maternal deprivation) is known to elicit activation of the HPA-axis and to increase 
circulatingg corticosterone levels (Levine, 1994) at a time point in life that pups normally 
doo not respond strongly to external stressors (stress hyporesponsive period; Henning, 
1978;; Meaney et al., 1985). Some studies using this paradigm reported that maternal 
deprivationn can cause long-lasting disturbances in HPA-axis function, which are apparent 
evenn in adulthood (Rots et al., 1996; Workel et al., 2001). Furthermore, it was found that 
5-HT|AA receptor mRNA expression in hippocampus is increased shortly after deprivation 
(Vazquezz et al., 2002; Vazquez et al., 2000) as well as in (part of) senescent rats 
maternallyy deprived at 3 days of age (Sibug et al., 2001). Based on other paradigms of 
maternall  separation too it has been speculated that a stressful experience early in life can 
increasee the vulnerability of an individual to stress and change functional parameters of 
thee brain later in life (Heim and Nemeroff, 2001; Koolhaas et al., 1997). 

Inn the present study, we investigated the effects of 24 hrs maternal deprivation or 
controll  treatment at postnatal day 3 on several aspects of the 5-HT transmission in the 
adultt hippocampus, including functional responses. To this end we examined the 
membranee hyperpolarization induced in hippocampal CA1 pyramidal neurons by 5-HT. In 
tissuee from the same animals 5-HT|A receptor mRNA expression was studied. As indices 
forr the hypothalamo-pituitary-adrenal function in the animals tested for their 5-HT 
transmission,, we determined body weight, weight of the adrenals and thymus, basal 
corticosteronee level and mRNA expression for the MR and GR in the hippocampus. 
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Material ss and Methods 

Animals Animals 
Alll  rats used for these experiments were bred in our own laboratory. The breeder 

adultt rats (8 female, 2 male Wistar rats of 16 weeks of age) were supplied by Harlan 
(Harlan,, Horst, The Netherlands) and were used for the breeding of 96 pups, of which 30 
weree used later on for electrophysiological investigation. Two nulliparous females were 
housedd together with one male for seven days. After seven days, the male was removed 
fromm the cage and from that moment onwards, females were weighed every day at 9.00 
a.m.. When pregnancy became visible, females were single-housed in standard cages with 
foodd and water ad libitum. Every day at 9.00 a.m., cages were checked for pups. Pups 
foundd at 9.00 a.m. were said to be born the day before. Day of birth was denoted postnatal 
dayy 0 (PND0) and pups were left undisturbed on this day. On PND1, gender was 
determinedd and litters were culled to 4 male and 4 female pups to prevent differences in 
maternall  care towards male and female pups (Moore and Morelli, 1979; Cirulli et al., 
1997). . 

MaternalMaternal deprivation procedure 
Forr maternal deprivation, we used the so-called 'half-litter' procedure (Workel et 

al.,, 1997). This means that half of the pups (2 males, 2 females) were separated from the 
damm for 24 h, while the other half of the litter was left undisturbed and were used as non-
deprivedd controls. In this way, the hormonal state of the dam and the maternal care 
behaviourr were left undisturbed as much as possible. Also, both control and deprived 
animalss were nurtured by the same dam, which excludes dam-specific differences 
betweenn deprived and non-deprived control animals. 

Onn PND3, 2 male and 2 female pups were taken out of the home cage and placed 
inn a plexiglas box with sawdust and placed on top of a heating platform (33 °C) in an 
adjacentt room. The other pups stayed in their home cage with the dam. Twenty-four hours 
later,, at 9.00 a.m. on PND4, maternally deprived pups were marked by toe-clipping and 
placedd back in the home cage with the rest of the litter. From that point on until the day of 
weaning,, pups were left undisturbed, except for replacement of a small part of the sawdust 
oncee during this period. After weaning at PND21, only male rats were used for further 
experiments.. Two rats were housed together in standard cages with food and water ad 
libitum.. One week before electrophysiological recordings, rats were housed individually. 
Al ll  experiments were done in rats of 3 months of age. In total, data from 15 deprived and 
155 control rats were included in the present study. All experiments were approved by the 
locall  animal committee (DEC, protocol DED82) and all efforts were made to limit the 
numberr and amount of suffering of the animals. 

SliceSlice preparation 
Att the day of the experiment, the rat was rapidly decapitated and trunk blood was 

collectedd and centrifuged at 5000 rpm for 20 minutes at room temperature. Since we 
aimedd to examine functional properties when circulating corticosterone level is low, 
animalss were decapitated in the morning, under rest. Plasma was stored at -20 °C until use 
inn a radioimmunoassay (RIA; ICN Biomedicals Inc., Costa Mesa, CA, USA) to determine 
basall  corticosterone levels. Both adrenals and thymus were removed from the body and 
weighedd on an analytical balance (Explore, Ohaus, France). Basal corticosteroid level, 
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bodyy weight, adrenal weight and thymus weight were measured as parameters for chronic 
exposuree to high corticosteroid levels (Akana et al., 1992). 

Thee brain was removed from the skull, the hemispheres were separated and one 
hemispheree was immediately placed in ice-cold carbonated artificial cerebrospinal fluid 
(ACSF;; 120 mM NaCl, 3.5 mM KC1, 1.3 mM MgS047H20, 1.25 mM NaH2P04, 2.5 mM 
CaCl22 H20, 10 mM glucose and 25 mM NaHC03). The other hemisphere was quickly 
frozenn on dry ice and stored at -80 °C until use for an in situ hybridization of MR, GR and 
5HT1A-RR mRNA expression. After 5-10 minutes, the other hemisphere was taken out of 
thee ice-cold ACSF and the hippocampus was dissected out rapidly. Slices (400 \xM) were 
madee by means of a manual tissue slicer (Stoelting Company, Illinois, USA). Slices were 
keptt for at least one hour in carbonated ACSF at room temperature until use in the 
electrophysiologicall  experiment. 

Slicess were transferred one at a time to the experimental set-up where they were 
keptt in place between two nylon meshes and perfused with warm (31-33 °C) ACSF (pH 
7.4)) at a flow rate of 2-3 ml min"1. 

Compounds Compounds 
Serotoninn (5-HT; 5-hydroxytryptamine creatine sulphate; Sigma Aldrich Chemie, 

Zwijndrecht,, The Netherlands) was dissolved in distilled water to a concentration of 10 
mMM and stored at -20 °C. Just before use, 5-HT was further diluted into ACSF to a final 
concentrationn of 10 JIM. Other studies (Andrade and Nicoll, 1987; Ghadimi et al., 1994; 
Joelss and De Kloet, 1991; Piguet and Galvan, 1994) showed that a concentration of 10 
\xM\xM 5-HT is well above threshold but still yields submaximal responses in hippocampal 
CA11 neurons, which allows observation of facilitation as well as attenuation of responses. 

Somee of the slices from maternally deprived animals were treated in vitro with 
1000 nM of corticosterone to examine glucocorticoid responsiveness. Corticosterone 
(Sigmaa Aldrich BV, Zwijndrecht, The Netherlands) was dissolved in ethanol, in a stock of 
11 mM. Just before the in vitro treatment, corticosterone was dissolved in ACSF to a final 
concentrationn of 100 nM. Slices were treated with 100 nM corticosterone for 20 minutes 
att 34 °C. After corticosterone treatment, slices were transferred to normal ACSF at room 
temperaturee and left to rest for at least one hour. 

Electrophysiology Electrophysiology 
Intracellularr recordings were made in hippocampal pyramidal CA1 cells of 

controll  animals and animals that were subjected to 24 h of maternal deprivation at PND 3. 
Glasss microelectrodes, filled with 4 M KAc, with an impedance of approximately 70 mti, 
weree used to impale CA1 pyramidal cells of the hippocampus. When the microelectrode 
penetratedd the cell, current was injected to help the cell recover and to improve sealing of 
thee cell membrane. When the cell reached a stable resting membrane potential, basal cell 
characteristicss like resting membrane potential, input resistance, membrane time constant, 
inwardd rectification, spike frequency accommodation and afterhyperpolarization, were 
determinedd by use of standardized protocols. Thus, input resistance was determined by 
hyperpolarizingg pulses of-0.1 to -0.5 nA, of 200 ms duration. Input resistance was 
calculatedd from the slope of the current-voltage relationship. Inward rectification was 
determinedd for a 200 ms pulse of-0.3 nA as shown in figure 3.IB. Two depolarizing 
pulsess (0.5 and 1.0 nA; 50 ms) were given to determine afterhyperpolarization (see figure 
3.1C).. The impedance of the recording electrodes was lower than the impedance used in 
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earlierr studies (see Joëls et al., 1991), indicating that the tip of the electrode was relatively 
big.. This introduced a bias towards successful impalement of pyramidal cells with large 
somata.. In agreement, the input resistance was on average lower than reported before; 
also,, positive current pulses depolarized the neurons to a lesser degree, resulting in a more 
restrictedd activation of calcium-dependent K+-conductances (and hence frequency 
accommodationn and afterhyperpolarization) than reported before (Joels and De Kloet, 
1990;; Van Riel et al., 2003a). Finally, the bias towards relatively large pyramidal cells 
alsoo caused quite large 5-HT responses. Since cell characteristics in both experimental 
groupss were equally affected by the rather low electrode impedance, the outcome of the 
presentt study was not influenced by the properties of the recording electrodes. However, 
thesee properties do hamper comparison of absolute responses between the present and 
earlierr studies. 

Basall  cell characteristics like resting membrane potential, input resistance, 
membranee time constant, inward rectification and afterhyperpolarization were determined 
before,, during and after 5-HT application. If the membrane was hyperpolarized by more 
thann 1.5 mV due to 5-HT application, current injection was used to bring the membrane 
potentiall  temporarily back to its resting level, to exclude confounding influences 
introducedd by the rectification of membrane properties upon hyperpolarization. All signals 
weree fed into the computer and a continuous recording was made by means of a chart 
recorder. . 

InIn situ hybridization 
Afterr decapitation, one hemisphere was frozen on dry ice and stored at -80 °C. 

Thiss hemisphere was used to perform in situ hybridization with probes for the MR, GR 
andd 5HT1A-receptor in the hippocampus. Coronal sections (12 (iM) of the hippocampus 
weree cut on a cryostat at -20 °C and thaw-mounted on Superfrost slides (Menzel-Glaser, 
Braunschweig,, Germany). For each animal, three series of two slides were cut, with on 
eachh slide 4 hippocampal sections. For each probe, two slides per animal were used. Pre-
hybridizationhybridization of the sections was done in 4% paraformaldehyde for 30 minutes at room 
temperature.. Sections were rinsed twice in lx phosphate-buffered saline (PBS) for 3 
minutes.. Sections were treated with 0.1 M HC1 for 10 minutes at room temperature to 
increasee permeability. To decrease background signal, an acetylation step was performed 
withh 1 x triethanolamine (TEA; pH 8.0) + 0.25% acetic anhydride. Subsequently, sections 
weree washed in 2 x SSC for 10 minutes at room temperature and dehydrated in an ethanol 
seriess (50%, 80%, 100%, 100%). 

Forr MR and the 5HT]A-R, 33P-dATP end-labelled desoxyoligonucleotide probes 
('oligo's')) were used. The 5HT1A-R oligo sequence was: 5' 
tggagatgagaaagccaatgagccaagtgagcgagatcagcgcag.. One slide was incubated with a 5HT!A 

mismatchh oligo sequence: 5' tgtagatgataaagcaaatgatccaagggagcgcgatcatcgcag. For MR 
mRNAA expression, an oligo directed at MR exon 2 was used (antisense: 5' 
ttcggaatagcaccggaaacgcagctgacgttgacaatct;; mismatch control sequence: 5' 
gtcggactagcaacggaaccgcagatgacggtgacactct).. 0.3 pmol of the oligo was end-labelled with 
6.66 pmol P-dATP (NEN, Boston, MA, USA) using Terminal d-Transferase (TdT; 
Roche,, Woerden, The Netherlands), purified with a chloroform extraction and ethanol-
precipitated. . 

Forr the oligo probes, a hybridization mix was prepared containing 50% 
formamide,, 4x SSC, 5x Denhardt's, 25 mM sodiumphosphate (pH 7.0), 1 mM 
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sodiumpyrophosphate,, 20 mM DTT, 100 Jig/ml poly A, 100 |ig/ml sheared salmon sperm 
DNAA and 10% Dextran S04. All radiolabelled oligos were diluted to 1*106 cpm/100 pi 
Thiss mixture (100 |_il) was applied to each slide which was then covered with a coverslip. 
Thee sections were hybridized overnight in a moisturized chamber at 42 °C. The next day, 
coverslipss were carefully removed and sections were rinsed in lx SSC at room 
temperature.. Sections were washed twice for 30 minutes in lx SSC at 50 °C. Next, 
sectionss were washed in lx SSC for 5 minutes at room temperature. Dehydration was 
performedd in an ethanol series (50%, 80%, 100%, 100%). Sections were air-dried and 
placedd under a Kodak X-omat AR film for 3 weeks. 

Forr GR mRNA expression, a riboprobe was used. A 500 bp fragment (exon 2, 
codingg for N-terminus of the receptor -courtesy of Dr. M. Bohn) of the original full length 
GRR clone (courtesy of Dr K.R. Yamamoto) was transcribed with SP6 RNA polymerase in 
thee presence of  35S labelled UTP. Per slide, 100 pil of hybridization mix, containing 25 
mMM Tris-HCl, 1.2 mM EDTA, 350 mM NaCl, 50% formamide, 10% dextran sulphate, 
1000 mM DTT, 1 x Denhardt's, tRNA and hsDNA, 106 cpm of the GR probe, 10% 
nathiosulphatee and 10% SDS were used to hybridize overnight in a moisturized chamber 
att 55 °C. As a control the sense probe was used. After hybridization, coverslips were 
carefullyy removed and sections were rinsed in 2 x SSC at room temperature. Sections 
weree washed in 2 x SSC for 10 minutes at 55 °C. Sections were incubated with RNAse A 
inn 0.5 M NaCl / 0.1 M Tris solution, pH= 8.0 for 15 min. Sections were consequently 
washedd in 2 x SSC at 55 °C for 10 minutes, 1 x SSC at 55 °C for 10 minutes, 0.1 x SSC 
twicee 30 minutes at 55 °C and 0.1 x SSC for 5 minutes at room temperature. After 
dehydrationn in an ethanol series (70%, 80%, 96%, 100%) sections were air-dried and 
exposedd to a Kodak Biomax-MR film for 2 weeks. 

Fromm each animal, eight hippocampal sections were analyzed per probe. Each 
sectionn was scanned and loaded into NIH Image (NIH Image 1.62). Sections were 
correctedd for background. In each section, the CAI, CA3 and dentate gyrus were analyzed 
forr grey values. Grey values were averaged for all hippocampal sections of one animal. In 
thee end, all values from non-deprived controls were compared with the averaged values of 
thee deprived rats. 

Statistics Statistics 
Alll  data are represented as average +/- standard error of mean (SEM). Data were 

statisticallyy tested by means of an unpaired, Student's t-test. When standard deviations 
weree not equal between the experimental groups tested, a non-parametric MannWhitney-
U-testt was applied to the data. 

Results s 

BodyBody weight and neuroendocrine parameters 
Animalss were weighed prior to decapitation. No differences were found between 

maternallyy deprived and control animals in body weight at the day of the experiment 
(Tablee 3.1). Adrenal weight and thymus weight - absolute values as well as values 
correctedd for body weight - were both not changed in maternally deprived animals when 
comparedd to control animals, at 3 months of age (see Table 3.1). Similarly, basal 
corticosteronee levels were not different for control and deprived animals (Table 3.1). 
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TableTable 3.1: Body weight, adrenal weight, thymus weight and basal corticosterone concentration in control and 
maternallyy deprived rats (DEP), at 3 months of age. The 'n' indicates the number of rats on which the average
SEMM is based. 

Bodyy weight (g) 

Adrenall  weight (mg) 

Adrenall  weight / 100 g 
bodyy weight 
Thymuss weight (mg) 

Thymuss weight / 100 g 
bodyy weight 
Basall  corticosterone 
concentration n 
[CORT]]  (ug/dl) 

control l 
372.88 7 
n=15 n=15 
24.33 0 
n=15 5 
6.55 3 
n=15 5 
636.88  19.2 
n=14 4 
170.99 0 
n=14 4 
2.33 5 
n=12 2 

DEP P 
369.99 5 
n=15 5 
23.99 2 
n=15 5 
6.44  0.3 
n=15 5 
618.88 9 
n=15 n=15 
166.22 5 
n=15 n=15 
2.44 3 
n=12 2 

P-value e 
0.74 4 

0.70 0 

0.72 2 

0.62 2 

0.65 5 

0.81 1 

5-HT5-HT responses and receptor properties 

BasalBasal cell characteristics 
Restingg membrane potential (RMP) was significantly more depolarized in 

deprivedd animals compared to control animals (see Table 3.2). No significant changes 
weree found for input resistance between the deprived and control animals (see Table 3.2). 
Also,, no significant changes were seen with respect to inward rectification, membrane 
timee constant, spike frequency accommodation or afterhyperpolarization, although the 
latterr showed a tendency to be increased in maternally deprived rats (Table 3.2). 

TableTable 3.2. Basal cell characteristics of CA1 pyramidal cells in slices from control and maternally deprived rats. 
Thee 'n' indicates the number of cells on which the average  SEM is based. 

Restingg membrane 
potentiall  (mV) 
Inputt resistance (mil) 

Inwardd rectification 
(mV) ) 
Membranee time 
constantt (ms) 
Afterhyperpolarization n 
(+0.55 nA) (mV) 
Afterhyperpolarization n 
(+1.0nA)(mV) ) 

control l 
-72.99  1.0 
n=14 4 
17.99 1 
n=14 4 
0.66 1 
n=15 n=15 

4 4 
n=15 n=15 
1.44 2 
n=15 5 
2.00 5 
n=14 4 

DEP P 
-65.99 0 
n=16 6 
22.00 7 
n=16 6 
0.44  0.2 
n=17 7 
12.88  1.7 
n=17 7 
2.44 4 
n=17 7 
4.44 9 
n=17 7 

P-value e 
0.01 1 

0.36 6 

0.59 9 

0.71 1 

0.13 3 

0.07 7 
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FigureFigure 3.1: A. Typical example of the change in resting membrane potential of a CA1 pyramidal neuron from a 
controll  animal to 10 uM 5-HT. At the moments indicated by the arrows, basal cell characteristics like resting 
membranee potential, input resistance, inward rectification, spike frequency accommodation and 
afterhyperpolarizationn were measured, i.e. before, during and after 5-HT application. For the measurement of 
basall  cell characteristics during 5-HT application, resting membrane potential was corrected manually to the 
valuee before 5-HT perfusion when the change in RMP in response to 10 uM 5-HT was more then 1.5 mV to 
correctt for voltage-dependent effects on basal cell characteristics. Time of 5-HT application is indicated by the 
blackk bar. B. Inward rectification was determined for a pulse of-0.3 nA (200 ms duration). More specifically, 
inwardd rectification was determined by maximal deflection (A) minus the deflection just before the end of the 
pulsee (B), divided by the maximal deflection multiplied by 100 (see below, left). C. Afterhyperpolarization was 
determinedd for two depolarizing pulses (0.5 nA and 1.0 nA, 50 ms duration). An example is given of a pulse of 
0.55 nA (50 ms). Afterhyperpolarization was calculated by substraction of the maximal deflection after the pulse 
minuss the average resting membrane potential just before stimulation (below, right). 

SerotoninSerotonin application 
Inn response to 10 uM 5-HT, CA1 pyramidal neurons typically responded with a 

hyperpolarizationn of the cell membrane and a decrease in the input resistance, as described 
earlierr (Andrade and Nicoll, 1987). Control animals showed on average a 5-HT induced 
hyperpolarizationn of-10.8  1.8 mV (n=14) (figure 3.2). Cells from maternally deprived 
animalss (n=10) exhibited a significantly (PO.05) smaller change in resting membrane 
potentiall  (figure 3.2). In slices from maternally deprived animals, treated for 20 min. in 
vitrovitro with a high concentration of corticosterone (100 nM) 1-4 hrs before recording of the 
cellss -presumably sufficient to occupy both MR and GR (Reul and De Kloet, 1985)-, the 
hyperpolarizationn induced by 10 (J.M 5-HT was significantly increased compared to the 
responsess observed in slices not subjected to in vitro corticosterone treatment (deprived 
(n=10):: -6.0  0.9 mV; deprived + CORT (n=4): -13.8  0.7 mV; P < 0.05). In CA1 
neurons,, not treated in vitro with corticosterone, the decrease in input resistance in 
responsee to 10 ^M 5-HT was on average smaller in deprived (7.7  1.2%, n=10) 
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comparedd to control animals (9.7  3.3%, n=14), but this difference did not reach the level 
off  significance, partly due to the relatively large variation in this parameter. 

Ass described above, the change in resting membrane potential after application of 
5-HTT was significantly decreased in maternally deprived compared to control animals. 
Becausee the average basal resting membrane potential was also significantly different 
betweenn the two groups, we calculated the change in resting membrane potential as a 
percentagee of the basal value of the resting membrane potential. The percent change in 
restingg membrane potential induced by 5-HT was on average significantly lower in 
maternallyy deprived (-7.9%  1.3; n=10) animals than control (-16.3%  3.5; n=10) 
animalss (P=0.04). In conclusion, the hyperpolarization induced by 10 uM 5-HT was found 
too be attenuated in adult animals that were exposed to maternal deprivation for 24 hours at 
PND3. . 

Basall  cell characteristics, like inward rectification and membrane time constant 
weree not differently affected by 5-HT application. Application of 5-HT caused a decrease 
inn the amplitude of afterhyperpolarization in both experimental groups. However, this 
decreasee was not different between the control and deprived group (P=0.13). 
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FigureFigure 3.2: On average, 5-HT-induced hyperpolarization was significantly lower in cells from deprived animals 
comparedd to control animals. 

InIn situ hybridization 
5-HTIA-RR mRNA expression was examined in three subregions of the 

hippocampus,, i.e. the CAI, CA3 and DG, in animals subjected to maternal deprivation 
andd in non-deprived controls. No significant changes were observed between the two 
experimentall groups in all three subregions of the hippocampus (see figure 3.3). 

MRR and GR mRNA expression was examined in the same three subregions of the 
hippocampus.. In all three regions, no significant change was detected due to maternal 
deprivationn in the mRNA expression for the MR as well as the GR (figure 3.4A and B). 
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FigureFigure 3.3: 5-HTiA-recepior mRNA expression was not significantly changed in CAI, CA3 and DG of the 
hippocampuss of control (n=10) and deprived (n=10) animals. Examples of the control (left) and deprived (right) 
situationn are shown in the inset. 

Discussion n 

Stressfull  events early in life might change several functional parameters of the 
brainn and increase vulnerability to stress later in life (Heim and Nemeroff, 2001; Koolhaas 
ett al., 1997). In this study, we investigated the effect of 24 hours maternal deprivation at 
PND33 on serotonergic responses of CA1 neurons, mRNA expression of 5HT1A-receptors 
andd mRNA expression of MR and GR in the hippocampus. We found that maternal 
deprivationn at postnatal day 3 has long-term effects on the serotonergic responsiveness of 
CA11 pyramidal neurons in the hippocampus of the rat. Cells from 3-months old rats 
deprivedd from maternal care at PND3 showed a significant attenuation of the 5-HT 
responsee compared to their non-deprived littermates. 

Bodyy weight, adrenal weight, thymus weight and basal corticosterone levels were 
nott changed in 3-months old rats subjected to maternal deprivation at PND3. Workel et al. 
(2001)) found that basal corticosterone concentrations were higher in 3-months old rats 
whichh were subjected to maternal deprivation at PND3. However, this was not found in all 
studiess (Lehmann et al., 2002). Since various rat strains and deprivation protocols were 
usedd in the present (Wistar) and earlier studies (Brown-Norway, Long-Evans, Wistar; see 
Rotss et al., 1996; Van Oers et al., 1998; Workel et al., 1997), the findings underline that 
generalizationn of results over different strains should be done with great care. We also did 
nott find differences in mRNA expression for the MR and GR. This agrees with previous 
studiess (Rots et al., 1996; Workel et al., 1997). Lack of changes in basal corticosterone 
concentration,, body weight, adrenal weight and thymus weight suggests that rats 
subjectedd to maternal deprivation at PND3 do not develop chronic hypercorticism that 
lastss into adulthood. Despite the lack of differences between deprived and control rats at 
thee adult state, the deprived animals examined in the present study may still have been 
exposedd to different corticosteroid levels during their life than non-deprived controls. 
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FigureFigure 3.4: A. MR mRNA expression was not significantly different between control (n=10) and deprived 
(n=10)) animals in the CAI, CA3 and DG of the hippocampus. Insets show an example of a control (left) and a 
deprivedd (right) animal. B. Similarly, GR mRNA expression was not significantly changed in the CAI, CA3 and 
DGG of control (n=10) and deprived (n=10) animals. Examples of a control (left) and deprived (right) situation is 
givenn in the insets. 

First,, stress-induced, as opposed to basal, corticosterone secretion may have been 
elevated;; we did not examine this condition, since it was incompatible with our 
experimentall  design. Second, it is very likely that HPA-activity was enhanced at earlier 
timee points, e.g. 24 hrs after maternal deprivation, as demonstrated in earlier studies 
(Vazquezz et al., 2002; Vazquez et al, 1996). However, neither of these two phenomena -
iff  existing- was strong enough to cause increased adrenal weight, increased basal 
corticosteronee level, decreased body and thymus weight (Van Riel et al., 2003a) and 
decreasedd hippocampal MR and GR mRNA expression as e.g. seen after chronic stress 
(Hermann et al., 1995; Mizoguchi et al., 2001; Van Riel et al., 2003a). 
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Despitee the lack of hallmarks for chronic hypercorticism, we found that C A1 
hippocampall  cells from maternally deprived compared to non-deprived rats display 
attenuatedd responsiveness to 5-HT. This attenuation is very similar to that earlier 
describedd for adult rats subjected to high doses of exogenously administered 
corticosteronee (Karten et al., 1999; Mueller and Beck, 2000) or to chronic stress (Van Riel 
ett al., 2003a) and in genetically selected mice with a highly reactive HPA-axis (Van Riel 
ett al., 2002). The comparison with earlier studies, though, should be done with some care. 
Thus,, in the present study, the recorded 5-HT responses were somewhat larger than 
describedd in previous studies (Karten et al., 1999; Van Riel et al., 2003a; Van Riel et al., 
2002).. This can be explained by a bias towards larger neurons due to the recording 
electrodee properties (see also Materials and Methods). This bias however, was present in 
bothh experimental groups; therefore it is unlikely that this technical issue qualitatively 
influencess the observed differences between the two groups. Importantly, resting 
membranee potentials were stable and within the normal range (Schwartzkroin, 1975), 
indicatingg that neurons were not severed by the recording electrodes. Although the resting 
membranee potentials in both groups were stable and on average well within the normal 
rangee reported for CA1 pyramidal neurons (Joels et al., 1991; Schwartzkroin, 1975) -
indicatingg that neurons were not severed by the recording electrodes- a significantly less 
negativee potential was observed in the maternally deprived rats. Consequently, the driving 
forcee for K+-ions (involved in the 5-HT1A receptor-mediated responses) was larger in 
neuronss from maternally deprived rats. This could in fact have masked rather than 
contributedd to the presently observed attenuation of 5-HT responses after maternal 
deprivation.. The change in input resistance was more variable than the change in RMP, as 
wass also seen in earlier studies (Van Riel et al., 2003a; Van Riel et al., 2002). Apparently, 
thee change in input resistance is a less powerful indicator of the changes in serotonergic 
responsivenesss after experimental treatment. 

Inn response to in vitro high corticosterone treatment, the 5-HT induced 
hyperpolarizationn in CA1 cells from maternally deprived rats still increased, similar to 
whatt has been earlier observed in control animals (Joels et al., 1991). This indicates that 
thee GR is still responsive to high corticosteroid concentrations, which suggests that there 
iss no GR resistance in these animals. This is not surprising in view of the apparent lack of 
developmentt of chronic hypercorticism. It has been speculated that early life stress, like 
maternall  deprivation, increases the vulnerability to stress (Heim and Nemeroff, 2001; 
Koolhaass et al., 1997). In this respect, it would be interesting to expose maternally 
deprivedd animals at adult age to stressors. Our results show that the GR is still responsive 
too high levels of corticosteroids in vitro; we therefore predict that the response to stress 
mightt not be so different between deprived and non-deprived control rats. 

Thee early phase of the 5-HT induced hyperpolarization is most likely caused 
exclusivelyy by 5-HT1A receptors (Andrade and Nicoll, 1987; Gasparini and DiFrancesco, 
1999).. The attenuated responses to 5-HT in maternally deprived rats occurred in the 
absencee of any change in 5-HT1A receptor mRNA expression or binding properties. A 
similarr dissociation between changes in function and expression of the receptor was also 
observedd after long-term corticosterone administration or chronic stress in adult rats 
(Kartenn et al., 1999; Van Riel et al., 2003a). Several mechanisms could explain this 
dissociationn between changes in the functional response and mRNA expression. First, the 
strongg neuroendocrine responses seen after maternal deprivation might affect the 
developmentt of the 5-HT1A-receptor, which could have lasting effects into adulthood. The 
5-HT1A-receptorr first appears at embryonic day 17. It gradually inclines and reaches adult 
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levelss at PND15 (Gross et al., 2002). So, during the stress-hyporesponsive period (SHRP), 
thee 5-HT1A-receptor is in full development. Gross et al. (2002) showed by means of an 
induciblee knock out for this receptor, that the presence of the 5-HT1A-R is necessary to 
obtainn normal serotonergic responsiveness of the receptor later in life. It is possible that 
thee high corticosteroid levels during the SHRP, caused by maternal deprivation, interfere 
withh the development of the receptor, which leads to attenuated responses in adulthood. 

Second,, next to changes in the 5-HT]A-receptor itself, high corticosteroid levels 
duringg the SHRP, might affect the development of different parts of the 5-HTiA signal 
transductionn cascade, such as the G-protein, the potassium channel or other components of 
thee signal transduction cascade of the 5-HT1A-R. The 5-HT,A-R is coupled to a G protein 
inwardlyy rectifying potassium channel (GIRK), that appears at embryonic day 15 and 
increasess gradually until it reaches adult levels at PND20 (Chen et al., 1997). Thus, the 
GIRKK too is developing during the SHRP, which may be hampered due to the maternal 
deprivationn procedure. Early life events were also shown to interfere with the 
(in)activationn of genes by means of DNA methylation (Meaney and Aitken, 1985; Weaver 
ett al., 2001). For example, methylation of exon 17 of the GR gene is shown to be sensitive 
too manipulations early in life, postnatal handling or prenatal exposure to glucocorticoids 
(McCormickk et al., 2000). Such processes could contribute to early "programming" 
effectss (Robertson and Wolffe, 2000), causing effects that are still apparent in adult life. 

Inn summary, this study shows that stressful events early in life can alter the 
responsivenesss of the serotonergic system in adulthood. The serotonergic system is 
involvedd in several neuropsychiatric disorders, like major depression. Clinical studies 
suggestt that stressful life events, particularly in individuals who were exposed to trauma 
earlyy in life, contribute to the development of major depression (Heim and Nemeroff, 
2001;; McAllister-Williams et al, 1998; Modell et al., 1998; Stokes, 1995). Of course, 
vulnerabilityy to stress is determined by multiple factors, for example genetically 
determinedd predisposition, but the importance of adverse early life events in regulating 
brainn function later on is underscored by this study. 

Fromm a clinical point of view, it would be interesting to see if some 
manipulationss could prevent the maternal deprivation-induced changes. Environmental 
enrichmentt does increase the mRNA expression and binding to the 5-HT]A-receptor 
(Rasmusonn et al., 1998), with no effect on GR mRNA expression (Francis et al., 2002). 
Althoughh we find no changes in mRNA expression, they may nevertheless help to 
increasee serotonin responsiveness. Also, chronic antidepressant treatment of rats which 
weree separated for 3 hours from the mother daily during PND2-14 partially reversed the 
effectt of maternal separation (Ladd et al., 2000). Future studies should explore these and 
otherr possibilities to normalize the attenuated serotonin responses seen in adult animals 
exposedd to maternal deprivation. 

Referencess are shown in the back of this thesis. 

53 3 





Chapter r 

Hippocampall  serotonin responses in 
shortt and long attack latency mice 

Journall  of Neuroendocrinology 2002; 14 (3): 234-239 





SALSAL and LAL LAL mice 

Hippocampall  serotonin responses in short and long attack latency mice 

E.. van Riel1, O.C. Meijer2, A.H. Veenema3 and M. Joels' 

'Swammerdamm Institute for Life Sciences, University of Amsterdam, 2Sylvius 
Laboratories,, Leiden University and 3Dept. Animal Physiology, University of Groningen, 
Thee Netherlands 

Abstract t 
Shortt and long attack latency mice -which are selected based on their offensive 

behaviourr in a resident-intruder model - differ in their neuroendocrine regulation as well 
ass in aspects of their brain serotonin system. Previous studies showed that the binding 
capacityy and expression of serotonin-1A receptors in the hippocampal CA1 field of long 
attackk latency mice are significantly lower than found in short attack latency mice. We 
heree tested if functional responses of CA1 hippocampal cells to serotonin are also reduced 
inn long attack latency mice. To this end, serotonin-induced changes in the membrane 
potentiall  and input resistance were recorded in vitro with microelectrodes in CA1 
pyramidall  neurons of long and short attack latency mice. The data show that in long attack 
latencyy mice, along with a reduction of the serotonin-1A receptor mRNA expression, the 
serotonin-inducedd membrane hyperpolarization and decrease in resistance are attenuated. 
Basall  membrane properties of CA1 neurons in the two mice lines were comparable. 
Plasmaa corticosterone levels in response to a novelty stress were elevated in long 
comparedd to short attack latency mice and inversely related to the serotonin-induced 
responses.. We tentatively conclude that long attack latency mice show attenuated 
functionall  responses to serotonin in the hippocampus, possibly linked to a chronic 
perturbationn of the hormonal levels. 
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Introductio n n 

Inn wildlif e rodent populations, animals with an extreme active or passive 
behaviourall  stress response pattern are encountered at a higher rate than expected by 
chancee (Bohus et ah, 1987; Koolhaas et al., 1999). The active response pattern is 
characterizedd by a high sympathetic and low hypothalamo-pituitary-adrenal (HPA) 
activity,, whereas the opposite is observed in association with a passive behavioural 
responsee pattern. 

Overr the past decades, two genetically selected mice lines have been generated 
whichh can be regarded as representatives of the active and passive stress response 
patterns,, i.e. short attack latency (SAL) and long attack latency (LAL) mice respectively 
(Vann Oortmerssen and Bakker, 1981). These mice were selected based on offensive 
aggressionn against a standard opponent in an intermale resident-intruder model. SAL mice 
exhibitt attack latencies of <50 seconds, while LAL mice show at least 10-fold longer 
attackk latencies (Van Oortmerssen and Bakker, 1981). The two mice lines also differ in 
behaviourall  and neuroendocrine aspects. Thus, SAL mice display an active behavioural 
patternn in a defensive-burying test (Sluyter et al., 1996) and relatively low corticosterone 
levelss in the first half of the dark phase (Korte et al., 1996); LAL mice are characterized 
byy immobility in the defensive-burying test and significantly elevated corticosterone 
levelss compared to SAL mice. The latter could signify that LAL mice are chronically 
exposedd to elevated corticosterone levels. 

Comparedd to SAL mice, LAL animals were found to have a decreased binding 
capacityy of serotonin-1A receptors (5-HT1A-Rs) in the dentate gyrus, hippocampal CA1 
area,, lateral septum and frontal cortex, but not in the dorsal raphe nucleus (Korte et al., 
1996).. Expression of 5-HT1A-R mRNA was also significantly reduced in the CA1 area of 
LALL compared to SAL mice. In the present study we investigated whether the reduced 5-
HT1A-RR expression and binding capacity in LAL mice (Korte et al., 1996) are associated 
withh an attenuated functional response of CA1 pyramidal neurons to 5-HT. To this end, 
thee membrane hyperpolarization and decrease in input resistance of CA1 pyramidal cells 
inn response to 10 uM 5-HT -which are largely mediated via the 5-HT1A-R (Andrade and 
Nicoll,, 1987) - were recorded with microelectrodes, in hippocampal slices prepared from 
SALL and LAL mice (right hemisphere only). The other hemisphere of part of the animals 
wass used to determine 5-HT1A-R mRNA expression in all hippocampal subfields. To 
monitorr indices of the HPA activity in the same animals, we also established plasma 
corticosteronee levels prior to the electrophysiological experiment as well as 
mineralocorticoidd and glucocorticoid receptor mRNA expression in all hippocampal 
subfields. . 

Material ss and Methods 

AnimalsAnimals and slice preparation 
Inn this study, adult (3-6 months of age) male SAL (n=13) and LAL mouse (n=15) 

weree used, which were bred at the University of Groningen, Haren, The Netherlands. In 3 
monthss old mice, attack latency score was measured at three consecutive days and 
averaged.. In the present study, only SAL mice with an attack latency of <50 sec on three 
consecutivee days were selected for further experiments. All LAL mice did not attack the 
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opponentt during the maximal time measured (600 sec), at all three days. After 
transportationn to Amsterdam, each SAL or LAL mouse was housed together with one 
femalee mouse. The mice were kept at a 12 h day-night cycle (lights on at 8:00 a.m.). Food 
andd water were provided ad libitum. All experiments were approved by the local Animal 
Experiment-Committeee (DEC project DED 54). 

Att the day of the experiment, the male mouse was separated from the female and 
putt in a transportation cage. This exposure to a novel environment is known to be 
moderatelyy stressful in rats (Hesen and Joels, 1996) and mice (Hesen et al., 1996). After 
30-455 minutes, the animal was decapitated and trunk blood was collected. The blood was 
centrifugedd for 20 min at 5000 rpm, -4 °C and stored at -20 °C until corticosterone 
concentrationn was determined using a l25I radioimmuno assay kit (ICN Biomedicals Inc., 
Costaa Mesa, CA, USA). No samples were obtained from two LAL mice. The value of one 
SALL animal was not included in the results, since it was more than 20 x SD removed from 
thee average, indicating that the value obtained through RIA was clearly incorrect. 

Immediatelyy after decapitation, the left hemisphere was frozen on dry ice and 
storedd at -80 °C for later in situ hybridization experiments in part of the animals. From the 
rightright hemisphere, the hippocampus was dissected out and cut into slices of 400 (im 
thicknesss by means of a manual tissue slicer (Stoelting Company). Slices were kept for at 
leastt one hour in carbonated (95% 02/ 5% C02) artificial cerebrospinal fluid (ACSF; 124 
raMraM NaCl, 3.5 mM KC1, 1.25 mM NaH2P04, 1.5 mM MgS04, 25 mM NaHC03, 2 mM 
CaCI22 and 10 mM glucose) at room temperature. After at least one hour, one slice at a 
timee was transferred to the recording chamber of the experimental set-up. The slice was 
perfusedd by warm, carbonated ACSF (32-33 °C, pH = 7.4) at a flow rate of 2-3 ml min"1. 
Thee slice was kept in place between two nylon meshes and fully submerged. 

Electrophysiology Electrophysiology 
Intracellularr recordings were obtained from pyramidal cells in the C A1 area of 

thee hippocampus using glass microelectrodes, filled with 4 M KAc (impedance 80-130 
MQ).. All signals were fed into the computer. In addition, the membrane potential and 
currentt injections were continuously registered on a chart recorder. After impalement, a 
hyperpolarizingg current was temporarily passed through the electrode to help the cell with 
itss recovery and sealing (Andrade and Nicoll, 1987). After the cell had reached a stable 
restingg membrane potential, hyperpolarizing currents of increasing magnitude (-0.1 to -0.5 
nA,, 200 ms duration) were passed through the microelectrode to determine input 
resistancee (Joels et al., 1991). For a pulse of-0.5 nA, the inward rectification of the 
membranee potential was determined as shown in figure 4.1 A. In addition, the amplitude of 
thee afterhyperpolarization was determined as the maximal deflection (most negative 
membranee potential) in a window of 50-150 ms following a 0.5 nA depolarizing pulse of 
500 ms duration (see figure 4.IB). 

Serotoninn was dissolved in distilled water to a concentration of 10 mM. Just 
beforee use, serotonin was further diluted in ACSF to the final concentration of 10 fiM. 
Thiss concentration of 10 nM was chosen because previous studies (Andrade and Nicoll, 
1987;; Joels et al., 1991) have shown that it is well above threshold but also does not yield 
maximall  responses. Serotonin was applied to the slices via the perfusion medium. Several 
cellularr characteristics (e.g. inward rectification, input resistance) were measured by 
standardizedd protocols before, during and 20 minutes after application of 10 jxM 
serotonin. . 
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InIn situ hybridization 
Coronall  sections (12 \im) of the hippocampus were cut on a cryostat at -15 °C 

andd thaw-mounted on poly(L-lysine) coated slides. For each animal, the hippocampus was 
cutcut into 6 series, with on each slide eight sections. Sections were fixed in 4% 
paraformaldehydee for 30 minutes at room temperature and subsequently rinsed twice in lx 
phosphatee buffered saline (PBS) for 3 minutes at room temperature. Permeability was 
increasedd by the application of 0.1 M HC1 to the sections, for 10 minutes at room 
temperature.. To decrease background signal, an acetylation step was performed with 0.1 
MM triethanolamine (pH 8.0) + 0.25 % acetic anhydride for 10 minutes at room 
temperature.. Sections were washed again in 2x SSC (saline sodium citrate; SSC = 0.15 M 
NaCll  and 0.015 M sodium citrate), 10 minutes at room temperature. Next, sections were 
dehydratedd in an ethanol series (50%, 80%, 100%, 100%). 

Riboprobess were generated from linearized constructs containing the respective 
cDNAss in pBluescript. A 500 bp Sal I-HindIII fragment of exon 2 of the mouse gene was 
usedd for GR and a 1.2 kb NcoI-EcoRI fragment of the mouse MR exon 2 for the MR 
(courtesyy of Dr. T. Cole). For the corticosteroid receptors, 35S -labelled probes were used. 
Forr a 5-HTiA receptor probe we used a 375 bp fragment coding for the 3rd intracellular 
loopp of the rat gene, which is 93% homologous to the mouse sequence and has been 
shownn before to specifically hybridize with 5-HT|A receptor mRNA in mouse tissue 
(Meijerr et al., 1997). 33P antisense and sense probes were generated using T7 or T3 RNA 
polymerasee (Roche) using a standard protocol (Meijer et al., 1997). 

AA hybridization mix was prepared containing 60% deionised formamide, 10% 
Dextrann S04, 2x SSC, 0.1 mg/ml yeast tRNA, 0.1 mg/ml sheared salmon sperm DNA 
(sssDNA),, 10 mM DTT (DL-Dithiothreitol), 0.05 M PBS. All radiolabelled probes were 
dilutedd to 20 x 106 dpm/ml. 100 (il of these mixtures was applied to each slide, which was 
thenn covered with a coverslip. The sections were hybridized overnight in a moisturized 
chamberr at 55 °C. The next day, coverslips were removed carefully and sections were 
washedd in 2x SSC for 10 minutes at room temperature. After washing, sections were 
treatedd with RNase (2 mg/100 ml in 0.5 M NaCl, 0.1 M Tris, pH 7.5) at 37 °C for 10 
minutess and subsequently washed at 55 °C in 2x SSC for 10 minutes, lx SSC for 10 
minutes,, O.lx SSC for 2x 30 minutes and finally at room temperature in 0.1 x SSC for 5 
minutes.. Sections were dehydrated in an ethanol series (70%, 80%, 96% and 100% 
ethanol)) and dried on the air for 30 minutes. Next, sections were placed under Kodak X-
OmatARR film for 2 weeks. 

Fromm each animal, four sections of each slide were analyzed per probe. Each 
slidee was scanned and digitized. To correct for the gray value of each slide, a small area in 
betweenn the CA1 and DG was measured as a local reference. Each gray value of the 
measuredd areas was corrected for this local reference. For each area -cortex, CAI, CA3 
andd DG- the values of four sections on the same slide were averaged. In the end, all values 
inn SAL as well as LAL mice were averaged for each area. 

Statistics Statistics 
Alll  data represent mean  standard error of the mean (SEM). Values of SAL and 

LALL mice were first compared with an unpaired Student's t-test. If the unpaired Student's 
t-testt showed differences in the variation within the two groups, a non-parametric Mann-
Whitney-U-testt was applied to the data. 
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Results s 

IntracellularIntracellular recording 
Intracellularr recordings were made from 34 CA1 cells of the mouse hippocampus 

(SALL n=14 cells; LAL n=20). These neurons were electrophysiologically identified as 
CA11 cells based on their resting membrane potential (between -60 and -75 mV), inward 
rectificationn with hyperpolarizing pulses and spike frequency accommodation (Joels et al., 
1991).. Thus identified CA1 neurons from SAL and LAL mice showed no differences in 
basall  cell properties like resting membrane potential, input resistance, inward 
rectification,, membrane time constant (tau) or afterhyperpolarization (see figure 4.1 A, 
figuree 4. IB and Table 4.1). 

Inn part of these cells (n=12 and 8 for LAL and SAL mice respectively), responses 
too 10 |uM 5-HT were established. In agreement with previous studies (Andrade and Nicoll, 
1987;; Joels et al., 1991), application of 10 fiM 5-HT via the bath perfusion medium 
causedd a hyperpolarizing response and induced a decrease of the membrane resistance in 
mostt neurons (see example in figure 4.1 A). However, not all cells responded to 5-HT with 
ann appreciable change in the membrane potential. Thus, 3 out of 12 cells from LAL mice 
didd not respond to 10 uM 5-HT (non-responding here defined by a change in membrane 
potentiall  of less than 0.5 mV), whereas only 1 out of 8 cells from SAL mice was non-
responsive.. In responding CA1 cells of LAL mice, 10 fxM 5HT caused a significantly 
(p<0.05)) smaller hyperpolarization and decrease in membrane resistance than in CA1 cells 
off  SAL mice (see figure 4.1C). 

Inn many cells, application of 10 JIM 5-HT also reduced the afterhyperpolarization 
followingg a 0.5 nA depolarizing pulse of 50 ms duration (figure 4.IB). The reduction in 
afterhyperpolarizationn amplitude in SAL mice (absolute change in amplitude: 0.4  0.5 
mV,, n=8 cells) was not significantly different (p=0.44) from the value seen in LAL (0.9
0.55 mV, n=l 1) mice. (N.B. The change in amplitude of the afterhyperpolarization could 
nott be determined in one cell from the LAL group). 

TableTable 4.1: Basal membrane properties of CA1 pyramidal neurons in LAL and SAL were not different. In the 
table,, average  SEM values of the resting membrane potential (RMP), input resistance (Rin), time constant, 
inwardd rectification of the membrane potential with a hyperpolarizing pulse of-0.5 nA, and 
afterhyperpolarizationn (AHP) evoked during a 50 ms depolarizing pulse of 0.5 nA are given, based on 'n' cells in 
'N'' SAL and LAL animals. 

n(N) ) 
RMPP (in mV) 
Rinn (in MQ) 
Timee constant (in ms) 
Inwardd rectification (in %) 
AHPP (in mV) 

SAL L 
14(12) ) 
-699 3 
788  13 
9  1 
2.66 7 
2.55 6 

LAL L 
20(15) ) 
-699  1 
633 5 

1 1 
2.22  1.0 
2.00 4 
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FigureFigure 4.1: A. Typical example of the change in membrane potential observed in a CA1 pyramidal neuron of a 
SALL mouse during bath perfusion (black bar on top) of 10 uM 5-HT. Arrows point to the moments that a 
standardd recording protocol (for determination of inward rectification and afterhyperpolarization) was applied. 
Inwardd rectification is determined by the ratio of (a-b) / (a) x 100, where a is the maximal deflection and b is the 
minimall  deflection after a -0.5 nA pulse of 200 ms (see inset). During the 5-HT induced hyperpolarization, the 
membranee potential was briefly restored by direct current to the level seen before 5-HT perfusion, for correct 
estimationn of the passive and active membrane properties. Spikes are truncated and negative deflections during 
serotoninn application and serotonin wash out are not shown for the sake of clarity. Calibration for 5-HT 
response:: 20 mV (vertical) and 5 min (horizontal); calibration for inset: 17 mV (vertical) and 90 msec 
(horizontal).. B. Afterhyperpolarization was reduced during perfusion with 10 |iM 5-HT (middle, 3), compared to 
thee control situation before application of the compoundd (left, 2). Partial recovery was seen 20 min after washout 
off  5-HT (right, 4). Afterhyperpolarization was determined as follows (see 1): maximal deflection after a 0.5 nA 
pulsee of 50 ms (c) minus the average resting membrane potential during a brief time-window (a to b) just before 
thee pulse. C. Mean (+ SEM) changes in resting membrane potential (left) and input resistance (right) in response 
too 10 uM 5-HT application, in 9 cells from LAL and 7 cells from SAL mice. Only responsive cells (here defined 
byy a change in membrane potential of more than 0.5 mV after application of 10 uM 5-HT) were included. The 
asteriskk indicates that the difference between the two groups is significant (p<0.05). 

CorticosteroneCorticosterone levels 
Corticosteronee levels were determined in trunk blood of SAL and LAL mice 30-

455 min. after exposure to a novelty stress, using a radioimmuno assay. LAL mice 
displayedd a significantly (p<0.05) higher concentration of corticosterone (302  46 ng/ml, 
n== 13) than SAL mice (139  20 ng/ml, n= 12). The plasma corticosterone concentrations 
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associatedd with novelty exposure in SAL and LAL mice displayed a significant inverse 
correlationn with the averaged response to 10 uM 5-HT determined later on with 
electrophysiologicall  techniques in the same animals (see figure 4.2). 
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FigureFigure 4.2: A. A negative correlation (r = 0.5546; P-value = 0.0396) was observed between the plasma 
corticosteronee level prior to the experiment and the mean response to 10 uM 5-HT. Each point represents the 
valuess for an individual SAL (circle) or LAL mouse (diamond). Only those animals in which both the plasma 
corticosteronee level and the response to 10 uM 5-HT (mean, based on 1 -2 cells per mouse) was established, were 
includedd in the present analysis. B. The correlation between corticosterone level and percent change in input 
resistancee in SAL and LAL mice was found to be significant (r = 0.5429; P-value = 0.0365). 

InIn situ hybridization 
Inn situ hybridization was performed to determine expression levels of 5HT]A-R 

mRNA,, GR mRNA and MR mRNA. Only one hemisphere (left) per animal was used for 
inn situ hybridization (see example in figure 4.3), as the other hemisphere (right) was used 
forr electrophysiological experiments. 

Inn situ hybridization of the left hippocampal lobe of the SAL and LAL brains 
showedd a significant difference in 5HTiA-R mRNA in the CA1 area (p<0.05; see figure 
4.3A).. Interestingly, no significant differences between SAL and LAL were observed with 
respectt to 5HT,A-R mRNA expression in other hippocampal subfields or in cortex (figure 
4.3A). . 

MRR mRNA expression was found to be significantly elevated in the dentate 
gyruss of LAL compared to SAL mice (p<0.05, figure 4.3B). Other hippocampal subfields 
andd cortex yielded no significant differences. Also, GR mRNA expression in SAL and 
LALL mice was largely comparable (figure 4.3C). 
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FigureFigure 4.3: In situ hybridization of the 5HT]A-R, MR and GR mRNA shows specific differences between SAL 
andd LAL mice (both n=5), for three hippocampal areas (CA1, CA3 and DG) and the neocortex. A. In the CA1 
area,, mean (+ SEM) 5HT|A-R mRNA expression level was significantly lower in LAL mice compared to SAL 
mice.. No changes were observed in other hippocampal subfields or neocortex. The inset shows an example of 
5HTiA-RR mRNA expression in a SAL mouse. B. MR mRNA was found to be significantly higher in LAL mice 
comparedd to SAL mice in the DG but not in other hippocampal subfields (example of MR mRNA expression in 
SALL mouse in inset). C. No differences between SAL and LAL mouse were observed with respect to GR mRNA 
expressionn (example in inset). 
Thee asterisk indicates that the difference between LAL and SAL mice is significant (p<0.05). 
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Discussion n 

Wee here examined whether a reduced 5-HT!A-R mRNA expression in CA1 
hippocampall  neurons of LAL compared to SAL mice, as reported earlier (Korte et al., 
1996),, is associated with attenuated functional responses to 5-HT measured with 
electrophysiologicall  techniques. We indeed observed in LAL compared to SAL mice that 
thee averaged 5-HT induced changes in membrane properties of responding neurons were 
significantlyy reduced. The attenuated 5-HT responsiveness is not secondary to differences 
inn passive membrane properties between the two lines: all membrane properties 
investigatedd yielded comparable values for SAL and LAL mice, although it should be 
realizedd that the applied selection criteria for CA1 pyramidal neurons may have caused a 
slightt sampling bias. Interestingly, in our study SAL mice showed plasma corticosterone 
levelss in response to a novelty stress that are similar to those seen in earlier studies using 
otherr strains of mice or rats (Hesen and Joels, 1996; Hesen et al., 1996). Moreover, the 
meann change in membrane potential induced by 10 u,M 5-HT in SAL mice (-7.2 mV, in 
alll  cells, including 1 non-responsive cell) was also comparable to earlier reported 
responsess in mice of which supposedly both MRs and GRs are activated (Karst et al., 
2000).. The aberrant condition may therefore pertain LAL rather than SAL mice (Korte et 
al.,, 1996), although final proof of this awaits investigation of control mice from the same 
strain. . 

Inn agreement with the earlier study (Korte et al., 1996), we confirmed that 5-
HT1A-RR mRNA expression in the CA1 hippocampal subfield of LAL mice is reduced 
comparedd to SAL mice. By contrast, 5-HT1A-R mRNA expression was found to be 
comparablee for the dentate gyrus of SAL and LAL mice. This disagrees with the report by 
Kortee et al. (Korte et al., 1996). Differences in experimental conditions between the 
presentt and earlier study may have contributed to this discrepancy, e.g. with respect to the 
presencee of stressors and the time of the day prior to tissue preparation. 

Inn view of the reduction of both the 5-HT1A-R mRNA expression and 5-HT 
responsivenesss in the CA1 area, we tentatively conclude that the attenuation of functional 
responsess to 5-HT is mainly caused by a lower 5-HT1A-R binding capacity. Still, this 
conclusionn should be regarded with some caution. First, 5-HT is known to activate several 
receptorss other than the 5-HTiA-R, which to a limited extent contribute to the here 
recordedd electrophysiological response (Andrade and Nicoll, 1987). We cannot fully 
excludee that responses via these receptors are also disparate in SAL versus LAL mice, 
thuss confounding our conclusion about the 5-HTiA-R. For instance, activation of 5-HT7 

receptorss was shown to reduce the afterhyperpolarization in rat CA3 hippocampal cells 
(Baconn and Beck, 2000). The expression of these receptors is regulated by adrenal 
hormoness (Le Corre et al., 1997; Yau et al., 1997), although it was found that acute rather 
thann chronic exposure to elevated corticosteroid levels affects 5-HT7 receptor expression 
inn hippocampal subfields (Yau et al., 2001). The observation that the 5-HT evoked 
reductionn of the afterhyperpolarization amplitude is not significantly different in SAL and 
LALL mice suggests that a putative confounding influence of these non 5-HT,A-R mediated 
effectss is probably limited. 

Second,, it was earlier observed (Karten et al., 1999) that although the 5-HT1A-R 
mRNAA expression under some conditions correlates quite well with the magnitude of 5-
HTT induced membrane hyperpolarization, attenuated 5-HT responses can nevertheless 
occurr in the absence of apparent changes in 5-HT1A-R binding or mRNA expression (Joels 
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ett al., 1991; Karten et al., 1999), e.g. through phosphorylation of the 5-HT1A-R. This 
signifiess that functional responses to 5-HT on the one hand and 5-HT)A-R binding 
capacityy on the other hand can be modulated independently. Thus, acute rises in plasma 
corticosteronee level, e.g. after exposure to a stressor, result in strong responses via the 5-
HTiA-RR in the absence of changes in 5-HT]A-R binding capacity (Hesen and Joels, 1996; 
Joëlss et al., 1991). This increased responsiveness to 5-HT was shown to be mediated by 
GRss (Hesen and Joels, 1996) which become activated in addition to high affinity MRs 
afterr a stressful experience (Reul et al., 1987b). However, in animals that received a very 
highh corticosterone dose for 3 weeks, the GR-dependent increase in 5-HT responsiveness 
e.g.. following a stressor was no longer observed (Karten et al., 1999; Mueller and Beck, 
2000),, pointing to a GR resistance at least with regard to this aspect of hippocampal 
function.. In this case the attenuated 5-HT response occurred in the absence of changes in 
5-HT,A-RR mRNA expression (Karten et al., 1999). GR resistance may occur in other brain 
regionss as well in association with chronic hypercorticism, since attenuated responses via 
5-HT|A-Rss were also seen in dorsal raphe neurons, in a chronic stress model (Lanfumey et 
al.,, 1999). It has been hypothesized that GR resistance in association with chronic stress 
alsoo takes place in parvocellular neurons of the hypothalamus, causing inefficient 
feedbackk and elevated basal HPA axis activity (De Kloet et al., 1997). 

Inn the present study, novelty exposure -associated with partial GR activation-
resultedd in large 5-HT responses in SAL mice (Karst et al., 2000) but not in LAL mice. 
Thiss may reflect a GR resistance in LAL mice regarding the 5-HT responsiveness 
comparablee to the resistance seen earlier in animals that are chronically overexposed to 
glucocorticoids.. We considered the possibility that LAL mice are genetically predisposed 
too develop hypercorticism, resulting in blunted GR-mediated effects on 5-HT responses. 
Att least four observations fit  with this assumption. First, we found that plasma 
corticosteronee levels approximately 30-45 minutes following exposure to a moderate 
(novelty)) stressor were on average more elevated in LAL than in SAL mice. 
Corticosteronee levels in SAL mice were very comparable to those observed earlier in 
otherr mice strains or rats following novelty exposure (Hesen and Joëls, 1996; Hesen et al., 
1996).. The elevated corticosterone levels in LAL mice could signify loss of HPA 
feedbackk function, although clearly later time-points (e.g. 90-120 minutes after stress 
exposure)) would need to be investigated to substantiate this assumption. Second, it was 
foundd that basal plasma corticosterone levels in the first half of the dark phase are 
relativelyy large in LAL compared to SAL mice (Korte et al., 1996). Third, aggression and 
attackk latency are known to correlate with several endogenous hormone levels, including 
corticosteronee (Sgoifo et al., 1996). The precise relation is not clear at this moment, since 
corticosteronee levels positively correlated with aggressive behaviour (Haller et al., 2000), 
butt adrenalectomy was also found to lead to high aggressiveness (Haller et al., 2001). 
Finally,, plasma corticosterone levels established in SAL and LAL mice together were 
inverselyy related with the magnitude of the 5-HT responses in these animals, although 
suchh inverse relationship could not be demonstrated in the LAL group only. Clearly, more 
indicess of the HPA system, particularly in the paraventricular nucleus, would need to be 
monitoredd to further test this notion. Thus, GR expression appears to be clearly modulated 
byy chronically elevated corticosteroid levels in hypothalamus (Herman et al., 1995), while 
changess in hippocampal subfields are less unequivocal (Lopez et al., 1998; Paskitti et al., 
2000).. In agreement, we observed few changes in hippocampal MR and GR mRNA 
expressionn between SAL and LAL mice. 
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Inn conclusion, the present study shows that the earlier reported (Korte et al., 
1996)) reduced 5-HT,A-R binding capacity and mRNA expression in the CM hippocampal 
areaa of LAL mice is associated with an attenuated functional response of CA1 pyramidal 
neuronss to 5-HT. Based on observations in rats (Karten et al., 1998), these changes in 
functionall  response to 5-HT can have substantial effects on the information flow within 
thee hippocampus and the output to areas that are directly or indirectly linked to the 
hippocampus,, including the paraventricular nucleus of the hypothalamus. 
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Abstract t 
Inn this study, we examined NCAMi80 and NCAMtota, mRNA expression in two 

models,, i.e. 1) maternal deprivation; 2) chronic high exogeneous corticosterone 
administration,, with or without treatment with the GR antagonist RU-486. In the maternal 
deprivationn model, pups were isolated from their mothers and home-cage for 24 h at 
PND3-4.. After this stressful event early in life, animals were left undisturbed. At adult 
age,, these rats show attenuated 5-HT1A receptor-mediated responses in the CA1 area of 
thee hippocampus. Attenuated 5-HT,A receptor-mediated responses have also been found 
afterr chronic high corticosterone treatment. In both instances, these attenuated responses 
weree not accompanied by changes in 5-HT1A receptor mRNA in the hippocampus. 

Neuronall  cell adhesion molecules (NCAMs) are involved in lipid raft association 
off  inwardly rectifying K+ (Kir) channels and influence surface localization of Kir 
channels.. NCAMs are also shown to be sensitive to acute and chronic stress. Therefore, 
wee looked at NCAM expression as a possible target for corticosteroids to attenuate 5-HT 
responsivenesss in the hippocampus. 

Inn both models tested, in situ hybridization for NCAM180 and NCAMtota) revealed 
noo changes in expression patterns in the hippocampus and can therefore not explain 
attenuatedd 5-HT1A responses found in these animal models. Apparently, other components 
off  the 5-HT1A receptor signal transduction pathway are involved in the corticosteroid-
mediatedd attenuation of 5-HT responsiveness in the hippocampus. 
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Introductio n n 

Activationn of the hypothalamo-pituitary-adrenal axis (HPA-axis), e.g. by stress, 
causess an increase in the secretion of corticotrophin releasing hormone (CRH) which 
reachess the pituitary. In response to CRH, the pituitary releases adrenocorticotrophic 
hormonee (ACTH) into the circulation, which reaches the adrenal glands. The adrenal 
glandss in turn secrete Cortisol (in humans) or corticosterone (in rodents) (Clarke and 
Davison,, 1989), which can pass the blood-brain barrier and affect several functions in the 
brain.. In the brain, corticosteroids can bind to two receptors, the high affinity 
mineralocorticoidd receptor (MR), which is occupied at low levels of corticosteroids, and 
thee lower affinity glucocorticoid receptor (GR), which becomes occupied when the level 
off  corticosteroids increase, e.g. during the circadian peak or after stress (Reul and De 
Kloet,, 1985; Reul et al., 1987a; Reul et al., 1987b). The differential occupation of these 
twoo receptors determines the response to several neurotransmitters, including serotonin 
(5-hydroxytryptamine,, 5-HT). When the level of corticosterone is low, so with 
predominantt MR occupation, the response to 5-HT is small in CA1 pyramidal neurons of 
thee hippocampus (Beck et al., 1996; Joëls et al., 1991). When the level of corticosterone 
rises,, e.g. after stress, the GR becomes additionally occupied and the response to 5-HT 
increasess (Hesen and Joëls, 1996). However, when no corticosteroids are present, e.g. 
afterr adrenalectomy, the response to 5-HT is also large (Hesen and Joëls, 1996). So, 5-HT 
responsess show a U-shaped dependency on corticosteroid levels (Hesen and Joëls, 1996; 
Joëlss and De Kloet, 1992; Joëls et al., 1991). 

Inn previous studies, we examined 5-HT responsiveness in various animal models 
wheree corticosteroid levels are elevated for a prolonged and/or critical period in life. In 
thesee studies, we showed that functional 5-HT responses are attenuated after prolonged 
highh corticosteroid levels at different time-points of life (Karten et al., 1999; Van Riel et 
al.,, 2003a; Van Riel et al., 2002; Van Riel et al., 2003b). The attenuated 5-HT response 
wass in most cases not accompanied by a difference in mRNA expression for the 5-HTiA 

receptor,, indicating that processes other than transcriptional regulation of this receptor are 
involved.. This could for instance involve post-translational surface expression of 5-HT, A 

receptors. . 
Interestingly,, recently it was found that mutant mice with no neuronal cell 

adhesionn molecules (NCAMs) show anxiolytic behaviour at lower doses of the 5-HT,A 

receptorr agonists 8-OH-DPAT and buspirone when compared to control mice, indicating a 
sensitizationn to the activation of the 5-HT1A receptor (Stork et al., 1999). Despite the 
increasedd 5-HT1A receptor functionality, 5-HT synthesis, release and 5-HT1A receptor 
mRNAA expression were not changed in these NCAM knockouts. This led to the idea that 
NCAMss might affect the inwardly rectifying K+ channels (Kir) channels involved in 5-
HT1AA receptor mediated responses (Stork et al., 1999). In hippocampal cell culture from 
NCAMM deficient mice, Kir3 currents were indeed increased compared to wild type 
controls,, due to an increased surface localization of Kir3 channels (Delling et al., 2002). 
Bothh neuronal Kir3 and NCAMs are associated with cholesterol-rich microdomains, the 
so-calledd lipid rafts, which localize Kir channels in the cell membrane. 

Differentt NCAM isoforms exist (NCAM120, NCAM140 and NCAM,80), which are 
generatedd by alternative splicing (Barthels et al., 1988; Santoni et al., 1987). NCAM140 

andd NCAM ]80, which are present in neurons, cause a disruption of lipid rafts association, 
therebyy reducing the Kir3 surface localization, while NCAM120 has no disrupting effect on 

72 2 



NeuronalNeuronal cell adhesion molecules 

lipidd rafts. Accordingly, transfection of hippocampal cell cultures from NCAM-deficient 
micee with NCAM!40 or NCAM180 reduced Kir3 currents (Delling et al., 2002). 

Thee different NCAM isoforms show a different regulation by stress and 
corticosteroids,, particularly in the prefrontal cortex, but also in the hippocampus. For 
example,, chronic stress causes a reduction in the expression of NCAMtotai and NCAM]40, 
withh no reduction in NCAM180 in the hippocampus (Sandi et al., 2001; Venero et al., 
2002). . 

Inn this study, we investigated whether mRNA expression for NCAMtotai and 
NCAMM i8o is changed in two animal models where 5-HTiA responses were found to be 
attenuated:: First, animals which received injections with a high exogeneous corticosterone 
concentrationn (or vehicle) for 3 weeks; part of these animals were pre-treated with RU-
486.. Second, maternally deprived versus non-deprived rats. We examined if increases in 
NCAM]goo and NCAMtotal mRNA expression in the hippocampus, which could account for 
thee attenuated 5-HT1A receptor-mediated responses, are present in these models. 

Experimentall  procedures 

MaternalMaternal deprivation 
Alll  rats used for these experiments were bred in our own laboratory. The breeder 

adultt rats (8 female and 2 male Wistar rats of 16 weeks of age) were supplied by Harlan 
(Harlan,, Horst, The Netherlands) and were used for the breeding of 30 pups. Two 
nulliparouss females were housed together with one male for seven days. After seven days, 
thee male was removed from the cage and from that time on, females were weight every 
dayy at 9.00 a.m. When pregnancy became visible, females were single-housed in standard 
cagess with food and water ad libitum. Every day at 9.00 a.m., cages were checked for 
pups.. Pups found at 9.00 a.m. were appointed to be born the day before. Day of birth was 
denotedd postnatal day 0 (PND0) and pups were left undisturbed on this day. On PND1, 
genderr was determined and litters were culled to 4 male and 4 female pups to prevent 
differencess in maternal care towards male and female pups (Cirulli et al., 1997). 

Forr maternal deprivation, we used the so-called 'half-litter' procedure (Workel et 
al.,, 1997). This means that half of the pups (2 males,, 2 females) were separated from the 
damm for 24 h, while the other half of the litter was left undisturbed and used as non-
deprivedd controls. In this way, the hormonal state of the dam and the maternal care 
behaviourr are left undisturbed. Also, both control and deprived animals were nurtured by 
thee same dam, which excludes dam-specific differences between deprived and non-
deprivedd control animals. On PND3, 2 male and 2 female pups were taken out of the 
homee cage and placed in a plexiglas box with sawdust on top of a heating platform (33 °C) 
inn an adjacent room. The other pups stayed in their home cage with the dam. 24 h later, at 
9.000 a.m. on PND4, pups were marked by toe-clipping and placed back in the home cage 
withh the rest of the litter. From that point on til l the day of weaning, pups were left 
undisturbed,, except for a replacement of a small part of the sawdust once during this 
period.. After weaning at PND21, two rats were housed together in standard cages with 
foodd and water ad libitum. One week before electrophysiological recordings, rats were 
housedd individually. All experiments were done in male rats of 3 months of age. All 
experimentss were approved by the local animal committee (DEC, protocol DED82). At 
thee day of the experiments, one rat at a time was killed. Half of the brain was used for 
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electrophysiology;; the other hemisphere was kept for in situ hybridization. The latter 
tissuee was used for the present study. 

ChronicChronic treatment with glucocorticoids and antiglucocorticoids 
Alll  animals were male Wistar rats (Harlan, Horst, The Netherlands) of nine 

weekss of age at the beginning of the experiment. Rats were randomly assigned to the three 
experimentall  groups; 1) vehicle, 2) corticosterone treated and 3) combined corticosterone 
andd RU-486 (mifepristone; Sigma, Zwijndrecht, The Netherlands) treated animals. Rats 
weree housed individually to avoid wounds at the injection site, and had access to water 
andd food ad libitum. Animals were injected daily for 21 days at 9.00 a.m. with oil (vehicle 
group)) or corticosterone (corticosterone group and corticosterone + RU-486 group) 
(Sigma,, The Netherlands; 10 mg/animal). The corticosterone + RU-486 group 
experimentall  group also received injections with the GR antagonist mifepristone (RU-
486,, 25 mg/kg) twice daily from day 17 until day 21 of the protocol. All injections were 
givenn subcutaneously. The concentrations used were chosen based on earlier studies 
(Karstt et al., 1997; Karten et al., 1999). All experiments were approved by the Local 
Animall  Experimentee Committee (project number DED88). The study was designed in a 
wayy to prevent possible suffering of animals and to limit the number of animals used as 
muchh as possible. 

Att day 22, rats were rapidly decapitated early in the morning and trunk blood was 
collected.. The brain was dissected out of the skull, rapidly frozen on dry ice and stored at 
-800 °C. Adrenals and thymus were dissected out of the body and weighed on an analytical 
balancee (Explorer, Ohaus, France). 

InIn situ hybridization 
166 uM coronal sections were cut on a cryostat and mounted on Superfrost Plus 

slidess (Menzel-Glaser, Braunschweig, Germany). Sections were stored at -80 °C until use. 
Forr in situ hybridization, sections were fixed in 4% paraformaldehyde for 10 minutes at 4 
°C,, then washed twice for 5 minutes in PBS (phosphate buffered saline) at room 
temperature.. Sections were acetylated for 10 minutes in 0.1 M triethanolamine with 0.9% 
NaCll  and 2.5 ml/1 acetic anhydride and dehydrated in ethanol (60%, 80%, 90%, 95%, 
100%»;; 5 minutes each), put in chloroform for 5 minutes, in 100%» ethanol and air-dried. 
Thee slides were placed into a box lined with filtration paper soaked with 50% formamide. 
Next,, 700 ul of prehybridization buffer (50% deionized formamide; 0.6 M NaCl; 0.02 M 
PIPES;; 0.02 M EDTA; 5x Denhardt's; 0.2% SDS, 10 mM DTT, 250 ug/ml herringsperm 
DNA;; 250 «ug/ml yeast tRNA) was pipetted onto the sections and left to incubate at 50°C 
forr about 2 hours. 

Antisensee and sense RNA probes labelled with [35S]-UTP were generated with 
T33 or T7 RNA polymerase from linearized cDNA subclones of NCAMtolai or NCAM180. 
Probess were resuspended in hybridization buffer (50%» deionized formamide; 10% 
dextranee sulphate; 0.6 M NaCl; 0.02 M PIPES; 0.02 M EDTA; 5x Denhardt's; 0.2% SDS, 
100 mM DTT, 250 ug/ml herringsperm DNA; 250 ug/ml yeast tRNA) containing about 2 
millionn cpm and 100 ul of this hybridization mixture was applied to the sections. Slides 
weree coverslipped and incubated overnight in a moisturized chamber at 50 °C. The next 
day,, coverslips were removed and sections were washed 3 times in 4x SSC for 5 minutes, 
incubatedd for 30 min in 0.5 M NaCl, 10 mM Tris-HCl pH7.5, 1 mM EDTA and 40 |*g 
RNasee A/ml at 37 °C, then 30 min in the same buffer without RNase at 37 °C, and 2 times 
155 minutes in 2x SSC at 50 °C. Sections were rinsed in deionized water, 60% ethanol and 
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100%% ethanol, air-dried and exposed to Biomax MR films (Kodak, The Netherlands) for 5 
days. . 

Afterr 5 days, films were developed in GBX developer (Kodak, The Netherlands) 
forr 5 minutes, rinsed in running tap water for 30 seconds, fixated in GBX fixer (Kodak, 
Thee Netherlands) for 7 minutes, washed in running tap water for 7 minutes, rinsed in 
Millipor ee water and air-dried. 

Analyses Analyses 
Filmss were scanned and loaded into NIH Image (NIH Image 1.62). Sections were 

correctedd for background. In each section, the CAI, CA3 and dentate gyrus were analyzed 
forr grey values. The value of the stratum lacunosum/moleculare of the CA3 area was used 
ass tissue background. Grey values were averaged for all hippocampal sections of one 
animal.. In the end, all values from one experimental group were averaged. The maternally 
deprivedd animals were compared to the control animals. The corticosterone-treated 
animals,, the vehicle treated animals and the corticosterone plus RU-486 treated animals 
weree compared to each other. 

Al ll  data are represented as average +/- standard error of mean (SEM). Data were 
statisticallyy tested by means of an unpaired, Student's t-test. When standard deviations 
weree not equal between the experimental groups tested, a non-parametric MannWhitney-
U-testt was applied to the data. 

Results Results 

MaternalMaternal deprivation 

BodyBody weight, adrenal weight, thymus weight and basal corticosterone 
concentration concentration 
Animalss were weighed prior to decapitation. No differences were found between 

maternallyy deprived and control animals in body weight at the day of the experiment. 
Adrenall  weight and thymus weight were also both not changed in maternally deprived 
animalss when compared to control animals, at 3 months of age. Adrenal weight was not 
significantlyy changed between control and DEP animals when corrected for body weight. 
Also,, thymus weight corrected for body weight was not significantly different between the 
twoo groups. Similarly, basal corticosterone levels were not different for control and 
deprivedd animals (see Table 5.1). 

NCAMisoNCAMiso and NCAM,otal mRNA expression 
Controll  and maternally deprived animals were compared with each other 

regardingg the two probes used, NCAMi80 and NCAMtotai. Both probes showed a clear 
distributionn in the hippocampus, i.e. with moderate levels of expression in the CA1 and 
CA33 region, and high levels of expression in the DG, which was described before (Venero 
ett al., 2002). 

Forr NCAM|80 mRNA expression, no significant changes were found between the 
twoo experimental groups in the CAI, CA3 and DG of the hippocampus. NCAMtotal 

mRNAA expression was also not significantly different in all three tested areas of the 
hippocampuss between control and maternally deprived animals. 
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TableTable 5.1: Body weight, adrenal weight, thymus weight and basal corticosterone concentration in control and 
maternallyy deprived rats (DEP), at 3 months of age. 

Bodyy weight (g) 

Adrenall  weight (mg) 

Adrenall  weight / 100 g 
bodyy weight 
Thymuss weight (mg) 

Thymuss weight / 100 g 
bodyy weight 
Basall  corticosterone 
concentration n 
[CORT]]  (ug/dl) 

Control l 
372.88 7 
n=15 5 
24.33 0 
n=15 5 
6.55 3 
n=15 5 
636.88 = 19.2 
n=14 4 
170.99 0 
n=14 4 
2.33 5 
n=12 2 

DEP P 
369.99 5 
n=15 5 
23.99 2 
n=15 5 
6.44 3 
n=15 5 
618.88 9 
n=15 5 
166.22 5 
n=15 5 
2.44 3 
n=12 2 

P-value e 
0.74 4 

0.70 0 

0.72 2 

0.62 2 

0.65 5 

0.81 1 

Seee also Chapter 3, page 47. For the sake of clarity, the same table is included in this chapter. 

Ocontroll 2 ' " 

II  DEP 
CAII CA3 

II  DEP 

FigureFigure 5.1: mRNA expression of NCAM]8o (above) and NCAM,Mil i (under) are not changed between maternally 
deprivedd and control animals in CAI, CA3 and DG of the hippocampus. Insets show the hybridization patterns 
forr the two experimental groups. 
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ChronicChronic treatment with glucocorticoids and antiglucocorticoids 

BodyBody weight, adrenal weight, thymus weight and basal corticosterone 
concentration concentration 
Bodyy weight at time of decapitation was not significantly changed between the 

threee experimental groups. Gain in body weight was decreased (though not significantly) 
inn CORT treated animals; a significant decrease in body weight gain was observed in the 
RU-4866 treated group when compared to vehicle-treated animals. Adrenal weight was 
affectedd by the different injection regimes. Adrenal weight was significantly decreased in 
thee CORT-group and the RU-486 group when compared to the vehicle group. Also, when 
adrenall  weight was corrected for body weight, the differences were highly significant: 
Adrenall  weight per 100 g body weight was significantly decreased in the CORT and the 
RU-4866 group compared to the vehicle group. Thymus weight was significantly lower in 
CORTT and RU-486 treated animals compared to vehicle-treated animals. Also,, when 
correctedd for body weight, thymus weight was significantly decreased in the CORT group 
andd the RU-486 group compared to the vehicle group (Table 5.2). 

Thee corticosterone concentration was significantly elevated in the CORT group 
comparedd to the vehicle group, even a day after the last injection. Corticosterone 
concentrationn in the RU-486 group was elevated, but this did just not reach statistical 
significancee when compared to the vehicle group. Corticosterone levels were not 
significantt different between CORT and RU-486 treated animals (Table 5.2). 

TableTable 5,2: Body weight, adrenal weight, thymus weight and basal corticosterone concentration in control and 
corticosteronee (CORT) or CORT + RU-486 (RU) treated rats. The number of animals is 8 for each group. 

Bodyy weight (g) 
Bodyy weight gain (g) 
Adrenall  weight (mg) 
Adrenall  weight /100 g 
bodyy weight 
Thymuss weight (mg) 
Thymuss weight / 100 g 
bodyy weight 
Basall  corticosterone 
concentration n 
[CORT]]  (ug/dl) 

vehicle e 
353.88 7 
76.33 8 
15.00 4 
4.33 2 

657.88  60.4 
184.55  14.7 

1.44 3 

CORT T 
350.88 8 
67.00 9 
7.33 ' 
2.11 4 

6 6 

S S 

4.33  1.510 

^^  , . < f. J 

RU U 
346.88  8.8 

' ' 
3 3 

2.55 ' 

431.77 ' 
123.44  14.19 

3.77  1.2 

'P== 0.05; "P= 3.2.10'6; 3P= 1.2.10"3; 4P= 3.2.10*; 5P= 6.1.103; 6P= 0.005; 7P= 0.02; 8P= 
0.003;; 9P= 0.009; 10P= 0.05. 

NCAMNCAM]80]80 and NCAMlotai mRNA expression 
Forr the two probes, all areas of the hippocampus examined, i.e. CAI, CA3 and 

DG,, were compared between the three experimental groups. In all groups, the pattern of 
NCAMtotaii  and NCAMi80 mRNA expression was similar to that described earlier by 
Veneroo et al. (Venero et al., 2002). Yet, NCAM lg0 mRNA expression was not 
significantlyy altered in the hippocampus after treatment, neither in CAI, CA3 nor DG. 
NCAM totall mRNA expression was also not changed between the three experimental 
groupss in any of the hippocampal subregions examined. 
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CAII  CA3 DG 

oVEH H 
•• CORT E 20 
•• RU a o 

CAII CA3 DG 

FigureFigure 5.2: mRNA expression of NCAMigo and NCAMto,ai are not changed after 21-day injections with high 
exogeneouss corticosterone or high exogeneous corticosterone in combination with the GR antagonist RU-486 
whenn compared to control animals. Insets are shown for all conditions for both probes. 

Discussion n 

Previouss studies showed that 5-HT,A receptor-mediated responses in the CA1 
areaa are attenuated in the presently used animal models, i.e. in animals which were 
exposedd to 3 weeks injection with high exogeneous corticosterone concentration (or 
vehicle);; and in maternally deprived versus non-deprived rats (Karten et al., 1999; Van 
Riell et al, 2003b). Responses via the 5-HT,A receptor involve currents via Kir3 channels 
(Ehrengruberr et al., 1997). Recently, Delling et al. (2002) showed that Kir3 currents are 
increasedd in hippocampal cell cultures of NCAM deficient mice; currents could be 
attenuatedd by transfection with NCAM140 and NCAMi80. The authors suggested that this 
reductionn in Kir3-currents in presence of NCAMI40 and NCAMi80 is the result of a 
reducedd surface localization of the channel (Delling et al., 2002). We therefore tested the 
hypothesiss that NCAM,8o and NCAMtotai mRNA expression are increased in our animal 
models.. Contrary to the hypothesis, we show that the expression of NCAM180 and 
NCAM,otaii mRNA is not significantly changed in CAI, CA3 and DG of the hippocampus 
afterr maternal deprivation or long-term administration of corticosterone, with or without 
thee GR antagonist RU-486. 

Forr the maternal deprivation study, no changes in HPA-axis parameters like body 
weight,, adrenal weight, thymus weight and plasma corticosterone levels were found. In 
thee same animals as used in this study, intracellular recordings from CA1 pyramidal 
neuronss of the hippocampus have been made. In animals subjected to maternal 
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deprivationn early in life, attenuated 5-HT1A receptor-mediated responses have been found 
whenn compared to non-deprived control animals (Van Riel et al., 2003b). Apparently, 
stressfull  events during the stress-hyporesponsive period, do not affect mRNA expression 
off  NCAM!80 and NCAMtotal at adult age. Possibly, maternal deprivation interferes with 
otherr components of the 5-HTiA receptor signalling pathway, thereby causing attenuation 
off  5-HTiA receptor-mediated responses at adult age. 

Administrationn of exogeneous corticosterone for 21 days has been shown earlier 
too attenuate 5-HT responses in thee CA1 area of the hippocampus (Karten et al., 1999). In 
thee present study, we combined the 21-day injection protocol of corticosterone with four 
dayss of RU-486 injections during day 17-21 of the protocol. This protocol was inspired by 
aa recent study of Belanoff et ah, in which patients suffering from psychotic depression 
showedd clinical improvement when treated with RU-486 for four days (Belanoff et al., 
2001).. We were not able to show differences in HPA-axis parameters between the 
corticosterone-injectedd and the corticosterone + RU-486 injected animals, which suggests 
thatt RU-486 is not capable to reverse the corticosterone-induced effects on adrenal weight 
andd thymus weight, at least not in this concentration and injection regime. Possibly, RU-
4866 is capable of reversing the effects of mild elevations in the endogeneous 
corticosteronee level, as seen in humans suffering from major depression. 

Wee can conclude that the animals injected with corticosterone are subjected to 
prolongedd high corticosteroid effects. Earlier studies by others showed that NCAMs are 
sensitivee to stress and corticosteroids. For example, 21-day restraint stress was shown to 
causee a significant decrease in NCAMtotal mRNA expression in the hippocampus, with no 
changess in NCAM180 mRNA expression (Sandi et al., 2001; Venero et al., 2002). Chronic 
psychosociall  stress caused a reduction in NCAM140 expression in the hippocampus, with 
noo changes in the NCAM]20 en NCAMi80 isoforms (Touyarot et al., 2004), suggesting that 
thee reduction in NCAMtotal is mostly accounted for by reductions in NCAMH0. So, the 
differentt isoforms seem to have a different sensitivity to stress. We were unable to show 
differencess in both NCAM180 and NCAMtotal mRNA expression after a 21-day protocol of 
highh corticosterone injections, in line with an earlier study using this protocol (Sandi and 
Loscertales,, 1999). Clearly, chronic stress and chronic high corticosterone treatment are 
nott fully comparable protocols. For one thing, chronic corticosterone injections suppress 
HPA-axiss activity, whereas chronic restraint stress causes an activation of all components 
off  the HPA-axis. Possibly, other components of the HPA-axis than corticosterone itself 
aree responsible for the decreases in NCAMtota, mRNA expression after chronic restraint 
stress. . 

Inn summary, changes in 5-HT responsiveness in the hippocampus seen after 
maternall  deprivation and prolonged high corticosteroid levels at adult age can not be 
explainedd by changes in the mRNA expression of NCAM lg0 orNCAMtota, in the 
hippocampus.. There may be differences in protein level of different NCAMs, but data so 
farr do not point in this direction (Sandi and Loscertales, 1999). Other potential targets, 
likee regulators of G protein signalling (RGS) or coupling of the 5-HT,A receptor to the G 
proteinn and K+ channel, would be interesting topics to investigate in future studies. 

Referencess are shown in thee back of this thesis. 
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6.11 Summary of the findings in this thesis 

6.1.16.1.1 Aim of this thesis 
Inn this thesis, we investigated the effect of periods of prolonged high 

corticosteroidd levels at different time-points in life on 5-HT neurotransmission in the 
hippocampus.. We hypothesized that under these circumstances corticosteroids cause a 
graduall  attenuation of 5-HT responsiveness in limbic areas. 

6.1.26.1.2 Main findings of this thesis 
Thee effects of acute stress on several functions of the hippocampus have been 

studiedd extensively (Chaouloff, 2000; Korte, 2001; McEwen, 1999; Sapolsky, 1999). 
However,, at the start of this thesis, littl e was known about the effects of chronically 
elevatedd corticosteroid levels on cellular function in the hippocampus. At that time, 
severall  studies had described the effect of chronic stress or high exogeneous 
corticosteronee levels on 5-HT1A receptor mRNA expression (Flugge et al., 1998; Holmes 
ett al., 1995; Karten et al., 1999; Lopez et al., 1998; Neumaier et al, 2000; Tejani-Butt and 
Labow,, 1994; Watanabe et al., 1993). A limited number of studies had looked at the effect 
off  high exogeneous levels of corticosterone on 5-HTiA receptor-mediated responses 
(Kartenn et al., 1999; Mueller and Beck, 2000). In the latter studies it had been found that 
long-termm exposure to high exogeneous corticosterone concentrations attenuates 5-HT 
responsess in the hippocampus. Although this gives an indication about the effects of high 
corticosteroidd levels, this is not completely comparable with a situation of HPA-axis 
hyperactivityy and consequent increases in endogeneous corticosteroid levels, because 
exogeneouss application of corticosterone suppresses HPA-axis activity. Therefore, in this 
thesis,, we investigated the effect of long-term elevations in endogeneous corticosteroid 
levelss on serotonergic neurotransmission in the hippocampus in different animal models. 

AA chronic unpredictable stress protocol was used to determine the effects of 
chronicc stress on 5-HT responses in the hippocampus of adult rats. We found that chronic 
unpredictablee stress causes an attenuation of 5-HT1A receptor-mediated responses in CA1 
pyramidall  neurons when compared to non-stressed control animals. This effect could not 
bee explained by decreases in 5-HT1A receptor mRNA expression, since the expression was 
nott changed in CAI, CA3 or DG. MR mRNA expression was not changed in the CA1 and 
CA33 area, but showed an increase in the DG of stressed animals compared to control 
animals.. GR mRNA expression was not changed in all hippocampal subregions examined 
(Chapterr 2). 

Afterr the observation that chronic stress can attenuate 5-HT responses in adult 
rats,, we hypothesized that stress early in life possibly could affect 5-HT responsiveness 
laterr on in life. To investigate the effect of early life stress, we deprived 3-day old rat pups 
fromm maternal care for 24 hours. At 3 months of age, 5-HT responses were recorded in 
CA11 pyramidal neurons of the hippocampus. Attenuation of 5-HT1A receptor-mediated 
responsess was seen in maternally deprived compared to control animals, showing that 
earlyy life stress can cause changes in 5-HT responsiveness, lasting into adulthood. The 
mRNAA expression for MR, GR and 5-HT,A receptors did not show any differences 
betweenn deprived and control animals in the hippocampus (Chapter 3). 

Next,, we studied 5-HT,A receptor-mediated responses in two mice lines 
geneticallyy selected for aggression. Short attack latency mice (SAL) show lower 
corticosteroidd levels and these mice differ in several HPA-axis indices and aspects of the 
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5-HTT system from long attack latency (LAL ) mice (Korte et al., 1996). SAL mice have 
loww corticosteroid levels and high levels of 5-HT,A receptor mRNA expression, while 
LALL mice display high corticosteroid levels and low 5-HT1A receptor mRNA expression. 
Wee found that 5-HT-induced hyperpolarization and decrease in input resistance were 
attenuatedd in LAL mice compared to SAL mice. The mRNA expression of the 5-HT[A 

receptorr was decreased in LAL mice compared to SAL mice in the CA1 area, with no 
changess in other hippocampal regions. MR mRNA expression was found to be elevated in 
thee DG of LAL mice compared to SAL mice, with no changes in CA1 and CA3. No 
changess were found in hippocampal GR mRNA expression (Chapter 4). 

Afterr the consistent finding of attenuated 5-HT responses in different animal 
models,, we investigated a possible mediator of the attenuation, NCAM. NCAMs are 
suggestedd to be involved in the localization of GIRK channels in the membrane (Delling 
ett al., 2002). We therefore hypothesized that mRNA expression for NCAM are increased 
inn the hippocampus of animals exposed to high doses of exogeneous corticosterone or to 
maternall  deprivation. Yet, we found no significant changes in mRNA expression of the 
NCAMM isoforms NCAM180 and NCAMtotai in the hippocampal CAI, CA3 and DG regions 
afterr 21 days of injections with a high corticosteroid dose or high corticosteroid levels in 
combinationn with administration of the GR antagonist RU-486. Maternal deprivation also 
didd not change mRNA expression of these two NCAM isoforms. 

Inn summary, the work in this thesis shows that dysregulation of the HPA-axis at different 
time-pointss in life attenuates 5-HTiA receptor-mediated responses in CA1 pyramidal cells 
off  young adult animals. In general, this attenuation is not accompanied by changes in 
mRNAA expression for either the 5-HTiA receptor, or the MR and GR in the CA1 area of 
thee hippocampus. 

6.22 Stress models 

Thee chronic unpredictable stress model was chosen to prevent adaptation to the 
stressorr (Garcia et al., 2000). Measurement of HPA-axis parameters indicate that the 
animalss were indeed subjected to stress for a prolonged period of time. However, basal 
corticosteronee levels were not elevated to a major extent when measured approximately 
166 hours after the last stressor. Therefore, it might be speculated that some adaptation to 
thee stressor does occur at the end of the 21-day stress protocol. Clear changes in other 
HPA-axiss parameters were seen: Body weight gain was attenuated, adrenal weight 
increasedd and thymus weight decreased. From these data, we conclude that animals 
subjectedd to chronic unpredictable stress display a hyperactive HPA-axis. It would be 
interestingg to obtain more data regarding the response to acute stress at different time-
pointss during the stress protocol in these chronically stressed animals, to provide a better 
insightt in feedback regulation during the protocol. Next to further validation of the 
chronicc unpredictable stress model in terms of stress responsiveness, some interventions 
aree also interesting to consider. For example, administration of a GR antagonist, like RU-
486,, would be an option. This can be done before the start of the stress protocol to see if 
chronicc stress-induced changes in hippocampal 5-HT responsiveness can be prevented by 
blockadee of the GR. From a clinical point of view, it would also be interesting to test if 
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RU-4866 administration during or after the chronic stress paradigm can restore the 
responsee to 5-HT. 

Clinicall  studies suggest that stressful events early in life can contribute to the 
developmentt of major depressive disorder (Breier, 1989; Heim and Nemeroff, 2001; 
Pettitoo et al., 1992; Stein et al., 1996; Stokes, 1995). At the start of this thesis, no data 
weree available about 5-HT responses after maternal deprivation, but several studies 
showedd that the expression of 5-HT1A receptor mRNA was increased in the CA1 area of 
thee hippocampus at different ages, i.e. immediately after deprivation and in senescence, 
thoughh not in young adult animals (Sibug et al., 2001; Vazquez et al., 2002;; Vazquez et 
al.,, 2000). Immediately after deprivation, several parameters of the HPA-axis are changed, 
likee increased basal corticosterone and ACTH levels (Van Oers et al., 1999; Vazquez et 
al.,, 2000) and an enhanced corticosterone response to stress (Avishai-Eliner et al., 1995; 
Vazquezz et al., 2002). Also, increased adrenal weight was found two weeks after the 
deprivationn procedure (Workel et al., 1997). At adult age, enhanced basal corticosterone 
levelss have been observed, together with an attenuated corticosterone response to novelty 
stresss (Rots et al., 1996; Workel et al., 2001), while the corticosterone and ACTH 
responsee to stress was found to be prolonged in maternally deprived animals compared to 
controll  animals (Penke et al., 2001). However, elevated corticosterone levels were not 
alwayss found in young adult animals subjected to maternal deprivation (Lehmann et al., 
2002).. It should be kept in mind that the deprivation protocols used in these studies 
differedd somewhat from the protocol used in this thesis and also different rat strains were 
used.. We have used the 24-hour deprivation protocol on PND3-4, because it was 
previouslyy shown to affect both the HPA-axis and the 5-HT system (Sibug et al., 2001; 
Vann Oers et al., 1998; Workel et al., 2001; Workel et al., 1997). In our hands, animals 
subjectedd to maternal deprivation at PND3-4 did not show any change in body weight, 
adrenall  weight, thymus weight and plasma corticosterone levels at 3 months of age. 
However,, with our experimental design, we can not exclude effects of maternal 
deprivationn on HPA-axis activity at other time-points. First, no data were obtained during 
thee stress hyporesponsive period (SHRP). Other studies showed clear elevations in plasma 
corticosteronee levels 24 hours after deprivation (Vazquez et al., 2002; Vazquez et al., 
1996).. If corticosteroid levels are elevated during the extremely sensitive interval of the 
SHRP,, this may lead to disturbances of HPA-axis development and long-lasting effects on 
HPA-axiss functioning (Cirulli , 2001; Levine, 1994; Levine et al., 2000; Rosenfeld et al., 
1992),, without clear signs of hypercorticism. Second, we collected no data from 
previouslyy maternally deprived animals after exposure to stress. Corticosteroid responses 
too stress might be impaired or hyperactive in maternally deprived rats, so that deprivation 
effectss on HPA-axis function might become clear only when the animal is disturbed or 
'offset-point'.. However, if existing, these two phenomena are clearly not strong enough 
too change HPA-axis parameters, like body weight, adrenal weight and thymus weight. 
Althoughh no differences were observed between deprived and non-deprived animals in 
HPA-axiss parameters, 5-HT responsiveness was changed at adult age. Therefore, the 
maternall  deprivation protocol can be considered as an interesting model to examine the 
effectss of HPA-axis dysregulation early in life on 5-HT system functioning in adulthood. 

LALL mice are suggested to have a hyperactive (Korte et al., 1996) or 
hyperresponsivee HPA-axis (Veenema, 2003), probably from youth to senescence, 
althoughh data over the entire lifespan are lacking. The genetic selection of these animals, 
though,, makes it difficult to interpret our results. SAL and LAL mice are genetically 
selectedd on aggression, but we can not rule out the possibility of genetic co-selection on 
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componentss of the 5-HT system, like the 5-HT1A receptor. This makes it hard to determine 
thee degree of influence of a hyperresponsive HPA-axis on 5-HT,A receptor-mediated 
responsess (see also 6.3.2). In this study, we did not obtain many data regarding the 
neuroendocrinee state of SAL and LAL mice, but earlier studies showed elevated basal 
plasmaa corticosterone levels in LAL mice compared to SAL mice in the early dark phase 
(Kortee et al., 1996). However, Veenema et al. (2003b) showed that SAL mice display 
higherr corticosterone levels during the light phase when compared to LAL mice, together 
withh a lack of fluctuation in corticosterone levels during the light and dark phase in LAL 
mice.. In our study, we showed elevated levels of plasma corticosterone levels in LAL 
micee compared to SAL mice 30-45 minutes after novelty stress. In agreement, Veenema 
etet al. (2003) showed that the corticosteroid response to stress is prolonged in LAL mice 
comparedd to SAL mice (Veenema et al., 2003a; Veenema et al., 2003b). Recording of 5-
HTT responses at basal, non-stressed, conditions at different time-points of the day could 
reveall  if 5-HT responses are different between SAL and LAL mice regardless of HPA 
influences.. Comparison of 5-HT responses at basal and stressed conditions could reveal 
moree information about the influence of HPA-axis activity on 5-HT responses. 

Injectionn of rats with high exogeneous levels of corticosterone, with or without 
RU-4866 application, did cause changes in some parameters related to the HPA-axis status. 
Althoughh we could not demonstrate differences in body weight gain, a clear decrease in 
adrenall  weight and decrease in thymus weight were found in corticosterone and 
corticosteronee + RU-486 injected rats compared to vehicle rats. The corticosterone-treated 
groupp showed a significant elevation in plasma corticosterone levels. An elevation in 
corticosteronee was also shown in the corticosterone + RU-486 group, but this difference 
didd not reach statistical significance. Overall, these data show that 4 days of RU-486 
treatmentt was not enough to reverse adrenal atrophy and thymus involution, even though 
positivee results can be seen after short-term treatment with RU-486 in humans (Belanoff 
ett al., 2001). However, in humans, hyperactivity of the HPA axis coincides with mild 
increasess in endogeneous corticosteroid levels. Therefore, future studies should focus on 
RU-4866 treatment of chronically stressed animals, which can give more information about 
reversingg effects of HPA-axis hyperactivity. 

Takenn together, analysis of the neuroendocrine parameters showed that the 
chronicc stress protocol causes a clear hyperactivity of the HPA-axis. Maternal deprivation 
doess not cause changes in HPA-axis parameters at three months of age, at least not at the 
singlee time-point measurement in non-stressed rats, as used here. For the SAL and LAL 
mice,, data from earlier studies taken together with our data suggest that LAL mice might 
sufferr from HPA-axis hyperresponsivity. The injection protocol used in Chapter 5 was 
shownn to be efficient in raising corticosteroid levels, while other components of the HPA-
axiss are probably suppressed (Ginsberg et al., 2003). Administration of RU-486 for 4 days 
didd not reverse the effects of corticosterone. 

Becausee of the clear indices of HPA-axis hyperactivity in the chronic stress 
study,, this would be the preferential model to examine further in detail. It would be 
interestingg to study whether 5-HT responses are able to normalize after a 3-week recovery 
period.. For example, Heine et al. (2004) showed that the same chronic unpredictable 
stresss protocol as used in this thesis decreases proliferation rate in the DG, which is 
normalizedd after a 3-week recovery period. Next to experiments using GR antagonists like 
RU-4866 (as mentioned above), experiments with more natural interventions can give a lot 
off  information, useful for further development of clinical therapeutic interventions 
(Franciss et al., 2002). For example, animals can be placed in an enriched environment 
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afterr the chronic stress protocol. Also, it would be interesting to see if treatment with 
antidepressantss can restore 5-HT responsiveness after a period of chronic stress and to 
comparee the effect of antidepressants with the effect of GR antagonists. Next to chronic 
unpredictablee stress, also models using chronic psychosocial stress, which is shown to 
affectt HPA-axis parameters and some aspects of the 5-HT system, could be interesting to 
investigatee (Blanchard et al., 1995; Fuchs and Flugge, 2003; McKittrick et al., 1995; 
Meyerr et al., 2001). Also, a variant of the chronic stress model, chronic mild stress, might 
bee interesting to investigate. Chronic mild stress is a validated animal model of 
depression,, and enhanced HPA-axis activity and effects on the 5-HT system have been 
shownn to occur (Lanfumey et al, 1999; Papp et al., 1996; Willner, 1997). 

Inn summary, chronic unpredictable stress induced the clearest changes in HPA-axis 
function.. Although parameters of HPA-axis hyperactivity were not different in 3-month-
oldd rats subjected to maternal deprivation at PND3, we propose that in this study, a period 
off  high corticosteroid levels was present at a critical time-point in life. LAL mice 
supposedlyy have a hyperresponsive HPA-axis. Animals injected with high doses of 
exogeneouss corticosterone for 3 weeks experienced chronic hypercorticism, without HPA-
axiss hyperactivity. . . 

6.33 Effects of long-term exposure to high corticosteroid levels 

Bothh chronically stressed animals and SAL and LAL mice do not show changes 
inn basal cell characteristics of CA1 pyramidal neurons. So, changes in 5-HTiA receptor-
mediatedd responses can not be explained by changes in basal cell characteristics. In 
maternallyy deprived animals, resting membrane potentials were found to be somewhat 
moree depolarized than in control animals. Also, a trend towards a somewhat larger 
afterhyperpolarizationn was seen in these animals. This indicates that dysregulation of the 
HPA-axiss during the stress hyporesponsive period can interfere with the normal 
developmentt of the cell, leading to altered basal cell characteristics. A more depolarized 
restingg membrane potential may increase excitability of the cell and would increase the 
drivingg force for K+ ions during 5-HT application. Since 5-HT responses were decreased 
ratherr than increased in maternally deprived rats, we conclude that the change in basal 
membranee properties probably masked instead of contributed to the observed changes in 
5-HTT responsiveness. 

6.3.16.3.1 5-HT!A receptor-mediated responses 
Afterr long-term elevations in corticosteroid levels or dysregulation of the HPA-

axis,, 5-HT!A receptor mediated responses in CA1 pyramidal neurons are attenuated. This 
consistentt finding indicates that long-term exposure to high levels of endogeneous 
corticosteroidss decreases 5-HT responsiveness in CA1 pyramidal neurons of the 
hippocampus,, in contrast to the effect of acute stress, which increases 5-HT responses 
(Hesenn and Joels, 1996; Karten et al., 1998). Because only one concentration of 5-HT (10 
uM)) was tested, we are not able to determine the specific properties of the 5-HT receptor 
thatt are changed, i.e. the maximal response or the potency. Mueller and Beck (2000) 
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showedd that exogenous application of high doses of corticosterone for 2 weeks decreased 
bothh the potency and the maximal response to 5-HT. 

Nott only 5-HT1A receptors, but several other 5-HT receptors are probably also 
activatedd by 5-HT application. For example, 5-HT4 receptors in the CM area are 
responsiblee for a reduction in afterhyperpolarization (AHP) (Torres et al., 1995; Torres et 
al.,, 1994). These receptors are also sensitive to corticosteroids and stress (Bijak et al., 
2001).. In this thesis, we did not find major changes in the effect of 5-HT on the AHP in 
animalss that had experienced periods of HPA-axis hyperactivity at some time in life. 
Therefore,, it seems unlikely that 5-HT4 receptors influence our findings to a major extent. 

5-HT22 receptors cause, upon stimulation, a depolarization of the cell (Aghajanian 
andd Andrade, 2000; Barnes and Sharp, 1999). However, this response is much slower than 
thee 5-HT1A receptor-mediated hyperpolarization and probably does not largely affect the 
fastt hyperpolarization as measured by us. Furthermore, 5-HT2 receptors are not very 
abundantt in the CA1 area of the hippocampus (Aghajanian and Andrade, 2000; Piguet and 
Galvan,, 1994). Taken together, a major influence of 5-HT2 receptor activation on our 
resultss is also not very likely. 

Exceptt from the SAL-LAL study, intracellular recordings were made in animals 
att the beginning of the light phase, when animals are at rest and corticosterone levels are 
low,, presumably enough to occupy MR, but not sufficient to extensively activate GR 
(Reull  et al, 1987b). In vitro administration of high corticosterone levels revealed that in 
alll  cases where attenuated responses were recorded with basal corticosteroid levels, GR 
activationn still caused an increase in 5-HT responses. Apparently, the GR is still 
responsivee to high corticosteroid levels, so there seems to be no GR resistance (see 6.3.4). 

Unfortunately,, we don't have data about the situation in the dorsal raphe nucleus, 
whichh contains somatodendritic 5-HT1A receptors (Baumgarten and Grozdanovic, 2000). 
Thesee receptors are less sensitive to stress and corticosteroids when compared to 
postsynapticc 5-HT,A receptors in the hippocampus, but do contain GRs (Laaris et al., 
1995;; Tejani-Butt and Labow, 1994). Activity of the somatodendritic autoreceptors in the 
dorsall  raphe nucleus determines 5-HT release in terminal fields (Blier et al., 1988; 
Hamon,, 2000), like the hippocampus, and can in that way contribute to 5-HT responses in 
vivo.. For example, in case of attenuated hippocampal 5-HTiA receptor-mediated responses 
inn the hippocampus (as we found), this effect can be (partially) overcome by an increase 
inn 5-HT release from serotonergic neurons originating in the DRN. Such a mechanism 
mightt be present, since it has been shown that chronic ultramild stress and long-term 
administrationn of high doses of corticosteroids desensitize 5-HT1A autoreceptors in the 
DRNN (Fairchild et al., 2003; Lanfumey et al., 1999), which potentially results in an 
increasedd 5-HT release. It is even conceivable that the changes in hippocampal 
responsivenesss are an indirect (compensatory) effect of changes in the raphe nuclei 
inducedd by chronic stress. Careful comparison of the onset in time for the changes the two 
areass could resolve this issue. 

6.3.26.3.2 5-HT!A receptor mRNA expression 
Afterr prolonged stress or maternal deprivation in CAI, CA3 and DG of the 

hippocampus,, no changes in 5-HT,A receptor mRNA expression were observed. Lack of 
differencess in 5-HT1A receptor mRNA expression in the CA1 area has also been reported 
inn other studies in which animals were exposed to chronic stress or high corticosteroid 
levelss (Holmes et al., 1995; Karten et al., 1999; Lopez et al., 1998; Neumaier et al., 2000), 
althoughh other studies reported a decrease in 5-HT,A receptor mRNA expression after 
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dailyy swim stress for 21 days (Lopez et al, 1998) or 5-HTIA binding sites after chronic 
stresss in tree shrews (Flugge, 1995). Conflicting data also exist for the effects of chronic 
stresss and high exogeneous corticosteroids on 5-HT1A receptor binding (sites), with some 
studiess reporting no changes (Bush et al., 2003; Ferreti et al., 1995), while others reported 
decreasess in 5-HT1A receptor binding (Czyrak et al., 2002; Flugge, 1995; Lopez et al., 
1998).. Interestingly, the study by Czyrak et al (2002) showed clear differences in 5-HT1A 

receptorr binding between the dorsal and ventral part of the hippocampus after prolonged 
corticosteroidd treatment, with a decrease in the ventral part and no effect on binding in the 
dorsall  hippocampus. In this respect, it is important to realize that hippocampal slices in 
thiss thesis were prepared from the dorsal part of the hippocampus. Lack of differences in 
5-HTiAA receptor mRNA expression after maternal deprivation partly agrees with earlier 
observations.. Although no changes in 5-HT1A receptor mRNA expression in the CA1, 
CA33 and DG regions of the hippocampus at the age of three months have been found in a 
studyy with a similar design (Sibug et al., 2001), an up-regulation in 5-HTiA receptor 
mRNAA expression was seen in the CA1 area of the hippocampus both in young (Vazquez 
ett al., 2002; Vazquez et al., 2000) and senescent animals (Sibug et al., 2001). 

Thee lack of differences in mRNA expression of the 5-HT1A receptor, as found in 
thiss thesis, does not argue for transcriptional regulation of the receptor in this hippocampal 
subfield,, although a negative GRE is present in the promoter region of the 5-HT1A 

receptorr (Ou et al., 2001). Also, corticosteroids can, by activation of the GR, repress 
transcriptionn via two NF-KB elements in the 5-HTiA promoter. The GR also inhibits p65 
andd p65/Spl stimulated transcription, whereas the MR is only able to repress p65/Spl 
stimulatedd transcription (Meijer et al., 2000; Wissink et al., 2000). Such a dissociation 
betweenn mRNA expression and functional responses has been described earlier. For 
example,, an increase in the 5-HT response has been reported after an injection with high 
exogeneouss corticosterone (Hesen and Joels, 1996), while 5-HT1A receptor mRNA 
expressionn was decreased after in vivo high exogeneous or endogeneous corticosterone 
concentrationss (Czyrak et al., 2002; Lopez et al., 1999b). Probably, corticosteroids reach 
theirr effect by targeting other genes, of which the products in turn modulate 5-HT1A 

receptorr functioning (see further 6.4). Also, it can not be excluded that, in the 
experimentall  conditions tested, fewer 5-HT1A receptors are available in the membrane, via 
aa process not involving transcriptional regulation of the 5-HT2A receptor gene. 

Inn SAL and LAL mice, a difference in mRNA for the 5-HT,A receptor does exist, 
withh lower expression in LAL mice compared to SAL mice. Earlier, other studies also 
reportedd that 5-HT1A receptor binding is decreased in LAL mice compared to SAL mice 
(Kortee et al., 1996), which makes it very likely that this decrease in mRNA expression and 
bindingg capacity causes the attenuation of 5-HT responses recorded in these animals. 
Becausee these mice have a long history of genetic selection, it is unclear how this 
differencee in expression has evolved. Changes in HPA-axis parameters might have 
contributedd to this effect, but other factors, e.g. a direct selection on the 5-HT1A receptor 
gene,, are also likely to be involved. The 5-HT,A receptor is implicated in aggressive 
behaviourr (Cleare and Bond, 2000), which renders it likely that the difference in mRNA 
expressionn for this receptor is a result of the genetic selection, rather than of hyperactivity 
off  the HPA-axis. 

6.3.36.3.3 MR and GR mRNA expression 
Inn all models used in this thesis, no changes in MR and GR mRNA expression 

havee been observed in the hippocampus, with the exception of an increase in MR mRNA 
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expressionn in the DG of LAL mice and chronically stressed rats. Thus, LAL mice display 
ann increased expression of MR mRNA in the DG, measured after 30 minutes of novelty 
stress.. In chronically stressed animals, we found the same increases in MR mRNA 
expressionn in the DG, at basal conditions. Apparently, the DG is more susceptible to 
modulationn of MR mRNA expression by corticosteroids than other hippocampal regions. 
Thiss susceptibility agrees with earlier studies, although the direction of the changes was in 
generall  opposite to what we found: Chronic stress was shown to decrease MR mRNA 
expressionn in the DG (Herman et al., 1995; Karten et al., 1999; Lopez et al., 1998). 
Studiess that focus on hnRNA expression, which is used as an index for neuronal 
transcriptionall  activation or inhibition, showed that MR hnRNA is highly expressed in the 
DGG compared to other hippocampal regions, while MR mRNA expression has a more 
uniformm distribution over different hippocampal subfields (Herman and Spencer, 1998; 
Hermann and Watson, 1995; Paskitti et al., 2000). This difference in density of expression 
betweenn hnRNA and mRNA suggests that processes like mRNA splicing, translocation 
andd degradation may be regulated in a different manner in pyramidal cells versus granule 
cellss (Herman and Spencer, 1998). 

Consideringg the maternal deprivation study, another study using the same 
maternall  deprivation protocol showed that the binding capacity of both MR and GR were 
decreasedd in young adult rats without effects on MR and GR binding affinity (Sutanto et 
al.,, 1996). It should be clearly stated that changes in mRNA expression are not always 
accompaniedd by changes in protein levels of receptors (Ardaillou et al., 1996; Nakaso et 
al.,, 1999). Also, mRNA expression does not reveal information about the functionality of 
receptorss and their effector pathways (Joels et al., 1991; Karten et al., 1999). 

Thee lack of effect of chronic stress on GR mRNA expression in the hippocampus 
hass also been reported by others (Herman and Spencer, 1998), but not all studies agree 
withh these data. Some studies showed a decrease in GR mRNA expression after a period 
off  prolonged stress exposure (Kitraki et al., 1999; Paskitti et al., 2000; Yau et al., 2001), 
whilee an increase in GR mRNA expression after chronic stress was also reported 
(Mizoguchii  et al., 2003). However, stress protocols and rat strain used were not identical 
inn all studies, which can account for some of the differences. 

Wee conclude that the animal models used in this thesis were not very effective in 
changingg mRNA expression for the MR and GR in the hippocampus. We do not have data 
aboutt other brain regions involved in HPA-axis regulation, which might be affected by 
thesee protocols. For example, a clear decrease in GR mRNA expression in the PVN has 
beenn reported after chronic stress (Herman et al., 1995) and maternal deprivation (Rots et 
al.,, 1996), which might be important in view of glucocorticoid negative feedback. 

6.3.46.3.4 Glucocorticoid receptor resistance 
GRR activation normally results in an increase in the response to 5-HT (Hesen and 

Joels,, 1996; Hesen et al., 1996; Joels and De Kloet, 1992). In the animal models tested in 
thiss study, we failed to see larger 5-HT responses in animals that are subjected to high 
corticosteroidd levels for a prolonged period of time. It might be speculated that these 
attenuatedd responses are caused by a resistance of the GR. This is not unlikely, since GR 
resistancee has been proposed as one of the factors contributing to HPA-axis hyperactivity 
inn disease, e.g. in depressed patients (Murphy et al., 1998; Parker et al., 2003). Although it 
wass not explicitly the main aim of the study to examine the possibility of GR resistance, 
thee present data set can nevertheless be interpreted from this point of view. 
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Chronologically,, the first data set was obtained from SAL and LAL mice. In 
thesee mice, we only recorded responses after exposure to a novelty stress, when GRs are 
considerablyy occupied (Reul et al, 1987b). It was found that LAL mice displayed 
attenuatedd 5-HT responses despite a higher corticosterone level. This could be due to a 
GRR resistance, but may also point to a general diminished function of the 5-HT system. 

Thee next series of experiments, i.e. in chronically stressed rats or maternally 
deprivedd animals are more telling. Thus, intracellular recordings were made at basal 
conditionss in the chronic stress and maternal deprivation study. In these studies, we 
appliedd high corticosteroid levels in vitro to hippocampal slices, presumably high enough 
too occupy both MR and GR (Reul and De Kloet, 1985). From these recordings, it became 
clearr that responses could still be modulated by high corticosteroid levels, so that 
apparentlyy no GR resistance was observed: 5-HT responses increased in response to high 
corticosteroidd levels, comparable to the situation after an acute stressor (Hesen and Joels, 
1996).. This is interesting because it indicates that animals that have experienced HPA-
axiss hyperactivity or dysregulation at some time in life, are still capable to respond to 
stressfull  stimuli in an adequate manner, at least with respect to their hippocampal 5-HT1A 

receptor-mediatedd response. This indicates that instead of a GR resistance, there appears 
too be a general attenuation in 5-HT responsiveness of hippocampal cells. This seems to be 
off  clinical importance for coping with acute stress after periods of chronic stress or 
traumaticc events in life. One possible explanation for this lack of GR resistance might be 
thatt basal corticosterone levels measured in these studies are sufficient to occupy most of 
thee MRs, but only part of the GRs (Reul et al., 1987a; Reul et al., 1987b). These 
concentrationss may not be sufficient to initiate GR resistance in the hippocampus. GR 
resistancee might be more apparent in areas like the PVN and the pituitary. Therefore, it 
wouldd be interesting to repeat the experiments and record corticosteroid-sensitive 
propertiess in the PVN to see if glucocorticoid resistance does occur at this site of the 
HPA-axis.. Also, it would be interesting to look at the duration and termination of the 
stresss response in these animals. 

Inn contrast to the results in this thesis, a recent study by Mizoguchi et al. (2003) 
showedd that dexamethasone, when applied in the hippocampus at the end of a 10-day 
recoveryy period after 4-weeks of chronic stress, was unable to decrease plasma 
corticosteronee levels. Dexamethasone did decrease plasma corticosterone levels when 
injectedd in the hypothalamus, suggesting an intact feedback regulation at the level of the 
hypothalamuss and an impaired feedback in the hippocampus. They suggest that an 
accumulationn of GRs in the hippocampal nuclear fraction causes a disruption of normal 
signall  transduction of dexamethasone through GRs (Mizoguchi et al., 2003). 

Wee conclude that 5-HT]A receptor-mediated responses in CA1 pyramidal neurons are 
attenuatedd in the different animals models of stress tested in this thesis, in the absence of 
transcriptionall  regulation of the 5-HT1A receptor, with the exception of SAL versus LAL 
mice. . 
Thee attenuated 5-HT responses are also not linked to marked changes in MR and GR 
mRNAA expression in the CA1 area, nor to an apparent GR resistance. The latter means 
thatt despite an overall diminished 5-HT responsiveness, the system probably still reacts to 
dailyy fluctuations in corticosterone levels. 
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6.44 Possible targets for  corticosteroid modulation of 5-HTiA 

receptor-mediatedd responses 

Sincee changes in MR, GR and 5-HTiA receptor mRNA expression can not 
accountt for the attenuated 5-HT!A receptor-mediated responses in CA1 pyramidal 
neurons,, other targets for corticosteroids play a role in this effect (see also Box 6.1). For 
example,, corticosteroids might alter 5-HT responsiveness via alterations induced in other 
geness and their protein products. Corticosteroids can interfere with several transcription 
factors,, like NF-KB, AP-1 and CREB (Herrlich, 2001; Legradi et al., 1997; Pfahl, 1993; 
Senbaa and Ueyama, 1997). For instance, the increase in AP-1 binding seen after acute 
stresss is attenuated in rats exposed previously to chronic stress (Mizoguchi et al., 2001; 
Senbaa and Ueyama, 1997). Interference with these transcription factors can have an effect 
onn gene transcription of a wide range of genes and their protein products, and via this 
mechanismm influence several processes in the brain (Beato and Sanchez-Pacheco, 1996; 
Liuu et al., 1996; Mclnerney et al., 1996). Possibly, genes and proteins involved in the 
signall  transduction pathway of the 5-HT1A receptor might be affected. This may lead to 
alteredd properties of the 5-HT1A receptor not directly examined in this thesis, e.g. binding 
affinityy of the receptor, changes in G protein subunits, coupling of the receptor to the G 
protein,, or changes in the K+ channel. 

First,, although no changes in mRNA levels for the 5-HT1A receptor have been 
shownn in this thesis after chronic stress and maternal deprivation, we can not exclude that 
attenuatedd responses of this receptor are due to a decrease in binding capacity of the 
receptor,, which has been reported earlier after chronic corticosterone treatment (Fernandes 
ett al., 1997; Takao et al., 1997). Also, no data are available about the properties of the 5-
HT1AA receptor in the hippocampus. In this thesis, only one concentration of 5-HT was 
used.. Therefore, no prediction can be made about possible changes in capacity of the 
receptor.. Mueller and Beck (2000) showed that chronic treatment with high corticosteroid 
levelss results in a reduction in the maximal response and the potency of the 5-HTiA 

receptorr in the CA1 area. However, the slope of the concentration curve was not changed. 
Thiss argues for a decrease in capacity of the 5-HT)A receptors. 

Second,, corticosteroids are able to alter levels of G protein subunits, which has 
beenn shown in the cerebral cortex (Saito et al., 1989) and the hippocampus (Okuhara et 
al.,, 1997). Gioc and Goa subunits are responsible for coupling of the 5-HT]A receptor to 
thee G protein, while G[3 and Gy are involved in the coupling of the G protein to the GIRK 
channel.. Long-term high corticosteroid administration was shown to affect Gioc and Goa 
subunits,, without changing G(3 (Saito et al, 1989). Long-term high corticosterone 
treatmentt decreased Gia mRNA, while no changes occur in Goa mRNA subunits. 
Changess in G protein subunits in our stress models could be responsible for a less 
effectivee coupling of the 5-HT|A receptor to the associated G protein or less effective 
couplingg of G protein subunits to the K++ channel. This may lead to attenuated 5-HT1A 

receptor-mediatedd responses. Also, changes in the activity of G proteins can affect 5-HT1A 

receptor-mediatedd responses. The activity of the G protein is determined by the intrinsic 
GTPasee activity of the a subunit, which terminates the active state when the a subunit 
hydrolyzess GTP for GDP (Neer, 1995). Regulators of G protein signalling (RGS) are 
proteinss that activate the intrinsic GTPase activity of the a subunit of G proteins (Doupnik 
ett al., 1997; Gold et al., 1997; Watson et al., 1996). One subtype of RGS proteins is of 
particularr interest, RGS4. At low concentrations, RGS4 has an inhibitory effect on GIRK 
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activity,, while high concentrations of RGS4 stimulate GIRK activity (Bunemann and 
Hosey,, 1998; Doupnik et al., 1997; Keren-Raifman et al., 2001). Furthermore, RGS4 was 
shownn to be downregulated by acute and chronic stress in the PVN (Ni et al., 1999). Low 
concentrationss of RGS4 thus inhibit activity of GIRK, which potentially can play a role in 
diminishedd 5-HT1A responsiveness. 

Third,, a limited number of studies focussed on the effect of corticosteroids on 
GIRKK channels (Fairchild et al., 2003; Muma and Beck, 1999). In the DRN, expression of 
GIRK22 mRNA was decreased after chronic elevations in corticosteroid levels, with no 
changess in GIRK1 and GIRK31. In contrast, in the hippocampus, GIRK1 and GIRK2 
proteinn levels were up-regulated after ADX and high corticosteroid treatment for 14 days, 
whenn compared to an aldosterone treated group. This shows a U-shaped dependency of 
GIRKss on circulating corticosteroid levels in the hippocampus. Delling et al. (Delling et 
al.,, 2002) studied Kir currents in hippocampal cell cultures of NCAM deficient mice. In 
thesee cells, Kir currents were increased compared to currents in normal hippocampal cell 
cultures.. When NCAM,40 and NCAM]g0 were expressed in hippocampal cell cultures of 
NCAM-deficientt mice, Kir currents were attenuated, which coincides with a reduced cell 
surfacee localization of Kir3 channels. We therefore hypothesized that prolonged elevation 
off  corticosteroid levels may increase NCAM expression in CA1 pyramidal cells. The 
mRNAA expression of two isoforms, NCAMi80 and NCAM,otai, for which probes are 
available,, were studied in the CAI, CA3 and DG. In contrast to the hypothesis, we did not 
findfind changes in the expression of these NCAM isoforms (Chapter 5). In fact, other studies 
showedd that chronic stress reduces the expression of NCAMtota| and NCAM140, with no 
changess in NCAM lg0 expression (Sandi et al., 2001; Venero et al., 2002). Taken together, 
thesee data argue against a role for NCAMs in our corticosteroid effect on 5-HT responses, 
consideringg that a decrease in NCAM expression would be responsible for an increase in 
Ki rr currents instead of a decrease as seen in this thesis. 

Nextt to these putative direct and indirect effects on transcriptional regulation of 
5-HTiAA receptor signalling, it is also possible that chronic stress exerts its effect through 
post-transcriptionall  processes. Perhaps, 5-HT1A receptor RNA editing is involved, in 
whichh RNA adenosine deaminase converts encoded adenosine residues to inosines (Burns 
ett al., 1997). RNA editing is up until now only observed in the 5-HT2c-receptor subtype 
(Bergg et al., 2001; Fitzgerald et al., 1999; Schmauss, 2003), changing orientation of the 
secondd intracellular loop and thereby affecting G-protein coupling efficiency (Visiers et 
al.,, 2001). Differences in the degree of RNA editing have been found in several 
psychiatricpsychiatric disorders, with decreased RNA editing levels in schizophrenia (Sodhi et al., 
2001)) and increased levels in brains of depressed suicide victims (Schmauss, 2003). Other 
memberss of the G-protein coupled receptor superfamily might also be targets for RNA 
editingg (Burns et al., 1997), like the 5-HT]A receptor. 

Inn addition to effects of prolonged high corticosteroid levels at adult age, the 
effectss of high circulating corticosteroid levels during development should also be 
considered,, as demonstrated by the maternal deprivation study. During the stress 
hyporesponsivee period, corticosteroid levels are low and the animal is relatively 
unresponsivee to stressful stimuli (Henning, 1978; Levine et al., 2000). Elevated 

11 Inwardly rectifying potassium channels can be subdivided in four subfamilies: IRK subfamily; GIRK 
subfamily;; ATP-dependent Kir subfamily and a ATP-sensitive Kir subfamily. The GIRK family contains four 
subtypes:: GIRK1 (Kir3.1); GIRK2 (Kir3.2); GIRK3 (Kir3.3) and GIRK4 (Kir3.4) For review, see (Isomoto et 
al.,, 1997). 
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corticosteroidd levels during the SHRP, as occurring after 24-hours maternal deprivation 
(Levinee et al., 1992), might influence the development of the HPA-axis as well as the 5-
HTT system. MR, GR, 5-HT1A receptor, GIRK and elements of the signal transduction 
pathwayss are in full development during the SHRP (Chen et al., 1997; Meaney et al., 
1985;; Miquel et al., 1994), which might be hampered by high corticosteroid levels during 
thiss period. For example, Gross et al. (2002) studied conditional knockout mice for the 5-
HTI AA  receptor. They showed that expression of the 5-HT1A receptor in the forebrain 
duringg development, but not at adult age, is necessary for the mouse to develop normal 
anxiety-likee behaviour and 5-HT-induced hyperpolarization in the CA1 area of the 
hippocampus.. The expression of the 5-HT1A receptor is first apparent at embryonic day 
17,, and increases to adult levels at postnatal day 21. This study suggests that the period 
fromm postnatal day 5 to 21 is critical for the normal development of the 5-HT1A receptor 
(Grosss et al., 2002). High corticosteroid levels during this period might hamper the 
developmentt of the receptor and thus the normal response to 5-HT, as seen in our 
maternall  deprivation study. 

6.55 Clinical implications 

6.5.16.5.1 Clinical implications of long-term exposure to high corticosteroid levels 
atat different time-points in life 

Inn major depressive disorder, several disturbances in the 5-HT system have been 
reported,, like low plasma tryptophan levels, a reduced content of 5-HT and the 5-HT 
metabolitee 5-HIAA in the CSF and decreased 5-HT,A receptor binding in several brain 
areas,, including limbic regions (Meltzer, 1989; Sargent et al., 2000). Stressful events in 
lif ee are thought to contribute to the development of major depressive disorder (Hammen et 
al.,, 1992; Heim and Nemeroff, 2001; McAllister-Williams et al., 1998; Pelcovitz et al., 
1994;; Stein et al., 1996; Stokes, 1995), which is supported by the finding that in part of 
thee depressive patients, hyperactivity of the HPA-axis can been shown (Murphy, 1991; 
Parkerr et al., 2003; Stokes, 1995). Also, normalization of HPA-axis responses seems to be 
importantt for the clinical outcome of treatment, since patients with normalization of the 
HPA-axiss show fewer relapses and better clinical outcome (Murphy et al., 1991; 0'Toole 
ett al., 1997; Rothschild et al., 1993; Zobel et al., 1999). Yet, how stress can elicit 
depressivee symptoms is presently unknown. In this thesis, we show that stressful periods 
inn life lead to attenuation of the response to 5-HT in CA1 pyramidal neurons of the 
hippocampus.. We propose that this attenuation might contribute to the precipitation of 
clinicall  symptoms in depression. This notion could have consequences for the treatment 
off  major depression. 

6.5.26.5.2 Implications for the treatment of major depress ive disorder 
Differentt classes of the current antidepressants affect different parts of the 5-HT 

system.. Monoamine oxidase inhibitors inhibit 5-HT degradation (Finberg, 1995), and 
togetherr with the selective serotonin re-uptake inhibitors, make more 5-HT available in 
thee synaptic cleft, to promote the activity of the 5-HT system. Long-term use of SSRIs 
attenuatess the function of autoreceptors in the DRN, thereby increasing 5-HT release in 
terminall  areas (Blier et al., 1987; Dawson et al., 2000; De Montigny et al., 1990). 
Tricyclicc antidepressants are known to sensitize the postsynaptic receptor for 5-HT 
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Boxx 6.1: Possible targets for  corticosteroid modulation of 5-HT1A receptor-
mediatedd responses with prolonged elevation of corticosteroid levels 

corticosterone e 

FigureFigure 6.1: Schematic representation of the 5-HTiA receptor-G protein- fO channel pathway and possible 
targetss for corticosteroid-mediated actions 

Target/action Target/action References s 
Transcriptionn factors 
- 11 AP-1 activity (Mizoguchietal.,2001) ) 
5-HTIAA receptor 
- 11 binding affinity 

-- protein levels: no data available 

(Fernandess et al., 1997; Takao et al., 
1997) ) 

GG protein subunits 
- tt Gi l ,Gi2andGoain 
hippocampus s 

(Okuharaa et al., 1997) 

GIRK K 
-- T GIRK1 and GIRK2 in 
hippocampus s 

(Mumaa and Beck, 1999) 

(Chaputt et al., 1991). Also, tricyclic antidepressants increase 5-HT1A receptor binding 
affinityy in the hippocampus (Welner et al., 1989). The work in this thesis suggests that 
dysregulationn of the HPA-axis at different time-points in life decreases 5-HT 
responsivenesss of postsynaptic 5-HT]A receptors in the CA1 region of the hippocampus. 
Consideringg the stimulating effect of TCAs on postsynaptic 5-HT responsiveness (Chaput 
ett al., 1991), and the desensitization of these receptors after HPA-axis dysregulation 
shownn in this thesis, TCAs seem to be especially appropiate in patients suffering from 
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majorr depression with signs of HPA-axis irregularities (Bijak et al., 2001; Shen et al., 
2002). . 

Thee precise mechanism of'desensitization' of the postsynaptic 5-HTiA receptor 
byy corticosteroids remains unclear, but treatment with antiglucocorticoids could perhaps 
contributee to clinical improvements in patients with a hyperactive HPA-axis. It would be 
usefull  to test patients suffering from major depressive disorder with a dexamethasone 
suppressionn test, or a combined CRH-dexamethasone suppression test, to determine HPA-
axiss status (Modell et al., 1998; Rush et al., 1996). If HPA-axis irregularities are shown, 
combinedd treatment with antidepressants and antiglucocorticoids should be started to 
normalizee the HPA-axis and the 5-HT system. Indeed, in clinical studies it has been 
shownn that patients suffering from depression, particularly those resistant to 
antidepressantt treatment, benefit from treatment with steroid suppressing agents, and this 
effectt is rapid in onset (Murphy et al., 1991; Murphy et al., 1998; Wolkowitz et al., 1993). 
Moree recently, it was shown that GR-antagonists show promising results in the treatment 
off  specific subtypes of depressive patients (Belanoff et al., 2001; Belanoff et al., 2002; 
Murphyy et al., 1993). The use of glucocorticoid suppressive agents, especially GR 
antagonist,, have shown promising results, particularly in the fast onset of clinical 
improvementt (Belanoff et al., 2001) and the lower risk for relapse behaviour (Rothschild 
etal.,, 1993). 

Treatmentt with antiglucocorticoids during stressful periods in life might, in 
theory,, even be able to prevent episodes of major depression. Patients, earlier diagnosed 
withh major depressive disorder, might benefit from prophylactic treatment with 
antiglucocorticoidd treatment during stressful episodes in life, which might prevent relapse 
behaviourr in this group of patients (Murphy et al., 1998; Rothschild et al., 1993). 

Clinicall  studies suggest that periods of prolonged stress and early life stress form a risk-
factorr for the development of major depressive disorder. The attenuation of 5-HT 
responses,, as found in animal models of stress in this thesis, might contribute to the 
developmentt of major depressive disorder. Depressive patients with signs of HPA-axis 
hyperactivityy might benefit from combined treatment with antidepressants and 
antiglucocorticoids,, to come to fast onset of clinical improvement as well as the lower risk 
forr relapse behaviour. 

6.66 Futur e questions 

Inn view of the clinical implications, it would be interesting to test the potential of 
severall  manipulations or interventions during or after the period of HPA-axis 
dysregulationn to normalize hippocampal 5-HT responses. For example, can effects of 
chronicc stress be prevented by parallel application of antiglucocorticoids and/or 
antidepressants?? And is application of antiglucocorticoids and/or antidepressants after a 
periodd of chronic stress capable of reversing the effects on 5-HTiA receptor mediated 
responses?? Also, with regard to the maternal deprivation model several issues might be 
worthwhilee investigating. For instance, the response of maternally deprived animals to 
stresss would be interesting to investigate. Stress-induced differences in HPA-axis 
functioningg might become apparent when maternally deprived animals are subjected to 
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stress,, which gives more information about the lasting effects on HPA-axis function 
evokedd by stressful events during the SHRP. Another interesting question would be 
whetherr antiglucocorticoids and/or antidepressants can reverse maternal deprivation-
inducedd attenuation of 5-HT1A receptor-mediated responses. Also more natural 
interventionss should be studied. For example, it would be interesting to study whether the 
housingg of maternally deprived pups in an enriched environment is able to reduce the 
effectss of maternal deprivation seen at adult age. Manipulations at adult age would be 
usefull  to study too, in terms of normalization of 5-HT responsiveness in maternally 
deprivedd animals. 

Nextt to the more elaborate study of the stress models used, and the proposed 
manipulationss in these models, more information should be gathered about the underlying 
mechanismss of the corticosteroid effect on 5-HT responsiveness. Study of the 5-HT,A 

receptorr signal transduction pathway may provide more information about the direct 
targetss of corticosteroid action. 

Thee main conclusion from this thesis is that HPA-axis hyperactivity or dysregulation of 
thee HPA-axis at critical moments in life causes attenuation of 5-HT, A receptor-mediated 
responsess in CA1 pyramidal neurons of the hippocampus. This attenuation is not linked to 
changess in 5-HT1A receptor mRNA expression in this area. Further studies should provide 
moree knowledge about the mechanisms involved in this corticosteroid-induced effect on 
thee 5-HT system. 
Thesee data support a role of HPA-axis hyperactivity in the development of major 
depressivee disorder and underscore the importance of a combined treatment with 
antidepressantss and antiglucocorticoid agents in depressive patients with signs of HPA-
axiss hyperactivity. 

Referencess are shown in the back of this thesis. 
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Majorr depressive disorder is associated with abnormalities of the serotonergic 
system,, like reduced content of serotonin (5-HT) and 5-HT transporters in blood platelets, 
loww plasma levels of the 5-HT precursor 5-hydroxy-tryptophan, low levels of the 5-HT 
metabolitee 5-HIAA in the cerebrospinal fluid and lowering of mood after acute tryptophan 
depletion.. Also, stressful life events are associated with the occurrence of depressive 
episodes.. There is even evidence that dysregulated function of the hypothalamo-pituitary-
adrenall  (HPA) axis, i.e. the stress axis, is causal to the precipitation of major depression. It 
iss presently unclear, though, how episodes of HPA-axis dysregulation can exert such a 
rolee as risk factor in the aetiology of depression. We here tested the hypothesis that 
elevatedd levels of corticosterone gradually attenuate the responsiveness to 5-HT. This was 
testedd in various appropriate animal models. 

Stresss activates the HPA-axis. In response to stress, the hypothalamus secretes 
corticotrophin-releasingg hormone (CRH), which reaches the pituitary. In response to 
CRH,, the pituitary releases adrenocorticotrophic hormone ACTH into the bloodstream. 
Viaa the circulation, ACTH reaches the adrenal glands, which secretes Cortisol (in humans) 
orr corticosterone (in rodents) in response to ACTH. Corticosterone is able to pass the 
blood-brainn barrier and enters the brain, where it can exert its effects in all brain regions 
thatt contain corticosteroid receptors. Two types of corticosteroid receptors exist, the high 
affinityy mineralocorticoid receptor (MR) and the lower affinity glucocorticoid receptor. 
Whenn the level of corticosterone is low, e.g. during rest, predominantly the MR is 
occupied.. Elevations in corticosterone, e.g. due to the circadian rhythm or after stress, 
causee an additional occupation of the GR. 

Inn the hippocampus, an area rich in corticosteroid receptors and 5-HT receptors, 
severall  cellular properties are modulated by the differential occupation of corticosteroid 
receptors.. The response of one particular 5-HT receptor, the 5-HT[A receptor, is clearly 
regulatedd by the occupation of the MR and GR. With predominant MR occupation, 5-HT 
responsess are small. With additional GR occupation, the response to 5-HT increases. Also, 
whenn no corticosteroids are present, e.g. after adrenalectomy, the response to 5-HT is 
large.. So, 5-HT responses show a U-shaped dependency on corticosteroid levels. Less 
dataa are available about the effects of long-term elevations in corticosteroid levels on 5-
HTT responses. Earlier studies showed that long-term elevations in exogeneous 
corticosteronee levels cause an attenuation of hippocampal 5-HT responses. However, at 
thee start of this thesis, no data were available about long-term elevations in endogeneous 
corticosteronee level as a result of a dysregulated HPA-axis. Therefore, in this thesis, 
hippocampall  5-HT responses were investigated in several animal models characterized by 
aa dysregulated HPA-axis function at some time-point in life. 

First,, a chronic unpredictable stress model was used. Rats were exposed for 21 
dayss to unpredictable stress and intracellular responses were recorded at day 22 in CA1 
pyramidall  neurons. 5-HT1A receptor-mediated responses were attenuated in rats exposed 
too chronic unpredictable stress when compared to control rats. Attenuation of 5-HTiA 

receptor-mediatedd responses was not accompanied by changes in 5-HTiA receptor mRNA 
expressionn in the hippocampus. Also, GR mRNA expression was not changed after 
chronicc stress. MR mRNA expression was not changed in the CA1 and CA3 subfields, but 
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aa small increase in MR mRNA expression was observed in the dentate gyrus (DG) 
(Chapterr 2). 

Second,, the effects of stressful life events early in life were examined in a 
maternall  deprivation model. In this model, three day-old pups were deprived of maternal 
caree for 24 hours, after which the pups were placed back in the home-cage with the dam 
andd the control pups that remained with the dam during the 24 h deprivation period. Pups 
weree left undisturbed and were weaned at 21 days of age. At three months of age, 
hippocampall  slices were prepared and intracellular 5-HT responses were recorded in the 
CA11 area. In rats subjected to maternal deprivation, 5-HTIA receptor-mediated responses 
weree significantly smaller than in non-deprived control rats. However, no changes in 5-
HT,AA receptor, MR and GR mRNA were observed between the two experimental groups 
(Chapterr 3). 

Third,, 5-HT responses were recorded in two mice lines genetically selected for 
aggression.. These mice differ in several neuroendocrine parameters and in 5-HT1A 

receptorr mRNA expression in the CA1 area. Short attack latency mice (SAL) have low 
corticosteroidd levels in the early dark phase and a high expression of 5-HT]  A receptor 
mRNA,, while long attack latency (LAL) mice have high corticosteroid levels in the early 
darkk phase and low 5-HT,A receptor mRNA expression in the CA1 area. 5-HT,A receptor-
mediatedd responses were significantly attenuated in LAL mice compared to SAL mice. 
Also,, corticosteroid levels were increased in LAL mice compared to SAL mice 30-45 
minutess after novelty stress. 5-HT,A receptor mRNA expression was lower in CA1 area of 
LALL mice, as reported earlier. No changes in GR mRNA expression were observed in the 
hippocampus,, while MR mRNA expression was not different in CA1 and CA3 areas. A 
smalll  increase in MR mRNA expression was observed in the DG of LAL mice (Chapter 
4). . 

Inn Chapter 5, a possible target of corticosteroids that might be involved in the 
attenuationn of 5-HT responses was investigated. Neuronal cell adhesion molecules 
(NCAMs)) are reported to be sensitive to corticosteroids and stress. Furthermore, 5-HT 
responsess are increased in NCAM-deficient mice. Hippocampal sections from animals 
subjectedd to 21-day application of high exogeneous corticosteroid levels, with or without 
combinedd administration of the GR antagonist RU-486, and from animals subjected to 
maternall  deprivation, were used for an NCAM in situ hybridization. Several splice 
variantss of NCAM exist, and two NCAM probes were used, i.e. one for the NCAM180 

splicee variant and one for total NCAM content (NCAMtotal). For both probes, no 
significantt differences were observed in CAI, CA3 and DG of the hippocampus in the 
maternallyy deprived animals and the animals subjected to exogeneous corticosterone 
and/orr RU-486 compared to the control groups. 

Inn summary, the work in this thesis shows that long-term elevations at different 
time-pointss in life attenuate 5-HT1A receptor-mediated responses in CA1 pyramidal 
neuronss of the hippocampus. This could be one of the mechanisms by which episodes of 
stresss at critical time-points in life can lead to disturbed function of the central 5-HT 
systemm and hence to the precipitation of clinical symptoms in depression. This attenuation 
off  responses to 5-HT can not be explained by differences in 5-HT1A receptor mRNA 
expression,, with exception of the SAL-LAL study. Also, changes in MR, GR and NCAM 
mRNAA expression can not account for this difference in 5-HT responsiveness. So, 
hyperactivityy of the HPA-axis at some time-point in life causes attenuation in 5-HT 
responsivenesss in the hippocampus by a presently unknown mechanism. 
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Thee attenuation of 5-HT responsiveness seen in this thesis might be an important 
factorr in the relationship of stressful life events and the occurrence of depressive 
symptoms.. Therefore, we propose that treatment of depressive patients, which show 
abnormalitiess in HPA-axis parameters, should be directed at both the 5-HT system and the 
HPA-axis,, to get an optimal therapeutic efficacy and a low risk for relapse behaviour. 
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Depressiee wordt gekenmerkt door veranderingen in het serotonerge systeem, 
zoalss lage niveau's van serotonine (5-HT) and 5-HT transporters in bloedplaatjes, lage 
plasmaa niveau's van de 5-HT voorloper 5-hydroxy-tryptofaan, lage niveau's van de 5-HT 
metaboliett 5-HIAA in de cerebrospinale vloeistof en een verlaging in de stemming na 
acutee tryptofaan depletie. Depressieve episoden worden soms geassocieerd met stressvolle 
gebeurtenissenn in het leven. Er zijn aanwijzingen dat een verstoring in de hypothalamus-
hypofyse-bijnierr (HPA) as, de zogenaamde stress as, causaal is aan de ontwikkeling van 
depressie.. Op dit moment is het echter onduidelijk hoe perioden van HP A-as verstoringen 
alss risico factor kunnen bijdragen aan het ontstaan van depressie. We hebben in deze 
studiee getest of verhoogde niveau's van corticosteroïden geleidelijk de responsiviteit voor 
5-HTT verlagen. Dit is getest in verschillende diermodellen. 

Stresss activeert de HPA-as, waarop de hypothalamus corticotropin-releasing 
hormoonn (CRH) afgeeft. Dit CRH bereikt de hypofyse, waar het de afgifte van 
adrenocorticotrophicc hormoon (ACTH) stimuleert. ACTH wordt afgegeven in het bloed 
enn bereikt via de circulatie de bijnieren. De bijnieren produceren in respons op ACTH 
Cortisoll  (in mensen) of corticosteron (in knaagdieren). Corticosteron kan de bloed-hersen-
barrièree passeren en de hersenen binnengaan. In de hersenen kan het zijn effect uitoefenen 
inn alle hersengebieden die receptoren voor corticosteron bezitten. Twee typen 
corticosteronn receptoren bestaan, de mineralocorticoid receptor (MR) met een hoge 
affiniteitt voor corticosteron, en de glucocorticoid receptor (GR) met een lagere affiniteit 
voorr corticosteron. Als de corticosteron concentratie laag is, bijvoorbeeld tijdens rust, dan 
iss voornamelijk de MR bezet. Als de corticosteron concentratie stijgt, bijvoorbeeld door 
hett circadiane ritme of tijdens stress, dan wordt naast de MR ook de GR bezet. 

Inn de hippocampus, een hersengebied rijk aan receptoren voor corticosteron en 5-
HT,, worden verschillende cellulaire eigenschappen beïnvloed door de mate van bezetting 
vann de MR en GR. De respons van een bepaalde 5-HT receptor, de 5-HT]A receptor, 
wordtt gereguleerd door de bezetting van de MR en GR. Als voornamelijk de MR bezet is, 
iss de respons op 5-HT klein. Wanneer de concentratie van corticosteron stijgt, en ook de 
GRR bezet wordt, dan is de respons op 5-HT groot. Na verwijdering van de bijnieren, dus 
alss er geen corticosteron aanwezig is, is de respons op 5-HT ook groot. Dit laat zien dat de 
dosis-afhankelijkheidd van corticosteron een U-vorm vertoont. Er zijn minder gegevens 
bekendd over de 5-HT respons na een langdurige verhoging in corticosteron niveau. Enkele 
studiess hebben laten zien dat langdurige toediening van exogeen corticosteron leiden tot 
verlaagdee 5-HT responsen in de hippocampus. Bij het begin van deze studie waren er 
echterr geen data voorhanden over langdurige verhogingen in endogeen corticosteron door 
eenn verstoring van de HPA-as. Daarom is in dit proefschrift gekeken naar 5-HT responsen 
inn verschillende diermodellen, die gekarakteriseerd worden door een verstoorde functie 
vann de HPA-as tijdens verschillende tijdstippen in het leven. 

Alss eerste is een chronisch onvoorspelbaar stress protocol gebruikt. Ratten 
werdenn blootgesteld aan chronische onvoorspelbare stress gedurende 21 dagen. Op dag 22 
zijnn intracellulaire afleidingen van CAI pyramidale neuronen gemaakt. Responsen, 
gemedieerdd door de 5-HT1A receptor, bleken verlaagd in chronisch gestresste dieren in 
vergelijkingg met controle dieren. Deze verlaagde responsen gingen niet gepaard met 
veranderingenn in 5-HT1A receptor mRNA expressie in de hippocampus. Ook de mRNA 
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expressiee van de GR was niet veranderd, terwijl expressie van MR mRNA gelijk was 
geblevenn in het CAI and CA3 gebied. In the gyrus dentatus (DG) was echter een kleine 
verhogingg in MR mRNA expressie te zien (Hoofdstuk 2). 

Naa de chronische stress studie is gekeken naar 5-HT responsen in dieren die 
blootgesteldd zijn aan stress vroeg in het leven. In dit model worden drie dagen oude pups 
voorr 24 uur gedepriveerd van maternale zorg. Na 24 uur worden de pups teruggeplaatst 
bijj  de moeder en de rest van de pups, die gedurende de deprivatie periode bij de moeder 
zijnn gebleven en dienen als controle. Pups werden verder niet meer gestoord en werden 
gespeendd op een leeftijd van 21 dagen. Op een leeftijd van drie maanden werden 
intracellulairee afleidingen gemaakt en 5-HT responsen gemeten in de hippocampus. In 
rattenn die blootgesteld waren aan maternale deprivatie, waren de 5-HT1A receptor-
gemedieerdee responsen kleiner in vergelijking met responsen in controle dieren. Er 
werdenn echter geen verschillende gevonden in de mRNA expressie van de 5-HTiA 

receptor,, MR en GR (Hoofdstuk 3). 
Alss derde studie zijn 5-HT]A receptor-gemedieerde responsen gemeten in twee 

muislijnenn die geselecteerd zijn op agressie. Deze muizen verschillen in verscheidene 
neuroendocrienee parameters en in 5-HT1A receptor mRNA expressie in het CAI gebied. 
Shortt attack latency (SAL) muizen, zijn erg agressief en vertonen lage corticosteron 
niveau'ss aan het begin van de actieve periode en een hoge expressie van de 5-HT|A 

receptorr in het CAI gebied. Long attack latency (LAL) muizen zijn minder agressief, 
vertonenn hoge niveau's van corticosteron aan het begin van de actieve periode en een lage 
expressiee van de 5-HT,A receptor in het CAI gebied. 5-HT]A receptor-gemedieerde 
responsee bleken kleiner te zijn in LAL muizen ten opzichte van responsen in SAL muizen. 
Corticosteronn niveau's na 30-45 minuten stress waren hoger in LAL muizen in 
vergelijkingg met SAL muizen. 5-HT1A receptor mRNA expressie was verminderd in LAL 
muizen,, zoals eerder aangetoond is. Er waren geen verschillen in GR mRNA expressie in 
dee hippocampus, en ook MR mRNA expressie in het CAI en CA3 gebied was 
vergelijkbaarr tussen LAL en SAL muizen. Echter, in de DG was een kleine verhoging in 
MRR mRNA expressie te zien in LAL muizen ten opzichte van SAL muizen (Hoofdstuk 4). 

Inn hoofdstuk 5, is een mogelijk aangrijpingspunt voor corticosteron bekeken, die 
betrokkenn kunnen zijn in het effect van corticosteron op 5-HT responsen. Neuronale 
adhesiee moleculen (NCAM) zijn gevoelig voor corticosteron en stress. Daarnaast is de 
responss op 5-HT verhoogd in NCAM-defïciente muizen. Hippocampale secties van dieren 
diee waren blootgesteld aan hoog exogeen corticosteron toediening voor 21 dagen, met of 
zonderr de GR antagonist RU-486, en hippocampale secties van maternaal gedepriveerde 
dieren,, zijn gebruikt voor een in situ hybridisatie. Er zijn verschillende isovormen van 
NCAM,, en twee probes zijn gebruikt, één voor de NCAM t80 splice variant en één voor 
totalee NCAM hoeveelheid (NCAMtota|). Beide probes lieten geen verschillen zien in CAI, 
CA33 en DG van de hippocampus in maternaal gedepriveerde dieren versus controle 
dieren.. Ook de langdurige blootstelling aan hoge corticosteron niveau's en RU-486 
veroorzaaktee geen verschillen in de expressie van deze twee probes in de hippocampus 
vergelekenn met controle dieren. 

Samenvattend,, laat het onderzoek in dit proefschrift zien dat langdurige 
verhogingg van corticosteron op verschillende tijdspunten in het leven de 5-HT1A receptor-
gemedieerdee respons vermindert in CAI pyramidale neuronen van de hippocampus. Dit 
kann één van de mechanismen zijn, waardoor stress op gevoelige momenten in het leven 
zouu kunnen leiden tot een verstoorde functie van het centrale 5-HT systeem en zo tot de 
ontwikkelingg van klinische symptomen van depressie. Deze verminderde respons kan niet 
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verklaardd worden door verschillen in 5-HTiA receptor mRNA expressie, met uitzondering 
vann de SAL-LAL muizen. Ook veranderingen in MR, GR en NCAM mRNA expressie 
kunnenn niet de oorzaak zijn van deze verminderde gevoeligheid. Hyperactiviteit van de 
HPP A-as veroorzaakt een verminderde gevoeligheid voor 5-HT, via een momenteel nog 
onbekendd mechanisme. 

Dee verminderde gevoeligheid voor 5-HT beschreven in dit proefschrift, zou 
mogelijkk een belangrijke factor kunnen zijn in de relatie tussen stress en het optreden van 
depressievee symptomen. Daarom zou de behandeling van depressie in patiënten met 
afwijkingenn in HP A-as parameters, gericht moeten zijn op zowel het serotonerge systeem 
alss de HPA-as, zodat een optimale behandeling met zo min mogelijk risico op terugval 
wordtt bereikt. 
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