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GeneralGeneral Discussion and Conclusions 

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. 

90 0 



GeneralGeneral Discussion and Conclusions 

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. 

91 1 



ChapterChapter 6 

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 Future 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. 

97 7 




