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Chapterr 6 

6.11 Summary of main findings 

Thee primary aim of this thesis was to further examine how gene expression changes 
off  corticosteroid responsive genes contribute to the alterations of physiological functioning 
off  identified synaptically active hippocampal principal neurons. The experiments described 
inn this thesis were performed in small samples of biologically relevant, hippocampal tissue 
underr conditions of differential activation of corticosteroid receptors. The results indeed 
supplyy evidence that differential activation of corticosteroid receptors regulates gene 
expressionn such that it may contribute to the physiological, functional alterations. 

i)i) Short term activation ofGR in addition to MR in vitro 

Whenn GR is activated in addition to MR by in vitro application of lOOnM 
corticosteronee to rat hippocampal slices, an enhanced calcium current through L type 
VDCCss appears in CA1 pyramidal neurons as well as an increased amplitude of the sAHP 
whichh is calcium dependent. This points to a key role for calcium channels. By examining 
thee expression of VDCC subunits and other related ionchannels in the overall CA1 area, it 
wass found that GR activation increases the expression of the L type VDCC alC and the (34 
subunits.. Furthermore, our experimental data indicate that the VDCC alC subunit is a direct 
targett for GR. We showed that the expression changes primarily happen in the first hour 
afterr corticosterone application and that the altered expression is normalized to the level of 
thee vehicle group three hours later. Apparently, the expression changes are transient and 
precedee the functional alterations. This is in line with, though no proof of, the notion that 
transcriptionall  regulation of the VDCC alC subunit leads to enhanced Ca-influx into CA1 
hippocampall  neurons after GR activation. 

ii )) No activation ofGR and MR 

Whenn endogenous corticosterone was depleted by ADX part of the dentate granule 
neurons,, which share their microcellular environment with the neighbouring cells, undergoes 
apoptoticc cell death three days later. We showed that in response to the depletion of 
endogenouss corticosterone, so that none of the corticosteroid receptor is activated, gene 
expressionn patterns at the single dentate granule neuron level start to differentiate, as early as 
twoo days after ADX. These diverse expression patterns were seen in a mixture of apoptotic 
andd apoptosis-resistant neurons. Neurons sampled at three days after ADX which mainly 
representt apoptosis-resistant cells, clustered with part of the cells sampled at two days after 
ADX,, based on the expression patterns and the calcium current, which is known as a risk 
factor.. In fact, expression of a number of genes significantly correlated with the calcium 
currentt amplitude observed in the same neuron. We concluded that ADX triggers expression 
changess for a number of genes, some of which can be designated as risk factor whereas other 
geness may help cells resist entering the apoptotic pathways. 

Hi)Hi) Long term activation ofGR in addition to MR 

Whenn GRs are activated for a long period of time by exposing animals to an 
unpredictablee chronic stress paradigm, synaptic responses evoked by activation of the 
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AMPAA receptor (R) are enhanced at the single dentate granule neuron level. At the 
transcriptionall  level, we observed that expression changes of a number of genes involved in 
neurotransmissionn are associated with the altered AMPA-R mediated response. Expression 
off  the AMPA-R 1 and GABAa receptor al subunits was upregulated in tissue from 
chronicallyy stressed animals of which GRs were activated by lOOnM corticosterone. It was 
foundd that expression of calcium channel subunits is also profoundly affected, showing a 
downregulationn of alA and a lG subunit expression and an upregulation of the alC subunit. 
Iff  these expression changes are translated to the protein level, chronic stress is expected to 
enhancee the excitation and vulnerability of single dentate granule neurons. 

iv)iv) Towards a survey of gene expression changes in human brain 

Thee ultimate goal of conducting expression studies in animals is to provide a model 
forr processes in the human brain e.g. during stress-related neurological disorders. At present, 
post-mortemm tissue is the only possible human material available. Since the various fixation 
methodss are known to differentially affect the integrity and yield of mRNA, it is valuable to 
investigatee the reproducibility and reliability of gene expression pattern generated from fixed 
brainn materials. We showed that the gene expression patterns retrieved from ethanol fixed 
smalll  yet homogenous DG cell samples is highly comparable to the expression pattern 
obtainedd from fresh single dentate granule neurons, suggesting a powerful technical 
combinationn of LCM and mRNA amplification. By determining the expression pattern 
generatedd from small samples of the human post-mortem brain, it becomes possible to 
identifyy molecular pathways involved in diseases like depression. 

InIn summary, we demonstrated that fluctuations in corticosterone levels - and 
thereforee in the activation of its receptors - by various experimental paradigms e.g. ADX, 
acutee application of corticosterone in vitro or chronic stress, lead to specific changes in gene 
expressionn of hippocampal cells. These gene expression changes may ultimately result in an 
alteredd functioning of the hippocampal principal neurons, either at the single cell or network 
level.. In agreement with this idea, genomic effects of corticosteroid receptors precede the 
physiologicall  alterations. 

Beloww considerations with respect to the research questions, the experimental 
designn and the applications of approaches in this thesis wil l be discussed in detail. 

6.22 Genomic and non-genomic effects of corticosteroids 

AssumptionAssumption 1: The functional alterations in hippocampal cell properties induced by 
corticosteronecorticosterone are caused by transcriptional regulation of corticosteroid responsive genes. 
IsIs this true? 

Onee assumption underlying the aim of this thesis is that corticosteroid receptors, as 
transcriptionn factors, differentially modulate expression of their responsive genes, thus 
causingg changes in cellular properties. These changes eventually give rise to the functional 
alterationss observed with electrophysiological techniques. 
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Chapterr 6 

Genomicc effects by corticosteroids require binding of corticosterone to its receptors 
whichh then translocate to the nucleus where they modulate the transcription of responsive 
geness either through transactivation or transrepression (Beato et al., 1987). An important 
featuree of this genomic pathway is the delayed onset of expression changes, i.e. at least 20 
minn after stress or application of the corticosteroid (reviewed by Joels 1997, 2001). In 
accordance,, all expression changes we reported in Chapter 2 and 4 were observed at least 1 
hourr after activation of the GR. Thus, the experimental results discussed in the previous 
Chapterss most likely exclusively concern genomic effects of corticosterone and stress. 

Still,, it should be kept in mind that possible rapid non-genomic effects of 
corticosteronee could cause or just modulate subsequent genomic effects of the hormone. 
Presently,, there are two proposed mechanisms underlying the non-genomic effects of 
corticosteronee (Falkenstein et al., 2000; Schmidt et al., 2000; Losel et al., 2002; Losel et al., 
2003):: i) Corticosterone interacts physico-chemically with the lipid membrane, which is a 
non-specificc effect. This mechanism is usually in play with extremely high concentrations of 
corticosterone,, ii) Corticosterone binds to membrane receptors which could be the classic 
intracellularr receptors or non-classic receptors. These specific non-genomic effects are 
normallyy seen with lower concentrations of corticosterone. In agreement with this supposed 
mechanism,, membrane receptors have been isolated from the amphibian brain (Orchinik et 
al.,, 1991; Moore and Orchinik, 1994; Moore et al., 1995). The existence of a non-classic 
corticosteronee receptor in immune cells was also seen ( Powell et al, 1999; Haseroth et al., 
1999). . 

Non-genomicc effects in general are characterized by a rapid onset, also in the brain. 
Withh respect to neuronal tissue, the first non-genomic effect of the MR agonist aldosterone 
wass reported in the 1960s (Klein and Henk, 1963). Non-genomic effects of glucocorticoids 
weree found in 1974, in isolated synaptosomes (Edwardson and Bennett, 1974). These 
experimentss showed that the feedback control of corticosterone and ACTH occurs within a 
feww minutes. A rapid effect was also seen with regard to the accumulation of calmodulin at 
synapticc membranes, minutes after corticosterone application (Sze and Iqbal, 1994). In the 
newtt brain it was observed that the firing rate of sensory neurons was decreased within a few 
minutess after an injection of corticosterone (Rose et al., 1993). In rat brain, an intraperitoneal 
injectionn of corticosterone (2.5 mg/kg) caused within 15 minutes a transient increase of 
glutamatee level in the CA1 region (Venero and Borrell, 1999). Also, non-genomic effects of 
corticosteronee were correlated to behavioural changes (Sandi et al., 1996). 

Corticosteronee affects calcium currents in hippocampal neurons - the subject of 
Chapterr 2 - both via genomic and non-genomic pathways. With respect to the genomic 
effect,, calcium current amplitude was found to be increased in single DG granule neurons 
afterr ADX (Karst and Joels, 2001) as well as in CA1 principal neurons after ADX and after 
acutee application of corticosterone in vivo or in vitro (Kerr et al., 1992; Karst et al., 1994b; 
Joelss et al., 2003). Those effects were normalized by application of the GR antagonist 
RU38486,, indicating the involvement of the classic genomic pathway. We reported here 
(Chapterr 2) that expression of ionchannel subunits, in particular calcium channel subunits, is 
upregulatedd after acute application of corticosterone in vitro (Chapter 2) and chronic stress 
(Chapterr 4) at the molecular level. Preliminary results suggest that application of the GR 
antagonistt RU38486 reduces the enhanced expression of alC subunit in CA1 neurons 
(Chapterr 2), which supports the involvement of the classical intracellular GR. This indicates 
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thatt under the present in vitro conditions, GRs transcriptionally regulate components of the 
Caa signalling in CA1 neurons, presumably leading to enhanced Ca influx. 

Thiss does not exclude, though, that under different conditions non-genomic effects 
mayy also play a role. Concerning the non-genomic effects, corticosterone application was 
foundd to enhance calcium currents from intracellular stores within 2 minutes in chicken 
intestinall  cells (de Boland and Norman, 1990), a process which might involve signalling 
pathwayss of PKC (Sylvia et al., 1993) or PLC (Civitelli et al., 1990). In addition, high 
concentrationss of corticosterone were able to induce a rapid increase of calcium current 
throughh NMDA receptors in hippocampal neurons (Takahashi et al., 2002). Thus, rapid non-
genomicc effects on calcium currents may modify the genomic effect of corticosterone by 
interactingg with other peptides or stimulating general second messengers (Moyer et al., 1993; 
Nordeenn et al., 1993; Nordeen et al., 1994). 

Takenn together, the effect of corticosterone or stress studied in this thesis focus on 
genomicc rather than non-genomic effects of the hormone. With respect to the time course, 
thesee two types of effects of corticosterone or stress are not opposing each other but rather 
complementary.. Non-genomic effects might represent a reversible emergency response to 
CORTT application (stress), which may modify the onset of later genomic effects. 

6.33 Effects of local mRNA translation at dendritic synapses 

AssumptionAssumption 2: The expression patterns of corticosteroid responsive genes generated from the 
cellcell body region represent the whole transcriptional regulation by corticosterone. Is this 
true? true? 

Thee aim of this thesis was to examine expression changes of multiple genes in 
responsee to corticosteroid receptor activation in small yet homogenous principal 
hippocampall  tissue samples in order to unravel the molecular mechanism underlying 
functionall  effects of corticosterone or stress. This can only be achieved if the expression 
patternn is based on an intact mRNA population from hippocampal neurons. However, the 
effortt of obtaining the entire population of mRNA is hampered by two general factors. The 
firstt factor is the mRNA - though limited in amount - derived from the non-specific 
surroundingg cells i.e. CAI interneuron or glia which were inevitably included in the sample 
studiedd in Chapter 2 since in that experiment the CA1 area was dissected out for expression 
studies.. Although the expression pattern generated from the overall CA1 region could 
indicatee how expression changes contribute to functional changes at the network level, such 
ass LTP, it is not ideal to correlate these expression changes with physiological data from 
singlee CA1 neurons. Hence, it is possible that the observed expression changes are partially 
determinedd by non-principal cells which may mask the expression changes of the principal 
cells. . 

Thee second factor is that mRNA from dendrites may also contribute to the overall 
expressionn change. The mRNA collected for Chapter 3, 4 and 5 was exclusively derived 
fromm the soma, which means that mRNA located at dendrites was not included. The presence 
off  dendritic mRNA and local mRNA translation at the dendrites has been well described 
(Jobb and Eberwine, 2001; Steward and Schuman, 2001), both postsynaptically and 
presynapticallyy (Giuditta et al., 2002). This transportation of mRNA from soma to dendrites 
wass further supported by the finding that the internal ribosome entry site (IRES) element 
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whichh is present in the majority of the genes is sufficient to guide mRNA transportation 
(Glanzerr and Eberwine, 2003). Very interesting, local translation of mRNA was found to 
occurr specifically at basal dendrites rather than apical dendrites of neurons (Bradshaw et al., 
2003).. Quite a number of genes including ligand and voltage gated receptor subunits of e.g. 
AMPA,, NMDA and calcium channels are found to be present in the dendrites of 
hippocampall  principal neurons (Eberwine et al., 2002). Furthermore, it was observed that 
long-termm depression (LTD) is modulated by local protein synthesis of GluRl at dendrites 
(Huberr et al., 2000). Therefore, it is interesting to speculate that repression of cell 
proliferationn (Pham et al., 2003; Heine et al., 2004) as well as decrease in LTP due to chronic 
stresss (Alfarez et al., 2002; Alfarez et al., 2003) might involve changes in the local mRNA 
translationn in dendritic spines. 

Inn general, the question is opportune how much dendritic mRNA contributes to the 
overalll  changes in mRNA of the whole neuron including soma and dendrites. Although there 
iss no direct information to answer this question, the proportion of dendritic relative to 
somaticc mRNA is supposed to be minor, due to the complicated mRNA transportation from 
thee soma to the dendrites. We found that a number of genes assumed to be regulated by 
corticosteronee and stress in Chapter 3 and 4 indeed correlated significantly with 
physiologicall  parameters e.g. calcium current, indicating that the expression profile 
generatedd from the soma is informative. However, with respect to transient changes in 
physiologicall  functioning, such as during the early phase of LTP, the effects of dendritic 
mRNAA as well as protein translation should be considered. A very interesting future 
experimentt would be to compare the expression patterns between soma and dendrites by 
collectingg mRNA separately from the two regions. 

6.44 Technical considerations 

AssumptionAssumption 3: The techniques applied in this thesis reliably monitor changes in gene 
expression.expression. Is this true? 

Ass mentioned in the Introduction, the effort to examine gene expression at a large 
scalee is restricted by the limited amount of mRNA from small homogenous neuronal 
samples.. To resolve this unavoidable drawback two approaches were applied in this thesis 
intendingg to detect expression changes as precise as possible. The first approach is the single 
celll  mRNA amplification (Eberwine et al., 1992) and the second is real-time quantitative 
PCR.. The introduction of single cell amplification greatly facilitates large scale gene 
expressionn profiling in identified small yet homogenous samples of hippocampal neurons, 
byy artificially amplifying the starting mRNA via T7 promoter mediated in vitro transcription 
(Eberwinee et al., 1992). This approach has been widely applied in neuroscience research 
(Dixonn et al., 2000; Eberwine, 2001; Bartlett, 2002; Hinkle and Eberwine, 2003). In this 
thesis,, the mRNA collected from either single dentate granule neurons just after recording or 
smalll  (-50 cells) samples via LCM was amplified by two rounds of amplification primarily 
basedd on the original protocol (Eberwine et al., 1992). Technically, with two rounds of 
amplifications,, the mRNA from one cell (~l-2pg) can be amplified up to lOOng, sufficient 
forr expression study by Northern blot. 
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Onn the one hand, the advantage of amplifying mRNA is broadly recognized; on the 
otherr hand, the concern, i.e. reliability of amplification, still remains. As the artificial 
amplificationn of mRNA alters the complexity of the transcript abundances due to a bias of 
amplificationn towards the 3' end of transcripts, some transcripts wil l not be efficiently 
amplifiedd which eventually changes the original composition of transcripts. Also, the single 
celll  amplification method is not suitable for detection of isoforms, splicing variants and 
novell  transcripts. However, the transcripts which could be amplified still maintain the 
originall  expression ratios after several rounds of amplifications (Wang et al., 2000). This 
advantagee perfectly fits the aim of the thesis, i.e. to monitor the expression changes of 
knownn genes in response to stress or corticosterone. 

Thee sensitivity of the single cell amplification method is also a matter of debate. On 
thee one hand, the method is sensitive because of the amplification that makes low abundant 
transcriptss testable. On the other hand, the sensitivity of the single cell amplification is 
impairedd by the fact that only part of the transcript e.g. untranslated 3' end of mRNA but not 
thee full length wil l be amplified. One option to improve the sensitivity of the single cell 
amplificationn method is to use PCR amplified fragments instead of whole plasmids 
containingg the gene of interest. Indeed, the hybridization signal from PCR fragments is 
strongerr than that of signals generated from the whole plasmid (data not shown). 
Nevertheless,, it should be noted that the PCR fragment still might not match the amplified 
aRNA,, which is about 300bp with two rounds of amplification, by the present protocols. The 
intensityy of hybridization signals of various genes reported in Chapters 3, 4 and 5 spanned a 
greatt range. For instance, the signal intensity of GluRl is much stronger than the signal of 
NR2B,, which may bear no resemblance to the true abundance of transcripts. We showed that 
bothh the weak and strong hybridization signals are very reproducible and are within the 
detectingg range of the image plate (Storm 840, Molecular Dynamics, USA). 

Al ll  together, the key advantage of single cell amplification is to allow the 
expressionn pattern and physiological properties to be monitored simultaneously from 
identifiedd hippocampal neurons, so that the background signals from non-principal neurons 
orr synaptically inactive neurons can be avoided. Technically, single cell amplification 
methodd is the only available approach at present enabling to reliably monitor the expression 
changess of corticosteroid responsive genes in small yet homogenous samples of hippocampal 
principall  neurons and correlate these with the physiology. The composition, sensitivity and 
absolutee change in gene expression, though, should be considered with care. 

Thee second major approach applied in this thesis is the real-time quantitative PCR, 
thee most sensitive method for measuring mRNA expression. We showed that expression 
changess obtained in the CA1 regions, as described in Chapter 2, are highly reproducible 
althoughh considerable variation of the samples within the same experimental groups was 
seenn (see data in Chapter 2). This data variation could be due to two factors: i) the dissected 
CA11 area not only contains principal CA1 pyramidal neurons but also glia and interneurons; 
ii )) the samples not only involved neurons responsive to corticosterone but also the 
corticosteronee non-responsive neurons. Hence, the expression data presented in Chapter 2 
cannott be directly correlated to the physiology data obtained in single CA1 neurons (Karst et 
al.,, 1994b; Joelss et al., 2003). Yet, it might be linked to field potential observations in CA1 
neuronss e.g. in relation to LTP which involves a contribution by all cell populations of the 
CA11 area. 
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LCMM greatly facilitates the expression study of human post-mortem material. We 
successfullyy obtained very homogenous samples of dentate granule cells (-50) from post-
mortemm material and showed that LCM is the optimal approach to select specific cell 
populationss from fixed tissue. Since it was very hard to reproducibly retrieve the mRNA 
fromm formalin fixed tissue due to the hampered integrity of mRNA, it is very necessary to 
firstfirst identify the presence of mRNA in fixed tissue by staining RNA prior to further 
processingg (Ginsberg and Che, 2002). It is also promising to apply the LCM technique to 
collectt neurons from hippocampal slices, which might decrease the data variation reported in 
Chapterr 2. 

Consideringg the advantages and disadvantages of various approaches applied in this 
thesis,, it seems that the most promising strategy to study the function of corticosteroid 
responsivee genes in rat principal hippocampal neurons could be a combination of the various 
techniquess spanning the molecular, cellular and functional level. 

Stresss hormone 1 1 

1.. Single cell gene expression 2. Large scale expression 
(wholee cell recording, screening 
mRNAA amplification) (genechip, SAGE, DD) 

3.. Validating the responsive genes 
(real-timee qPCR) 

4.. Localizing the gene expression 
(inn situ hybridization) 

5.. Localizing & quantifying the protein expression 
(immumocytochemistry) ) 

6.. Functional characterization 
(eletrophysiologicall recording) 

7.. Manipulating gene expression 
(e.g.. knock out/in/down) 

8.. Behavioral study 
(e.g.. learning and memory) 

Figuree 1. Proposed strategy of studying effects of stress and stress hormone on gene expression in hippocampal 

neurons. . 
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6.55 Correlations or causal relationships? 

AssumptionAssumption 4: The observed transcriptional change is translated into protein, resulting in 
thethe functional alteration. Is this true? 

Thee key advantage of our approach is that we are able to measure gene expression 
andd physiology from the same cells simultaneously. This allows us to correlate the 
expressionn changes and the physiological alterations, which is a powerful method to identify 
thee sequence of biological events triggered by the stress hormone corticosterone. Our initial 
hypothesiss was that the expression changes cause the physiological alterations. Indeed, we 
havee seen that the expression changes induced by GR activation for candidate genes 
occurringg mostly in the first hour (Chapter 2) precede the physiological alteration, i.e. 
changess in Ca influx (Karst et al., 1994b; Joels et al, 2003), which are found one to two 
hourss later (in the case of acute application of corticosterone). Also, we showed that the 
expressionn of a number of genes significantly correlated with the physiology of single 
dentatee granule neurons when GR activation was either absent (Chapter 3) or GRs were 
chronicallyy activated (Chapter 4), respectively. For instance, we observed a positive 
correlationn between the AMPA-R mediated response and the decreased expression of 
calciumm channel subunits alA and alG (Chapter 4) as well as a positive correlation between 
enhancedd expression of CF6 and the increased calcium current (Chapter 3). These significant 
correlationss were the very first evidence showing that expression changes indeed are 
associatedd with physiological alterations. Nevertheless, a causal relation between these two 
parameterss was not proven. As both the changes of expression and physiology for each given 
celll  were examined primarily at one timepoint a sequence of event cannot be constructed. 
Thus,, to carefully examine the relationship between expression and physiology further 
experimentss that are more complicated should be conducted. One possibility could be to 
monitorr the dynamic change of gene expression and physiology at multiple timepoints in 
culturedd neurons. This experiment would certainly provide more information as to whether 
expressionn changes could cause the physiological alterations. This kind of experimental 
designn is very suitable for studying the effects of corticosterone on Ca channels, especially 
underr conditions of acute activation of GR in vitro. However, to extend such an experimental 
paradigmm to study the effects of long-term activation of GR by chronic stress is difficult to 
carryy out and to interpret. 

Wee hypothesized that gene expression changes will first be translated into a protein 
thatt subsequently integrates into the membrane and eventually contributes to functional 
changes.. Therefore, examination of protein levels for the responsive genes presently 
identifiedd will be the next step. Since performing a protein expression assay at the single cell 
levell  is still very far from reality at present, to fully test our hypothesis at the single neuron 
levell  needs a further breakthrough in technical development. However, at the network level 
itt may be feasible to examine the protein expression in hippocampal slices in response to 
corticosteronee application e.g. in the CA1 or DG subregions in which LTP was found to be 
modulatedd by corticosterone and stress (Diamond et al., 1992; Pavlides et al., 1995; Alfarez 
ett al., 2002). For instance, to seek an answer whether alteration in LTP measured at the 
Shafferr collateral pathway (CA1 area) by corticosterone is due to gene expression changes, 
onee could induce LTP in the hippocampal slices with and without application of 
corticosteronee in vitro. These slices could be subjected to a protein assay e.g. western blot or 
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highh throughout protein screening. Meanwhile mRNA can also be extracted from the CA1 
regionn (such as by the dissection method used in Chapter 2) for gene expression study. This 
experimentall  design would provide information about the effect of corticosterone on 
hippocampall  functioning at the molecular, cellular and functional level. 

Collectively,, we hypothesized that changes in expression wil l be translated into 
proteinn to alter functioning. We demonstrated that expression changes precede and indeed 
correlatee with functional alterations. Due to the technical limitations at present, it is difficult 
too actually prove a casual relationship between the transcriptional and functional changes. 
Forr this, more elaborated experiments are necessary. 

6.66 The corticosteroid responsive genes 

AssumptionAssumption 5: The specific subsets of genes studied in this thesis are the most interesting 
onesones transcriptionally regulated by corticosterone. Did we possibly miss other effects 
becausebecause genes were not studied? 

Thiss thesis was based on the assumption that effects of corticosterone characterized at 
thee functional level are the consequence of hormone acting on corticosteroid responsive 
geness at the molecular level. We aimed to identify those corticosteroid responsive genes 
underr various experimental conditions. In view of the fact that littl e is known about the 
responsivee genes of the transcription factors MR and GR and that the stress response is a 
veryy complicated biological process in which numerous signalling pathways are involved, 
wee primarily considered a set of specific genes indicated by physiological findings as the 
leadingg principal. For example, it has been well documented that calcium channels are 
affectedd by corticosterone (Joels, 1997, 2001), thus we have specifically investigated 
expressionn changes of calcium channel subunits under conditions of acute activation of GR 
(Chapterr 2) as well as chronic stress (Chapter 4), to see the correlation of genes expression 
changeschanges and the physiology. In addition, we also examined the genes known to be regulated 
byy corticosterone but not directly linked to physiology e.g. growth factors and their receptors 
(Hanssonn et al., 2000) in Chapter 3. This kind of selection subsequently leads to the question 
whichh other important corticosteroid responsive genes were not included in the blot. This 
concernn is quite apparent for the molecules that are involved in the stress response signalling 
pathwayy such as kinases (e.g. SGK), which can determine the function of neurotransmitter 
gatedd channels by posttranslational modification. 

Onee way to characterize the corticosteroid responsive genes is to apply large-scale 
expressionn screening approaches e.g. SAGE or genechip technology. In fact, SAGE was 
appliedd to identify the corticosteroid responsive genes in the whole hippocampus under 
conditionss of no activation of corticosteroid receptors by ADX. It turned out that MR and 
GRR differentially regulate specific sets of genes (Datson et al., 2001) many of which were 
nott included in our analysis. It should be realized that the above study was performed in the 
wholee hippocampus, which may have emphasized expression changes in non-neurons and 
dilutedd the expression changes occurring in specific neurons. In other words, due to the high 
heterogeneityy of cell types the full application of large-scale screening methods must be 
interpretedd with care (see Introduction). For example, in single dentate granule cells we (Qin 
ett al., 2003) could not replicate the upregulation of N-chimera observed in whole 
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hippocampuss after ADX (Datson et al., 2001). Therefore, the need of expression profiling in 
homogenouss cell populations should be stressed, even more so since hippocampal 
subregionss display distinct expression patterns revealed in a large scale expression study 
(Zhaoo et al., 2001). We thus may have missed genes of interest in our study but the full 
extentt of these genes is presently still not resolved. With the ongoing development of the 
large-scalee expression screening approaches, this type of concerns will soon be resolved 
hopefully. . 

Activationn of corticosteroid receptors by stress or in vitro application of corticosterone 
regulatess expression of specific sets of responsive genes. However, it should be realized that 
thee MR/GR responsive genes might not be the same as stress responsive genes. This is 
becausee stress both activates the HPA axis and the sympathetic system. For instance, stress 
nott only activates the corticosteroid receptor GR but also other transcription factors such as 
heatt shock factor 1 (HSF1) and NFkB. It has been shown that GR mediated gene expression 
iss enhanced by stress induced HSF1 activity (Jones et al., 2004; Wadekar et al., 2004) but 
repressedd by the transcription factor NFkB/API (De Bosscher et al., 2003). Another example 
iss that stress induced changes in hippocampal prosaposin is a glucocorticoid-independent 
eventt (Scaccianoce et al., 2004). To identify the responsive genes for stress and, for 
corticosterone,, different experimental approaches should be applied: i) to identify the 
responsivee genes for corticosteroid receptors the best approach would be manipulating the 
corticosteroidd receptors themselves e.g. by MR/GR knock out or mutation of MR/GR 
(Kellendonkk et al., 2002). In addition, one could adjust the level of circulating corticosterone 
e.g.. by removal of endogenous corticosterone through ADX or increasing corticosterone 
levell  by addition of corticosterone preferably in vitro in a reduced preparation; ii) to identify 
thee stress responsive genes, acute or chronic stress paradigms would help to identify the 
responsivee genes. According to the above criteria, we thus described corticosteroid 
responsivee genes in Chapters 2 and 3, while revealing a number of (chronic) stress 
responsivee genes in Chapter 4. Regardless of the different experimental paradigms, the 
sharedd key element is the enhanced activation of corticosteroid receptors, which is the 
centrall  concept of this thesis. It should be noted that in this thesis we did not discriminate 
betweenn the effects of splicing variants of GR or MR due to the limitations of the approaches 
applied.. However, the modulation of activities of GR transcription by its splicing variants 
e.g.. GRa, J3 (Encio and Detera-Wadleigh, 1991; Otto et al., 1997) or possible deletion or 
insertionn of one of the exons should be taken into account (Reviewed by De Kloet 1991). 

Overall,, we showed that a number of functionally relevant genes are responsive to GR 
activationn with various paradigms, and furthermore we confined ourselves to the synaptically 
activee hippocampal neurons in which functional properties were characterized, thus allowing 
uss to correlate gene expression changes with functional alterations. The next step is to 
completee the picture of responsive genes by applying large-scale expression screening e.g. 
SAGEE or microarray to homogenous small neuronal samples, to provide more candidates for 
functionall  analysis. 
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Chapterr 6 

6.77 GR and calcium channels 

Ass described in the above sections the goal of this thesis was to identify the responsive 
geness contributing to the physiological alterations caused by corticosterone or stress. To 
achievee this, we used physiological characteristics as a leading principal to selectively 
examinee the expression changes in identified hippocampal principal neurons e.g. dentate 
granulee neurons or CA1 pyramidal neurons. The most apparent physiological change 
establishedd by electrophysiological recording is the corticosterone-induced increase in 
calciumm current amplitude (reviewed by Joels 1997, 2001). These physiological studies, 
though,, cannot distinguish whether VDCC alC or alD subunits are involved in this effect. 
Whenn the adrenal gland is removed, enhanced calcium current was also observed (Karst et 
al.,, 1997). Given that calcium influx is sensitive to corticosteroids and plays a pivotal role in 
cellularr signalling, it was expected that chronic stress also affects the calcium current, though 
thiss prediction should be confirmed experimentally. In this thesis we therefore paid special 
attentionn to this physiological parameter, i.e. the possible mechanism underlying GR 
modulationn of calcium currents. 

Thee concept of transient changes in calcium channel gene expression resulting in 
functionall  changes is supported by the observation that expression changes in calcium 
channelss subunits occurred primarily in the first three hours after which the physiology 
alteredd (Joels et al. 2003). In that study, it was found that GR activation by acute novelty 
stresss transiently increases mRNA expression of the summated VDCC al subunits (A+C+G) 
inn single CA1 neurons, during the first three hours after stress exposure. Altered 
physiologicall  responses in the same neurons were observed starting three hours after stress 
exposuree (Joels et al., 2003). This transient expression change is compatible with our report 
off  temporal expression changes of VDCC al subunits described in Chapter 2. Moreover, we 
showedd that the VDCC alC but not alD contributes to the observed expression changes 
reportedd earlier (Joels et. al 2003). It seems that other type of calcium channels are not 
sensitivee to corticosterone or stress paradigms since no expression changes were noticed for 
TT type (VDCC alG) or PQ type (VDCC alA) channel subunits (Chapter 2; Joels et al., 
2003). . 

Thee key physiological change induced by activation of corticosteroid receptors after 
acutee stress or application of corticosterone in vitro is an enhanced calcium influx through L 
typee VDCC channels (Kerr et al., 1992; Karst et al., 1994a; Joels et al., 2003; P.Chameau, 
personall  communication). Based on our observation in Chapter 2 we propose that GR 
directlyy targets the L type VDCC genes, particularly the gene of the VDCC alC subunit, 
whichh contains multiple GREs elements (personal communication O. Meijer). In response to 
stresss or corticosterone treatment, the activated GRs translocate to the nucleus where they 
recognizee the GREs located in the VDCC alC gene and then enhance its transcription 
(Figuree 2). The increased numbers of transcripts are assumed to be translated into proteins 
thatt wil l be functionally integrated into the membrane. The VDCC al subunits are the major 
poree forming subunit of the channel which primarily controls the calcium influx (Berridge, 
1998;; Budde et al., 2002). An increased number of al subunits is expected to enhance 
calciumm currents in CA1 neurons. Calcium entry, though, is not only determined by the 
amountt of the VDCC alC subunits, but also by VDCC P subunits, which modulate the 
propertiess (Namkung et al., 1998; Brice and Dolphin, 1999; Burgess et al., 1999; Wittemann 
ett al., 2000) and functioning (Chien et al., 1995; Meir and Dolphin, 1998; Brice and Dolphin, 
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1999;; Gao et al., 1999; Gao et al, 2000; Wei et al., 2000) of VDCC alC . We showed that 
GRR activation upregulates the expression of the VDCC (34 subunit which contains the 
interactingg domain with VDCC alC (Walker and De Waard, 1998; Walker et al, 1999) and 
iss known to enhance the channel conductance. It has also been shown that [34 subunits 
regulatee the trafficking and conductance of the VDCC al subunits (Burgess et al, 1999). By 
expressingg the rat hippocampal (34 subunit into PC 12 cells, which do not contain native (34 
subunitss (Liu et al, 1996), it was found that the conductance of the al channel was increased 
resultingg in a larger calcium current (Schjott et al, 2003). This could imply that the increased 
expressionn of [34 would bring more al subunits to the plasma membrane on the one hand, 
andd enhance the conductance of al subunits on the other. As a result, the al subunit is able 
too allow more calcium ion entry. Taken together, we propose that GR activation not only 
increasess the number of VDCCs by adding more alC subunits, but also changes the VDCCs 
conductancee through more P4 subunits, thus effectively allowing calcium entry. 

TCORT T 

VDCCC P4 

|| VDCCcrtC 

Nucleus s 

Figuree 2. Proposed mechanism by which activation of GR leads to an enhanced calcium current and sAHP 

amplitudee in rat hippocampal neurons. VDCC alC subunits form a target for GRs. If transcriptional regulation is 

translatedd to the protein level, this may result in more L- type Ca channels in the cell membrane. VDCC p4 subunits 

aree also enhanced in expression, which may be an additional pathway through which Ca - influx is enhanced. The 

increasee in Ca- influx may indirectly lead to increased IAHP amplitude, although transcriptional regulation of the SK 

channelss which constitute the 1AHI> channels may also occur. It is presently unknown if VDCC P4 and SK2 are direct 

targetss of activated GRs. 
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Chapterr 6 

Concludingg remarks 

Thiss thesis investigated expression changes in identified hippocampal principal neurons in 
responsee to stress and the stress hormone corticosterone, under conditions of differential 
activationn of corticosterone receptors. We demonstrated that the expression changes correlate 
withh physiological alterations measured in the same neurons. Future studies wil l need to 
examinee a wider range of genes and, most importantly, further elaborate the causal 
relationshipp between genes expression changes and the subsequent functional consequences. 

Referencess are in the back of this thesis 
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