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Chapterr I 

Thee term stress was originally described by Hans Selye (Selye, 1936) as "a 
syndromee produced by diverse noxious agents". At present, it could be generally defined as 
anyy factor under any condition that seriously perturbs either physiological or psychological 
homeostasiss of an organism. In response to stress, amongst other things the hypothalamic-
pituitary-adrenall  axis gets activated resulting in raised release of the stress hormone 
corticosteronee in rodents (Cortisol in human). Corticosterone enters the brain, targets many 
regionss including the hippocampus, where it modulates hippocampal functions by activating 
receptorss - i.e. the high affinity mineralocorticoid receptor and low affinity glucocorticoid 
receptor,, which are nuclear transcription factors. Activation of the mineralocorticoid receptor 
iss required to maintain physiological homeostasis while activation of the glucocorticoid 
receptorr is necessary to restore disturbed physiological balance. Actions of the two types of 
receptorss are believed to function via altered transcription of corticosteroid responsive genes. 
Thee main aim of this thesis was to attempt to reveal how expression changes of 
corticosteroidd responsive genes in synaptically active neurons may contribute to altered 
neuronall  activity, in particular in the hippocampal dentate gyrus and CA1 area. We 
addressedd this issue in small samples of biologically relevant brain tissue and under 
conditionss of differential activation of corticosteroid receptors. By correlating expression 
changess with altered electrophysiological properties in identified hippocampal principal 
neurons,, we hoped to link physiology and its underlying molecular mechanism. The results 
mayy help obtain more insight in the genes involved in stress related neurological disorders, 
andd thus to narrow down candidate genes for further functional analysis. 

1.11 Stress and stress hormones 

Whenn animals are exposed to a stressful condition, very often the balanced 
physiologicall  homeostasis is disturbed, which triggers a sequence of complex neuro-
endocrinologicall  reactions in order to cope with challenged stimulations, the so-called stress 
response.. Various stressors induce corresponding stress responses, thus, nature and duration 
off  the stressor determine the degree and specificity of the stress response (Kim and 
Diamond,, 2002). 

Thee stress response acts as a double edged sword: on the one hand, temporarily 
switchingswitching on the stress response prevents further disturbance and intends to restore the 
disturbedd homeostasis; on the other hand, if the stress response cannot be switched off it may 
enhancee in the long run susceptibility and vulnerability of the cells to pathological states. 
Nevertheless,, regardless of the diverse stressors inducing various types of stress responses, 
onee universal component of the stress response is a well characterized activation of the 
hypothalamic-pituitary-adrenall  (HPA) axis (Figure 1). Thus, higher brain structures like the 
hippocampall  formation integrate and process external stressor signals, then send integrated 
internall  signals to lower brain structures. Stimulated by input from higher brain structures 
e.g.. the hippocampus, corticotrophin-releasing hormone (CRH) together with its co-
secretagoguee vasopressin (VP) are released from the paraventricular nucleus (PVN) located 
closee to the median eminence of the hypothalamus, reaching the adenohypophysis or anterior 
pituitaryy via the portal vessels. In the anterior pituitary, another peptide adrenocorticotropin 
hormonee (ACTH), is synthesized and secreted. CRH has been found to play an important 
rolee in mediating stress responses by binding to two types of receptors. It has been shown 
thatt the CRH receptor-1 mediates a fast immediate mode that activates the 
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sympathetic/flight-or-fightt system (Chrousos, 1998); by contrast CRH receptor-2 mediates a 
slow-sustainedd adaptive mode that activates the para-sympathetic system (Chrousos and 
Gold,, 1992; Hsu and Hsueh, 2001). VP is considered as a modulator of ACTH secretion 
(Kovacs,, 1998) that potentiates the effect of CRH (Gillies et al., 1982), possibly through the 
PKCC signalling pathway (Thibonnier et al., 1998). Expression of CRH, VP and ACTH have 
beenn shown to be regulated by stress (Kovacs et al., 2000; Pinnock and Herbert, 2001). 

Whenn ACTH is secreted from the pituitary it reaches the adrenal gland where in 
rodentss it stimulates synthesis and release of an important stress hormone corticosterone 
(Cortisoll  in humans). Circulating via the blood stream, corticosterone is delivered widely 
overr the body, including the central nervous system (Dallman et al., 1994). Within the stress 
HPAA axis, corticosterone is found to be the major feedback factor controlling HPA activity 
byy adjusting production and release of CRH and ACTH, at the level of hypothalamus and 
pituitaryy respectively (Akana et al., 1992). Interestingly, the synthetic steroid dexamethasone 
(DEX)) was found to bind mainly in the anterior pituitary (De Kloet et al., 1975). Later on, 
thee presence of a membrane protein, the multipledrug resistance P-glycoprotein, was found 
too be mainly responsible for expelling DEX from the brain (Meijer et al., 1998). The HPA 
axiss activity is not only determined by stress but also has a natural rhythm controlled by the 
biologicall  clock. The release of corticosterone peaks in the evening and lowers in the 
morningg for rodents like the rat, but goes in the opposite direction for humans, peaking in the 
morningg (Bradbury et al., 1994; Kalsbeek et al, 1996). However, the altered release of 
corticosteronee in response to stress is so strong that it overrides the release pattern of 
corticosteronee encoded by the normal biological clock. 

Collectively,, HPA axis activation is one of the major hallmarks of the stress 
responsee and among other things characterized by enhanced release of the stress hormone 
corticosterone,, which is considered to be a key indicator of stress HPA axis activity. 

Figuree 1 Schematic description of the HPA axis. In response to 
stress,, the HPA axis gets activated to cope with the stress. 
Firstly,, corticotrophin-releasing hormone (CRH) as well as 
vasopressinn (VP) are produced in parvocellular neurons of the 
paraventricularr nucleus (PVN) in the hypothalamus, which 
receivess transsynaptically input from the limbic hippocampal 
formation.. Secondly, released from the PVN, CRH reaches the 
anteriorr pituitary, where in turn ACTH is secreted into the 
circulation.. Upon stimulation of the adrenal glands by ACTH, 
thee stress hormone corticosterone (in rodents/cortisol in human) 
iss synthesized and released (Dallman et al., 1994; Lightman et 
al.,, 2002). Under normal physiological conditions, release of 
corticosteronee responds to a circadian rhythm, peaking in the 
morningg for human or evening for rats (Bradbury et al., 1994; 
Kalsbeekk et al., 1996). Via the blood stream, corticosterone is 
deliveredd all over the body, including the central nervous system. 
Thee hippocampus is a primary target for corticosterone in the 
brain.. The two types of corticosteroid receptors are abundantly 
expressedd in the hippocampus. Under basal corticosterone levels, 
theree is predominant occupation of the high affinity MR, whereas 
GRR is additionally activated in response to stress. 

Hippocampus s 

00 Hypothalamus 

-*00 Pituitary 
^ \ A C T H H 

Act-enal l 

I I 
—— Corticosteroid —I 
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Chapterr 1 

1.22 Corticosteroid receptors 

Whenn released from the adrenal gland and circulating via the blood stream, 
corticosteronee targets most organs of the body. Most importantly for the present thesis, 
corticosteronee passes the brain-blood-barrier, i.e. enters the brain. Corticosterone functions 
byy binding to its receptors. The finding in the late sixties of the presence of corticosteroid 
receptorss in limbic structures, which are known to be involved in learning, memory and 
cognitionn (Douglas, 1967; Benson, 1984; O'Keefe, 1990; Squire et al., 1992; Alvarez et al., 
1995),, for the first time pointed to a recognition site at extra-hypothalamic brain regions 
(McEwenn et al., 1968; Gerlach and McEwen, 1972). The functional relevance of these sites 
wass underlined a few years later by the observation that peripherally administrated 
corticosteronee suppressed the firing rate of hippocampal neurons (Pfaff et al., 1971). In the 
eightiess it was found that there are in fact two distinct types of corticosteroid receptors, the 
glucocorticoidd (GR) and mineralocorticoid receptor (MR) (Reul and de Kloet, 1985). The 
discriminationn of GR and MR laid down a basis for exploring the effects of differential 
activationn of GR and MR on hippocampal neuronal functions. The concept of two types of 
corticosteroidd receptors was later confirmed by the cloning of GR and its splice variants 
(Hollenbergg et al., 1985) as well as the cloning of MR (Arriza et al., 1987). 

Thee two types of receptor bind corticosterone differentially. MR has a high affinity 
forr corticosterone (Kd=0.5nM), i.e. 10 times higher than GR binding affinity (Kd=5.0nM) 
(Reull  and de Kloet, 1985). Expression of corticosteroid receptors is well documented. MR is 
mainlymainly expressed in the limbic structures. All subregions of the hippocampus as well as 
amygdalaa and septum highly express MR (Ahima and Harlan, 1991). Compared to the 
restrictedd expression of MR, expression of GR was found across the whole brain, including 
hippocampus.. Within the hippocampus, the CA1 and dentate gyrus subregions but not CA3 
highlyy express GR (Fuxe et al., 1985). Co-expression of GR and MR not only exists in 
hippocampuss (Van Eekelen et al., 1988), but also in the amygdala and medial prefrontal 
cortexx (Helm et al., 2002). 

Thee GR and MR belong to a super family of nuclear receptors that act as 
transcriptionall  factors. GR and MR share great sequence homology. Chemically, the 
sequencee of GR as well as MR contains highly conserved DNA binding and ligand binding 
domains,, and an N and C terminal domain. 

Thee GR is encoded by one gene. Its common form is the GRa isoform, most 
dominantlyy expressed in the hippocampus. As standard nuclear transcription factor, the 
generall  signalling pathway is well documented (see section 1.3; Parker and Schimmer, 1994; 
Tenbaumm and Baniahmad, 1997; Barrett and Spelsberg, 1998; Hart, 2002; McKenna and 
O'Malley,, 2002). The GR(3 isoform is generated due to mRNA splicing at the 3' end 
(Hollenbergg et al., 1985; Encio and Detera-Wadleigh, 1991; Bamberger et al., 1995). Just 
likee the common GRa form, GR0 is capable of initiating transcription (Bamberger et al., 
1995)) but it is much less expressed compared to GRa in the brain (Oakley et al., 1996). It 
hass been shown that GRp forms either homodimers or heterodimers with MR to block GRa 
mediatedd transactivation (Bamberger et al., 1995; de Castro et al., 1996) and contributes to 
corticosteronee resistance (Leung et al., 1997; Sousa et al., 2000; Strickland et al., 2001; 
Websterr et al., 2001). Although functionally the activity of GRp seems opposite to that of 
GRa,, it is very unlikely that GR(3 would have substantial impact on hippocampal function 
becausee of its extremely low expression in brain (Oakley et al., 1996). 
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Figuree 2 General structure of the corticosteroid receptors transcript. Both receptors (MR and GR) belong to the 

nuclearr receptor super family. The genetic sequences of GR or MR comprise distinct protein regions: the N terminal 

regionn containing a regulatory activation domain 1 (AF1) that is reported to bind to other nuclear factors such as 

APII  (Wallberg et al., 2000; Hsiao et al., 2003); a DNA binding domain (DBD) that is required for transactivation 

butt not transrepression (Luisi et al., 1991); a ligand binding region (LBD) that contains activation domain 2 (AF2) 

whichh interacts with agonists and coregulators such as SRCs (Leo and Chen, 2000); and the less defined far C 

terminal.. For rats the full length of the GR as well as MR gene contains 8 exons. The N-terminal contains two 

exons.. The DBD also has two exons. which display two highly conserved Zinc finger motifs (Evans, 1988; Naar et 

al.,, 1991; Umesono et al., 1991). The remaining four exons exist in the LBD. 

Withh respect to MR, splicing at the untranslated region of the 5 end of MR results 
inn three variants: MRa, p, and y, which are all expressed in the hippocampus. However, all 
threee splicing forms translate into one identical protein (Arriza et al., 1987; Kwak et al., 
1993;; Zennaro et al., 1995). Classically, MR is known to form homodimers to regulate gene 
transcription.. However, additional features of MR have been reported. It is clear that MR can 
formm heterodimers with the GR (Trapp et al., 1994). The heterodimers of MR and GR were 
foundd to suppress expression of the 5HT-1A gene (Ou et al., 2001). It has been found that 
thee N terminal domain of MR and GR display opposite properties that might determine 
oppositee transcriptional activities (Derfoul et al., 2000). 

1.33 Corticosteroid receptors as transcription factor 

Corticosteroidd receptors are key players in transcriptional signalling pathways. 
However,, the efficacy and specificity of actions of corticosteroid receptors are modulated by 
variouss factors, both spatially and temporally, at extracellular, intracellular and nuclear 
levels. . 

Firstlyy at the extracellular level, the free amount of corticosterone determines the 
availabilityy of corticosterone for its receptors. The availability of corticosterone is controlled 
byy the following three factors: i) plasma corticosterone binding proteins-globulins (CBG): 
Corticosteronee bound with CGB, is regarded as the non-free form and thus has no biological 
functionn (Mendel, 1989; Smith and Hammond, 1992; De Kloet, 1997; Breuner and Orchinik, 
2002);; ii) the enzyme 11 (3-hydroxysteroid dehydrogenase (lip-HSD): Type I enzyme l ip -
HSDD converts inactive corticosterone to the active state, while type II enzyme lip-HSD 
oxidizess active corticosterone to the inactive form (Seckl, 1997). Since the 11P-HSD type II 
isoformm was found not to be expressed in hippocampus, excessive corticosterone would 
readilyy saturate its high affinity receptor MR and fully activate the low affinity GR in the 
hippocampuss (Edwards et al., 1988); iii ) multidrug resistance P-glycoprotein (mdrPgp): 
glucocorticoidss are actively transported out over the cellular membrane by mdrPgp. The 
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Chapterr 1 

pumpingg action is most apparent for synthetic drugs such as the glucocorticoid agonist DEX 
(Cordon-Cardoo et al., 1989; Bourgeois et al., 1993; Karssen et al., 2002), a fact clearly 
demonstratedd by mdrPgp knock out studies (Schinkel et al., 1995). Free corticosterone 
penetratess through the cell membrane to the intracellular compartment to bind corticosteroid 
receptors. . 

Secondly,, at the intracellular level release of corticosteroid receptors from a protein 
complexx additionally determines the efficacy of action. In the inactivated state, most 
corticosteroidd receptors form a protein complex together with heat shock proteins (Hsps) and 
immunophilinn (Smith and Toft, 1993; Hutchison et al., 1994; Nathan and Lindquist, 1995). 
InIn the presence of corticosterone, corticosteroid receptors dissociate from the protein 
complexx and bind to corticosterone, as activated receptors. The activated receptors 
translocatee to the nucleus to promote transcriptional regulation. 

Lastlyy and most importantly, at the nuclear level corticosteroid receptors regulate 
responsivee genes at the transcriptional level. In general, corticosteroid receptors directly 
targett an element named glucocorticoid response element (GRE) of responsive genes. It is 
generallyy thought that homodimerization and DNA binding are necessary to regulate gene 
transcription,, a common feature of members of the nuclear factor super family. However, 
thiss common rule is not exclusively applicable to the GR. Evidence showed that GR 
homodimerizationn is not essential for GRE binding to the genes of phenylethanolamine N-
methytransferasee (PNMT) (Adams et al., 2003) and Na/K ATPase beat 1 (Derfoul et al., 
2000).. In addition, GRs with a deletion of exon 2, which disrupts DNA binding, still retain 
thee potential to regulate transcription (Mittelstadt and Ashwell, 2003). This has led to the 
notionn that GR homodimers can repress transcriptional activities through interaction with 
otherr transcription factors. There are quite a number of proteins interacting with GR in the 
nucleus.. So far this was reported for AP-1 (Diamond et al., 1990; Kovacs et al., 2000), NF-
kBB (Gottlicher et al., 1998; Sheppard et al., 1998), STAT3 (Zhang et al., 1997a; Zhang et al., 
1997b),, Est2 (Mullick et al., 2001), STAT5 (Stoecklin et al., 1999), HIF-1 (Kodama et al., 
2003),, peroxisome proliferators activated receptor X coactivator 1 (PGC-1) (Knutti et al., 
2000;; Rosenfeld and Glass, 2001) and the protein 14-3-3G (Kino et al., 2003). Among these, 
thee nuclear transcription factors NF-kB and GR have been identified to repress their 
transcriptionall  activities mutually (de Kloet, 2003). 

Apartt from the above mentioned proteins interacting with corticosteroid receptors, 
anotherr group of molecules known as steroid receptor coactivators (SRC), has been found to 
modulatee transcriptional activities of corticosteroid receptors (McKenna et al., 1999), in 
particularr transactivation. The SRC family consists of SRC-1, 2 and 3 (McKenna et al., 
1999).. SRC-1 was found to be broadly expressed in hippocampal principal neurons (Ogawa 
ett al., 2001), indicating a strong coexpression with corticosteroid receptors. The splice 
variantt SRC-la interacts with GR (Ma et al., 1999; Meijer, 2002). SRC-2 is found to be 
muchh less expressed in the brain and specifically interacts with MR (Fuse et al., 2000). 
Complementaryy to enhanced transcription by coactivators from the SRC family, another 
classs of molecules defined as corepressors was shown to reduce transcriptional activities of 
corticosteroidd receptors. The corepressors that are expressed in the brain at least comprise 
NCoRR and SMAT (Jepsen et al., 2000; McKenna and O'Malley, 2002). Preferably, 
corepressorss decrease antagonist-receptor induced gene transcription (Zhang et al., 1998). 
Thee mechanism of action of corepressors of corticosteroid receptors awaits more detailed 
study.. Altogether, coactivators and corepressors of corticosteroid receptors control gene 
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transcriptionn efficacy, possibly in a promoter dependent manner. However, the exact 
molecularr mechanisms need to be further addressed (Figure 3). 

Extracellularr Intracellular Nucleus 

cort t 

A,, Transactiyatipn 

ff SRC | 

' G R E ' ' 

B.. Transrepression 

-KNFkB> > ® ® 

Figuree 3 Modulation of the gene transcription machinery by corticosteroid receptors. In the presence of 

corticosterone.. corticosteroid receptors dissociate from a protein complex containing heat shock proteins (hsp) and 

bindd to corticosterone yielding the activated form. The activated corticosteroid receptors then translocate to the 

nucleuss to exert modulation of gene transcription by two modes. The first mode is the transactivation (A). GR 

homodimerss target responsive genes by binding to a so-called glucocorticoid responsive element (GRE), which is a 

20-basee palindrome sequence (TGGTACAAATGTTCT) (Beato et al., 1987). The GRE is the key mediator for 

transactivationn and it is further divided into three classes based on properties of interacting with the GR, categorized 

ass simple GREs, composite GREs and tether GREs. Full transactivation requires participation of SRCs. The second 

modee is the so called transrepression (B). Here, corticosteroid receptors are not necessary to bind to the GREs but 

interactt with other nuclear factors, forming heterodimers to repress transcription of responsive genes. It is generally 

acceptedd that monomer but not homodimers of GR are involved in the transrepression pathway. For instance, the 

nuclearr transcription factor NFkB interacts with GR monomers repressing their transcription mutually. 

Comparedd to GR interacting proteins, the candidates for MR are relatively less 
defined.. However, a recent study using the yeast two-hybrid approach revealed a group of 
proteinss interacting with MR. Thus, the death associated proteins DAXX and FLICE 
associatedd huge (FLASH) interact with MR and GR, but the fas associated factor -1 (FAF-1) 
onlyy interacts with MR (Obradovic et al., 2004). 

1.44 Actions of corticosteroids 

Att the transcriptional level, by virtue of the transactivation or transrepression 
machinery,, corticosteroid receptors regulate expression of responsive genes, which is 
directlyy reflected at the cellular level with respect to physiological functions. Several distinct 
12 2 



Chapterr  1 

classess of proteins were found to be functionally modulated by corticosterone (Figure 4): i) 
voltagee gated ion channels, in particular voltage dependent calcium channels (VDCC); ii ) 
neurotransmitterr activated ion channels either activated via ligand or G protein coupled 
receptors;; iii ) ATP dependent pumps and transporters (not in figure). The actions of 
corticosteroidd receptors on these classes of proteins have been extensively addressed 
elsewheree (Joels, 1997,2001). 

G-proteinn receptors Ion channels Ionolropic receptors 

Figuree 4 Schematic representation of cellular actions of corticosterone in hippocampal neurons. At the 

physiologicall  level, corticosterone modulates several distinct classes of molecules including ion channels, ligand 

gatedd (ionotropic) receptors and the Gprotein-coupled receptors (Joels, 1997). Among the ion channels, the L type 

VDCCss are the most sensitive to corticosterone, whereas ligand gated ionotropic channels, i.e. AMPA, NMDA and 

GABAA receptors are found to be less affected. The functional alterations induced by corticosterone are believed to 

bee genomic effects involving expression changes of corticosterone responsive genes. 

Earlierr studies suggested that at least calcium currents mediated by L type VDCCs 
aree modulated by corticosterone (Kerr et al., 1992; Karst et al., 1994). The effect displayed a 
U-shapedd dose dependency (Joels et al., 1994). Thus, predominant activation of MR with 
basall  corticosterone levels allows limited Ca influx (Karst et al., 1994). This will maintain 
thee excitability of the cells and promote cellular viability (Joels et al., 1994). By contrast, 
activationn of GRs in addition to MRs as well as absence of corticosterone results in enhanced 
Caa influx into CA1 neurons, which promotes the susceptibility to undergo degeneration upon 
ann additional stimulus (Kerr et al., 1992; Karst et al., 1994). In the rat hippocampal CA1 
neuronss enhanced calcium influx through sustained (possibly L - type ) VDCCs after GR 
activationn was demonstrated both in vivo and in vitro (Karst et al., 1994; Joels et al., 2003). 
Furthermore,, the calcium current increase in CA1 neurons was identified to be a GR 
mediatedd genomic effect, as concluded from a study on transgenic GR dim/d,m mice in which 
thee formation of GR homodimers is prevented (Karst et al, 2000). However, whether 
expressionn changes of L type VDCCs directly contribute to the altered calcium current is not 
clear.. Furthermore, it needs to be examined whether L type VDCCs are direct genomic 
targetss of GR. Experiments addressing these questions are described in Chapter 2 of this 
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thesis.. Compared to ion channels, ligand gated (amino acid) receptors are assumed to be less 
affectedd by corticosterone and the effects are fast and reversible, suggesting possibly a non-
genomicc process (Joels and de Kloet, 1993). Similarly to what has been described for 
VDCCs,, corticosterone also affects the G-protein coupled 5HT-1A receptor in a U-shaped 
dosee dependent manner (Hesen et al., 1996). 

Studiess using genetic manipulation of corticosteroid receptors further elaborated 
theirr functional relevance. Thus, downregulation of GR by the antisense technique altered 
HPAA axis activity (Pepin et al., 1992). In animals with a deletion of exon III of the GR in 
brainn by the Cre/LoxP system, a reminiscent symptom appeared (Tronche et al., 1999). A 
varietyy of other transgenic mice lines were created to study GR mediated signalling. Point 
mutationn in or knocking out of the GR was applied, as shown in the mice lines GRdim/dim 

(Reichardtt et al., 1998), GRnu" (Finotto et al., 1999) and GRhypo(Cole et al., 1995). The 
variouss data from those transgenic mice showed that protein-protein interactions rather than 
GRR homodimerization is essential for survival. However, the corticosterone effects on Ca 
influxx and 5HT-1A receptor transmission described above were found to depend on GR 
homodimerizationn (Karst et al., 2000). 

Givenn the differential affinity of MR and GR for corticosterone and the often 
opposingg functional effects exerted by the two receptors types, fluctuation of corticosterone 
concentrationn has profound impact on hippocampal functions (McEwen, 1999). This impact 
iss even more evident for two extreme situations commonly applied to study corticosteroid 
receptorr functions, i.e. 1) the depletion of endogenous corticosterone by removal of the 
adrenall  gland (ADX), so that no activation of corticosteroid receptors occurs; and 2) models 
forr stress paradigms that lead to long-term exposure of an animal to elevated corticosterone 
levels.. During the period of stress, the low affinity GR in addition to high affinity MR gets 
activated. . 

i)i)  Depletion of corticosterone by ADX- no activation of MR and GR 

Withh basal corticosterone levels (below 5ug/dl for rat), mostly the high affinity 
receptorr MR wil l be occupied (Reul et al., 1987). With depletion of endogenous 
corticosteronee by ADX, both GR and MR become unoccupied. Therefore, this model is 
indicatedd to study the relevance of MR mediated events in the brain. 

Thee effects of ADX are apparent and specific. Cell loss of dentate granule neurons 
inn particular occurs, whereby approximately 25% of dentate granule neurons undergo 
apoptoticc death, while the neighbouring cells sharing the same microenvironment do not 
(Sloviterr et al., 1989; Sapolsky et al., 1991). The apoptotic death is MR dependent, as 
replacementt by a low dose of corticosterone fully prevents cell death (Sloviter et al., 1989; 
Woolleyy et al., 1991; Hu et al., 1997). Besides cell loss, atrophy of dendritic trees of dentate 
granulee cells appears in response to ADX. However, this seems to have littl e effect on ionic 
currentss measured in the soma of granule cells (Wossink et al., 2001). 

Parallell  to induction of apoptosis, cell proliferation also occurs in the dentate gyrus 
afterr ADX, seen in a similar pattern as apoptosis. The induction of new born cells was shown 
too be repressed by corticosterone application in ADX rats, but MR activation does not seem 
too be sufficient to reverse this process (Fischer et al., 2002). 

ADXX has profound effects on ion currents and neurotransmission in hippocampal 
principall  neurons. At the single dentate granule neuron level, enhanced calcium current was 
noticedd by whole cell patch clamp recording (Karst and Joels, 2001). In addition, ADX led 
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Chapterr 1 

too increased expression of 5HT-1A receptor mRNA in dentate granule neurons (Chalmers et 
al.,, 1993; Meijer and de Kloet, 1994, 1995; Le Corre et al., 1997) and CM neurons 
(Chalmerss et al., 1993; Zhong and Ciaranello, 1995) although the expression change of 5HT-
1AA receptors did not correlate with functional responses (Karten et al., 2001). 

Outsidee the hippocampus, an increased miniature inhibitory post-synaptic current 
frequencyy was observed in parvocellular neurons in the paraventricular nucleus of the 
hypothalamus,, which could point to a local compensatory mechanism after loss of hormonal 
feedbackk (Verkuyl and Joels, 2003). For more details of functional changes after ADX I 
referr to comprehensive reviews (Joels et al., 1997; Joels, 2001). 

InIn spite of relatively well characterized effects of corticosterone on hippocampal 
functionss in particular at the physiological level, the molecular mechanisms underlying the 
functionall  alterations after ADX still need to be further addressed. Concerning the fact that 
apoptosiss occurs three days after ADX in part of the dentate granule neurons while the rest 
off  the granule neurons which share the same microcellular environment do resist apoptosis 
(Sloviterr et al., 1989), it is still unclear what molecular mechanisms selectively determine the 
celll  fate. In this thesis this question wil l be pursued in Chapter 3. In general, the potential 
determinantss of apoptosis in response to ADX in whole dentate gyrus region can be grouped 
inn two categories: the intrinsic factors of gene expression as well as extrinsic factors such as 
growthh factors (receptors) (Hansson et al., 2000) or synaptic strength (Karten et al., 2001). 
Att the start of this thesis, the expression changes of apoptotic molecules, growth factors 
(receptors)) and other putative candidates had not been examined yet at the single neuron 
level. . 

ii)ii)  Elevation of corticosterone by chronic stress -prolonged activation ofGR in addition to 
MR MR 

Whenn animals are exposed to stressful situations, the HPA axis activity wil l be 
enhancedd resulting in increased release of corticosterone. Elevated corticosterone levels lead 
too substantial activation (up to 90%) of GR in addition to MR (Reul and de Kloet, 1985; 
Spencerr et al., 1990). Acute as well as chronic stress paradigms have been found to modulate 
hippocampall  functions markedly (Joels et al., 1994; Joels, 1997; Joels et al., 1997; Joels, 
2001).. The short-term effects of GR (+MR) activation were briefly discussed earlier, in 
sectionn 1.4. Below I wil l focus on the effects of chronically elevated corticosterone levels. 

Chronicc stress results in dendritic atrophy of CA3 neurons (Magarinos et al., 1996; 
Galeaa et al., 1997) that eventually may induce cell loss (Sapolsky et al., 1985). The structure 
off  the dentate gyrus is also affected by chronic stress. One of the features of chronic stress is 
synapticc vesicle reorganization in mossy fiber terminals of the dentate gyrus (Magarinos et 
al.,, 1997). Furthermore, neurogenesis in the dentate gyrus is suppressed by chronic stress 
(Gouldd et al., 1997). Recent studies in which an unpredictable chronic stress paradigm was 
usedd supplied more details about the effect of chronic stress. Thus, both cell proliferation and 
apoptosiss were found to be suppressed by chronic stress but this suppression was reversible 
whenn animals were allowed to recover from stress (Pham et al., 2003; Heine et al, 2004). It 
hass been suggested that the structural changes of hippocampus resulting from chronic 
restraintt stress could be prevented by lithium treatment (Wood et al., 2004). 

Functionally,, chronic stress also markedly affected the hippocampus. For instance, 
chronicc unpredictable stress enhanced AMPA but not NMDA receptor mediated responses of 
dentatee granule cells, which would make neurons more excitable and enhances vulnerability 
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too additional stimuli (Karst and Joels, 2003). Similarly, enhanced glutamate mediated 
neurotransmissionn was observed in the CA3 region with a chronic immobilization paradigm 
(Kolee et al., 2002). Comparable to the elevated corticosterone level during the chronic stress 
paradigm,, long-term injecting of corticosterone for 56 days was seen to alter mitochondria 
volumee in the CA3 area (Coburn-Lirvak et al., 2004). In the CA1 area chronic stress resulted 
inn suppression of 5-HT (1A) receptor-mediated responses, possibly due to posttranslational 
modificationn of the receptor (van Riel et al., 2003). Moreover, chronic stress has been found 
too suppress LTP in the dentate gyrus (Kim and Diamond, 2002; Alfarez et al., 2003) and 
CA33 region (Pavlides et al., 2002), which might impair learning and memory (Bodnoff et 
al.,, 1995) (Figure 5). At the PVN level, a reduced mlPSCs frequency with no changes in 
amplitudee appeared after chronic stress (Verkuyl and Joels, 2004). 

AA number of neurotransmission genes were found to be modulated by long term 
exposuree to corticosterone. With a binding study, the NMDA receptor subunits NR2A and 
NR2BB were found to be upregulated by long term exposure to corticosterone (Weiland et al., 
1997).. Expression of glutamate receptor subunit GluRl was enhanced after a 7 days 
immobilizationn stress paradigm (Schwendt and Jezova, 2000). It was found that the 
expressionn of GluR2 was upregulated after chronic stress (Rosa et al., 2002). With respect to 
GABAaa receptors, it was found that al and a2 subunits were downregulated in dentate gyrus 
whilee [32 was upregulated in all hippocampus region in response to a 10 days corticosterone 
pellett administration (Orchinik et al., 1995). Additionally, the expression of the GABAa 
receptorr (32 subunit showed an upregulation in CA1 after chronic stress (Cullinan and Wolfe, 
2000).. Lately, a group of genes involved in cell differentiation and proliferation was found to 
bee repressed after chronic psychosocial stress, and the repressed expression of those genes 
e.g.. nerve growth factor (NGF) may contribute to the atrophy of CA3 dendrites and 
restrainedd cell proliferation (Alfonso et al., 2004). At the PVN level, chronic stress increases 
expressionn of CRH and vasopressin (Bartanusz et al., 1993; Herman et al., 1995; Aguilera 
andd Rabadan-Diehl, 2000). 
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Figuree 5 Model of chronic stress related neurological or psychiatric disorders. When an animal is exposed to 

chronicc stress, the GR activation resulting from chronic stress differentially modulates responsive genes at the 

transcriptionn level. The expression changes give rise to altered neuronal transmission e.g. enhanced glutamate 

mediatedd responses (Kole et al., 2002; Karst and Joels, 2003). The expression changes also affect the CA3 

neurons,, which display atrophy of dendrites, reduction of volume and cell loss. The repressed cell proliferation, 

alteredd morphology and enhanced neuronal transmission may mutually affect each other. If altered gene 

expression,, neurotransmission and morphology are maintained for a long period of time, the effects induced by 

chronicc stress will become irreversible. Consequently, learning and memory will be impaired and neurological or 

psychiatricc disorders such as major depression could precipitate. 

Inn view of the actions of corticosteroid receptors on transcriptional regulation, one 
cann expect to see changes in gene expression after chronic stress. This is particularly 
interestingg for the identified dentate granule neurons in which AMPA receptor mediated 
responsess were shown to be enhanced (Karst and Joels, 2003). The enhanced excitation 
contributedd by AMPA components of the synaptic response logically suggests a genomic 
effect.. Therefore we addressed the question which corticosteroid responsive genes are 
involvedd in this process in Chapter 4. Apart from the obvious candidates of genes encoding 
forr glutamate receptor subunits, other possible targets could be e.g. GABAa receptor 
subunits,, as enhanced excitation may also be caused by decreased inhibition. 

Inn brief, long term exposure to elevated corticosteroid levels following chronic 
stress,, resulting in prolonged activation of the GR, has considerable impact on hippocampal 
function,, as observed at the molecular, cellular as well as morphological level. The impact of 
chronicc stress at multiple levels would push the animal beyond its physiological limit, thus 
precipitatingg pathological states (Holsboer and Barden, 1996; De Kloet et al., 1998). 

1.55 Profilin g corticosteroid responsive genes 

Itt  is clear that corticosteroid receptors are central in mediating the signalling 
pathwayy which ultimately results in functional alternations e.g. after ADX or chronic stress. 
However,, corticosteroid responsive genes rather than the corticosteroid receptor itself 
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eventuallyy implement regulation. Thus, it is essentially necessary to identify corticosteroid 
responsivee genes in order to draw a full picture of the actions of corticosterone. 

InIn the search for genes regulated by corticosterone, classic techniques such as in situ 
hybridizationn have been applied to neuronal tissues (see also above). For instance, in the 
hippocampus,, it has been found that corticosterone modulates expression of growth factors 
andd their receptors either in the principal neurons (Hansson et al., 2000) or hippocampal glia 
(Hanssonn et al., 2001). The differentially regulated expression of specific growth factors and 
theirr receptors may contribute to ADX induced apoptosis. 

Recentt technological developments, though, now allow expression to be examined 
forr multiple or even many different genes. These technical platforms comprise differential 
displayy (DD) (Liang and Pardee, 1992), serial analysis of gene expression (SAGE) 
(Velculescuu et al., 1995; Velculescu et al., 1997) and microarray (genechip) analysis (Schena 
ett a l, 1995). With differential display (DD), based on the random PCR amplification 
approach,, the expression of about 6,000 genes has been examined in the hippocampus of 
ADXX rats. In response to kainic acid administration, it turned out that 18 genes were 
transrepressedd by ADX, including the transcription factor KROX-20 (Vreugdenhil et al., 
1996a;; Vreugdenhil et a l, 1996b). Later on, with the same DD method, a novel signalling 
moleculee CaMKLK/CARP was identified (Vreugdenhil et al., 1999). With modified SAGE, 
orr MicroSAGE (Datson et al., 2001), up to 30,000 sequence tags corresponding to about 
10,0000 genes have been screened in whole rat hippocampi three days after ADX. It was 
foundd that genes encoding excitatory glutamatergic neurotransmission were among the most 
abundantlyy expressed. Using the same technique, over 200 genes were found to be 
corticosteronee responsive. Interestingly, the majority of identified genes were responsive 
eitherr to MR or GR. In addition to validating the known corticosteroid responsive genes, a 
numberr of novel corticosteroid responsive genes were identified such as FKbpl2, N-
chimaerin,, CF6 and EST Rn5874 (Datson et al., 2001). Recently, gene expression of two 
typess of mice genetically selected based on attack latency has been studied in the 
hippocampus.. The results pointed out a strong correlation between differentially expressed 
geness and distinct morphology of the hippocampus (Feldker et al., 2003b; Feldker et al., 
2003a). . 

Noo doubt, large scale expression profiling of identified principal neurons is 
necessaryy to understand the actions of corticosterone. However, challenges still remain: 
Firstly,, no matter what expression screening method is applied, a considerable amount of 
startingg mRNA is presently required to be able to perform the experiments. This is not 
advantageouss for complex neuronal tissues, where very often the amount of cells and cell 
typess of interest is very limited. This drawback currently limits the straightforward 
interpretationn of gene expression profiling with modern techniques such as microarray. 
Secondly,, low abundant transcripts were found to be difficult to detect by microarray 
(Vreugdenhill  et al., 2001). Thirdly, due to the sensitivity of current microarray technology, 
too some extent the results still need to be further confirmed by other techniques such as in 
situu hybridization or real-time PCR. 

Takenn together, large scale gene expression screening methods like microarray 
analysiss require a considerable amount of starting mRNA, which can only be retrieved from 
aa region that inevitably includes cell types that are not of interest to the study. To retrieve the 
requiredd amount of mRNA for expression studies from a target of interest always contains 
non-specificc tissues that considerably mask the results. The advantages and disadvantages of 
thee above mentioned techniques are discussed in Box 1. 
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Boxx 1 Approaches to quantify gene expression in hippocampal cells. 

Differentia ll  Display (DD): A technique that has been widely applied for measuring multiple gene expression 

simultaneouslyy (Liang and Pardee, 1992). Using modified oligo (dT) primers to which single nucleotides or 

dinucleotidess are attached (i.e. oligo TTTTTTT-CA), mRNA is reversed into cDNA. Subsequently, the cDNA is 

furtherr amplified by adding second primers containing ~13bp arbitrary sequences. The PCR products are labelled 

eitherr with isotopes or fluorescence. The labelled PCR products of different samples are displayed next to each 

otherr with polyacrylamine gel electrophoresis. Thus, expression changes can be compared based on the sizes of 

PCRR products. The DD is often used to compare expression of small sets of genes between different cell types. It 

alsoo can identify novel genes and is a rather simple method that does not require sophisticated equipment (Liang, 

2002). . 

Seriall  analysis of gene expression (SAGE): A method that analyses sequence tags representing unique 

correspondingg transcripts (Velculescu et al., 1995). SAGE provides quantification of transcripts and is able to 

identifyy novel genes. To perform SAGE, double-stranded cDNA is synthesized with biotinylated oligo (dT) 

primers.. The cDNA is next digested by a 4 base restriction enzyme (i.e. Nla III) , which cuts cDNA at every 

256bp.. Only 3' ends of the cDNA are harvested by streptavidin beads and further divided into two groups and 

ligatedd to two different linkers containing restriction sites for Bsm FI and Nla III . After digestion by these two 

restrictionn enzymes, lObp tags are generated and concatenated into long sequences and subsequently cloned into 

plasmids.. Based on the number of tags after sequencing the clones, the gene expression is estimated. 

Microarra yy (Genechip): A high throughput platform that enables thousands of DNAs (cDNA or genomic DNA) 

inn a genomic scale to be measured simultaneously in one single hybridization (Schena et al., 1995). In general, 

mRNAA (control and experimental group) is isolated and reverse transcribed into cDNA which is labelled with 

fluorescencee i.e. Cye3 and Cye5 which give rise to red and green colours. The labelled cDNAs then hybridize 

withh a large scale of targets (cDNA or oligo) arrayed onto a glass slide (or membrane). Subsequently, the 

hybridizationn is scanned and the expression levels are calculated based on the intensity of the fluorescence 

signals.. The applications of microarray technology have been thoroughly reviewed elsewhere (Schena et al., 

1995;; Blohm and Guiseppi-Elie, 2001; Luo and Geschwind, 2001; Southern, 2001; Barlow and Lockhart, 2002; 

Heller,, 2002). 

Real-timee quantitativ e PCR (qPCR): The most accurate and sensitive approach that detects the initial amount 

off  transcripts with a wide range of up to 107 folds. qPCR monitors copies of an amplicon at every PCR cycle. At 

aa certain cycle the fluorescence signal reaches the threshold that can be reliably detected. Then, the number of 

copiescopies is calculated based on the equation: Nt=N0 * Ec. C is the PCR cycle number and Nc means the number of 

copiescopies at that certain PCR cycle C. N0 is the initial number of copies before PCR amplification, and E is the 

amplificationn efficiency which is assumed 2 under optimal conditions. When a particular Nt is set as threshold, at 

whichh the signal can be reliably detected, the initial N0 can be calculated. There are two common fluorescent 

labellingg methods for qPCR, i.e. the fluorogenic 5' nuclease assay (TaqMan) (Applied Biosystems, Inc.) and 

SYBRR green (Morrison et al., 1998). The Taqman offers a very accurate measurement due to the application of 

specificc probes in addition to two primers, but its high cost limits its broad application. The SYBR green method 

alsoo is sensitive as it binds to double stranded DNA and thus generates fluorescence. Compared to TaqMan it is 

lesss expensive and more broadly applied. Recently, a new technique of real-time competitive PCR was found to 

increasee the accuracy and sensitivity of this approach, more details are discussed elsewhere (Ding and Cantor, 

2003a,, b). 
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Tablee 1 Overview of approaches for gene expression studies. The parameters of throughput, sensitivity, and 
linkk to physiology are compared between various techniques discussed above. 

DD D 

SAGE E 

Microarray y 

Q-PCR R 

SCA A 

Numberr of gene 
examined d 

1 1 

+ + 
+ + 

+ + 

--

--

Novell gene Starting materials Sensitivity 

+ + 

+ + 

--

-- + 

4 4 

--

+ + 

+ + 

+ + 

Linkss to physiology 

5 5 

--

--

--

+ + 

1.. +: many genes can be studied at a time 
2.. +:: investigation can reveal unknown sequences 
3.. +: investigation can be carried out on a limited amount of biologically 

relevantt tissue 
4.. +: low abundant transcripts can be studied 
5.. +: expression profile is obtained from cells with known physiological properties 

1.66 Single cell approach 

InIn order to understand how gene expression changes contribute to functional 
alterationss at the single cell or network level in response to differential activation of 
corticosteroidd receptors, it wil l be necessary to profile the expression of large sets of genes in 
aa very small amount of homogenously identified principal hippocampal neurons, or 
preferablyy even in single neurons. A bridge connecting the need of large scale profiling and 
limitedd RNA material is one of the needs for future. It should be realized that the very low 
amountt of RNA isolated from a small amount of homogenous cell types hampers this effort. 
Itt has been shown that subtle changes of starting material or a less homogenous cell type 
significantlyy affect the interpretation of expression data (Geschwind, 2000; Sandberg et al., 
2000;; Carter et al., 2001; Zirlinger et al., 2001; Barlow and Lockhart, 2002; Bonaventure et 
al.,, 2002). This drawback is even more serious for neuronal cells, which contain over half of 
overalll  transcripts (Colantuoni et al., 2000; Sandberg et al., 2000). 

Withh the introduction of RNA amplification and laser capture microdissection 
(LCM)) the possibility of profiling gene expression in identified neurons became feasible.. 

Presently,, there are two general approaches of RNA amplification: a PCR based 
methodd (Jena et al., 1996) and linear amplification (Eberwine et al., 1992). The latter method 
hass been applied in this thesis. Linear RNA amplification could be simplified as T7 promoter 
mediatedd in vitro transcription. The T7 promoter attached to an oligo d (T) primer is 
incorporatedd into the cDNA. With T7 polymerase antisense RNA is generated (amplified). 
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Underr optimal conditions, two rounds of amplification from a single neuron would enable 
multiplee gene expression to be performed with reverse northern blot (Figure 6) 

3''  AAAA I 

5T7-TTTT! ! 

5'T7-TTTT^ ^ 
3'T7-AAA/ S S 

D5''  mRNA 

1s tt cDNA synthesis 

J3'1*«cDNA A 

T*T* cDNA synthesis 

T77 polymerase 
" \ \ 

5''  UUUUC 

133 1s ' cDNA 
I5'2<"<cDN A A 

33 3' aRNA 

2™11 rou nd of amplification 

Figuree 6 Overview of linear antisense RNA amplification. Single cell RNA amplification (SCA) 

providess a semi quantitative solution to study gene expression (Eberwine et al., 1992). Single cells can be either 

collectedd via the recording electrode just after whole cell recording from alive tissue or by laser capture dissection 

fromm fixed slices or tissue. The mRNA is reversed into first strand cDNA with oligo d(T)-T7 primers, followed by 

doubledd stranded cDNA synthesis. In the presence of T7 polymerase the complementary RNA (antisense RNA, 

aRNA)) is generated. With optimal conditions, up to one million folds of original copies of transcripts can be 

generatedd in two rounds of amplification. During the second round amplification, radioactive 32P CTP is 

incorporatedd in the aRNA. The aRNA is subsequently subjected to examination of multiple genes typically with 

reversee northern blot, which has been used in this thesis. Applications of Single cell RNA amplification are 

reviewedd elsewhere (Dixon et al., 2000; Eberwine, 2001; Bartlett, 2002; Hinkle and Eberwine, 2003) 

Thee significance of RNA amplification is described in detail elsewhere (Ginsberg 
andd Che, 2002; Shaw, 2002). The reliability and reproducibility of these methods have been 
thoroughlyy examined (Jena et al., 1996; Puskas et al., 2002; Jenson et al., 2003; Rajeevan et 
al,, 2003; Wang et al., 2003). It was concluded that the linear RNA amplification method is 
veryy well applicable to neuronal tissue. Moreover, the linear amplification method can be 
extendedd to the single neuron level (Eberwine et al., 1992). 

Anotherr revolutionary technique that greatly facilitates gene expression profiling is 
thee laser capture microscopy (LCM) (Emmert-Buck et al., 1996). This technique opens the 
possibilityy of studying expression in specifically identified tissue, which is especially 
valuablevaluable for post-mortem fixed neuronal tissues. LCM enables collection of single cells with 
highh efficiency - up to 1000 single cells can be harvested per day. LCM technology has been 
widelyy applied in neuronal gene expression studies (Dolter and Braman, 2001; Jin et al., 
2001;; Mikulowska-Mennis et al, 2002; Vincent et al., 2002). Presently, the combination of 

21 1 



LCMM and RNA amplification, microarray, and quantitative PCR is supposed to be the most 
effectivee approach, providing a platform for gene expression profiling in a small amount of 
identifiedd neuronal tissue. It should be realized, though, that necessary control studies are 
stilll  not fully provided and that this technically challenging combination is far from routinely 
applied.. One study in this thesis addressed the issue about reliability of the combined 
techniquess (Chapter  5, see below). 

1.77 Scope of this thesis 

InIn summary, the stress hormone corticosterone, released from the adrenal gland in 
responsee to HPA activation, is a key modulator of hippocampal activity. It achieves its 
effectss by binding to two types of receptors, which serve as transcription factors of 
responsivee genes. Fluctuation of the corticosterone concentration e.g. after ADX and acute or 
chronicc stress profoundly affects hippocampal structure and function, most likely through 
changess in cellular properties caused by transcriptional regulation of responsive genes. 
Profilingg the expression of corticosteroid responsive genes is the first necessary step towards 
thee discovery of the molecular mechanism underlying changes in physiological functions. A 
combinationn of single cell patch clamp recording and single cell RNA amplification allows 
examiningg simultaneously the electrophysiological response and gene expression generated 
fromm the same synaptically active neurons. This may provide a first impression of putative 
targett genes for corticosterone that contribute to physiological functions in the hippocampus. 

Questions: Questions: 

Thiss thesis aims to answer the following questions: 
I.. In response to acute stress in vivo or acute application of corticosterone in vitro 

thee calcium current in CA1 pyramidal neurons is enhanced. Are calcium 
channell  subunits a direct target for corticosterone? (Chapter  2) 

II .. Depletion of endogenous corticosterone by ADX results in apoptosis in part of 
thee dentate gyrus cells 3 days later while neighbouring cells stay healthy. 
Whichh molecules in single dentate granule cells potentially contribute to the 
celll  survival versus cell loss under conditions of no activation of MR? 
(Chapterr  3) 

III .. Chronic stress accompanied by elevated corticosterone levels leading to long-
termm substantial activation of GRs in addition to MRs enhances AMPA 
receptorr mediated transmission in dentate granule neurons. Do expression 
changess of putative genes determining neuronal excitation correlate with 
enhancedd excitation in single dentate granule neuron? (Chapter  4) 

IV .. It is important to extend research to human stress-related neurological and 
psychiatricc diseases. Technically, the possibilities to study large scale gene 
expressionn in biologically relevant human tissue are still limited. The only 
possiblee solution so far is to study fixed post-mortem material. How reliable is 
genee expression data retrieved from fixed material? (Chapter  5) 
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ExperimentalExperimental approaches 

Alll  experiments described in this thesis were conducted on tissue from hippocampal 
slicess of the rat (Figure 7). In Chapter 2 the CA1 area was dissected from slices under the 
microscope.. The CA1 tissue was subjected to RNA isolation and further mRNA expression 
wass examined by quantitative PCR (qPCR). Expression of ligand gated ion channel and 
calciumm channels subunits was examined. In Chapter 3 and 4 granule neurons of the dentate 
gyruss were identified during recording with microscopy, based on their location and shape. 
Linearr RNA amplification was applied to single DG neurons collected just after whole-cell 
recording.. The amplified RNA was subjected to slot-blot hybridization. In Chapter 5 either 
ethanoll  or para-formaldehyde fixed dentate granule cells (50 cells) were collected by LCM. 
Thee mRNA from fixed cells was isolated and linearly amplified. The expression patterns 
generatedd from those granules cells were compared with the expression patterns generated 
fromm single dentate granule cells collected just after recording from life tissue. 

Figuree 7 Schematic overview of the whole cell patch clamp recording method (Hamill et al., 1981) and the 

hippocampall  slice. A. Diagram of a hippocampal slice illustrating the synaptic pathways. Anatomically, the 

hippocampuss is divided into three major subregions, i.e. the CAI, CA3 and dentate gyrus (DG). The principal, 

granulee neurons of the DG receive input from the entorhinal cortex via the first excitatory pathway (perforant 

pathway).. The mossy fiber - axons of dentate granule neurons - project to pyramidal neurons of the CA3 region, 

whichh provides the second excitatory pathway (mossy fiber pathway). The dendrites of CA1 neurons at stratum 

radiatumm receive input from Schaffer collaterals, which originate from CA3 neurons, forming the third pathway 

(Schafferr collateral pathway). B. Simplified diagram of whole cell recording technique. The hippocampal slice with 

aa thickness of- 300um was placed in the recording chamber filled with the recording buffer. Single dentate granule 

cellss were identified under the microscope based on shape and location. Then, a very fine glass pipette approaches 

thee cell membrane to form a gigaseal by applying a negative pressure. Once the gigaseal has been established, the 

smalll  piece of membrane under the glass pipette is ruptured and thus the whole cell recording configuration is 

established.. The ion current created by ions flowing through the cell membrane can be detected and amplified by an 
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ultraa sensitive amplifier. Parameters such as current amplitude, voltage sensitivity and kinetics were analysed. By 

applicationn of corticosterone, corticosteroid receptor mediated physiological responses can be investigated. When 

thee whole cell recording is finished, the cell content is collected through the recording pipette for subsequent single 

celll  RNA amplification. 

Referencess are in the back of this thesis 

24 4 



Chapterr 2 

Glucocorticoidd receptors regulate gene expression of voltage gated calcium channel 
subunitss in rat hippocampal CA1 neurons 

Yongjunn Qin1, Pascal Chameau1, Sabine Spijker2, Guus Smit2 and Marian Joëls1 

'Sectionn Neurobiology, Swammerdam Institute for Life Sciences, Faculty of Science, 
Universityy of Amsterdam, The Netherlands; 2 Dept. Molecular and Cellular Neurobiology, 
Institutee of Neurosciences, Vrij e Universiteit Amsterdam, The Netherlands 

Acknowledgements s 
Dr.. H. Krugers is acknowledged for his contribution to the slice preparations. We thank Dr. 
M.S.. Oitzl and M. van der Mark from the LACDR, Leiden University for the CORT level 
radioo immunoassays. 

25 5 



26 6 



Chapterr 2 

Abstract t 

Thee stress hormone corticosterone modulates voltage gated ion channels in the rat 
hippocampuss through activation of the low affinity glucocorticoid receptor (GR) in addition 
too the high affinity mineralocorticoid receptor (MR). Upon activation the activated GR 
translocatess to the nucleus where it regulates the transcription of responsive genes, 
promotingg alterations of cellular function. In CA1 neurons, activation of the GR both 
suppressess firing rates by enhancing the afterhyperpolarization involving calcium dependent 
potassiumm channels (SKs) and increases calcium currents through voltage dependent calcium 
channelss (VDCCs). We hypothesized that these functional changes after GR activation are 
causedd by transcriptional regulation of the associated ionchannels. To test our hypothesis, 
GRss were activated by a brief exposure of rat hippocampal slices to lOOnM corticosterone. 
Onee or three hours later the CA1 area was dissected out for subsequent examination of 
expressionn by real-time quantitative PCR. We found that expression of the a lC and p4 
subunitss of the VDCC and to a lesser extent the SK2 subunit were upregulated one hour after 
GRR activation. The enhanced expressions were normalized again three hours after GR 
activation.. Expression of ligand-gated ionchannel subunits was not affected. We furthermore 
showedd that new protein synthesis is not involved in the upregulation of the VDCC a lC 
subunitt mRNA, suggesting that the VDCC a lC subunit gene is a direct target of GR. We 
concludee that upregulation of VDCC subunits and perhaps also of the SK2 channel may 
indeedd contribute to the enhanced calcium currents and increased afterhyperpolarization 
observedd with electrophysiological methods in rat hippocampal CA1 neurons. 

Keyy words: Glucocorticoid receptor, calcium current, voltage-dependent calcium channel, 
calcium-dependentt potassium channel, CA1, real-time quantitative PCR 
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Introductio n n 

Thee stress hormone corticosterone (CORT) is released in high amounts from the 
adrenall  cortex in response to stress. CORT targets the hippocampus and binds to two types 
off  receptors, the high affinity mineralocorticoid receptor (MR) and the lower affinity 
glucocorticoidd receptor (GR) (De Kloet, 1991), which are colocalized in hippocampal CA1 
neuronss (van Steensel et al., 1996). The activated receptors translocate to the nucleus and 
modulatee the transcription of responsive genes, the typical genomic effect of corticosteroid 
receptorss (Beato et al., 1987). The activation of GRs often enhances susceptibility and 
vulnerabilityy to pathological states (De Kloet et al., 1998). The activated GR was found to 
modulatee several distinct classes of molecules that determine hippocampal functioning in 
termss of excitation and plasticity. These molecules include i) voltage gated ion channels ii) G 
proteinn coupled receptors and iii ) ATP dependent ion pumps and transporters (Joels, 1997, 
2001).. Among these, voltage dependent calcium channels (VDCCs) were found to be very 
sensitivee to GR activation (Kerr et al., 1992; Karst et al., 1994, 2000). 

VDCCss are expressed throughout the brain and several types have been 
characterized,, assigned as L, N, P/Q, R and T types (Randall, 1998). Each VDCC is 
composedd of one copy of a l, p, a2-5 and y subunits (Isom et al., 1994). The al subunits are 
thee major pore forming and drug binding elements, the others are auxiliary subunits 
modulatingg trafficking and gating of al subunits (Walker and De Waard, 1998; Hanlon and 
Wallace,, 2002). The L type VDCC subunits a lC and a lD are expressed in the hippocampus 
(Snutchh et al., 1990; Hui et al., 1991; Catterall et al., 1993) and localized primarily on 
neuronall  cell bodies and proximal dendrites of pyramidal cells (Ahlijanian et al., 1990; 
Westenbroekk et al., 1990; Hell et al., 1993; Bowden et al., 2001). The P/Q type VDCC 
subunitt al A , which is involved in calcium dependent neurotransmitter release (Westenbroek 
ett al., 1995), is expressed on cell bodies as well as dendrites (Castillo et al., 1994). The 
VDCCC a lB subunit forming the N type VDCCs is expressed at dendrites and regulates 
synapsee formation (Home and Kemp, 1991; Westenbroek et al., 1992). The P/Q, L and N 
typee VDCCs are high voltage activated. By contrast, T type VDCCs, which in the 
hippocampuss comprise a lG subunits, are characterized by low voltage activation. These 
channelss too are highly expressed in hippocampus (Perez-Reyes et al., 1998; Talley et al., 
1999;; McRoryetal., 2001). 

Inn hippocampal pyramidal CA1 neurons the calcium current amplitude is enhanced 
byy GR activation, as earlier demonstrated by application of CORT to rat hippocampal slices 
(Kerrr et al., 1992; Karst et al., 1994). This increase in calcium current amplitude can be 
causedd by either an alteration of the number of VDCCs or a change in the channel properties. 
Itt appeared that GR is the central mediator of the increase in calcium current as the effect 
wass reproduced with the GR agonist RU28362 and reversed by the GR antagonist RU38486. 
Thee GR activation-induced calcium current increase was also seen when GR was activated 
byy an acute stress paradigm (Joels et al., 2003). Furthermore, the increase in calcium current 
didd not happen in GRdim/dim mice (Karst et al., 2000) in which homodimerization of GRs and 
bindingg to DNA are prevented by introduction of a point mutation in the GR (Reichardt et 
al.,, 1998). Thus, GRs increase calcium current amplitude via a mechanism involving gene 
transcription,, but presently it is unclear whether this involves transcriptional regulation of 
VDCCC subunits or of another protein that can alter VDCC properties. 
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Thee L type VDCC plays an important role in various neuronal functions (Elliott et 
al.,, 1995; Tsien et al., 1995), including gene expression (Gallin and Greenberg, 1995; Bito et 
al.,, 1997) and neuronal excitation (Moyer et al., 1992; Christie et al., 1995; Magee et al., 
1996).. Among other things, calcium entry through the VDCCs contributes to the 
afterhyperpolarizationn (AHP) following a train of action potentials. Thus, in particular the 
middlee phase of the AHP (Villalobos et al., 2004; Bond et al., 2004) is mediated by an 
outfloww of potassium ions through small calcium dependent potassium channels (SK2), a 
processs which is at least in part triggered by calcium influx (Sah, 1996). The SK channels 
aree expressed on the soma and basal dendrites (Lancaster and Zucker, 1994; Bekkers, 2000; 
Bowdenn et al., 2001). In rat hippocampal slices, calcium entry via L type VDCCs is also 
responsiblee for the slow phase of the AHP (Rascol et al., 1991). Interestingly, colocalization 
off  L type VDCC and SKI channels was reported in the rat hippocampal CA1 area (Marrion 
andd Tavalin, 1998; Bowden et al., 2001). This suggests that a GR-induced increase of 
calciumm influx into CA1 pyramidal cells may cause an enhanced AHP, as was indeed 
reportedd (Joels and de Kloet, 1989; Kerr et a l, 1989). However, the increased AHP after GR 
activationn could also be explained by an enhanced conductance or increased amount of SKs, 
independentt from the changes in calcium influx. 

Inn conclusion, while it is clear that GR activation affects VDCC and potassium 
channell  functioning at the cellular level, the molecular mechanism underlying these effects is 
stilll  unresolved. In this study we hypothesized that GR activation directly targets and 
transcriptionallyy regulates SKs and VDCC subunits. To test this, CA1 tissue was collected 1 
orr 3 hrs after GR activation and expression was examined with real-time quantitative PCR 
(qPCR).. To examine the selectivity of GR effects we also studied expression of glutamate 
receptorr subunits which were expected to be less affected (Joels, 1997). 

Material ss and Methods 

Animals Animals 
Malee rats (Wistar) were housed under standard conditions, two rats per cage. The 

ratss were first housed without handling for 3 days. Subsequently they were handled once per 
dayy at 9:00am for one week. On the day that rats were sacrificed, the brain was taken out and 
thee hippocampus was dissected. At the same time trunk blood was collected for 
determinationn of the [CORT] by radio immunoassay. A pairwise experimental design was 
chosenchosen for the left and right hippocampal lobes. In order to avoid the effect of lateralization, 
treatmentss were randomly assigned to the left or right hippocampal lobe. In total three 
treatmentt comparisons were carried out, tested during two experimental series (see Table I): 
group-II  (vehicle versus CORT; both in series 1 and 2) was intended to see the effect of the 
endogenouss ligand CORT; group-II (CORT versus CORT + 500nM of the GR antagonist 
RU38486,, series 2) to see whether CORT effects were mediated by a GR; Group-Ill (CORT 
versusversus CORT + lOOuM of the translation inhibitor cycloheximide; series 2) to see whether 
neww protein synthesis is required. From all animals, transversal hippocampal slices (300 (im 
thickness)) were prepared with a chopper. The first few (~ 5) dorsal hippocampal slices were 
discardedd after which the subsequent -15 slices were collected in standard buffer, so that 
investigationn was confined to the dorsal and middle part of the hippocampal lobes; next, the 
slicess were left to equilibrate for 1 hour (Karst et al., 1994). RU38486 or Cycloheximide was 
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addedd to the buffer prior to and during the application of CORT. For each treatment group, 
thee CA1 areas were dissected under the microscope, 1 or 3 hours after CORT treatment. Rats 
inn the experimental series 1 and 2 were not of the same weight / age when they were killed 
(~1200 and 250 grams respectively). Therefore, the data with regard to the vehicle / CORT 
treatmentt were not pooled in the present report, unless stated otherwise. 

Tablee I. Basal corticosterone (CORT) levels of the rats included in the present study and pair-wise designed 

experimentall  groups. CORT levels were measured by radioimmuno assay. 

Group-II  (1 hr) 

(33 hrs) 

Group-Il(lhr) ) 

Group-Illl  (1 hr) 

Ratt ID 

II  01 

I_05 5 

II  07 

I_l l l 

I_13 3 

I J 5 5 

I_17 7 

I_09 9 

I_10 0 

II  12 

I_14 4 

II  16 

I_18 8 

120 0 

11-14 4 

11-15 5 

II-16 6 

11-20 0 

111-02 2 

111-04 4 

111-05 5 

111-06 6 

CORTT level 

(ug/dl) ) 

1.3 3 

0.6 6 

2.1 1 

1.4 4 

1.9 9 

2.0 0 

1.6 6 

1.5 5 

1.5 5 

1.0 0 

1.8 8 

1.6 6 

4.2 2 

2.3 3 

0.2 2 

0.4 4 

0.3 3 

0.3 3 

3.7 7 

0.2 2 

0.2 2 

0.1 1 

Treatmentt of left 

hippocampus s 

vehicle e 

CORT T 

CORT T 

vehicle e 

CORT T 

CORT T 

CORT T 

vehicle e 

vehicle e 

vehicle e 

vehicle e 

CORT T 

CORT T 

CORT T 

CORT T 

RU486+CORT T 

RU486+CORT T 

CORT T 

Cycloheximide+CORT T 

CORT T 

Cycc loheximide+CORT 

CORT T 

Treatmentt of right 

hippocampus s 

CORT T 

vehicle e 

vehicle e 

CORT T 

vehicle e 

vehicle e 

vehicle e 

CORT T 

CORT T 

CORT T 

CORT T 

vehicle e 

vehicle e 

vehicle e 

RU486+CORT T 

CORT T 

CORT T 

RU486+CORT RU486+CORT 

CORT T 

Cycloheximide+CORT T 

CORT T 

Cycloheximide+CORT T 

RNARNA isolation and cDNA synthesis 

Thee dissected CA1 areas from each hippocampal lobe were pooled and dissolved in 
2000 ul of Trizol reagent (Life Technologies), and homogenized by gently passing through a 
syringee needle for a few times. Total RNA was isolated according to the standard manual of 
Trizoll  reagent. The isolated RNA was dissolved into 50 ul water. The quality of isolated 
RNAA was checked on electrophoresis gel or by an Agilent 2100 bioanalyzer (Agilent 
Biotechnologies).. The RNA was further subjected to DNAase treatment in a 100 (il reaction 
bufferr (MgS04 0.5M, sodium acetate 0.1 M (pH 5.5), RNAase inhibitor 4U (Promega, The 
Netherlands),, DNAse-I (Roche 776785, 5U)) at 37° C for 10 min. Next, 80 ill of phenol was 
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added,, mixed by vortex and centrifiiged at 14,000 rpm for 10 min. The supernatant was 
transferredd into a new tube containing 50 |il of chloroform, mixed and centrifiiged at 14,000 
rpmm for 2 min. Next, the upper phase containing RNA was collected in a new tube 
containingg 0.1 volume of 3M sodium acetate and 2.5 volumes of ethanol. The RNA was 
precipitatedd at -20° C for 30 min, was centrifiiged at 14,000 rpm for 30 min. The pellet was 
washedd twice with 70% of ethanol and air-dried. Finally, the RNA was dissolved into 50 fj.1 
water.. The integrity of RNA after DNAse treatment was checked again on an agarose gel. 

Thee purified RNA (estimated to be 500 ng - 1 ug) was subjected to first strand 
cDNAA synthesis. The RNA was heat denatured at 70 C for 5 min, shortly centrifiiged and 
directlyy placed on ice-water. Random primers (100 ng of a mixture of random hexamers to 
whichh only one nucleotide A, T, G, or C was attached with equal amount, respectively) were 
addedd and cDNA was synthesized in 25 ul at 37 °C for 1 hour using 200 U reverse 
transcriptasee MMLV (Gibco, The Netherlands) according to the manufacturer, with 3 U 
RNAsee inhibitor (Promega, The Netherlands) and 0.5 mM dNTPs. The first strand cDNA 
wass purified with 50 ul of chloroform and 50 ul of phenol, and precipitated with ethanol as 
describedd above. The pellet of cDNA was washed with 70% ethanol, air dried and dissolved 
intoo 25 ul of water. The first strand cDNA was directly subjected to real time quantitative 
PCR. . 

Real-timeReal-time quantitative PCR 
i)) Primers design: All primers were designed using the software Primer Express 1.5 

(Appliedd Biosciences). The sequences were collected from the NIH Genebank database 
(http://www.ncbi.nlm.nih.gov/entrez/).. The amplicons (75-125bp) were preferably selected 
att the untranslated 3' end region of the mRNA. The designed primers were blasted in the 
entiree Genebank database to confirm specificity (Table II). 

ii )) Standard curve: The efficacy of the designed primers was examined by checking 
thee standard curve. First, first strand cDNA was diluted 3, 9 and 27 times, respectively. Next, 
PCRR was performed for all diluted cDNAs with the same primers of each gene, and 
correspondingg Ct values were generated. Finally, the correlation of Ct values and the 
correspondingg dilutions was calculated. In principle, specific primers should give rise to 
100%% correlation between dilutions and the corresponding Ct values; in practice over 99% is 
acceptable.. The primers applied in this study were verified to be specific by way of 
generatingg a dissociation curve yielding a single product. 

iii )) PCR reaction: The SYBR Green approach was chosen (Morrison et al., 1998). 
Thee 3 times diluted first strand cDNA was used to perform real-time quantitative PCR. The 
reactionn was conducted with an ABI 9600 sequence detector (Applied Biosystems) in a 10 ul 
volumee using SYBR Green PCR mastermix (Applied Biosystems), using 0.2 ul cDNA (3 
timess diluted; corresponding to 10-25 ng RNA) and 200 mM primers. A non-template 
controll  was included to monitor any contamination, by using water instead of cDNA. The 
programm started with activation of the RT enzyme by heating the cDNA at 50°C for 5 min 
andd then denaturing it at 95°C for 10 min. Then, a 40 cycles PCR program was applied (95°C 
155 seconds, 60°C 60 seconds). A dissociation curve was added when the 40th PCR cycle was 
finished.. The expression abundance was reflected by the Ct value. The efficiency of the PCR 
reactionn was checked by the slope of the amplification plot. The specificity of primers was 
evaluatedd by the dissociation curves. 
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Tablee II . Primer sequences designed with Primers Express software 1.5 (AppliedBiosciences). The mRNA 

sequencess were fetched from GeneBank. Primers were preferably selected for the untranslated 3' end of the mRNA 

withh an amplicon between 75-125bp. 

Genes s 

MR R 

GR R 

GluRl l 

GluR2 2 

GluR3 3 

GluR4 4 

NMDAR-1 1 

NMDAR-2A A 

NMDAR-2B B 

NMDAR-2D D 

SKI I 

SK2 2 

VDCC-alA A 

VDCC-alB B 

VDCC-alC C 

VDCC-alD D 

VDCC-alG G 

VDCC-pi i 

VDCC-p2 2 

VDCC-P3 3 

VDCC-P4 4 

GAPDH H 

p-actin n 

NFL L 

NSE E 

a-tubulin n 

HPRT T 

GeneBank k 

M36074 4 

NM_012576 6 

NM031608 8 

NM_017261 1 

NM_032990 0 

NMO17263 3 

X63255 5 

NM_012573 3 

M91562 2 

L31612 2 

NMJH9313 3 

NM_019314 4 

NMM 012918 

NM_147141 1 

NM_012517 7 

NM-017298 8 

NM_031601 1 

NM_017346 6 

NM053851 1 

NM_012828 8 

XM_215742 2 

Mll  7701 

J00691 1 

NM_031783 3 

NM_139325 5 

V01227 7 

M63983 3 

Forwardd Primer 

CACGCACAGCAATATGAAAACC C 

GGGAAGGGAACTCCAGTCAGA A 

CCATTCCCTGCATGAGTCACA A 

AGCAAGGCAAGGCTGTCAATT T 

AAAACGTGGCTGCTTCAAGGA A 

AAGTTCGGGATTGGCTGTCA A 

CTCACCCCACTACCTTGTACATGA A 

GCTGCCGCGAGGTGTTA A 

CAGTGACGACTTCAAGCGAGATT T 

CTGCCACAATGACAAAATCGA A 

TTCACGGACGCTACCAGTC C 

TCCTTCAGGCCATCCATCA A 

CTGCTGGTCACACCTCACAAGT T 

TGTGGGCGCATCAGTTACAA A 

ATTCGAAAGCAAGAACAAACCAC T T 

CGCTGATGGTCGCGATGA A 

ACGCTGAGTCTCTCTGGTTTGTC C 

TGGGTCCACCTCATTCTAAACC C 

CAGAAGACTAATGCGGAAACCA A 

CCTTGCTTTCCTCATTCTTTGC C 

TGTGCCAGCATGGCTGAGT T 

TGCACCACCAACTGCTTAGC C 

GCTCCTCCTGAGCGCAAG G 

CTACTCTCAGAGCTCGCAGGTCTT T 

ACGTGGTTCCATTTCAAGATGAC C 

AGGAGGTTGGTGTGGATTCTGT T 

ATGGGAGGCCATCACATTGT T 

Reversee Primer 

CAGCGTTAACTCAGCCCCTTT T 

TTCTCAACCACCTCATGCATG TTCTCAACCACCTCATGCATG 

GGGTTTCCTGTCTGCTCCAGTTA A 

GCATGCACTGCTTTGGGAAAT T 

TGAAAGGTCATTGCACCATCAG G 

CTCAGGGCTGCGTTTCAGTC C 

TCACCACTGAATACCGGGATTAG G 

GGTTCAGTCCCCAGCTCCA A 

CGTTCCGTGTTTGAGGTGAGA A 

TGTAGAAGACACCTGCCATGTTG G 

GCAGCGACGATCCAGGAG G 

CACCTCATATGCGATGCTCTGT T 

TGCCGGTAGTACTCCATGATCAT T 

CTCGAGCCGGGCATTTCT T 

ATATCTCGTGGGACAGAAAATGC C 

AAGTGCGCTACCCTTCCAGTT T 

AGGAGGCGGACGTAGGATCT T 

CCAACACATAGAGCCTGTTCCC C 

ACATTCCCTGGCTGCTCAGT T 

AGGGAGCCCCTATCTTGCAG G 

TGATGCAGGGCCAAAACAT TGATGCAGGGCCAAAACAT 

GGCATGGACTGTGGTCATGA A 

CATCTGCTGGAAGGTGGACA A 

TCCTGGACGTGGCTGGTATAGT T 

CGAGCTTCAGTTAGTGCACCAA A 

TGTGAAAGCAGCACCTTGTGAC C 

ATGTAATCCAGCAGGTCAGCAA A 

DeterminationDetermination of the reference gene 
Sincee the starting amount of RNA for each sample was not exactly known, it is 

essentiall  to calibrate the expressions by an internal constitutively expressed gene or set of 
genes,, termed 'reference gene'. To do so, a set of six housekeeping genes in brain were 
testedd for all RNA samples regardless of the experimental groups. These housekeeping genes 
were:: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), p-actin, neuronal specific 
enolasee (NSE), hypoxanthine phosphoribosyl transferase (HPRT), Neurofilament-L (NFL) 
andd a-tubulin. The relative expression of each set of the two housekeeping genes was 
determinedd by the difference of their Ct values, named ACt value. The standard deviation 
(SD)) of the ACt was calculated for all the possible 15 combinations (Table III) . The most 
stablyy expressed of the housekeeping genes wil l result in a rather constant ACt value (in this 
casee Ct(GApDH) -Ct(p_actin)= ACt, see below). Thus, the SD of the ACt values from the best two 
housekeepingg genes should be close to zero in theory. However, in practice the smallest SD 
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iss determined to yield the optimal reference gene pair. Based on the smallest SD (0.24) of 
ACtt values among all 15 combinations, it was concluded that P-actin and GAPDH were the 
twoo most stably expressed housekeeping genes for this experimental paradigm (Table III) . 
Therefore,, the averaged expression of GAPDH and p-actin was used as a reference gene 

Tablee III . Relative expression of the housekeeping genes. For each RNA sample, relative expression of each pair of 

sixx housekeeping genes (all 15 combinations) was analyzed generating the ACt values. The ACt values of each 

combinationn for all RNA samples were analyzed with respect to mean and SD. 

ACtt (n=40) 

GAPDHH : p-actin 

GAPDHH : NSE 

GAPDHH : HPRT 

GAPDHH : NFL 

GAPDHH : a-tubulin 

p-actin:: NSE 

P-actin:: HPRT 

P-actin:: NFL 

p-actin:: a-tubulin 

NSE:HPRT T 

NSEE : NFL 

NSEE : a-tubulin 

HPRT:NFL L 

HPRT:: a-tubulin 

NFLL : a-tubulin 

Meann of ACt 

0.26 6 

-1.56 6 

-4.38 8 

-1.69 9 

-0.35 5 

-1.81 1 

-4.62 2 

-2.52 2 

-0.61 1 

-2.83 3 

-0.74 4 

1.19 9 

2.1 1 

4.04 4 

1.94 4 

SDofACt t 

0.24 4 

0.34 4 

0.33 3 

0.55 5 

0.38 8 

0.31 1 

0.41 1 

0.46 6 

0.34 4 

0.35 5 

0.55 5 

0.41 1 

0.51 1 

0.42 2 

0.43 3 

DataData analysis 
Dataa analysis was performed using two approaches. The first approach was the 2' 

AACtt value method (Livak and Schmittgen, 2001). In brief, the Ct value of GAPDH and p-
actinn was first substracted from the Ct value of each gene, generating a so-called ACt. Next, 
inn a pairwise manner (left against right hippocampus), the ACt of one treatment (control) was 
subtractedd from the ACt of the other treatment (experimental), termed as the AACt value. The 
expressionn changes between two treatment groups was calculated based on a formula of 2" 
MCtt (the PCR amplification efficiency is assumed to be 2). The significance in the difference 
betweenn two experimental groups was analysed by a paired Mest based on the AC values. 

Thee second approach is based on relative expression folds (Ramakers et al., 2003). 
Byy assuming that overall transcripts for each sample are 100%, the relative expression folds 
forr each gene including GAPDH and p-actin were calculated by converting the Ct value to 
thee relative expression folds with the formula [l/2(Ct)] . Next, the relative expression folds of 
eachh gene was normalized to the reference gene, which is the averaged relative expression 
foldss of GAPDH and p-actin, with the formula of {[1/2(C,)]/ [0.5*2(Ct (GAPDH)) + 0.5*2(Ct (p' 
ACTIN))J|| w i t h t he n o r m ai i z e (i relative expression folds, the statistic significance was tested 
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byy a paired Mest in the two treatment groups. In all cases, p <0.05 was considered to be 
significant.. The significant expression changes presented in this paper were all validated 
withh both approaches mentioned above. The tables and figures, though, are based on the 
expressionn folds analysis. 

Results s 
Too avoid any acute stressor that would activate the GR unexpectedly, handling of 

alll  rats for one week was necessary. In agreement, all rats displayed normal basal 
physiologicall  CORT levels, which are usually below 5 ug/dl at this time of the day, i.e. 10 
amm (results shown in Table I). Therefore, most of the GR activation was due to the acute 
applicationn of CORT to the hippocampal slices (Reul et al., 1987). 

Thee CA1 areas were dissected out under the microscope in a consistent manner 
(Figuree 1 A). Slices in which the integrity of hippocampal subregions was compromised were 
discardedd to ensure that the synaptic circuits were intact in all the hippocampal slices as 
synapticc alterations may also affect gene expression. The isolated RNA was checked for its 
qualityy with respect to ribosomal bands prior to DNAse treatment, which is necessary to 
removee genomic DNA that can also be amplified by random primers. In our hands, DNAse 
treatmentt gave rise to considerable loss of mRNA (50-70% loss). However, after DNAse 
treatmentt RNA was still visible on an agarose gel and that was sufficient for real-time PCR 
reactions.. Only RNA samples that clearly showed two ribosomal bands were used for 
subsequentt expression studies (Figure IB). To correct for amount of input mRNA, the 
averagedd expression of GAPDH and P-actin was used as internal control to calibrate the 
expressionn of the gene of interest in order to allow comparison from sample to sample (Table 
III) . . 

AA B 

Figuree t Schematic illustration of the dissection method used in the present study, isolating the CA1 area in rat 

hippocampall  slices. The CA1 area was dissected by four cuts with a fine syringe needle (A). The dissected CA1 

areaa was subjected to subsequent RNA isolation. Quality of the RNA was evaluated based on the typical ribosomal 

bandss shown in lanes 1-4 (B). 
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ExperimentalExperimental series 1: Effect of CORT treatment 

CORTT treatment differentially and temporally regulated the expression of VDCCs 
subunits.. One hour after CORT application, a significant upregulation was found of the alC 
subunit,, which is involved in the long-lasting (L type) calcium current, while the alD 
subunitt -which also forms L type channels- retained expression at a similar level as the 
vehiclee group (Figure 2A). The neuronally expressed PQ type subunit oil A also maintained 
itss expression at a comparable level as the vehicle group. The expression of the VDCC alB 
subunitt was examined 1 hour after CORT application and it was found not to be significantly 
changedd in expression (vehicle: 1.00+0.145; CORT:0.90+0.10; mean  SEM). The Ct value 
forr the alB subunit, however, was close to the template control, so this subunit was not 
furtherr investigated. The alG subunit which is part of the channels conducting the transient 
T-typee calcium current, showed a strong trend towards an upregulation. With the expression 
foldss approach the p value was 0.047, but with the AACt method, the p value was 0.08 
(Figuree 2A). Three hours later, the upregulated expression of the alC subunit had declined, 
thusthus statistically there was no significant difference when compared to the vehicle group 
(p=0.237).. The rest of the subunits (alA, D and G) maintained an expression levels similar 
too that seen in the vehicle group. 

Expressionn of VDCC alphal subunits 
11 hour after CORT treatment 

1-55 1 

GG VEH 

BCORT T 

B B Expressionn of VDCC alphal subunits 
33 hours after CORT treatment 

DVEH H 

JrJrll 11'lrirlrirl 
VDCCalAA VDCCalC VDCCalD VDCC a1G VDCCalAA VDCCalC VDCColD VDCCalG 

Figuree 2 Expression of VDCC al subunits, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. Expression changes were normalized to the vehicle group, based on 

thee relative expression folds methods described in the data analysis section. Data are represented as mean + standard 

errorr (SEM). Statistically significant differences are marked with * (p < 0.05). 

Thee four VDCC P subunits, which modulate trafficking and biophysical properties 
off  VDCC al subunits e.g. gating and conductance, were also differentially regulated by 
CORTT treatment (Figure 3). In detail, 1 hour after CORT treatment, expression of the 04 
subunitt was significantly enhanced while the expression of the pi, (32 and p3 subunits did 
nott change significantly (Figure 3A). However, 3 hours after CORT treatment, the 
expressionn of the P4 subunit was again close to the vehicle level (Figure 3B). None of the 
otherr subunits was affected 3 hours after CORT treatment. 
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AA Expression of VDCC beta submits 
11 hour after CORT treatment 

44 0 

B B Expressionn of VDCC beta subunits 
33 hours after CORT treatment 

&& I 1.0 
LUU O 

P1 1 

 VBH 

II  CORT 
GVBH H 

Dt t rjcÉJlNariJcl l 
P2 2 P3 3 (52 2 [53 3 (54 4 

Figuree 3 Expression of VDCC beta subunits, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. Statistically significant differences are marked with * (p < 0.05). 

Wee further found that SK2 expression was significantly increased in the first hour 
afterr CORT treatment but was normalized to the vehicle group 3 hours later, whereas SKI 
showedd no expression changes at both timepoints (Figure 4). 

Expressionn of SK channels 1 hour 
afterr CORT treatment 

* * 

B B Expressionn of SK channels 3 hours 
afterr CORT treatment 

OVEH H 

 CORT 

:SM:SM a 
SK1 1 SK2 2 

Q.. N 

ww 2 

0.0 0 

DVEH H 

aa a 
SK1 1 SK2 2 

Figuree 4 Expression of SKs, at l (A) or 3 hours (B) after a 20 min application of lOOnM corticosterone in rat 

hippocampall  CA1 tissue. 

Byy comparison, GR activation did not significantly affect mRNA expression of GR 
itself.. The expression of MR was also comparable to that in the vehicle group, both at 1 
(Figuree 5A) and 3 (Figure 5B) hours after CORT treatment. This unchanged expression of 
corticosteroidd receptors indicates that we were unable to discern an immediate auto feedback 
regulationn of GR at the transcriptional level, at least not in the first three hours after CORT 
application. . 
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Expressionn of CORT receptors 1 hour 
afterr CORT treatment 

not t 

B B Expressionn of CORT receptors 3 hours 
afterr CORT treatment 

II CORT 

DD VEH 

 CORT 

a__di i 
GR R GR R 

Figuree 5 Expression of corticosteroid receptors, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

Thee expression of ionotropic glutamate receptor subunits was also not significantly 
regulatedd by GR activation. Thus, expression of all the AMPA receptor subunits was rather 
constant,, regardless of transcript abundances, at the two time points (Figure 6). 

AA Expression of AMPA receptor subunits 
11 hour after CORT treatment 

B B 
GVEH H 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

Expressionn of AMPA receptor subunits 
33 hours after CORT treatment 

oo VEH 

 CORT 

ninnn iNriririi 
GluR1 1 GluR4 4 GluR4 4 

Figuree 6 Expression of AMPA receptor subunits, at 1 (A) and 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

Similarr effects were seen for the NMDA receptor subunits NR1, 2A, B, C and D. 
Noticeably,, the Ct value of NR2C was very close to non-template control (Ct >30), therefore 
NR2CC was excluded from subsequent analysis for reproducibility of the data. There were no 
significantt changes in gene expression for all NMDA receptor subunits 1 hour after CORT 
treatmentt (Figure 7A). Three hours after CORT treatment there were trends towards a down 
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regulationn of NR1 and upregulation of NR2B but none of these differences was statistically 
significantt (p>0.1; Figure 7B). 

Expressionn of NMDA receptor subunits 
11 hour after CORT treatment 

B B 
 VEH 

 CORT 

Expressionn of NMDA receptor subunits 
33 hours after CORT treatment 

 VBH 

 CORT 

SS I 0.4 ansa a 
NR11 NR2A NR2B NR2D 

a a drJi i 
Figuree 7 Expression of NMDA receptor subunits, at 1 (A) and 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

Collectively,, we found that GR activation by in vitro CORT application modulates 
thee expression of the various genes tested differentially. The alterations in expression of GR 
responsivee genes were found to be transient and mostly occurred in the first hour after GR 
activation. . 

ExperimentalExperimental series 2: Role ofGR and GR targets 

Thee first experimental series showed that among the genes that are transcriptionally 
regulatedd by CORT, the alC VDCC subunit gene is a clear candidate. This is of interest 
sincee electrophysiological studies had shown already that sustained (L type) calcium currents 
aree enhanced by binding of GR homodimers to the DNA (Karst et al., 2000). In the 
subsequentt series we examined 1) whether the increase in alC VDCC subunit expression by 
CORTT involves GR and 2) whether GR homodimers bind directly to the alC subunit gene. 

Thee results in the second experimental series were obtained from rats which 
weightedd ~240g on the day of the experiments. Thus, the rats were approximately 4 weeks 
olderr than the rats in the first experiment series. Since age is known to affect the 
transcriptionall  level of several of the genes tested, it is feasible that GR effects varied with 
thee weight (age) of the rats. For those transcripts which displayed significant changes after 
CORTT treatment in the first series, we pooled the rats tested in the second series. We 
observedd that pooled data still yielded significant effects of CORT on VDCC alC and p4 
subunitss expression (Figure 8). However, the pooled data no longer indicated a significant 
increasee in the SK2 expression. 
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Figuree 8 Expression of GR responsive genes of VDCC subunits (A) and SK2 (B) 1 hour after CORT application in 

ratss pooled from the two experimental series. 

Too test the involvement of GR, RU38486 was applied together with CORT to check 
iff  upregulation of VDCC alC mRNA is reversed (Group II rats, see Table I). Our 
preliminaryy results showed that additional application of RU38486 considerably decreased 
thee expression of VDCC alC by 1.31 folds compared to CORT alone, although the effect of 
RU384866 did not reach significance (Figure 9). The limited number of observations, though, 
presentlyy precludes a definitive conclusion. 

Next,, we examined if GRs directly target the alC VDCC subunit gene. If the 
VDCCC alC gene would be a direct target of GR, then new protein synthesis is not involved. 
Thus,, in the presence of a translational inhibitor the upregulation of alC should not be 
affectedd (Group III rats, see Table I). It appeared that the expression change of the VDCC 
alCC subunit after CORT treatment was not significantly affected by adding cycloheximide 
(Figuree 9). Even though here too the number of observations was limited, there seems to be 
noo indication at all that cycloheximide alters the transcription effect by GR. 

Express ionn of V D C C alpha 1C subunit 
11 hour after C O R T treatment 

2.5 5 

20 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

* * 

r_ _ 

Figuree 9 Effects of the GR antagonist RU38486 and the translational inhibitor cycloheximide on gene expression of 

thee VDCC al C subunit in rat hippocampal CA1 neurons. Corticosterone alone results in a significant enhancement 

off  the a lC subunit expression (left bars, based on pooled data from series 1 and 2). In the presence of RU 38486 a 

non-significantt trend towards a decreased effectiveness of CORT is observed (series 2). Pretreatment with 

cycloheximidee has no effect at all on CORT induced enhancement of a lC expression. 
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Discussion n 

Physiologicall  studies have shown that high doses of CORT increase the calcium 
currentt amplitude in CA1 hippocampal neurons (Kerr et al., 1992; Karst et al., 1994). This 
requiress binding of GR homodimers to the DNA (Karst et al., 2000). At least the sustained 
currentt component, probably mediated via L-type channel, is affected by GR activation 
(Kerrr et al., 1992; Karst et al., 2000). Recent pharmacological characterization of the 
componentt affected by GRs confirmed the involvement of L-type channels (P.Chameau, 
unpublishedd observation). Several issues regarding the GR signalling pathway, however, are 
stilll  unresolved. First, while it has been established that GR homodimers bind to the DNA 
(Karstt et al., 2000) which eventually results in the enhancement of the calcium current, it is 
presentlyy unclear whether the GR directly targets a gene encoding a calcium channel subunit. 
Thiss could involve transcriptional regulation of the pore-forming al subunits or of 0-
subunits,, which play a role in surface expression and conductance of calcium channels 
(Chienn et al., 1995; Meir and Dolphin, 1998; Namkung et al., 1998; Brice and Dolphin, 
1999;; Burgess et al., 1999; Gao et al., 1999; Gao et al., 2000; Wei et al., 2000; Wittemann et 
al.,, 2000). Alternatively, GRs could target another gene encoding a protein that 
subsequentlyy increases the single calcium channel conductance or the number of biologically 
availablee channels. Second, if GRs increase the synthesis of L type channels, does this 
involvee alC or a lD subunits? This question cannot be resolved with physiological 
recordingss since pharmacological tools do not distinguish between channels composed of 
a lCC or a lD subunits. Third, it was found that the AHP amplitude is enhanced by GR 
activationn (Joels and de Kloet, 1989; Kerr et al., 1989), which can be explained by the GR 
effectt on calcium influx but also by transcriptional regulation of SK2 channels which at least 
underliee the middle phase of the AHP (Abel et al., 2004; Villalobos et al., 2004; Bond et al., 
2004).. Are genes encoding SK channels a target for GRs? And finally, how specific are 
transcriptionall  effects of the GR: Are subunits of ligand-gated ion channels also a target for 
thee hormone receptor? These questions were addressed in the present study. 

Iff  one of the calcium al subunits forms a target for GR action, one would expect to 
seee transcriptional regulation of the subunit. Indeed, earlier studies in CA1 hippocampal 
(Joelss et al., 2003) and amygdala (Karst et al., 2002) cells, using single cell linear RNA 
amplification,, showed that within the first few hours after stress or CORT treatment in vitro 
(andd prior to the development of physiological changes) relative expression of some of the 
all  calcium channel subunits is increased. The experimental design of these studies precluded 
statementss about the quantitative or temporal aspects of the changes. In the present study we 
foundd that 1 hour after CORT treatment in vitro, alC but not alD subunit expression was 
enhanced.. Moreover, a transient increase in the (34 VDCC subunit expression was observed. 
Iff  these changes are translated to the protein level -which still needs to be verified- this 
impliess that CORT may not only enhance the number of available calcium channels by 
transcriptionall  regulation of specific al subunits, but also by promoting surface expression 
off  the channels in which (3 subunits play a role (Chien et al., 1995; Meir and Dolphin, 1998; 
Namkungg et al., 1998; Brice and Dolphin, 1999; Burgess et al., 1999; Gao et al., 1999; Gao 
ett al., 2000; Wei et al., 2000; Wittemann et al., 2000). The data furthermore indicate that the 
a lCC subunit may form a primary target for CORT, since the translation inhibitor 
cycloheximidee did not affect the effect of CORT at the mRNA level. Finally, the 
transcriptionall  regulation may to be due to GR (and not MR) activation. Thus, all animals 
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displayedd quite low levels of CORT at the moment that slices were prepared, so that mostly 
MRss were activated in the slices from the control groups (Reul et al., 1987a). Subsequent 
CORTT treatment in vitro (lOOnM) therefore almost exclusively activated the still available 
GRss (Reul et al., 1987b) Preliminary results showed that expression of the alC subunit was 
almostt kept at control level if CORT was applied in the presence of the GR antagonist 
RU38486.. However, the difference between CORT / vehicle and CORT / RU38486 treated 
slicess was not statistically significant, most likely due to the rather small sample of 
successfull  paired observations. Also, in the second series the age of the animals was higher 
thann in the first series. This may also have confounded our observations. These issue are 
presentlyy under investigation in follow-up experiments. 

Transcriptionall  regulation of calcium channel subunits (and subsequent translation 
too the protein level) in itself may already be sufficient to alter calcium-dependent cell 
properties,, such as the slow phase of the AHP following depolarization of hippocampal CA1 
neuronss (Sah and Faber, 2002). Yet, the present study indicates that in addition GRs may 
targett SK channels which very recently were postulated to be involved mostly in the middle 
phasee of the AHP (Abel et al., 2004; Villalobos et al., 2004; Bond et al., 2004). To what 
extentt modulation of the SK2 channel expression can explain the earlier observed effects of 
GRss on the AHP -which seemed to be directed more towards the slow rather than the middle 
phasee (Kerr et al., 1989; Joels and de Kloet, 1989)- is not quite clear and would require 
furtherr investigation. Also, the putative transcriptional regulation of SK2 channels requires 
confirmation,, since a follow-up experiment involving slightly older animals did not replicate 
thee finding from the first series. Since channel expression can depend on age (Veng et al., 
2003),, it cannot be excluded that modulatory effects of CORT are also age-dependent. This 
wouldd need to be verified for the SK2 channel. 

Otherr transcripts that were investigated appeared to be insensitive to CORT 
treatment.. Thus, both MR and GR expression were unaltered, 1 or 3 hours after a brief in 
vitrovitro treatment with lOOnM CORT. This was not totally unexpected since neither MR nor 
GRR immunostaining and binding are altered at such a short timescale after e.g. an acute 
stresss in adrenally intact rats (Gesing et al., 2001). Most other studies (Chao et al., 1998; 
Hermann and Spencer, 1998) investigating MR and GR expression after GR activation used 
ann experimental paradigm (adrenalectomy and CORT replacement for several days) that is 
veryy much different from the present design, which precludes a meaningful comparison. 
Expressionn of the AMPA-and NMDA-receptor subunits was not significantly affected. At 
thee start of the experiment this was anticipated, since glucocorticoid effects on CA1 
glutamatee transmission in most studies were reported to be rather fast in onset, which does 
nott support a gene-mediated mechanism (see for review Joels 1997). More recently, though, 
itt was found that the amplitude of miniature excitatory postsynaptic currents in CA1 neurons 
iss increased several hours after application of a GR agonist (H.Karst, unpublished 
observation).. The present data indicate that the observed changes in amplitude of these 
currentss is probably not caused by transcriptional regulation of the ligand gated ion channels 
subunits,, but rather due to posttranslational modification or surface expression of pre-
existingg channels. 

Inn conclusion, we here report that GR homodimers most likely directly bind to the 
genee encoding the alC calcium channel subunit, thus causing an enhanced current amplitude 
inn CA1 hippocampal neurons. This is supported by the fact that both the human and mouse 
alCC calcium channel gene contain multiple GREs (O.C. Meijer, personal communication). 
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Futuree studies, however, would need to firmly prove that the enhanced alC subunit 
expressionn indeed leads to more protein, using Western Blotting. Moreover, the contribution 
off  additional GR effects, e.g. on altered single channel properties, needs to be examined by 
applyingg noise analysis on calcium currents in nucleated patches. Finally, it wil l be of 
interestt to further examine the interaction between GR homodimers and the alC calcium 
channell  gene directly. Selective interference with this interaction would allow studying the 
functionall  consequences of a lack of GR modulation of the alC calcium channel, in a test 
systemm where otherwise the alC calcium channel is functionally intact. 

Referencess are in the back of this thesis 
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Abstract t 

Removall  of corticosterone by adrenalectomy induces apoptosis 3 days later in some but not 
alll  rat dentate granule cells. We hypothesized that individual dentate cells trigger specific 
genee expression profiles that partly determine their apoptosis susceptibility. RNA was 
collectedd from physiologically characterized granule cells at 2 or 3 days after adrenalectomy 
orr sham operation, and linearly amplified. The amplified RNA was hybridized to cDNA 
clonesclones of 1) candidate genes earlier identified after adrenalectomy in whole hippocampi with 
SAGEE and 2) genes encoding growth factors and their receptors. We observed that based on 
thee entire expression profile, cells relatively resistant to apoptosis 3 days after adrenalectomy 
clusteredd together with one-third of cells 2 days after adrenalectomy. Within the group of 
ADXX cells, a limited number of transcript ratios were found to correlate -positively or 
negatively-- with a known risk factor for apoptosis, calcium influx. The overall analysis of 
physiologicall  properties and multiple gene expression in single cells can narrow down the 
numberr of critical genes involved in apoptosis identified with large scale gene screening 
methodss and allows a first impression of their role as being a potential riskfactor or 
neuroprotective. . 

Keyy words: apoptosis, corticosterone, RNA amplification, growth factors, calcium, serial 
analysiss of gene expression. 
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Introductio n n 

Corticosteronee modulates gene expression in the hippocampus through activation 
off  intracellular receptors (De Kloet, 1991). Corticosteroids are important for the stability of 
celll  turnover in the dentate gyrus (DG): Removal of corticosterone by adrenalectomy (ADX) 
leadss to increased neurogenesis as well as apoptosis (Cameron et al., 1998); apoptosis is 
preventedd by low doses of corticosterone (Sloviter et al., 1989; Woolley et al., 1991; Hu et 
al.,, 1997). Cell death occurs particularly in the suprapyramidal blade where eventually -25% 
off  the granule cells die by apoptosis after ADX (Sapolsky et al., 1991) while the remaining 
cellss resist apoptosis. Possible causes for the opposite fates of neighbouring DG cells could 
relatee to cell-specific factors like Ca2+influx (Karst and Joels, 2001), synaptic input (Stienstra 
ett al., 1998) or differential gene expression. We here tested the possibility that DG cells 
triggerr specific gene expression profiles after ADX that may determine their chance of 
survival.. We focused on two categories of genes: First, several growth factors and their 
receptorss which are regulated by corticosterone (Chadi et al., 1993; Chao and McEwen, 
1994;; Lauterborn et al., 1995; Schaaf et al., 1997); second, genes previously found to be 
differentiallyy expressed in whole hippocampi from rats 3 days after ADX, as established by 
seriall  analysis of gene expression (SAGE) (Datson et al., 2001). Given the opposing fates of 
neighboringg cells after ADX, gene expression was studied at the single cell level. 

Experimentall  Methods 

AnimalsAnimals and tissue processing 

Twoo months old male Wistar rats (Harlan CPB, the Netherlands) were group 
housedd under standard conditions with an alternating 12-hour light cycle (8:00 am lights on). 
Ratss were bilaterally adrenalectomized or sham operated under halothane anaesthesia (Ratka 
ett al., 1989). Animals were decapitated and trunk blood was collected for corticosterone 
measurementt using a radio immunoassay. All ADX rats included in the present study 
displayedd corticosterone levels below lug/ 100ml. The animal experiments were approved by 
thee local Animal Experimental Committee. 

RecordingRecording and RNA collection: 

Onn the day of the experiment, the rat was placed in a clean cage and decapitated 30-
455 min later, which presumably results in mildly elevated plasma corticosterone levels (10-
155 jxg/100ul) in adrenally intact rats (Karst and Joels, 2001). Transverse hippocampal slices 
weree prepared as describe earlier (Karst and Joels, 2001). Slices were stained ex vivo with 
Hoechstt 33582 (0.6mM) at room temperature for 10 min to visualize nuclear chromatin 
(Wossinkk et al., 2001). Healthy granule cells at 2 or 3 days after ADX and or sham operation 
weree recorded for their conductance through voltage gated Ca channels and membrane 
capacitance.. The patch pipettes were filled with Cs-methane sulfonate (141mM), HEPES 
(lOmM),, BAPTA (5mM), MgATP (2mM), NaGTP(O.lmM): pH 7.4, 295mOsm. After 
recording,, the cell content including mRNAs present in the soma was aspirated through the 
recordingg electrode. 
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aRNAaRNA amplification: 
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Thee aspirated cell content was transferred to a tube containing 20 U of RNase 
inhibitor.. Subsequently, reagents including avian myeloblastosis virus reverse transcriptase 
(RT,, Seikagaku America) were added for first-strand cDNA synthesis as described 
elsewheree in detail (Eberwine et al.}  1992; Nair et al., 1998). The resulting single-stranded 
cDNAA was linearly amplified to generate amplified aRNA. Purified first-round aRNA was 
furtherr taken through a second round of amplification to generate 32P-labeled aRNA. This 
aRNAA population is antisense to the original poly(A)+ RNA and linearly amplified over the 
latterr by greater than a million-fold (Madison and Robinson, 1998). 32P-labeled aRNA was 
usedused to probe slot blots loaded with candidate cDNA clones prepared using a MaxiPrep kit 
(Promega).. Hybridization was done for 48 h at 42 °C after 24 h pre-hybridization in a 3 ml 
buffer24.. Blots were washed air-dryed and exposed to a phosphor imager for 48 hours. 
Radioactivee signal was analysed by ImageQuant l.l v and analysed for statistically 
significantt differences with analysis of variance followed by post hoc multiple comparison 
off  the means. Since in almost all cases the variance of the groups differed significantly, non-
parametricc testing (Kruskal-Wallis, Mann-Whitney-U) was applied throughout. 

Immunohistochemistry Immunohistochemistry 

Malee Wistar rats (n=13) were transcardially perfused after Nembutal anaesthesia 
withh 50 ml of 0.9% saline followed by 250 ml of 4% paraformaldehyde in phosphate 
bufferedd saline (PBS)(pH 7.4; 0.05 M). Next the brains were placed in PBS with 0.05 % Na-
Azide.. Brain tissue was then placed in 30% sucrose in 0.1 M phosphate buffer overnight, 
frozenfrozen on dry ice, cut in horizontal serial sections (30 um) and transported to a series of PBS 
filledfilled vials. One series was stained with a monoclonal antibody (Transduction Laboratories) 
againstt CamK II (1 to 200). Indirect visualization was with FITC or Cy3 conjugated 
secundaryy antibodies. Quantification of the fluorescent staining pattern was performed on the 
basiss of confocal laser scanning microscope (Noran Oz, USA) images by constructing a bar 
off  50 x 250 pixels in an area that was superimposed over the main hippocampal subareas as 
shownn in figure 1C. Over the entire area of the quadrant thus constructed, a scan was made 
usingg the Peak Finder software from Intervision (Noran Software Co.), that reflected the 
stainingg intensities distributed over the different hipocampal neuronal layers from CA1 to 
DGG suprapyramidal blade to hilus and/or CA4, to the infrapyramidal blade of the DG. 
Subsequently,, quantification of immunoreactivity for every subarea was expressed by the 
peakk areas, as assessed by Intervision 1.7 software (Noran), and corrected for the 
backgroundd levels of the area between CA1 and DG. A similar procedure was applied for the 
CA33 area. At least three sections at the midhorizontal level of the hippocampus were 
analyzedd and averaged for every animal. 

Resultss and Discussion 

DGG granule cells were identified by the location of their soma (figure 1A) and 
physiologicall  properties, in whole cell patch clamp recordings (Karst and Joels, 2001) After 
recording,, the cellular content including all poly-A tailed RNA was aspirated and linearly 
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amplifiedd (Eberwine et al., 1992). Labelled RNA was hybridized with cDNA clones (Figure 
IB) ,, including: 1) The growth factors Brain Derived Neuronal Factor (BDNF), Neurotrophin 
33 (NT3), acid Fibroblast Growth Factor (FGF1), basic Fibroblast Growth Factor (FGF2), 
epidermall  growth factor (EGF), and some of their receptors i.e. Tyrosine receptor kinase B 
(TrkB)) and Tyrosine receptor kinase C (TrkC); 2) the SAGE identified genes (Datson et al., 
2001)) of immunosuppressant FK506 Binding Protein 12 (FKBP12), N-Chimaerin, Protein 
Inhibitorr of Neuronal nitric oxide synthetase (PIN), mitochondrial Coupling Factor 6 (cf6), 
andd a novel putative GTP-binding protein PTD004. Moreover, we examined expression of 
Superoxidee Dismutase (SOD), known to be involved in DNA repair (Manabe et al., 2001) 
andd Protein Kinase B (AKT) which in some tissues is involved in apoptosis resistance (Yano 
ett al., 1998; Datta et al., 1999) but can also increase Ca-influx (Blair and Marshall, 1997). 
Expressionn levels are reported relative to CamKII, which is highly abundant, and not 
significantlyy affected by ADX when expressed relative to the less abundant Neurofilament 
(CamKIII  / NFM expression in ADX: 7.3  1.5, n=12; sham controls: 9.7  2.6, n=13; data 
obtainedd on other blots of the same cells), a standard used earlier (Nair et al., 1998; Karten et 
al.,, 1999). Also, ADX did not affect CamKII protein level, as established with quantitative 
confocall  analysis of immunofluorescent CamKII labeling (figure IC, D). As a positive 
controll  we examined the expression ratio of the anti-apoptotic factor Bcl2 relative to pro-
apoptoticc factor Bax (Karst et al. 1999). 

Hippocampall  slices were all incubated in vitro with Hoechst 33582 to visualize 
nuclearr chromatin. No giga seals could be made on (apoptotic) cells with condensed nuclear 
chromatin,, seen at 3 but not 2 days after ADX (see figure 1A). Thus, recording and RNA 
harvestingg at 3 days after ADX were confined to cells which at that time resist apoptosis. DG 
cellss recorded 2 days after ADX presumably represent a mixture of potentially apoptosis-
resistantt and apoptosis-prone cells. RNA was also collected from DG cells of sham operated 
rats.. Expression profiles of cells from 2 or 3 days sham control animals showed no 
significantt differences (p-values given in Table I), with the exception of NT3/CamKII 
expressionn (p=0.03). For further analysis, data from the 2 and 3 days sham control groups 
weree pooled; in the case of NT3/CamKII, averaged values from 2 and 3 days post-ADX cells 
weree not only compared to the pooled sham group, but also to the matching sham groups. 

Whenn comparing physiological characteristics and expression ratios between the 
sham,, 2 days post-ADX and 3 days post-ADX groups, significant differences were found for 
totall  calcium current amplitude, Bcl2/Bax, EGF/CamKII and cf6/CamKII expression ratios 
(Tablee I). Multiple comparison of the means revealed that 2 days after ADX compared to 
controll  the calcium current amplitude, EGF/CamKII and cf6/CamkII expression were 
elevated.. The 3 days post-ADX compared to control as well as 2 days post-ADX group 
displayedd an elevated Bcl2/Bax expression, which is compatible with the notion that this 
groupp displayed a bias towards apoptosis resistant cells (Yuan and Yankner, 2000). The 
FGF2/CamKIII  expression ratio in 3 days post-ADX cells was very low (ANOVA just not 
significant,, p=0.08; Table I). The relatively high Bcl2/Bax and low FGF2 (but not FGF1; 
ANOVAA p=0.76) expression 3 days after ADX agrees with studies in whole hippocampi 
showingg that glucocorticoids correlate negatively with Bcl2/Bax and positively with (glial) 
FGF22 expression in DG (Riva et al., 1995; Chao et al., 1998; Almeida et al., 2000; Hansson et 
al.,, 2000). 
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Figuree 1. Methodology to sample RNA from single cells. A. Detail of a hippocampal slice stained with Hoechst 

335822 for nuclear chromatin, obtained from a rat 3 days after ADX. The picture shows part of the suprapyramidal 

bladee of the dentate gyrus. The arrow indicates a pyknotic dentate cell with condensed nuclear chromatin. Whole 

celll  patch clamp recording was performed in cells with background staining, i.e. cells that at that time resisted 

enteringg the apoptotic route (example marked as cross). B. After recording calcium currents with whole cell patch 

clampp recording, cellular content including all poly-A tailed RNA was aspirated through the pipette, linearly 

amplifiedd in two rounds and hybridized on slot blots with cDNA clones of interest. Genes on the blot are: a) 

AMPAR1,, AMPAR2 (both not reported), Bax, Bcl2, Caspase3, control for aspeciftc hybridization to vector 

(pBlueScript);; b) CamKK, CamKII, CamKVI (all three not reported), EGF, TrkB, BDNF; c) NT3, TRkC, FGF1, 

FGF2,, AKT , PIN; d) N-chimaerin, PTD, cf6, CPG16 (not reported), FKBP12 and SOD. C. Confocal image of 

hippocampall  section showing immunohistochemical staining for CamKII. Fluoresence was averaged in the CA1, 

CA33 and dentate cellbody layers, in a band here schematically represented by the dotted rectangles. D. Averaged 

(+SEM)) fluorescent CamKII labelling (determined as described in the Methods section) in the CAI, CA3 and 

suprapyramidall  blade of the dentate gyrus (DG) for ADX (open bars; n=6) and SHAM operated rats (grey bars; 

n=7). . 
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Tablee 1. Relative expression of candidate genes in dentate granule neurons 2 days after ADX (n=13) and 3 days 

afterr ADX (n=10) compared to the pooled control sham cells (n=21). In most cases expression of candidate genes 

wass related to expression of CamKII (xlOO) that acted as internal control. Data represent mean  SEM. All data 

weree first subjected to non-parametric (Kruskal Wallis) analysis of variance. If this test indicated that groups 

differencedd from each other (p<0.05), posthoc multiple comparisons of means was performed. Significant 

differencess (p<0.05) between one of the ADX groups and the sham control group is indicated by *; statistical 

differencess between the two ADX groups is indicated by s. In this table, the membrane capacitance (in pF) and 

maximall  calcium current amplitude (in nA) recorded before RNA collection are also included. Numbers in 

parenthesess in the sham group indicate the p-values obtained in the comparison between the 2 and 3 days sham 

groups.. With the exception of NT3/CamKII expression, no significant differences were observed between the 2 and 

33 days sham groups. 
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2.11 7 (0.69) 
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0.310.2 2 
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1.510.8 8 
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0.910.6 6 
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3.312.7 7 
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Byy averaging the data per group, the added value of obtaining multiple gene 
expressionn profiles combined with physiological characteristics for each individual cell is 
lost.. This is particularly inappropriate for the 2 days post-ADX group which consists of a 
mixturee of apoptosis-prone and -resistant cells which were hypothesized to display different 
expressionn profiles. As a first approach to distinguish between these cells we correlated Ca-
currentt amplitude -a known riskfactor for apoptosis in DG (Karst and Joels, 2001)- with 
expressionn of the various transcripts in all ADX cells. Figure 2A shows that Ca-current 
correlatedd positively with membrane capacitance and cf6/CamKII expression, while an 
almostt significant (p=0.08) inverse relation was found with Bcl2/Bax mRNA expression. 
Nonee of the other expression ratios correlated with Ca-current amplitude. We next applied a 
moree potent cluster analysis (Eisen et al., 1998), in which both physiological properties and 
thee entire expression profile of each cell is taken into account. The assumption was that most 
33 days post-ADX cells wil l show up in one cluster -i.e. exhibit a comparable overall gene 
expressionn profile- together with those 2 days post-ADX cells that are predestined to survive. 
Thiss indeed appeared to be the case (figure 2B). Thus, 90% of the 3 days post-ADX cells 
clusteredd together with 33% of the 2 days post-ADX cells (cluster#l). The other cluster (#2) 
wass dominated by 2 days post-ADX cells and contained only 10% of the 3 days post-ADX 
cells.. This pattern was consistently seen, regardless of variation in the clustering parameters 
(e.g.. log transformation, center around the mean). Interestingly, two cells obtained from a 
singlee animal sometimes ended up in different clusters (e.g. animal 10/12 and 8/1), 
indicatingg that the clustering was based on differences between individual cells rather than 
animals.. Cells in the pooled 2 and 3 days sham groups were divided over 3 clusters which 
didd not show an apparent prevalence for either 2 or 3 days sham cells (data not shown). Al l 
inn all, this indicates that individual DG neurons respond to corticosterone depletion with 
diversee gene expression patterns, as early as 2 days after ADX. 

Byy triggering a pattern as seen in nearly all 3 days and part of the 2 days post-ADX 
cells,, neurons may increase their chance of survival. These cells have small Ca-currents, 
reducingg their susceptibility to apoptotic death (Karst and Joels, 2001). The high Bcl2/Bax 
levelss fit with the protective role described in other models for apoptosis (Hughes et al., 
1999),, although the changes in relative FGF2 and EGF expression are less compatible with 
apoptosis-resistancee (Mahanthappa and Schwarting, 1993; Lowenstein and Arsenault, 1996). 
Thee large membrane capacitance in part of the 2 days post-ADX cells, correlating with large 
Ca-influx,, suggests that these cells have an elaborate dendritic trees, a feature seen in DG 
cellss facing the molecular layer i.e. 'old' cells (Wossink et al., 2001). Indeed, histological 
findingss (Cameron and Gould, 1996) support that 'old' rather than young DG cells are at risk 
forr apoptosis. 

Inn conclusion, we here show that individual DG neurons display very diverse gene 
expressionn profiles after corticosterone depletion, possibly depending on their age. The 
observedd changes were quite specific: Only few transcripts were changed on average after 2 
orr 3 days post-ADX or were a distinguishing factor in cluster analysis. By correlating a 
knownn physiological riskfactor for apoptosis (Ca) with expression data of individual cells, it 
wass possible to designate some of these changes in transcripts as potentially beneficial or 
endangeringg for apoptosis. This specificity and designation is particularly interesting when 
examiningg candidate genes earlier identified by large scale gene screening methods like 
SAGE,, which require considerable amounts of (heterogeneous) tissue. Of the presently 
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testedd candidate genes, only cf6 was differently expressed after ADX and found to be a 
potentiall  riskfactor. Other SAGE-identified genes may have been differentially expressed in 
fullyy apoptotic cells (not sampled here), glial cells, interneurons, or principal cells in other 
hippocampall  subfields. While the present approach helps to narrow down candidate genes 
involvedd in apoptosis susceptibility, their critical role needs to be confirmed in follow-up 
studiess establishing the functional consequences of over-expressing genes of interest for cell 
survivall  or death after ADX. 
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Figuree 2. Gene expression and physiological properties in single cells. A. Ca-current amplitude in single ADX DG 

cellss is significantly (p<0.05) and positively correlated (Pearson linear regression) with membrane capacitance 

(Al )) and cf6/CamKII RNA expression (A2). An almost significant (p=0.07) negative correlation was observed 

withh Bcl2/Bax expression (A3). No correlation (in all cases p>0.2) was observed with respect to other transcript 

expressionn levels, as shown for an example (EGF/CamKII) in A4. B. Cluster analysis based on gene expression 

profiless of 2 and 3 days post-ADX cells. On top, each cell is identified by the experimental day, cell number (in 

parenthesis)) and the delay after ADX (i.e. 2 or 3 days=D). Cluster #2 contains -67% of the 2 days and 10% of the 3 

dayss post-ADX cells, while the opposite is true for cluster#l. Red and green squares represent relatively high and 

loww expression levels respectively. Gray square represents missing value. 

Referencess are in the back of this thesis 
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Abstract t 

Thee rat adrenal hormone corticosterone binds to low and high affinity receptors, discretely 
localizedd in brain, including the dentate gyrus. Differential activation of the two receptor 
typess under physiological conditions alters gene expression and functional characteristics of 
hippocampall  neurons. In the present study we examined gene expression of 
electrophysiologicallyy identified dentate granule cells, one day after 21 days of unpredictable 
stresss or control treatment, both under basal corticosteroid conditions and after brief in vitro 
exposuree to a high corticosterone dose. From each cell RNA was collected, linearly 
amplifiedd and hybridized with cDNA clones for 3 calcium channel subunits, 4 NMDA, 2 
AMPP A and 11 GAB A receptor subunits. We found that gene expression was not extensively 
changedd after chronic stress when neurons were studied under basal corticosteroid 
conditions.. However, combined with acute exposure to a high corticosterone dose, relative 
expressionn of 8 transcripts was significantly altered, including a consistent upregulation of 
GABAaa receptor al and downregulation of calcium channel alA and alG subunit 
expression.. If translated to the protein level, this may result in more transient GABAa 
receptorr mediated responses and less transient calcium influx. This could contribute to 
enhancedd excitability and vulnerability of granule cells after chronic stress. 

Keyy words: glutamate receptor, GABAa receptor, calcium channels, glucocorticoid receptor, 
RNAA amplification 
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Introductio n n 

Thee rat adrenal hormone corticosterone, which is released in high amounts after 
stress,, enters the brain and binds to discretely localized intracellular receptors which can act 
ass transcriptional regulators (Beato and Sanchez-Pacheco, 1996). In particular the 
hippocampall  formation is enriched with high affinity mineralocorticoid receptors -which are 
alreadyy to a large extent occupied with basal corticosterone levels- and lower affinity 
glucocorticoidd receptors (GRs), which are substantially filled after exposure to an acute 
stresss (reviewed in McEwen et al., 1986). Differential activation of these two receptor 
subtypess under physiological conditions, e.g. after an acute stress, was shown to affect 
hippocampall  cell and network function considerably (reviewed in Joels 1997; Kim and 
Diamondd 2002). 

Farr less is known about hippocampal function of animals that have been chronically 
exposedd to stressful situations. Early studies described that chronic stress is associated with 
atrophyy of CA3 pyramidal cell dendrites (Woolley et al. 1990) as well as mossy fiber 
terminall  abnormalities (Magarinos et al., 1997). More recently, it was found that NMDA-
receptorr mediated synaptic responses of CA3 neurons are enhanced after chronic restraint 
stresss (Kole et al. 2002). LTP in the CA3 region was reported to be depressed (Pavlides et al. 
2002)) or not affected (Kole et al. 2002). In the dentate gyrus too, clear changes were 
observed.. Thus, granule cells displayed significantly enhanced AMP A- but not NMDA-
receptorr mediated responses to perforant path stimulation in slices from rats subjected to 
chronicc unpredictable stress compared to control treatment (Karst and Joels 2003). The effect 
off  chronic stress was particularly evident when slices were exposed to a high dose of 
corticosterone,, presumably activating GRs. LTP in slices from chronically stressed rats was 
markedlyy suppressed in the dentate gyrus as well as CA1 hippocampal area (Gerges et al. 
2001;; Pavlides et al. 2002; Alfarez et al. 2003). 

Thee mechanism underlying the structural and functional changes after chronic stress 
iss presently not well understood, although it seems likely that the glucocorticoid excess 
associatedd with chronic stress affects transcription of multiple genes. A limited number of 
studiess have so far focussed on NMDA-, AMP A- and GABAa-receptor (R) subunit 
expressionn levels or binding properties after chronic stress (Orchinik et al. 1995; Watanabe 
ett al. 1995; Cullinan and Wolfe 2000a; Schwendt and Jezova 2000; Orchinik et al. 2001; 
Rosaa et al. 2002). These studies employed binding of radioactively labelled ligands, in situ 
hybridizationn or competitive PCR. With respect to glutamate receptors either enhanced 
expressionn (Schwendt and Jezova 2000) or no changes (Watanabe et al. 1995; Rosa et al. 
2002)) were observed after various situations of chronic stress. With respect to GABAa-R 
subunitt expression the data are also variable although a consistent increase in a2 subunit 
mRNAA expression was observed with in situ hybridization (Orchinik et al. 1995; Cullinan 
andd Wolfe 2000). Various stress protocols were used, which hampers comparison between 
studies. . 

Inn the present study we examined the effect of chronic stress on the expression 
patternn of a coherent set of genes in dentate granule cells. To this end, single dentate neurons 
weree first electrophysiologically characterized by their AMPA-R mediated responses to 
perforantt path stimulation. Next, RNA was harvested from these neurons, linearly amplified 
andd hybridized with cDNA clones for various NMDA-, AMP A- and GABA-R subunits, 
calciumm channel al subunits and calbindin. Granule cells were recorded in slices prepared at 
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99 a.m., one day after a 21-days exposure to chronic unpredictable stress (Paskitti et al. 2000) 
orr control treatment, i.e. when corticosterone levels are presumably low. Part of the slices 
wass treated in vitro with a high dose of corticosterone, 1-4 hrs before recording. This allows 
distinctionn between transcriptional changes after acute (hrs) and long-term (21 days) shifts in 
GRR activation. Apart from the fact that this approach enables i) investigation of multiple 
relevantt genes at a time, it also allows ii)  correlation between expression patterns and 
functionall  properties in the same group of neurons and Hi) ensures that harvesting is 
restrictedd to synaptically active granule cells. 

Material ss and Methods 

AnimalsAnimals and chronic unpredictable stress paradigm 
Malee Wistar rats (Harlan, The Netherlands; 150g) were housed two in a cage in the 

animall  facility, with a light/dark cycle of 12 hrs (lights on at 8 a.m.); food and water were 
givenn ad libitum. Rats were randomly assigned to a control treatment (n=6), i.e. daily 
handling,, or a chronic stress paradigm (n=6), in which animals were exposed to 
unpredictablee stressors twice a day -in the early morning and in the afternoon- for 21 days. 
Thee scheme according to which rats were exposed to unpredictable stressors was as follows: 
dayy 1: cold immobilization 1 h 4 °C; forced swim 30 min 25 °C; day 2: immobilization 1 h; 
crowdingg 24 h (overnight); day 3: cold forced swim 5 min; isolation 24 h (overnight); day 4: 
immobilizationn 1 h; vibration 1 h; day 5: forced swim 30 min 25 °C; cold immobilization 1 h 
44 °C; day 6: cold forced swim 5 min 4 °C; crowding 24 h (overnight); day 7: vibration 1 h; 
isolationn 24 h (overnight). This schedule was repeated three times, so that rats were 
subjectedd to chronic unpredictable stress for 21 days. The last stressor was applied at the day 
beforee the hippocampal slices were prepared, so that only chronic but not acute shifts in GR 
activationn were investigated. Rats in the chronic stress as well as in the control group were 
weighedd daily. All protocols were approved by the local Animal Experimental Committee 
(DEDD protocols #79 and 80). 

Onn day 22, i.e. one day after the last stressor or control handling was applied, rats 
weree decapitated at 9:00am; trunk blood was collected for measuring the plasma 
corticosteronee (CORT) level with a radioimmuno assay. In addition, the adrenal weight, 
thymuss weight and gain in body weight over 21 days were determined for all rats. It was 
foundd that rats from the stress group compared to control rats showed an attenuated gain in 
bodyy weight, increased adrenal weight and decreased thymus weight, although the latter was 
nott significant when corrected for body weight (Karst and Joels 2003). Basal CORT levels 
weree somewhat variable. However, even in the small sample of animals used for dentate 
gyruss measurements, CORT level was on average doubled in the chronic stress group (Karst 
andd Joels 2003); when CORT measurements of all animals that were part of this and other 
experimentss with the same paradigm (tested in the same period) were pooled, the 
enhancementt in CORT level after chronic stress was significant (chronic stress: 4.4  1.0 
ug/dl,, n= 21; control: 1.5  0.2 ug/dl, n= 31, p<0.05). These basal levels, though, are still 
relativelyy low, so that in untreated slices prepared from these animals presumably a large 
proportionn of the mineralocorticoid receptors but only part of the GRs was activated (Reul et 
al.. 1987). Collectively, the changes in adrenal weight, thymus weight, body weight gain and 
basall  [CORT] seen after chronic stress support that animals had indeed experienced 
exposuree to excess amounts of corticosteroid for a prolonged period of time. 
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ElectrophysiologicalElectrophysiological recording from identified granule cells 

Hippocampall  slices were made as described previously and kept in continuously 
gassedd artificial cerebrospinal fluid (ACSF), containing (in mM): 124 NaCl, 3.5 KC1, 1.25 
NaH2P04,, 1.5 MgS04, 2 CaCl, 25 NaHC03 and 10 glucose; pH 7.4, gassed with 95% 02 and 
5%% C02 at room temperature (see for more details Karst and Joels 2003). After one hour, 
somee of the slices were treated with 100 nM corticosterone (Sigma, The Netherlands) for 20 
minutess in ACSF at 32°C. After this treatment the slices were moved to a storage bath with 
normall  ACSF at room temperature. The same procedure was carried out for the control rats. 
Beforee moving the slice to the recording chamber, an incision was made between the dentate 
gyruss and the C A3. 

Onee slice at a time was placed in a recording chamber mounted on an upright 
microscopee (Nikon Optiphot-2, Japan). Slices were continuously perfused with ACSF (32°C, 
2-33 ml/s) and kept fully submerged. Bicuculline Methiodide (20 (iM; Sigma, The 
Netherlands)) was added to the buffer to prevent interference of spontaneous GABAergic 
miniaturee inhibitory postsynaptic currents. Patch clamp electrodes for recording (1.5 mm 
outerr diameter, borosilicate glass; impedance approximately 3-4 MOhm) were pulled on a 
micropipettee puller (Sutter, USA) and placed above the slice. The intracellular pipette 
solutionn contained (in mM): 120 Cs methane sulfonate, 17.5 CsCl, 10 Hepes, 2 MgATP, 0.1 
NaGTP,, 5 BAPTA, 10 QX-314; pH 7.4, osmolarity 295 mOsm. Under visual control (40x 
objectivee and lOx ocular magnification) the electrode was directed towards a granule neuron 
usingg positive pressure. Once a patch electrode was sealed on the cell (~1 Giga Ohm) the 
membranee patch under the electrode was ruptured and the cell was held at a holding potential 
of-700 mV, Signals were fed into an Axopatch 200B amplifier (Axon Instruments, USA). 

AA bipolar stainless steel stimulus electrode (60 |im diameter, insulated except for 
thee tip) was placed in the perforant path (Stienstra et al. 1998). Biphasic stimuli (250 (is) 
weree applied through a stimulus isolator (NL 800; Neurolog, USA) driven by a homemade 
softwaree program. Input-output curves of excitatory postsynaptic currents (EPSCs) evoked in 
dentatee granule cells were made at holding potential by increasing stimulus intensities from 7 
|uAA to 800 uA. EPSCs were recorded with a sampling frequency of 1 kHz, stored and offline 
correctedd for leak. For the present study we only analyzed the maximal EPSC amplitude 
evokedd at -70 mV (holding potential). This response is mediated by AMP A receptors, as 
NMDAA receptors are blocked by Mg-ions at this potential (Nowak et al. 1984); 
approximatelyy half of the neurons were recorded in the presence of the NMDA-R blocker 
APV,, which did not seem to affect EPSC amplitude recorded at -70 mV. 

RNARNA amplification 
Afterr electrophysiological recording, the cell content from each individual neuron 

wass aspirated into an eppendorf tube containing 20U RNAase for subsequent mRNA 
amplification.. Oligo-d (T)-T7 primer was incorporated for first strand cDNA synthesis (RT, 
Seikagakuu America ), continued by second strand cDNA synthesis with T4 polymease and 
Klenoww (Promega, The Netherlands). Then, double stranded cDNA was subjected to 
antisensee RNA amplification in the presence of T7 polymerase (Epicenter, USA). The aRNA 
amplificationamplification was done in two rounds. During the second round amplification, 32P CTP was 
incorporatedd into aRNA for subsequent hybridization (Eberwine et al., 1992). 

Thee amplified RNA was hybridized with clones of interest, i.e.: the AMPA-R 
subunitss 1 and 2; the NMDA-R subunits 1, 2A, 2B and 2C; the GABAa-R subunits a 1-4, (31-
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3,, yl-3 and S; the calcium channel subunits otlA, C and G; calbindin; the neuronal marker 
neurofilament-MM (NF-M); and the glial marker GFAP. In addition, a hybridization control, 
i.e.. the empty vector of pBlueScript, was used. Plasmids containing these clones of interest 
weree prepared with a Maxiprep Kit (Promega, The Netherlands). Plasmids were linearized 
withh a specific restriction enzyme based on the vector sequence. Three microgram of each 
linearizedd plasmid was dissolved in 10X SSC, denatured at 90 °C for 5 mins before 
mobilizationn on a N-hybond membrane with an apparatus (BioRad USA). The blots were 
cross-linkedd with a Cross-linker (BioRad, USA) and air-dried. Blots were pre-hybridized for 
244 hrs at 40°C and subsequently hybridized with radioactively labelled amplified aRNA for 
488 hrs. After hybridization blots were washed with 2X SSC, 0.001X SDS for 1 hr and 0.5X 
SSC,, 0.005X SDS for 30 mins. Finally, blots were air dried and exposed to a phosphor 
imagerr plate for 48 hrs (Molecular Dynamics, USA). 

DataData analysis 
Expressionn levels were determined, based on the radioactive intensity scanned and 

quantifiedd with ImageQuant 1.1V software (Molecular Dynamics, USA). The specific grey 
valuee was first determined by subtracting the signal for the pBlueScript. Expression level 
wass then normalized against either the total signal per blot or the structural marker NF, 
whichh has been used earlier (Karten et al., 1999). 

Al ll  data were tested for statistical differences with Analysis of Variance (p<0.05) 
followedd by post-hoc multiple comparison of the means, testing either the effect of acute 
corticosteronee treatment or of chronic stress. Non-parametric testing was applied if the 
variancee within the experimental groups was found to be different from each other. For 
hybridizationn signals expressed relative to the total signal per blot, the levels of freedom 
weree 3 for treatment (between groups) and between 39 and 42 for residuals (within groups). 
Thee variation in the latter was caused by the fact that occassionally cells had to be excluded 
becausee the signal for a particular probe was not reliable (e.g. due to spots on the blot). F 
(parametricc testing) or KW (non-parametric) values for these ratios that were associated with 
significantt differences ranged from 3.0 to 8.7 and from 7.8 to 14.5 respectively. For 
hybridizationn signals expressed relative to the signal for neurofilament, the levels of freedom 
weree 3 for treatment and between 33 and 36 for residuals (within groups). The latter number 
wass lower than when signals were expressed relative to the total signal per blot since in a 
limitedd number of blots the hybridization signal for neurofilament could not be reliably 
analyzed.. F and KW values for these ratios that were associated with significant differences 
weree >3.2 and >8.0 respectively. Correlation coefficients were determined with a Pearson 
test. . 

Results s 
Inn total, RNA was collected from 46 granule cells, identified based on the location 

andd shape of their soma. All cells were randomly selected in the granule cell layer, so that no 
differencee in location between groups is expected. The morphological identification was 
confirmedd by a clear response to stimulation of the perforant path in 43 cells. In the 
remainingg 3 cells, EPSCs were also discerned (confirming that these cells were also granule 
cells),, but the instability of signals in these neurons prohibited further electrophysiological 
analysis.. The AMPA-R mediated component was determined as the peak value of the 
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evokedd current at holding potential (-70mV), when NMDA-R receptors are fully blocked 
(seee figure 1A). Figure IB shows that in the selection of neurons used for the present 
molecularr survey, AMPA-R mediated synaptic responses in neurons from chronically 
stressedd rats perfused in vitro with a high dose of corticosterone were significantly larger 
thann responses in neurons recorded from the unstressed control animals or in vehicle treated 
neuronss from chronically stressed rats. This result is very comparable to that reported for the 
largerr pool of neurons from which the present neurons were selected (Karst and Joels, 2003), 
indicatingg that the neurons included in the present molecular study are indeed a 
representativee sample. 

500 ms 

II I Control 

II I Control +CORT 

II Chronic Stress 

Chronicc stress 
+CORT T 

Figuree 1. Effects of chronic stress on AMPA-R mediated response. A. Typical traces of a synaptic current evoked 

inn a dentate granule cell by stimulation of the perforant path (moment of stimulation indicated by arrow). The 

AMPA-RR mediated component was determined as the peak amplitude at holding potential (-70mV), as shown in the 

figure.. B. Dentate neurons from chronically stressed rats recorded 1-4 hrs after a brief in vitro treatment with 

corticosteronee displayed on average larger AMPA-R mediated synaptic responses than vehicle treated neurons or 

neuronss from rats subjected for 3 weeks to handling (control). The data show averages + SEM; number of neurons: 

Control=ll  1. Control + CORT=12, Chronic stress=7. Chronic stress + CORT=13. 

Afterr recording, the cell content was aspirated, subjected to RNA amplification and 
hybridizedd on a slot-blot with cDNA clones of interest, including (see figure 2): the AMPA-
RR subunits 1 and 2; the NMDA-R (NR) subunits 1, 2A, 2B and 2C; the GABAa-R subunits 
aa 1-4, (31-3, yl-3 and 5; the calcium channel subunits alA, C and G; calbindin; the neuronal 
markerr NF-M; the glial marker GFAP; and a hybridization control (empty vector of 
pBlueScript).. Signals for the various cDNA clones ranged from very strong to very weak 
(seee example in figure 2). Thus, under the present experimental conditions, signals for the 
NR1,, AMPA-R1, GABAa-R al and GABAa-R a2 subunits were very strong, all 
contributingg >10% to the total signal per blot; also strong, though to a lesser extent, were 
signalss for the a 1C calcium channel, the GABAa-R a2 and GABAa-R al subunits. The 
remainingg signals were still analyzable, with the exception of the glial marker GFAP; the 
latterr was excluded from further analysis since the averaged GFAP hybridization signal in all 
groupss amounted to less than 0.5% of the total signal per blot. 
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Figuree 2. Typical gene expression profile of a single dentate granule neuron after chronic stress in combination with 

acutee corticosterone application (top). After identifying the cell as a dentate neuron, based on the 

electrophysiologicall  characteristics to perforant path stimulation, the cell content including the poly-A tailed RNA 

wass aspirated into the recording pipette. The RNA was then amplified through a T7 promoter mediated in vitro 

transcriptionn and labelled with radioactive 32P dCTP. This material with hybridized on slot-blot with 23 cDNA 

clonesclones of interest; as control served the empty vector (pBlueScript=pBS). The identity and position on the blot of the 

cDNAA clones used is depicted in the lower part of the figure. Standardly, we tested 3 calcium channel subunits, 4 

NMDA-,, 2 AMPA- and 11 GABA-receptor subunits. 

Forr each signal, the specific grey value was determined by subtracting the signal for 
thee pBlueScript. As a first approach to examine the effect of chronic stress on relative gene 
expression,, the hybridization signal for each gene was normalized against the total signal per 
blott and next averaged per group (Table I). In neurons from non-stressed control rats, 
corticosteronee treatment had no appreciable effect, except for a significant suppression of the 
GABAa-RR a 2 subunit expression. The effect of in vitro corticosterone treatment was also 
limitedd in neurons from chronically stressed rats: Only the relative expression of the 
GABAa-RR al subunit was found to be significantly reduced. Chronic stress changed the 
signall  of a limited number of transcripts (expressed relative to the summated signal per blot) 
inn neurons studied under conditions of predominant mineralocorticoid receptor activation. 
Thus,, the relative expression of the NR 2B and the GABAa-R a2 subunit was found to be 
reduced.. Yet, the effect of chronic stress was much more apparent if neurons had been 
treatedd in vitro with corticosterone, 1-4 hrs prior to RNA harvesting. Significantly reduced 
relativee expression was observed for the NR 2C, the GABAa-R yl , the calcium channel alA 
andd alG subunits; by contrast, the expression for the GABAa-R al was enhanced. 
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Thee approach in which each signal is expressed as a percentage of the total signal 
perr blot should be considered with care if a signal is so strong that it contributes considerably 
(>10%)) to the total. In that case the signal not only determines the numerator but also 
contributess appreciably to the denominator. Therefore, as an alternative approach, we also 
expressedd all genes relative to the structural marker neurofilament (NF) which was earlier 
usedd as a reference gene, including in closely related experimental conditions, i.e. in animals 
treatedd for 3 weeks with a high dose of corticosterone (Karten et al. 1999). Table II 
summarizess the ratios for the four experimental groups. Part of the observations (4 out of 8) 
shownn in Table I were replicated; in addition, new effects induced by chronic stress became 
apparent,, particularly for genes yielding a strong signal. Thus, corticosterone treatment of 
slicess from unstressed control rats resulted in suppression of the GABAa-R p2 subunit 
relativee to NF expression, just as was seen when GABAa-R 02 was expressed relative to the 
totall  signal per blot. Moreover, the expression of the GABAa-R 8 subunit relative to that of 
NFF was suppressed by in vitro corticosterone perfusion of slices from control rats. In slices 
fromm stressed rats, in vitro corticosterone administration did not change any of the transcripts 
expressedd relative to NF. Similar to what was described above, the effect of chronic stress on 
genee transcription appeared to be rather limited if slices were studied under conditions of 
predominantt mineralocorticoid receptor activation: The expression of the GABAa-R y3 
subunitt relative to NF was suppressed; a just not significant suppression (F (3, 36) =3.2; 
p=0.0666 for stress effect) was seen for the NR2C subunit. Again, the clearest changes in 
genee expression were seen if tissue from chronically stressed and control rats had been 
treatedd in vitro with a high dose of corticosterone. Thus, similar to the data shown in Table I, 
thee relative expression of the GABAa-R al subunit was enhanced and the expression of the 
calciumm channel a lA and alG subunits decreased after chronic stress. In addition, when 
expressedd relative to NF, the signals for the NR1, AMPA-R1, GABAa-R pi, GABAa-R p3 
andd calcium channel a lC subunit were enhanced after chronic stress. A just not significant 
(F(3,35)=3.89;; p=0.056 for stress effect) increased expression was observed for the GABAa-
RR p2 subunit. 
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Tablee I. Effects of CORT treatment and chronic stress on transcript levels, expressed relative to the total signal per 

blot.. The grey value of each band, representing the hybridization signal measured on blots, was first corrected by 

subtractingg the grey value of the pBlueScript vector. Thus corrected hybridization signals were then expressed 

againstagainst the total signal per blot. Data in the table represent the mean signal  SEM, based on the number of neurons 

indicatedd on the top. All data were tested for statistical difference with Analysis of Variance followed by post-hoc 

multiplee comparisons of the means. Non-parametric testing was applied if the variance was found to be different 

betweenn the experimental groups. Significant effects of corticosterone treatment are marked with * (p<0.05); 

statisticall  differences caused by chronic stress are indicated by J (p<0.05) or **  (P<0.01). 

Expressionn relative to 

totall  signal per blot 

NRktotal l 

NR2A:total l 

NR2B:total l 

NR2C:total l 

AMPA-R11 :total 

AMPA-R2:total l 

GABAa-Ral:total l 

GABAa-RR a2:total 

GABAa-RR a3:total 

GABAa-RR a4:total 

GABAa-RR pi:total 

GABAa-RR |32:total 

GABAa-RR (33:total 

GABAa-RR yl:total 

GABAa-RR y2:total 

GABAa-RR y3:total 

GABAa-RR S:total 

CaalC:total l 

CaalA:total l 

CaalG:total l 

Calbindimtotal l 

Control// Vehicle 

n=13 3 

6 6 

0.511 1 

5 5 

0.6Ü0.11 1 

6 6 

0 0 

18.28Ü.67 7 

7.9Ü0.73 3 

7 7 

4 4 

8 8 

4 4 

8 8 

8 8 

11.12i0.42 2 

2 2 

6 6 

3 3 

0.45i0.10 0 

2 2 

3 3 

Controll  / CORT 

n=12 2 

12.31il.45 5 

7 7 

5 5 

0.49i0.09 9 

17.63Ü.27 7 

4 4 

15.45il.57 7 

7.53Ü.05 5 

3 3 

7 7 

9.08i0.73 3 

* * 

2 2 

1 1 

10.98i0.43 3 

1 1 

4 4 

0 0 

8 8 

1.0Ü0.19 9 

4 4 

Stresss / Vehicle 

n=7 7 

13.27il.48 8 

1 1 
: : 

0.35i0.11 1 

17.91Ü.20 0 

3 3 

21.23i3.56 6 

7.95i0.42 2 

4 4 

1 1 

9.25i0.58 8 

* * 

0.77i0.22 2 

0.5Ü0.08 8 

12.3Ü0.66 6 

0.37i0.14 4 

0.99i0.16 6 

1 1 

9 9 

0.50i0.14 4 

0.23i0.07 7 

Stresss / CORT 

n=14 4 

13.47il.21 1 

0.23i0.10 0 

7 7 

0.25^.07̂  ^ 

5 5 

8 8 

20.32il.201 1 

7.40i0.79 9 

4 4 

4 4 

11.5Ü0.99 9 

9 9 

6 6 

0.21i0.05r r 

11.62i0.61 1 

0.28i0.08 8 

0.711 0 

7.42i0.66 6 

0.17i0.06" " 

n n 

7 7 
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Tablee II . Effects of CORT treatment and chronic stress on transcript levels, expressed relative to the signal for 

neurofilamentt (NF). The grey value of each band, representing the hybridization signal measured on blots, was first 

correctedd by subtracting the grey value of the pBlueScript vector. Thus corrected hybridization signals were then 

expressedd relative to NF. Data in the table represent the mean  SEM, based on the number of neurons indicated on 

thee top. Al l data were tested for statistical difference with Analysis of Variance followed by post-hoc multiple 

comparisonss of the means. Non-parametric testing was applied if the variance was different between the 

experimentall  groups. Significant effects of corticosterone treatment are marked with * (p<0.05) or **  (p<0.01); 

statisticall  differences caused by chronic stress are indicated by j (p<0.05) or J J (P<0.01). 

Expressionn relative to 

Neurofilamentt M (NF) 

NR1:NF F 

NR2A:NF F 

NR2B:NF F 

NR2C:NF F 

AMPA-R1:NF F 

AMPA-R2:NF F 

GABAa-Rccl:NF F 

GABAa-Rct2:NF F 

GABAa-Ra3:NF F 

GABAa-RR ct4:NF 

GABAa-RR pi :NF 

GABAa-RR p2:NF 

GABAa-RR p3:NF 

GABAa-RR yl:NF 

GABAa-RR y2:NF 

GABAa-RR y3:NF 

GABAa-RR 5:NF 

Caa lCNF F 

CaalA:NF F 

CaalG:NF F 

CalbindimNF F 

Controll  / Vehicle 

n=13 3 

1833.4*334.2 2 

104.8*23.5 5 

2 2 

99.0*6.8 8 

2767.9*397.0 0 

105.8*26.6 6 

2979.3*506.1 1 

989.2*102.6 6 

225.6*31.7 7 

106.9*11.6 6 

6 6 

195.0*33.0 0 

98.3*24.0 0 

100.0*21.8 8 

5 5 

119.3*20.5 5 

238.8*52.1 1 

6 6 

69.6*17.7 7 

5 5 

56.6*9.1 1 

Controll  / CORT 

n=12 2 

5 5 

7 7 

3 3 

5 5 

1868.2*425.4 4 

1 1 

2109.4*586.1 1 

3 3 

1 1 

83.6*21.2 2 

892.6  172.0 

78.0*17.8** * 

2 2 

67.7*20.7 7 

1510.9*442.9 9 

80.5*23.6 6 

92.6*16.5* * 

812.3*129.1 1 

61.6*10.2 2 

89.1*8.7 7 

81.3*16.2 2 

Stresss / Vehicle 

n=7 7 

1 1 

48.8*13.4 4 

234.2*59.0 0 

47.6*17.9 9 

2675.0*447.0 0 

6 6 

3019.7*864.3 3 

1281.9*204.2 2 

148.4*41.7 7 

78.4*30.0 0 

1436.1*238.8 8 

99.3*32.2 2 

0 0 

9 9 

182.2*276.9 9 

36.3*13.9* * 

3 3 

1199.7*152.8 8 

43.6*14.4 4 

62.3*22.0 0 

35.4*9.9 9 

Stresss / CORT 

n=14 4 

t t 

I I 

270.6*91.2 2 

62.8*14.2 2 

J J 

83.1*15.6 6 

J J 

0 0 

196.6*40.7 7 

86.7*22.1 1 

: : 

149.5*26.5 5 

80.7*20.9" " 

7 7 

1 1 

75.4*16.7 7 

5 5 

2090.7*401.1* * 

t t 

46.1*13.0* * 

69.7*13.2 2 
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Chapterr 4 

Sincee the expression of specific subunits within a class of receptors or ion channels 
iss often differentially regulated (e.g. by age) and may determine the functional properties of 
thee encoded proteins, it is also of interest to analyze specific ratios. We therefore examined 
ratioss of specific pairs of transcripts within each class of subunits (i.e. within the class of NR, 
GABAa-RR and Ca channels). Transcript ratios which displayed clear effects of either 
corticosteronee treatment or chronic stress are illustrated in figure 3. For the NR it was found 
thatt the NR1/2B expression was significantly enhanced in chronic stress compared to control 
situation,, when slices had been treated in vitro with corticosterone (figure 3A). With respect 
too the GABA receptor, very marked effects were seen for the GABAa-R yl/al expression: 
neuronss from chronically stressed rats which had been perfused with corticosterone differed 
veryy strongly from untreated neurons and were also different from corticosterone perfused 
neuronss from control rats (figure 3B). As shown in figure 3C, the expression of GABAa-R a 
al/a2-44 subunits was nearly significantly enhanced after chronic stress in combination with 
inin vitro corticosterone treatment. Finally, for the calcium channel subunits a high expression 
whichh was significantly different from the expression ratio in untreated slices and in 
corticosteronee treated slices from chronically stressed rats (figure 3D). 
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Figuree 3. Specific expression ratios show marked changes after corticosterone treatment in combination with 

chronicc stress. (A). NR1 relative to NR2B expression was found to be significantly enhanced after chronic stress 

comparedd to control treatment, if neurons were subjected in vitro to a brief treatment with 100 nM corticosterone 1-

44 hrs before collection of the RNA. *: p<0.05. <B). The ratio between GABAa-R yl and al expression (in %) was 

reducedd if neurons from chronically stressed rats were subjected to corticosterone treatment in vitro, as compared to 

neuronss receiving a vehicle treatment. *: p<0.05; ** *  p<0.0001. (C). A just not significant (p=0.058) change in the 

expressionn of GABAa-R a 1 relative to the other a-subunits was observed after chronic stress compared to control 

treatment,, if neurons were subjected in vitro to a brief treatment with 100 nM corticosterone 1-4 hrs before 

collectionn of the RNA. (D). The relative expression of the a lG versus a lC calcium channel subunits was 

significantlyy enhanced after in vitro corticosterone treatment in control animals; by contrast, the ratio was very small 

inn slices from chronically stressed rats treated with corticosterone in vitro. *: p<0.05; ** *  pO.0001 

Thee advantage of the present experimental approach is that in 43 out of 46 neurons 
analyzedd for their molecular profile the electrophysiological response to synaptic stimulation 
wass also known. This synaptic AMPA-R mediated response was found to be increased by 
chronicc stress in neurons which were exposed to a high dose of corticosterone (figure 1). We 
reasonedd that this effect at the protein level is probably the reflection of molecular changes 
andd if so that the expression of other stress-responsive genes may correlate with the 
electrophysiologicall  response. 

Too this end, we determined correlation coefficients between the maximal AMPA-R 
mediatedd synaptic response at holding potential and the following parameters: 1) each of the 
222 analyzable transcripts expressed relative to the total signal per blot; 2) each of the 
analyzablee transcripts expressed relative to NF; 3) each of the analyzable transcripts 
expressedd relative to the summated signal of the corresponding receptor or ion channel (e.g. 
thee GABAa-R al subunit relative to the total GABAa-R subunit signal or the alC relative to 
thee summated Ca channel subunit signal); and 4) the specific ratios shown in figure 3. We 
focussedd in particular on neurons from control and chronically stressed rats that were 
subjectedd to corticosterone treatment in vitro, since these two groups of neurons responded 
soo markedly different in the electrophysiological survey. It was found that in these neurons, 
thee AMPA responses correlated positively with the relative expression of NR1/2B, GABAa-
RR a 1/total signal, GABAa-R y2/NF (all p<0.05) and negatively with the alG/total signal 
(p<0.01,, see figure 4). In addition to these correlations, we observed significant correlations 
(p<0.05)) in the total group of neurons (n=43) between the AMPA-R mediated response and 
thee relative expression of NR1/NF (positive), GABAa-R B2/all GAB A subunits (negative) 
andd a lC/total signal (positive). The correlation with the AMPA-R 1 subunit was not 
significantt (p=0.11). 
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Figuree 4. Relative expression ratios of specific subunits correlate significantly with AMPA-R mediated response. 

A.. Significant (p<0.05) positive correlation was observed between the AMPA-R mediated current and the 

expressionn of the GABAa-R a 1 subunit, when tested in dentate neurons exposed to corticosterone in vitro, obtained 

fromm both the control and chronically stressed rats. B. Very significant (p<0.01) negative correlation was observed 

betweenn the AMPA-R mediated current and the expression of the alG calcium channel subunit, when tested in 

dentatee neurons exposed to corticosterone in vitro, obtained from both the control and chronically stressed rats. 

Discussion n 

Thee aim of the present study was to examine the effect of chronic stress on the expression 
patternn of a coherent set of genes in functionally characterized single dentate granule cells. 
Wee observed that gene expression patterns are indeed altered after chronic stress. This effect 
off  chronic stress is not very obvious when neurons (following the chronic stress procedure) 
aree exposed to basal corticosteroid levels, but becomes quite prominent if neurons have 
recentlyy been subjected to a high dose of corticosterone. Under the latter conditions, the 
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relativee expression for the GABAa-R al subunit was found to be consistently enhanced and 
thee relative Ca al A and alG subunit expression to be decreased. When expressed relative to 
thee structural marker NF, increased expression was also seen for the NR1, AMPA-R1, 
GABAa-RR a l, GABAa-R a3 and Ca alC subunit. The relative expression levels of several 
off  these subunits correlated strongly with the AMPA-R mediated component of synaptic 
transmissionn to the granule cells. 

Althoughh the effect of chronic stress has earlier been investigated for some of the 
NR,, AMPA-R and GABAa-R subunits (Orchinik et al. 1995; Watanabe et al. 1995; Cullinan 
andd Wolfe 2000b; Schwendt and Jezova 2000; Orchinik et al. 2001; Rosa et al. 2002), the 
presentt approach adds important new aspects. Most importantly, in the present study we 
examinedd gene expression patterns after chronic stress under two experimental conditions, 
i.e.. when neurons are exposed to basal (rest) levels of corticosterone - resulting in 
predominantt mineralocorticoid receptor activation- and when neurons had recently 
experiencedd exposure to a high dose of corticosterone, thus activating gluco- in addition to 
mineralocorticoidd receptors. The results indicate that it is extremely important to control for 
thee acute GR activation, in order to get a clear view on the effects of chronic stress. In 
general,, changes in expression pattern caused by chronic stress were most obvious in 
neuronss recently exposed to a high dose of corticosterone. In some cases, relative gene 
expressionn even appeared to be controlled in opposite directions for the situation of low 
versuss high corticosterone exposure. For instance, the GABAa-R a2 relative to NF 
expressionn was on average reduced by 50% after chronic stress under basal corticosterone 
conditions,, but was increased by nearly 100% when slices had been recently exposed to a 
highh dose of corticosterone. If the in vitro corticosteroid receptor activation can be translated 
too the in vivo situation, our findings would imply that circulating hormone levels at the 
momentt of tissue preparation for e.g. in situ hybridization strongly affect the outcome of 
apparentt molecular changes after chronic stress. Given the shifts in circulating corticosterone 
levell  caused by the circadian rhythmicity in corticosterone release, collection of tissue at 
differentt times of the day could already introduce inconsistencies in the outcome of various 
studies. . 

Thee presently used single cell aRNA amplification method also considerably 
extendss the current knowledge about changes in hippocampal gene expression after chronic 
stress.. Thus, glutamate and GABA receptor subunit expression after chronic stress was so far 
examinedd in separate studies, in most cases involving different stress paradigms (Orchinik et 
al.. 1995; Watanabe et al. 1995; Cullinan and Wolfe 2000b; Schwendt and Jezova 2000; 
Orchinikk et al. 2001; Rosa et al. 2002). Also, earlier investigation of the NMD A- and 
AMPA-RR subunits was restricted to the NR1, AMPA-R 1 and -R2 subunits only (Schwendt 
andd Jezova 2000; Rosa et al. 2002), while Ca channel subunits were not examined at all. The 
presentt approach allowed a much more comprehensive approach of 23 different cDNA 
clones,, all studied in the same set of neurons and using one stress paradigm, thus allowing an 
impressionn of larger scale expression patterns. Furthermore, the present molecular 
investigationn was combined with functional characterization of the neurons. This ensured 
thatt the molecular survey was i) confined to granule cells which ii)  participate in the synaptic 
circuit.. While this criterion is clearly not fulfilled in PCR analysis of whole hippocampi, it is 
alsoo not guaranteed when using in situ hybridization. The relevance of this issue is 
underscoredd by the fact that chronic stress does affect cell proliferation (Pham et al. 2003) 
andd apoptosis (Heine et al., 2004) in the dentate gyrus, which could potentially introduce 
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temporaryy changes in cell density as well as nature (neuronal versus glial or vascular 
differentiation)) and maturity of the neurons. Functional characterization also allowed 
correlationn between molecular and electrophysiological properties obtained within the same 
neuronss (see further discussion below). 

Notwithstandingg the obvious advantage to survey extensive gene expression 
patternss in combination with functional properties in single neurons, it should be realised 
thatt the observed hybridization signals for each clone cannot be interpreted in an absolute 
mannerr but only in relation to other cDNA hybridization signals (Eberwine et al. 1992). We 
herehere selected two ways to analyze relative expression levels, i.e. by expressing signals 
relativee to the total signal per blot and relative to the structural marker NF. The advantage of 
expressingg signals relative to the summated signal per blot is that (random) variations in 
individuall  bands only marginally contribute to the summated signal, so that data are more 
consistent.. However, the disadvantage is that those transcripts contributing appreciably to the 
totall  signal not only determine the numerator but also to some extent affect the denominator. 
Forr instance, if the strong GABAa-R al subunit signal is increased by 40% (and the 
remainingg transcripts are unaltered) this wil l result in only 32% change if GABAa-R al is 
expressedd relative to the total signal per blot (to which it substantially contributes). The 
increasee in GABAa-R al signal wil l at the same time cause a 6% reduction in the apparent 
expressionn of the remaining signals (expressed relative to the total), even when these signals 
aree unaltered. This may inadvertently mask putative enhanced expression or emphasize 
reducedd expression of individual transcripts. Therefore we also applied an alternative 
approach,, in which a single transcript is used as standard to which all signals are expressed. 
Wee here selected NF, as this was also used in an earlier study concerning 21-days exposure 
too very high corticosteroid levels (Karten et al. 1999). Indeed, with this approach several 
moree transcripts were found to be enhanced in expression after chronic stress. Of course, this 
couldd also be explained by down-regulation of NF after chronic stress and/or acute 
corticosteronee treatment. This seems unlikely, though, since in that case one would expect an 
indiscriminativee up-regulation in relative expression of all transcripts; this was clearly not 
thee case, as both the Ca channel a 1A and a 1G subunit were down-regulated after chronic 
stresss when expressed relative to NF. Although in half of the cases changes in relative 
expressionn caused by corticosterone and/or chronic stress were seen with both approaches, 
severall  inconsistencies were nevertheless observed. Clearly, those transcripts that yield 
consistentt changes after chronic stress regardless of the denominator applied are most 
trustworthy;; changes seen only with one but not another way of expressing the data should 
bee approached with more care. 

AA number of subunits tested here had not previously been investigated following 
chronicc stress, so comparison with earlier studies is not possible. For those subunits that have 
beenn examined earlier, it should be realized that differences in the applied stress protocol as 
welll  as in the circulating corticosterone levels at the moment of the experiment (see above) 
seriouslyy hamper comparison. Two earlier studies, using in situ hybridization, reported an 
enhancedd GABAa-R [32 subunit expression (Orchinik et al. 1995; Cullinan and Wolfe 2000). 
Ass argued above, this may have strongly depended on the degree of GR activation at the 
momentt that tissue was collected. Thus, the relative GABAa-R p2 subunit expression was 
consistentlyy reduced by a high dose of corticosterone, in control animals. It is therefore not 
surprisingg that very different results were obtained when examining the expression of this 
subunitt after chronic stress with or without prior GR activation. The two in situ hybridization 
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studiess reported equivocal data with respect to the other beta subunits. Furthermore, one 
studyy (Orchinik et al. 1995) reported a down-regulation of the GABAa-R a 1 and a 2 subunit 
expressionn after chronic stress. Our present findings are not in agreement with this. A 
significantt increase in the AMPA-R1 and trend towards increase of the NR1 subunit 
expressionn was earlier observed with competitive PCR (Schwendt and Jezova 2000), 
althoughh binding to both NMDA-R and non-NMDA-R appeared to be unaffected after 
chronicc stress (Watanabe et al. 1995). Our current data on the expression of the AMP A- and 
NRR subunits (relative to NF expression) are consistent with the PCR study. 

Earlier,, we reported that AMPA-R mediated responses of dentate granule cells from 
chronicallyy stressed rats are much stronger affected by GR activation in vitro than neurons 
fromm control rats (Karst and Joels 2003). In view of the mechanism of action of 
corticosteroids,, we assumed that the stronger responses are caused by transcriptional 
regulationn of AMPA-R subunits or of another protein which modifies the AMPA-R post-
translationally.. Here we found an overall increase in AMPA-R1/NF expression after chronic 
stresss in combination with in vitro corticosterone treatment, which favours the first 
possibility.. However, AMPA-R mediated responses and AMPA-R 1/NF expression did not 
correlatee significantly within the population of neurons tested, so that the latter possibility 
cannott be ruled out. It is even possible that the changes in AMPA-R mediated responses are 
unrelatedd to the transcriptional events, but rather due to trafficking of pre-existing receptors, 
establishedd via a genomic or non-genomic mechanism. Interestingly, AMPA-R mediated 
responsess did correlate strongly with several other gene expression ratios, including the 
GABAa-RR al (positive) and Ca channel alG subunit (negative). This suggests that after 
chronicc stress the expression of a particular set of genes is transcriptionally regulated by GR 
inn a specific and coherent fashion. 

Thee marked changes in gene expression after corticosterone treatment of tissue 
fromm chronically stressed versus control rats can be explained in a number of ways. First, it 
iss possible that after chronic stress the availability of GRs is altered, so that a rise in 
corticosteroidd level would result in more prominent GR-dependent changes in gene 
expression.. Data on the GR protein however do not unequivocally support this (Herman and 
Spencerr 1998). Second, translocation of activated GRs to the nucleus or DNA-binding may 
bee changed after chronic stress. For instance, it was recently shown that chronic stress 
increasess the duration of GR-binding to the DNA (Kitchener et al., 2001). Thirdly, 
differentiall  regulation of accessory proteins, e.g. co-activators or -repressors of 
corticosteroidd receptors, may be an alternative route by which GR function can be changed 
afterr chronic stress (Meijer 2002). Finally, an interesting possibility is that gene expression is 
nott actively triggered by chronic stress but an indirect result of changes in cell turnover. 
Thus,, animals subjected to the presently applied stress paradigm display decreased cell 
proliferationn and reduced apoptotic cell death one day after the last stressor (Heine at al., 
2004).. This could temporarily result in a population of more mature granule cells. This in 
turnn could favour the expression of subunits that are generally associated with mature or 
agedd stages in life, such as the NR1 as opposed to NR2B (Pujic et al. 1993; Laurie and 
Seeburgg 1994; Riva et al. 1994; Zhong et al. 1995; Portera-Cailliau et al. 1997), AMPA-R1 
(Pagliusii  et al. 1994), GABAa-R al (Gutierrez et al., 1996) and Ca channel alC as opposed 
too a 1G subunits (Herman et al., 1998). In that case, however, one would expect to see a shift 
towardss enhanced expression of these subunits under basal corticosterone levels too, which 
wass currently not seen. 
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Inn summary, the present study indicates that changes in gene expression following 
exposuree to a high dose of corticosterone, such as could happen after an acute stress, is much 
moree pronounced in animals which have earlier experienced a prolonged period of stress 
thann in naive animals. If this is indeed the case and the changes in gene expression are 
translatedd to the protein level, a brief episode of elevated corticosteroid levels could induce 
functionall  properties in dentate granule cells of chronically stressed rats that differ from 
thosee seen in control animals. For the AMPA-R mediated component of the synaptic 
responsee such functional changes indeed occur in parallel to the molecular pattern (Karst and 
Joelss 2003). The GABAa-R al subunit was consistently increased in expression after 
chronicc stress in combination with corticosterone treatment. On the one hand, increased 
GABAa-RR a 1 subunit expression may lead to more functional GABA receptor complexes; 
however,, GABAa-R a 1 subunit expression is also associated with rather transient influx 
throughh the GABAa-R in hippocampal neurons (Goldstein et al., 2002), so that the actual 
durationn of inhibition may be diminished. The other consistent finding, i.e. that the transient 
Ca-channell  alG subunit expression is decreased in expression after chronic stress, 
particularlyy when expressed relative to the sustained Ca channel a 1C subunit, may indicate 
thatt Ca-influx becomes more sustained under these conditions (Monteil et al. 2000), 
potentiallyy exposing neurons to a higher Ca load. All of these predicted functional changes 
wouldd fit with the notion that hippocampal neurons become more excitable but also more 
vulnerablee after chronic stress. With these predictions, the presently observed changes in 
molecularr profile after chronic stress may guide future, functional studies on GABAergic 
transmissionn and Ca influx in dentate granule cells after chronic stress. 

Referencess are in the back of this thesis 
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Abstract t 

RNAA from brain tissue (in particular human brain) can often only be extracted from fixed 
material.. As brain tissue is very heterogeneous with regard to celltype, it is important to 
obtainn RNA from small samples of identified cells. The aim of this study was a) to generate 
expressionn profiles from small yet homogenous samples of fixed brain cells in rat and b) to 
verifyy the reliability of these profiles by comparing them with expression profiles obtained 
fromfrom single fresh neurons of the same celltype. Samples (n=12) of 50 rat dentate granule 
cellss were isolated, using Laser Microdissection and Pressure Catapulting, from 
paraformaldehydee fixed, paraffin embedded tissue or from frozen, ethanol fixed tissue. In 
addition,, RNA was extracted under visual control from individual dentate granule cells 
(n=12)) in hippocampal slices, after electrophysiological recording with patch clamp 
electrodes.. Our data show that RNA was successfully extracted from ethanol fixed sections 
yieldingg expression profiles highly comparable to those from non-fixed, single granule cells. 
RNAA extraction from paraformaldehyde fixed, paraffin embedded tissue was less reliable. 
Thee present approach validates expression profiling from small amounts of fixed neurons as 
aa powerful tool to investigate molecular processes if fresh tissue is not available. 

Keyy words: laser dissection microscope, hippocampal slice, RNA amplification, dentate 
gyrus,, rat 
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Introductio n n 
Thee most common archival post-mortem material available for gene expression 

studiess is paraformaldehyde fixed, paraffin embedded tissue or frozen material. To unravel 
possiblee molecular mechanisms underlying (patho) physiological processes, it is of great 
interestt to obtain an intact RNA sample and a reliable gene expression profile from fixed 
tissues.. Technically, though, this has been a great challenge. Gene expression in fixed 
materiall  has been investigated with different fixatives in various tissues, including the brain 
(Cummingss et al., 2001; Relf et al., 2002; Scheidl et al., 2002; Van Deerlin et al, 2002). 
Eachh fixation method was found to have a specific impact on the integrity and yield of 
mRNAA (O'Dell et al., 1998; Srinivasan et al., 2002), probably introducing errors in the 
interpretationn of expression data. Formalin fixed, paraffin embedded tissues in general gave 
riserise to a low yield and rather poor quality of RNA, whereas ethanol fixed tissue yielded a 
relativelyy intact RNA gene expression profile (Rupp and Locker, 1988; Stanta and 
Schneider,, 1991; Finke et al., 1993; Foss et al., 1994; Karlsen et al., 1994; Serth et al., 2000; 
Shibutanii  et al., 2000; Specht et al., 2001; Macabeo-Ong et al., 2002). More recently, 
expressionn profiles derived from fixed materials and frozen samples were extensively 
comparedd in a microarray survey (Karsten et al., 2002), including samples from the dentate 
gyruss (Elliott et al., 2003). 

Al ll  of these studies needed a large amount of tissue as starting material for the 
investigationn of gene expression. This is a considerable disadvantage in brain tissue, which is 
usuallyy characterized by a high degree of heterogeneity and in which often only few cells 
undergoo pathophysiological changes. Clearly, there is great need for a reliable method to 
examinee expression of multiple genes in identified fixed brain cells. Initial studies reported 
onn expression patterns in single, fixed neurons (Eberwine et al., 2001; Ginsberg and Che, 
2002;; Hemby et al., 2002), as discussed elsewhere (Eberwine et al., 2001, 2002). Recently, 
thee laser dissection microscope (LDM) method was developed, which enables quick and 
easyy collection of very small, homogenous cell populations or even single cells from stained 
andd fixed sections (Schutze and Lahr, 1998), to generate gene expression patterns 
(Goldsworthyy et al., 1999). In non-fixed single neurons, the LDM technology was combined 
withh real time, quantitative PCR (Bi et al., 2002; Vincent et al., 2002). 

Itt still needs to be verified, however, if thus generated expression profiles are really 
reliable,, in particular with regard to the effect of fixation. In the present study, we attempted 
too generate expression profiles of rat dentate granule cells from paraformaldehyde fixed, 
paraffin-embeddedd or ethanol fixed tissue, captured by the LDM method. The reliability of 
thiss method was examined by comparing expression profiles from fixed cells with those 
fromm tissue still very close to the original, life situation, i.e. non-fixed, single rat dentate 
granulee cells, collected just after functional characterization by whole cell patch clamp 
recordingg in hippocampal slices. 

Material ss and Methods 

CollectionCollection of dentate granule cells 

Inn the present study we used archival hippocampal sections (8 urn) from 6 weeks old rats. 
Thesee sections had been either paraformaldehyde-fixed (4%) by perfusion (Heine et al., 
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2003),, prior to paraffin-embedding (Merck), or frozen and ethanol fixed. For the latter, rat 
brainss were frozen on dry ice and stored at -80°C. Cryostate sections were fixed for 1 min in 
70%% ethanol. 

Al ll  sections were dehydrated in three changes of ethanol and twice in xylene. After 
dehydration,, about 50 cells were captured from the sections with the use of a PALM® 
Microlaserr System and the PALM® Laser Microdissection & Pressure Catapulting- (LMPC-) 
technologyy (P.A.L.M. Microlaser Technologies AG, Bernried, Germany); these cells were 
visuallyy identified as dentate granule cells, based on the shape and location of their somata 
(seee below). Collection was confined to the somata, while surrounding tissue was avoided 
(seee Fig 1A). After collection, each sample consisting of 50 cells was transferred to an 
Eppendorff  tube containing 1 ul of oil. Overall, 30 samples of 50 cells were collected in 
paraformaldehydee fixed sections and 12 samples in ethanol fixed sections. 

Freshh dentate granule cells were collected from alive hippocampal slices (400 urn) 
preparedd from 6 week old rats (Karst and Joels, 2001). Under visual guidance, granule cells 
fromfrom the dentate gyrus were identified based on the shape and location of the soma. The 
somaa was then approached with a patch clamp electrode. After establishing a giga-seal, the 
membranee under the electrode was disrupted and neurons were recorded in the whole cell 
recordingg mode. A standard protocol was run to evoke voltage-dependent calcium currents, 
whichh served to further identify the recorded cells as dentate granule cells (Karst and Joels, 
2001).. Based on these physiological properties, we confirmed that the visually selected cells 
weree indeed in all cases granule neurons. After recording the content of the cell, including 
thee nucleus, wass aspirated into the pipette (see Fig IB). 

RNARNA extraction 

Too optimize a procedure for extracting RNA from fixed cells three different 
protocolss were tested: 1) An amount of 9 ul DEPC treated water or 2) of lx TE buffer was 
addedd to an Eppendorf tube containing 1 ul of LDM collected cells. Subsequently, 50 ul of 
phenoll  and of chloroform was added; this mixture was briefly vortexed, and spun down at 
140000 rpm for 2 mins. The upper phase was transferred and precipitated in 250 ul cold 
ethanoll  containing 10 ul NaAc and 1 ul / 50 ng tRNA. The precipitated pellet was suspended 
intoo 10 ul water. 3) An amount of 9 ul of lx RT buffer (for composition see Qin et al., 2003) 
wass added to an Eppendorf tube containing the LDM collected cells; this was briefly 
vortexed,, spun down at 14000 rpm for 2 mins. Next, the mixture was heated at 50°C for 5 
mins,, 1 fig of Proteinase K was added and heated at 53°C for 1 hour. Subsequently, 0.5 u,g of 
linearr polyacrylamine (LPA) and 200 ul Trizol reagent (Invitrogen, Cat 15596) were added 
andd mixed. Next, 24 ul of chloroform was added, the mixture was briskly vortexed for 30 
secondss and spun down. The aqueous phase was transferred to an Eppendorf tube containing 
722 ul isopropanol and briefly vortexed. Ethanol precipitation was done in the same way as 
describedd above. The pellet was dissolved in 10 ul water for subsequent RNA amplification. 

Inn fresh material, the cell content of single granule cells was aspirated into an 
Eppendorff  tube containing 20U RNAse inhibitor (Karten et al., 1999). Next, water was 
addedd up to 10 ul for subsequent RNA amplification. 

79 9 



Figuree 1 Collection of RNA from dentate cells was performed with laser dissection microscopy (LMPC) or through 

aa patch clamp electrode. A. The left and middle panel show microscopical overviews of dehydrated paraffin 

embedded,, paraformaldehyde fixed hippocampal sections. Small groups of about 50 cells were outlined in the 

granulee cells layers. Detailed inset shows how granule cell somata were removed to collect RNA with LMPC. The 

farr right panel shows a frozen, ethanol fixed section. This section was Nissl counterstained and coverslipped, to 

checkk for complete cell dissection. B. After formation of a gigaseal with a patch clamp recording electrode on a 

dentatee granule cell identified under visual control in an alive hippocampal slice, calcium currents were recorded in 

thee whole cell recording mode. After recording, the electrode with the soma attached was elevated under visual 

control.. The electrode tip and attached soma were then collected for further processing. 
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RNARNA amplification 
Bothh the RNA extracted from LDM captured fixed cells as well as from fresh cells 

wass amplified through a T7 promoter mediated in vitro transcription method, based on 
protocolss described by Eberwine et al. (1992), except for small details mentioned below. In 
brief,, 10 ul of total RNA extracted from either fixed or fresh cells was subjected to an RT 
reactionn at 39 °C for 2 hours (20 ul: lxRT buffer, 8 mM DTT, 10U RNAse, 250U 
Seikahagu).. Then, the first strand cDNA was purified with phenolrchloroform and ethanol 
precipitated.. Second strand cDNA was synthetized in a 10 ul reaction at 14 °C for 8 hours, 
andd 37°C for 1 hour (lxSSB buffer, 0.2 uM dNTPs, 8 mM DTT, T4 polymerase 2U, Klenow 
2U).. After phenolxhloroform extraction and ethanol precipitation, double stranded cDNA 
wass treated with SI nuclease in a 20 ul reaction volume at 37 °C for 7 mins (lxSl buffer, SI 
10U),, followed by a filling-i n reaction in a 10 ul reaction volume at 37°C for 2 hours (lx 
FKI,, 8 mM DTT, 0.2 uM dNTPs, 2U T4 polymerase). Next, the cDNA was purified by 
phenolxhloroform,, precipitated with ethanol and the pellet was dissolved in 10 ul for a 
subsequentt first round RNA amplication, which was done in a 25 ul reaction (lx aRNA 
buffer,, 8 mM DTT, 0.2 uM ATP, 0.2 uM UTP, 0.2 uM GTP, 0.2 nM CTP, 4U RNAse, 2.5 
ull  32P CTP and 500U T7 polymerase) at 37°C for 8 hours. The amplified RNA was 
extracted,, precipitated and served as starting material for a 2nd round of RNA amplification. 
Thee 2nd round amplification was done in the same way as described above. Following second 
roundd amplification, the RNA was subjected to slot-blot hybridization. 

Slot-blotSlot-blot hybridization 
Forr examination of gene expression 23 cDNA clones as well as a hybridization 

control,, i.e. the empty vector of pBlueScript, were used (see Fig 2D). Of these only 12 
yieldedd a relatively strong signal (see below), whereas very low hybridization signals were 
observedd for the rest, possibly due to their low expression in dentate granule cells. For the 
presentt study, comparison between signals from fresh and fixed cells were confined to the 12 
cDNAA clones yielding clear hybridization signals (see also below). These included: i) the 
calciumm channel alC and alA subunit and the calcium-calmodulin kinase II; ii)  the NMDA 
receptorr subunits NR1, NR2B and NR2C; Hi) the pro-apoptotic markers Bax and Caspase 3 
(Cpp32)) and the anti-apoptotic marker Bcl-2; and iv) three high-abundant proteins, i.e. heat-
shockk protein 90 (hsp90), cAMP response element binding protein (CREB) and cyclo-
oxygenasee 2 (COX). The expression of these genes has also been investigated in earlier 
studiess focusing on neurotransmission, cell death and electrophysiological responses (Karten 
ett al., 1999; Karst et al., 2002; Qin et al., 2003). 

Inn detail, each plasmid containing the gene of interest was maxiprep-prepared 
(Promega,, the Netherlands) and 3 ug was linearized with a specific restriction enzyme, heat 
denaturedd at 90°C for 5 mins, and then immobilized to a Hybond-N membrane with a blot 
apparatuss (BioRad, USA). The blots were cross-linked and air-dried for subsequent pre-
hybridizationn at 40°C for 6 hours (50% formamid, 5X SSC, %x Denhardt, 0.5% SDS, 100 
(j,gg salmon sperm, 1 mM NAPPi). The radioactively labeled, two round linearly amplified 
RNAA was denatured at 70°C for 10 min prior to being added to the pre-hybridized blots. The 
hybridizationn was carried out in the same buffer for 48 hours at 40°C. Following the 
hybridization,, the blots were washed with buffer (2xSSC, 0.1%SDS) for 1 hour, and another 
washh in buffer (0.5xSSC, 0.5% SDS) for 30 mins (all 40°C). The blots were air dried and 
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exposedd to image plates for 48 hours before scanning with an image scanner (Molecular 
Dynamics,, Storm, USA). 

DataData analysis 

Expressionn levels were determined, based on the radioactive intensity scanned. The 
greyy value for each signal measured was first corrected for non-specific hybridization by 
subtractingg the signal for pBlueScript. Expression level was then normalized against either 
thee total signal per blot or the highly abundant CamKII, a stable signal as described earlier 
(Karstt et al., 2002; Qin et al., 2003). Clones of which the averaged hybridization signal 
relativee to the CamKII signal was less than 5% were excluded from the present analysis. All 
dataa were tested for statistical differences with a Student's t-test, or a non-parametric Mann-
Whitneyy U-test, when a non-parametric test was indicated due to differences in the variance 
betweenn the two experimental groups. Correlation coefficients were determined with a 
Pearsonn test. 

Results s 

ExtractionExtraction ofmRNA 
Isolationn of RNA from samples of paraformaldehyde fixed cells was tried in total 6 

times,, using three different protocols described earlier (see for more details Materials and 
Methods).. In our hands, hybridization signals were obtained from only 20% of the 
paraformaldehydee fixed samples; the chances on success were not associated with any of the 
abovee protocols. Also, we often failed to reproduce hybridization signals, using the exact 
samee sample extraction method again. Importantly though, most blots were empty (Fig. 2A), 
whichh could point to a failure to successfully extract RNA from thus collected cells or could 
bee due to ineffective RNA amplification and/or hybridization to the selected cDNA clones. 
Sincee RNA that was visually collected from single cells in (alive) hippocampal slices and 
processedd along with the fixed cell samples showed clear hybridization signals (Fig.2B), we 
concludee that RNA extraction from the paraformaldehyde fixed cells was apparently often 
unsuccessful. . 

Inn contrast to the cells obtained with the LDM method from paraformaldehyde-
fixedd tissue, LDM collected cells from frozen and ethanol fixed tissue showed reliable and 
reproduciblee hybridization signals (Fig. 2C). From all of the samples from ethanol fixed 
cells,, using RNA extraction protocol #3 described above (see Materials and Methods), 
hybridizationn signals of good quality were obtained, allowing analysis. 

ComparisonComparison between expression profiles of fixed and fresh dentate cells 

Bothh the RNA extracted from ethanol fixed cells (about 50 cells per sample) and 
RNAA extracted from single dentate granule cells obtained from (alive) hippocampal slices 
weree taken through the same amplification procedure as well as through identical 
hybridizationn protocols. The radioactive signal on blots from fixed samples was consistently 
lowerr than the signal on blots from fresh single cells (see examples in Fig. 2B and 2C). 
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Figuree 2 Typical hybridization signals from dentate granule cells (approximately 50 cells per blot) collected in 

paraformaldehyde-fixedd (A) or from a single dentate granule cell collected in an (alive) hippocampal slice (B) or 

ethanoll  fixed tissue (C). The identity of the cDNA clones that resulted in an analyzable signal is given below (D). 

Thee remaining signals were too low to determine reliably (nd = not determined). Clones were always applied in the 

orderr shown in D, including for the examples shown in A-C. 

Wee next examined the effects of ethanol fixation and subsequent LDM based 
collectionn of cells on the expression profile. To this end, the relative expression of the 
selectedd transcripts in samples from fixed dentate cells was compared with the relative 
expressionn levels obtained from fresh cells. Table I shows the relative expression ratios of 
selectedd transcripts either against the total expression value of the blots or against the highly 
abundantt and stably expressed CamKIl, which was earlier used as a standard (Karst et al, 
2002;; Qin et al., 2003). With both approaches, none of the ratios showed significant 
differencess between the fixed samples and fresh cells. Thus, after ethanol fixation in 
combinationn with LDM collection of cell samples the expression profile turned out to be 
veryy similar to that seen in non-fixed fresh single cells. This was further substantiated by 
applyingg linear regression analysis to the relative expression in fixed and fresh cell samples. 
Ass shown in Figure 3, a strong, positive correlation was observed between relative 
expressionn levels observed in the two groups. This was true both when selected cDNA 
clonesclones were expressed relative to the total hybridization signal (Fig. 3A) and when they were 
expressedd relative to CamKIl (Fig. 3B). A highly significant correlation (r2=0.984, signal 
expressedd relative to CamKIl) was still observed when the remaining 11 transcripts that had 
beenn initially excluded, were also included in the analysis, although it should be noted that 
thee hybridization signal for these transcripts was low and less reliable. 
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Tablel.. Expression profiles of ethanol fixed dentate cell samples (left; n=12 samples, each based on RNA from 

aboutt 50 cells; numbers represent mean  SEM) and non-fixed single granule cells (right, n=12 cells). The 

expressionn intensity measured on the blot was first corrected by subtracting the signal of the empty vector (pBS). 

Next,, for the 12 transcripts which displayed a relatively strong hybridization signal (see main text), the specific 

hybridizationn signal (xlOO) was expressed against the total expression value of the blot, i.e. a summation of the 

signall  for all 23 clones (upper part of table). In addition, these relatively strong transcript signals (xlOO) were 

expressedd relative to the signal for CamKII, which is abundantly and stably expressed in dentate granule cells (Qin 

ett al., 2003). All data were compared with a Student's t test or Mann-Whitney U-test if the variance between the two 

groupss was significantly different. 

Transcriptt ratio Relative expression Relative expression p-value 
inn fixed samples in fresh cells 

a lC/ total l 
a lA/ total l 
CamKIII  / total 
NR11 / total 
NR2BB / total 
NR2CC / total 
Baxx / total 
Cpp322 / total 
Bcl22 / total 
hsp900 / total 
CREBB / total 
COXX / total 

alC/CamKII I 
a lAA / CamKII 
NR11 / CamKII 
NR2BB / CamKII 
NR2CC / CamKII 
Baxx / CamKII 
Cpp322 / CamKII 
Bcl22 / CamKII 
hsp900 / CamKII 
CREBB / CamKII 
COXX / CamKII 

8.33 8 
9.88 7 
12.22 8 
10.44 0 
2.44 3 
1.44 2 
9.44 5 
11.44 5 
1.11 3 
1.55 4 
20.00 1 
4.00 6 

76.99 2 
83.11 9 
87.77  7.4 
21.77 5 
12.44 3 
79.88  5.4 
90.22  4.4 
8.88 2 
12.44 0 
179.55 3 
32.99 2 

9.22 5 
9.44 5 
11.77 5 
11.33 8 
2.00 3 
3.33 2 

0 0 
5 5 

1.00 4 
1.33 3 
20.22 7 
3.77 3 

76.44 2 
81.11 5 
98.00 7 
18.33 4 
28.55 0 
90.7  5.0 
86.22 6 
5.6  1.2 
9.00 4 
176.11  16.7 
32.66 0 

0.33 3 
0.60 0 
0.67 7 
0.48 8 
0.37 7 
0.18 8 
0.10 0 
0.70 0 
0.85 5 
0.68 8 
0.95 5 
0.67 7 

0.92 2 
0.79 9 
0.34 4 
0.49 9 
0.14 4 
0.15 5 
0.78 8 
0.37 7 
0.42 2 
0.87 7 
0.95 5 

Discussion n 

RNAA from brain tissue, in particular human brain, is often readily available from 
archival,, formalin-fixed and paraffin-embedded material. Since pathophysiological processes 
aree usually confined to specific celltypes, it is important not only to collect RNA from fixed 

84 4 



Chapterr 5 

tissuee but also to confine this to small samples of microscopically identified cells. The recent 
introductionn of the LDM methodology allows a defined sampling of limited amounts of 
cells,, even single cells. The aim of the present study was to generate expression profiles from 
suchh small, though homogenous samples of fixed brain cells and to verify the reliability of 
thusthus generated profiles by comparing them with expression patterns obtained from single, 
freshh neurons belonging to the same celltype. Since fresh cells from human brain could not 
bee obtained, the study was performed in rat. 

1000 -

-a a 
x x 

LU U 

100 0 

a. . 
x x 
LU U 

1000 0 

100 0 

100 100 1000 

Expressionn in fresh cells 

Figuree 3 Correlation between relative expression of selected cDNA clones in samples from fixed granule cells 

(averagee of 12 samples) and in single dentate granule cells obtained from (alive) hippocampal slices (average of 12 

cells).. In the upper graph, all hybridization signals were expressed relative to the summated signal per blot. In the 

lowerr graph, hybridization signals were expressed relative to the signal of CamKII. In both cases, an extremely 

strongg correlation was observed between the averaged expression level in fixed cell samples and the averaged level 

inn fresh cells (upper graph: r*=  0.974; lower graph: r*= 0.982). 
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Fixedd cell samples collected by LDM methodology differ in several aspects from 
thee fresh single cells. First, the fixation procedure may introduce difficulty in extraction of 
RNAA of sufficient quality from the cells. In agreement with earlier studies using larger tissue 
sampless as starting material, we observed that RNA extraction from formalin-fixed, paraffin 
embeddedd cells was less reliable than extraction from ethanol fixed, frozen cells (Rupp and 
Locker,, 1988; Stanta and Schneider, 1991; Finke et al., 1993; Foss et al, 1994; Karlsen et 
al.,, 1994; Serth et al., 2000; Shibutani et al., 2000; Specht et al., 2001; Macabeo-Ong et al., 
2002).. Ethanol fixation introduces only very littl e chemical modifications, as it preserves 
nucleicc acids through denaturation; by contrast, formalin causes cross-linking between 
nucleotidess and proteins, often yielding a poor extraction efficiency. 

Evenn when successfully extracted, RNA samples could still have been subject to 
RNAA degradation. RNAses may have been present and active during immersion fixation. 
However,, since the present tissue was perfusion fixed, this possibility is quite remote. In 
additionn to fixation, prefixation time, tissue processing conditions, de-paraffinization and 
LDMM collection are all conditions expected to introduce RNA degradation. Also, DNAse 
treatmentt with subsequent phenol/chloroform purification may further reduce the final RNA 
yieldd considerably (Srinivasan et al., 2002). This can become a serious problem if only small 
amountss of RNA are used as starting material. Interestingly, despite the fact that the 
hybridizationn signals on blots incubated with fixed cells were derived from about 50 cells, 
theyy were consistently weaker than the signals obtained from single fresh dentate cells, 
suggestingg that also ethanol fixation may have induced some RNA loss. It should be noted, 
though,, that the present method is not quantitative (Eberwine et al., 1992), so that absolute 
intensityy of signals should be carefully interpreted. 

Apartt from degradation, RNA could also undergo modifications that interfere with 
thee amplification process. For instance, a high frequency of sequence alterations has been 
reportedd with formalin compared to ethanol fixation (Williams et al., 1999). Also, as adenine 
iss known to be most susceptible to formaldehyde-methylene bridges (McGhee and von 
Hippel,, 1977), the poly(A) tail of fixed mRNA may have been modified by formalin. Hence, 
oligoo (dT) would not anneal very well to the poly (A) tail, preventing proper reverse 
transcriptionn for cDNA synthesis. For cellular RNA, the methylol addition may also hamper 
reversee transcription and cDNA synthesis, although this can partly be reversed by heating. 
Finally,, sectioning of the tissue is likely to affect or destroy the cellular integrity, since the 
sizee of the dentate granule somata often exceeds the thickness (8 um) of the sections. 

Despitee all these possible limitations, the present data shows that the relative 
expressionn ratios in samples from fixed cells and single fresh cells were highly comparable. 
Wee confined our analysis to those transcripts that yielded a strong hybridization signal, since 
thiss limits the variance between observations within the same treatment group to 5-10% of 
thee mean value. Transcripts with a low intensity are much more variable (Qin et al., 2003). 
Yet,, even when these lower intensity signals were included in the analysis, correlation 
betweenn signals from fixed and fresh cells remained extremely high. 

InIn conclusion, the present study shows that RNA was successfully extracted from 
ethanoll  fixed sections and yielded expression profiles that were highly comparable to those 
off  non-fixed, single granule cells. In our hands, and with the present protocols tested, RNA 
couldd not be reliably extracted from paraformaldehyde fixed, paraffin embedded tissue. The 
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presentt approach provides a powerful tool to investigate expression profiles from small 
amountss of histochemically identified neurons especially if fresh tissue of life slices is not 
available. . 

Referencess are in the back of this thesis 

87 7 



88 8 



Chapterr 6 

Summaryy and General Discussion 

6.11 Summary of main findings 

6.22 Genomic and non-genomic effects of corticosteroids 

6.33 Effects of local mRNA translation at dendritic synapses 

6.44 Technical considerations 

6.55 Correlations or casual relationships? 

6.66 The corticosteroid responsive genes 

6.77 GR and calcium channels 

89 9 



90 0 



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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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 dendriti c 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.. Singl e cell gene expressio n 2. Large scale expressio n 
(wholee cell recording, screenin g 
mRNAA amplification) (genechip, SAGE, DD) 

3.. Validatin g the responsiv e genes 
(real-timee qPCR) 

4.. Localizin g the gene expressio n 
(inn situ hybridization) 

5.. Localizin g & quantifyin g the protei n expressio n 
(immumocytochemistry) ) 

6.. Functiona l characterizatio n 
(eletrophysiologicall recording) 

7.. Manipulatin g gene expressio n 
(e.g.. knock out/in/down) 

8.. Behaviora l stud y 
(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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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. 

102 2 



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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Dee doelstelling van dit proefschrift was om nader te onderzoeken hoe gen expressie 
veranderingenn in corticosteroid responsieve genen kunnen bijdragen aan de functionele 
veranderingenn die zijn waargenomen in synaptisch actieve neruronen in de hippocampus. De 
experimentenn die in dit proefschrift zijn beschreven werden uitgevoerd in kleine 
hoeveelhedenn biologisch relevant hippocampus weefsel, onder verschillende condities van 
corticosteroidd receptor activatie. De resultaten geven inderdaad aanwijzingen dat een 
bepaaldee corticosteroid receptor activatie gen expressie op zodanige wijze reguleert dat dit 
zouu kunnen bijdragen aan de fysiologische, funtionele veranderingen. 

i)i)  Kortstondige activatie van GR (en MR), in vitro 
Alss de GR (naast MR) wordt geactiveerd door in vitro 100 nM corticosteron toe te 

dienenn aan hippocampusplakjes van de rat, wordt een toename in de calcium stromen door 
L-typee kanalen waargenomen in CAI pyramide cellen, evenals een toegenomen amplitude 
vann de sAHP die calcium afhankelijk is. Dit wijst op een belangrijke rol voor calcium 
kanalen.. Door te kijken naar de expressie van calcium kanaal subunits and andere, 
gerelateerdee kanalen in het CAI gebied, werd vastgesteld dat GR activatie specifiek de 
expressiee van het L-type alC en van de (34 subunits verhoogt (Hoofdstuk 2). Verder geven 
onzee experimentele data aan dat de alC subunit een direct doelwit is van de GR. We hebben 
latenn zien dat de veranderingen in gen expressie vooral in het eerste uur na corticosteron 
toedieningg plaatsvinden en drie uur na de toediening al weer genormaliseerd zijn. Blijkbaar 
zijnn de expressie veranderingen transient en gaan ze vooraf aan de functionele 
veranderingen.. Dit past in het beeld (maar is geen bewijs) dat transcriptionele regulatie van 
dee al-C subunit van de calcium kanalen ten grondslag ligt aan de toename in Ca-influx in 
hippocampuss neuronen na GR activatie. 

ii)ii)  Afwezigheid van MR en GR activatie 
Naa depletie van endogene corticosteroiden door verwijdering van de bijnier (ADX) 
ondergaatt een deel van de korrelcellen in de gyrus dentatus (die hun micro-omgeving delen 
mett andere cellen) apoptotische celdood, drie dagen na ADX. Wij hebben laten zien dat in 
responss op corticosteroid depletie, zodat geen van de corticosteroid receptoren geactiveerd 
kann worden, gen expressie patronen van individuele korrelcellen beginnen te differentieren, 
zelfss al binnen twee dagen na ADX (Hoofdstuk 3). Deze verschillende gen expressie 
patronenn werden waargenomen in een groep van cellen die zowel apoptosis-gevoelige als -
resistentee cellen omvat. Neuronen die onderzocht werden drie dagen na ADX, d.i. een 
momentt waarop alleen de relatief resistente neuronen zijn overgebleven, vormden een groep 
samenn met een deel van de cellen die twee dagen na ADX werden onderzocht, op basis van 
hett expressie patroen en de calcium stromen, welke laatste eigenschap eerder aangemerkt 
werdd als een risicofactor voor celdood. Expressie van een aantal genen bleek zelfs significant 
tee correleren met de grootte van de calcium stroom in dezelfde cel. We hebben 
geconcludeerdd dat ADX veranderingen in expressie op gang brengt van een aantal genen, 
waarvann sommige gezien kunnen worden als risicofactor terwijl andere juist kunnen helpen 
omm de apoptotische route te weerstaan. 

iii)iii)  Langdurige activatie van GR (en MR) 
Wanneerr GRs voor een lange tijd geactiveerd worden door dieren bloot te stellen aan een 
chronisch,, onvoorspelbaar stress protocol, nemen in korrelcellen van de gyrus dentatus de 
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synaptischee responsen die gemedieerd worden door AMPA receptoren toe. Op 
transcriptioneell  niveau namen we waar dat bij een dergelijk protocol de veranderingen in gen 
expressiee van een aantal genen correleert met de veranderde AMPA receptor gemedieerde 
responss (Hoofdstuk 4). Zo bleek de expressie van de AMPA receptor 1 en van de GAB Aa al 
receptorr subunits verhoogd te zijn in cellen van chronisch gestresste dieren waarvan in vitro 
dee GR geactiveerd was door toediening van 100 nM corticosteron. Ook de expressie van de 
calciumm kanaal subunits was duidelijk veranderd, nml. een afname in de expressie van de 
all  A en alG subunits en een toename van expressie van de alC subunit. Als al deze 
expressiee veranderingen getransleerd worden tot het eiwit niveau, kan verwacht worden dat 
chronischee stress leidt tot een toename in de excitabiliteit en kwetsbaarheid van individuele 
korrelcellenn in de gyrus dentatus. 

iv)iv) Benaderingen tot onderzoek naar gen expressie veranderingen in de hersenen van de 
mens mens 
Hett uiteindelijke doel van expressie studies in dieren is om een model te verschaffen voor 
processenn in de hersenen van de mens, bv. tijdens stress-gerelateerde neurologische 
aandoeningen.. Op dit moment is post mortem (pm) weefsel de enige bron voor materiaal van 
dee humane hersenen. Aangezien van de verschillende fixatie methodes bekend is dat zij de 

integriteitt en opbrengst van het mRNA verschillend beinvloeden, is het belangrijk 
omm de reproduceerbaarheid en betrouwbaarheid van gen expressie patronen in gefixeerd 
hersenmateriaall  nader te onderzoeken. Wij hebben laten zien dat gen expressie patronen 
vastgesteldd in ethanol-gefixeerde kleine maar wel homogene cel populaties in de gyrus 
dentatuss sterke overeenkomst vertonen met de expressie patronen in verse individuele 
korrelcellen;; dit geeft aan dat Laser Capture Microscopy (waarmee weefsel uit gefixeerd 
materiaall  werd verkregen) en RNA amplificatie een krachtige combinatie kunnen vormen. 
Doorr gen expressie patronen in kleine hoeveelheden weefsel van de humane pm hersenen 
vastt te stellen, wordt het mogelijk om de moleculaire routes vast te stellen die betrokken zijn 
bijj  hersenziektes waaronder depressie. 

Samenvattend:: We hebben aangetoond dat veranderingen in corticosteron niveau -en 
daarmeee in de activatie van de betrokken receptoren- door verschillende experimentele 
paradigma'ss zoals ADX, acute toediening van corticosteron in vitro of chronische stress 
leidenn tot specifieke veranderingen in gen expressie patronen van hippocampus cellen. Deze 
veranderingenn in gen expressie zouden uiteindelijk kunnen resulteren in een gewijzigde 
functiee van hippocampus neuronen, zowel op het niveau van enkele cellen als van 
netwerken.. Dit idee wordt ondersteund door de waarneming dat gen-gemedieerde 
veranderingenn door de corticosteroid receptoren voorafgaan aan de fysiologische 
veranderingen.. Of de veranderingen in gen expressie ook daadwerkelijk ten grondslag liggen 
aann de fysiologische veranderingen is echter nog niet vastgesteld. Dit laatste punt, evenals 
aspectenn van de experimentele opzet en de toepassing van de gekozen technieken, wordt 
uitvoerigg besproken in de discussie van het proefschrift. 
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