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1.1. Stress and corticosteroids 
 

“Everybody knows what stress is and nobody knows what it is” 

Hans Selye (Selye 1973) 
 

Stress and the HPA axis 
The term stress was first defined by Hans Selye as “a syndrome produced by diverse 

nocuous agents”. He described three stages of this syndrome: an initial brief alarm 

reaction, followed by a prolonged period of resistance, and a final stage of exhaustion 

(Selye 1936). At present, stress is generally defined as a condition in which the 

physiological or psychological balance, or homeostasis, of an organism is threatened. 

Stressors are events that (potentially) threat homeostasis and thus induce physiological 

and behavioral responses directed to reinstate stability (de Kloet et al. 2005; de Kloet et 

al. 1999; McEwen and Wingfield 2003). The magnitude of the organism’s stress response 

is influenced not only by the disturbed homeostasis, but also by the adversity of the 

stressor and the sense of controllability (de Kloet et al. 1998; Kim and Diamond 2002).  

Exposure to a stressor leads to various endocrine responses on different time-

scales (for an overview see (Sapolsky et al. 2000)). A universal component and major 

hallmark of the stress response is activation of the hypothalamus-pituitary-adrenal (HPA) 

axis (Box 1). The HPA axis is driven by circadian and ultradian periodic pattern 

generators (Pecoraro et al. 2006). Stress causes activation of the HPA axis, resulting in 

an increase in corticosterone secretion from the adrenal glands, which overrides the 

normal circadian rhythm. This increase in circulating corticosterone levels has a broad 

range of physiological effects, including immune system suppression, increased 

cardiovascular tone, increased circulating glucose levels, and inhibition of reproductive 

behavior (Sapolsky et al. 2000).  

Apart from inducing these peripheral effects, corticosterone can also pass the 

blood-brain barrier. Among other things, the hormone negatively affects the expression 

of CRH and VP in the hypothalamus, as well as the release of ACTH from the pituitary 

gland (Dallman and Jones 1973; Feldman et al. 1992; Kovacs et al. 2000; Pinnock and 

Herbert 2001). The suppressive effect of (synthetic) corticosteroids on HPA axis activity 

differs between different rodent strains, indicating that genetic differences are important 

in the regulation of the stress response (Gomez et al. 1998; Harizi et al. 2007; 

Thoeringer et al. 2007).  

 

Corticosteroid receptors 
Corticosteroid receptors are not only expressed in the periphery, but are also present in 

the brain (McEwen et al. 1968). Over twenty years ago, it was recognized that two 

corticosteroid receptor types are expressed, which differ in both their localization and 

their affinity for corticosterone (Reul and de Kloet 1985). Both the mineralocorticoid 
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Box 1 - The HPA axis 
 
The hypothalamus-pituitary-adrenal axis (HPA axis; Figure 1) is activated by various 
environmental factors. In response to stress, parvocellular neurons in the 
paraventricular nucleus (PVN) of the hypothalamus secrete corticotrophin releasing 
hormone (CRH) and vasopressin (VP). These hormones stimulate the anterior 
pituitary gland to secrete adrenocorticotrophin hormone (ACTH) into the 
bloodstream. ACTH then reaches the adrenal glands, where the production and 
release of corticosterone (in rodents; cortisol in humans) is upregulated (Lightman et 
al. 2002; Volpi et al. 2004). Corticosterone exerts diverse effects throughout the 
body, including the brain. Via a negative feedback mechanism, corticosterone inhibits 
the release of CRH by the hypothalamus as well as the release of ACTH by the 
pituitary gland, thereby ultimately regulating its own release (Canny et al. 1989; 
Pinnock and Herbert 2001; Plotsky et al. 1993; Sawchenko 1987). Corticosterone can 
also bind to corticosteroid receptors in higher brain areas, such as the hippocampus, 
which in turn have indirect control over the HPA-axis (Feldman and Weidenfeld 2001; 
Jacobson and Sapolsky 1991).  
 Throughout the day, corticosterone is released in pulses with variable 
amplitude: the highest amplitudes of corticosterone pulses are found at the start of 
the active phase (in the evening for rodents, in the morning for man), while pulses 
are much smaller at the start of the inactive phase (Atkinson et al. 2006; Windle et 
al. 1998a; Young et al. 2004b). Exposure to stress in the rising phase of this 
ultradian cycle will give a large increase in corticosterone secretion, whereas stress in 
the falling phase will lead to a much smaller release of corticosterone (Windle et al. 
1998a; Windle et al. 1998b). After chronic stress, the frequency of corticosterone 
pulses was found to be increased, causing enhanced mean corticosterone levels in 
these animals (Windle et al. 2001). 
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Figure 1: Schematic saggital view of the rat brain and adrenal gland in which various 
components of the HPA axis are indicated.
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receptor (MR) (Arriza et al. 1987) and the glucocorticoid receptor (GR) (Hollenberg et al. 

1985) were cloned soon after that. The MR has a high affinity for corticosterone (Kd = 

0.5 nM) and is therefore occupied to a large degree under basal HPA conditions. This 

receptor is mainly expressed in limbic brain areas, such as the hippocampus (Ahima and 

Harlan 1991). The GR has a tenfold lower affinity for corticosterone (Kd = 5.0 nM) and is 

thus only substantially occupied when circulating corticosteroid levels are high, e.g. after 

stress. This receptor is widely expressed throughout the brain (Fuxe et al. 1985; Reul 

and de Kloet 1985).  

Both the MR and the GR belong to the nuclear receptor superfamily and act as 

transcription factors (Lu et al. 2006). The two receptors show a large degree of sequence 

homology (Stolte et al. 2006) and consist of several functional domains (Giguere et al. 

1986). The N-terminal region contains the ligand-independent activation domain 1 (AF1), 

and is involved in transactivation and transrepression of downstream genes (Freedman 

1999; Fuse et al. 2000). The DNA binding domain (DBD) is responsible for binding of the 

receptor to the hormone responsive elements (GREs) of target genes, and is involved in 

transactivation but not transrepression (Luisi et al. 1991; Umesono and Evans 1989). 

The ligand binding domain (LBD) contains the ligand-dependent activation domain 2 

(AF2), which interacts with agonists and various coregulators (Freedman 1999; 

Hollenberg and Evans 1988). In rats, both the MR and GR gene consist of 8 exons (Lu et 

al. 2006). The N-terminal and the DBD each consist of two exons. The remaining four 

exons together form the LBD.  

Although encoded by a single gene, the MR has various possible mRNA variants as 

a result of alternative splicing. In rat, this results in MRα, MRβ, and MRγ mRNA isoforms, 

which are differentially expressed within the hippocampus (Kwak et al. 1993; Vazquez et 

al. 1998). In human tissue, only MRα and MRβ are expressed, in a tissue-specific manner 

(Zennaro et al. 1997). At least two functional translation initiation start sites exist, 

leading to MR-A and MR-B proteins (Pascual-Le Tallec et al. 2004). Various 

posttranslational modifications further add to receptor variability. The MR protein can be 

phosphorylated (Alnemri et al. 1991), although the functional consequences of this 

modification are unclear. Also, the receptor can be sumoylated and ubiquitinated 

(Pascual-Le Tallec et al. 2003; Tirard et al. 2007). Several of these modifications of the 

MR were found to affect transcriptional activity of the protein (Pascual-Le Tallec et al. 

2004; Pascual-Le Tallec et al. 2003; Tirard et al. 2007; Zennaro et al. 2001).  

Like the MR, the GR exists in several different isoforms. At least two isoforms can 

be expressed as a result of alternative RNA splicing. Of these, the GRα is the most 

common isoform, which is highly expressed in the brain (Pujols et al. 2002). The GRβ 

isoform does not bind corticosterone, but can form heterodimers with GRα, thereby 

repressing GRα-mediated transactivation (Bamberger et al. 1995; De Castro et al. 1996; 

Oakley et al. 1999). Via this mechanism, GRβ can contribute to corticosterone resistance 

(Leung et al. 1997; Sousa et al. 2000; Webster et al. 2001). However, since GRβ is 

expressed to a very low level in the brain (de Rijk et al. 2003; Pujols et al. 2002), this is 
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not likely to have a large impact on brain functioning. Apart from alternative splicing, 

additional GR variants are generated from translational mechanisms (Lu and Cidlowski 

2005; Yudt and Cidlowski 2001) and various post-translational modifications such as 

phosphorylation, ubiquitination, sumoylation, and acetylation (Bodwell et al. 1991; Ito et 

al. 2006; Tian et al. 2002; Wallace and Cidlowski 2001). Importantly, several of the 

resulting GR variants have different transcriptional efficacies (Ito et al. 2006; Kino et al. 

2007; Le Drean et al. 2002; Lu and Cidlowski 2005; Wallace and Cidlowski 2001; 

Webster et al. 1997).  
 

Mechanism of action 
For corticosteroids to affect gene transcription, a first prerequisite is to enter the (brain) 

cell. The multidrug membrane transporter P-glycoprotein captures corticosteroids from 

the cell membrane and pumps them out, thus preventing them from entering the cell 

(Goodsell 1999). In rodents, several isoforms of P-glycoprotein are expressed. The 

mdr1a (multidrug resistance gene product) is predominantly expressed in the blood brain 

barrier (Regina et al. 1998) and does not expel corticosterone from the brain (Karssen et 

al. 2001). Conversely, mdr1b is responsible for the efflux of corticosterone from brain 

cells (Uhr et al. 2002; Wolf and Horwitz 1992). This form of P-glycoprotein is 

predominantly expressed in the hippocampus (Karssen et al. 2004; Kwan et al. 2003).  

 

 
Figure 2: Schematic overview of how corticosteroids affect transcription. Mdr = multidrug 
resistance gene product; hsp = heat shock protein; TF = transcription factor; SRC = steroid 
receptor coactivator (here used as an example for all coactivators); NCoR = nuclear receptor 
corepressor (here used as an example for all corepressors). See text for details. 
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When corticosterone enters the cell, it can be converted into inactive 11-

dehydrocorticosterone by the enzyme 11β-hydroxysteroid dehydrogenase-2 (11β-HSD-2) 

(see for review (Seckl 1997)). The related enzyme 11β-HSD-1 catalyzes the reverse 

reaction. 11β-HSD-1 mRNA is abundantly present in the hippocampus (Jamieson et al. 

1999; Moisan et al. 1990; Wan et al. 2002), whereas 11β-HSD-2 mRNA is expressed to a 

rather low level in the adult hippocampus (Robson et al. 1998; Zhou et al. 1995). 

Hippocampal 11β-HSD-1 expression is attenuated by chronic stress (Jamieson et al. 

1997), suggesting a homeostatic mechanism to reduce negative effects of chronic high 

corticosteroid levels on the brain (Seckl and Walker 2001).  

In the absence of corticosterone, the MR and GR predominantly reside in the 

cytoplasm (Figure 2),  in a complex with heat shock proteins (hsp) (Hedman et al. 2006; 

Smith and Toft 1993). In particular hsp70 and hsp90 are essential chaperones for 

opening of the hydrophobic cleft in the ligand-binding region, and thus for receptor 

functioning (Morishima et al. 2000; Picard et al. 1990). Upon binding of corticosterone, 

the receptors dissociate from the hsp complex and translocate into the nucleus (Nishi et 

al. 2001) where they can regulate gene transcription in basically two different ways. 

First, in a process termed transrepression, monomeric MR or GR can bind via 

protein-protein interactions to transcription factors that have been activated via other 

signaling cascades (Gottlicher et al. 1998). Most frequently, this results in mutual 

transcriptional antagonism between the transcription factor and the corticosteroid 

receptor. The most studied transrepression interactions are those of the GR with 

transcription factors NF-κB (McKay and Cidlowski 2005; Ray and Prefontaine 1994), AP-1 

(Heck et al. 1994), and CREB (Guardiola-Diaz et al. 1996), but many other interactions 

exist. 

Second, in response to activation by glucocorticoids, corticosteroid receptors can 

form homo- or heterodimers (Nishi et al. 2004) and bind to glucocorticoid responsive 

elements (GREs) on the DNA (Zilliacus et al. 1995) in a process termed transactivation. 

Via this mechanism, the activated receptors increase or decrease gene transcription 

directly or indirectly via the recruitment of coregulatory proteins. These coregulators 

either promote (coactivators) or attenuate (corepressors) transcriptional activity. The 

ratio between corepressors and coactivators has been shown to affect the dose-response 

curve of corticosterone signaling via the GR (Szapary et al. 1999; Wang et al. 2004). 

The best-studied family of coactivators is the steroid receptor coactivator (SRC) 

family, consisting of SRC-1 (a and e), SRC-2, and SRC-3. All SRC family members are 

expressed in the rodent hippocampus (Meijer et al. 2006). Coactivation of the MR and GR 

by SRCs depends highly on the specific context. For example, SRC-1e was found to 

efficiently coactivate transcription from promoters containing 3 GRE’s, while SRC-1a was 

more efficient when a promoter with 1 GRE was expressed (Meijer et al. 2005).  Also, in 

different cell types different SRC subtypes are recruited by GR activation (Grenier et al. 

2004). SRCs bind with different affinities to various nuclear receptors (Ding et al. 1998; 

Meijer et al. 2005). Finally, partial agonism of mifepristone at the GR is higher when 
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SRC-1a rather than SRC-1e is overexpressed (Meijer et al. 2005). Thus, SRCs act in a 

promoter-, cell type-, receptor-, and ligand-specific manner. Apart from the SRC family, 

many other coactivators exist, such as CBP/p300 (Chakravarti et al. 1996), Zac-1 (Huang 

and Stallcup 2000), Hic5 (Yang et al. 2000), FLASH (Obradovic et al. 2004), and PGC-1 

(Knutti et al. 2000). 

The best characterized corepressors are the mutually related proteins nuclear 

receptor corepressor (N-CoR) (Jepsen et al. 2000) and silencing mediator of retinoid and 

thyroid receptors (SMRT) (Chen and Evans 1995). Both proteins are highly expressed 

throughout the hippocampus (van der Laan et al. 2005). N-CoR only binds the GR when 

it is in complex with an agonist  (Wang and Simons 2005), whereas SMRT interacts with 

the GR in complex with agonists as well as antagonists (Wang et al. 2004). Other known 

corepressors include DAXX (Obradovic et al. 2004) and PIAS-1 (Pascual-Le Tallec et al. 

2003). 

Recently, rapid non-genomic effects of corticosterone on hippocampal CA1 

neurons were described. These rapid effects likely involve a membrane MR (Dallman 

2005; Karst et al. 2005). This thesis, however, will focus on the slower, gene-mediated 

effects of corticosteroids via the nuclear MR and GR. 

 

Chronic stress and depression 
Short-term exposure to stress is thought to promote adaptation to the environment (see 

also section 1.3), maintaining stability as the environment changes. This process is also 

termed ‘allostasis’ (McEwen and Wingfield 2003). On the other hand, repeated or chronic 

stress may cause ‘allostatic overload’, in which the cumulative costs for allostasis to the 

body increase dramatically (McEwen and Wingfield 2003). This can result in mal-

adaptation and various physical and psychiatric diseases such as depression (de Kloet et 

al. 2005; de Kloet et al. 1999; McEwen 2001; Stokes 1995).  

Alterations in HPA axis activity are well established in patients suffering from 

depression. Anatomically, HPA axis hyperactivity in depressed patients is reflected in 

increased pituitary gland volume (Axelson et al. 1992; Krishnan et al. 1991) and 

enlarged adrenal glands (Amsterdam et al. 1987; Dorovini-Zis and Zis 1987; Nemeroff et 

al. 1992; Rubin et al. 1995). Hormone levels are also affected in depression. 

Hypercortisolism has been found in 40 to 60% of depressed patients, especially in those 

suffering from severe or psychotic depression (Belanoff et al. 2001b; Parker et al. 2003). 

Increased cortisol levels were found in saliva, urine, and plasma; in addition, a flattened 

circadian cortisol rhythm was described (Belanoff et al. 2001b; Galard et al. 1991; Gold 

et al. 1986; Keller et al. 2006; Rubin et al. 1987; Rybakowski and Twardowska 1999). In 

bipolar depression, a correlation between plasma corticosterone levels and severity of 

depression has been found (Rybakowski and Twardowska 1999). Apart from increased 

corticosteroid levels, increased levels of CRH and ACTH have also been found in 

depression (Catalan et al. 1998; Nemeroff et al. 1984; O'Toole et al. 1997). 
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There is thus a clear association between HPA axis dysregulation and the 

incidence of depression. Importantly, there are several indications that this relationship is 

causal. First, in depressed patients, HPA axis normalization precedes the clinical effect of 

the antidepressant and was found to be a prerequisite for clinical improvement 

(Amsterdam et al. 1988; Heuser et al. 1994; Heuser et al. 1996; Holsboer et al. 1982; 

Ravindran et al. 1997; Rubin et al. 1995; Rubin et al. 1987). Patients who were clinically 

remitted but still showed HPA axis dysregulation were found to be likely to relapse into a 

depressive episode within a few weeks (Holsboer et al. 1982). Second, patients suffering 

from Cushing’s disease, which is characterized by hypersecretion of corticosteroids, show 

depressive comorbidity in 70% of the cases. The severity of the depression in these 

patients is directly related to the circulating levels of cortisol (Murphy and Wolkowitz 

1993). Third, stressful life events were found to have a substantial causal relationship to 

the onset of depression (Kendler et al. 1999).  

Several endocrine challenge tests are used as a diagnostic tool in depression 

research, of which the combined dexamethasone/CRH (dex/CRH) test has the highest 

sensitivity: on the basis of this test, over 80% of the tested subjects can be correctly 

identified as patients or non-patients (Heuser et al. 1994). In the dex/CRH test, subjects 

are pretreated with the synthetic glucocorticoid dexamethasone and receive an injection 

with CRH the following day. Cortisol levels are monitored in response to the CRH 

injection. Dose-response curves in this test were found to be shifted towards higher 

dexamethasone doses in depressed patients, i.e. more dexamethasone was needed to 

suppress the CRH-mediated increase in cortisol secretion (Modell et al. 1997). These 

results suggest a disturbed negative feedback mechanism in depressed patients. Another 

indication for this disturbed feedback comes from mice with a reduced GR function, that 

show a disinhibited HPA axis and stress-induced depressive-like behavior (Ridder et al. 

2005). These and other findings have led to the GR-hypothesis of depression, i.e. the 

hypothesis that  a reduction in number or function of GRs leads to the pattern of HPA-

axis dysfunction that is reported in depressed patients (Holsboer 2000; Neigh and 

Nemeroff 2006). Interestingly, in patients suffering from bipolar or psychotic depression, 

symptoms were alleviated within a week by treatment with mifepristone, a GR antagonist 

(Belanoff et al. 2001a; Belanoff et al. 2002; Flores et al. 2006; Simpson et al. 2005; 

Young et al. 2004a). In rats, the effect of treatment with the selective serotonin reuptake 

inhibitor fluoxetine was fastened and augmented by additional treatment with a GR 

antagonist (Johnson et al. 2007). Together, this makes the GR a promising target for 

future treatment of certain types of depression. 

 

 

1.2. The hippocampus 
 

The MR and the GR are both abundantly expressed in the hippocampus (Reul and de 

Kloet 1985). For this reason, much of the research on how stress affects brain function 
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has focused on this brain area. In the next section (1.3), I will describe some effects of 

stress and corticosteroids on the hippocampus. Here, I first highlight the anatomical and 

functional characteristics of this brain structure. 

 

Anatomy of the hippocampus 
The hippocampus, a major target for corticosterone, is a large, elongated structure 

situated between the thalamus and the cerebral cortex in the rat brain. The hippocampal 

formation is generally divided into four distinct areas: the dentate gyrus (DG), the 

hippocampus proper or cornu ammonis (CA), the subicular complex, and the 

parahippocampal cortex (Amaral and Witter 1989; Lopes da Silva et al. 1990). In this 

thesis, the term ‘hippocampus’ refers to the hippocampus proper and the DG combined. 

In a cross-section of the hippocampus, two interlocked C-shaped cell layers can be easily 

distinguished: the granule cell layer of the DG, and the pyramidal cells of the CA region 

(see Figure 3). The CA cell layer is subdivided into areas CA1 and CA3, with the small 

transitional CA2 region between them (Lorente de No 1934).  

 

Figure 3: Localization of hippocampus in a coronal section of the rat brain (A) and a schematic 
representation of the hippocampus containing an overview of the main projections between the 
hippocampal subfields (B). Sb = subiculum; Ent = entorhinal cortex. See text for details 
concerning hippocampal connections. 
 

In the DG, three different layers are recognized: the molecular or dendritic layer, 

where the perforant path fibers terminate; the granule cell layer containing the cell 

bodies of the principal cells; and the polymorphous or hilar region which is populated by 

a variety of neuronal cell types. The CA region also consists of several layers: the 

stratum lacunosum-moleculare, containing bundles of fibers and dendritic terminals; the 

stratum radiatum, where sparse cell bodies as well as the Schaffer collaterals are found; 
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the stratum pyramidale, containing the pyramidal cell bodies; the stratum oriens, where 

the basal dendrites of the CA1 pyramidal cells are found; and the alveus, which consists 

of axons of pyramidal cells and incoming fibers (Amaral and Witter 1989; Lopes da Silva 

et al. 1990).  

Within the hippocampus, communication largely follows a unidirectional trisynaptic 

pathway (Amaral and Witter 1989; Lopes da Silva et al. 1990). From layer II of the 

entorhinal cortex, the perforant pathway projects mainly to the granule cells in the DG, 

but also to CA3 pyramidal cells. From layer III of the entorhinal cortex, projections lead 

to the CA1 area and the subiculum. Cells in the DG project with their mossy fibers to the 

entire curvature of the CA3 area, which in turn projects with Schaffer collaterals to the 

apical dendrites of CA1 pyramidal cells. From the CA1 area, projections lead to the 

subiculum, and from there back to the entorhinal cortex, thus forming a loop. Apart from 

this pathway, neurons from CA1, CA3 as well as DG also give rise to axons that 

terminate in the contralateral hippocampus (Van Groen and Wyss 1988).  

 

Function of the hippocampus 
The hippocampus is a functional part of the limbic system, which is associated with 

novelty and fear related responses (Purves 2004). An important case study addressing 

the specific function of the hippocampus and surrounding areas is that of patient H.M. 

This patient had his amygdala, hippocampal gyrus, and anterior two-thirds of the 

hippocampus removed, in an attempt to decrease his epileptic symptoms. The operation 

led to severe anterograde memory impairment, without affecting other cognitive 

functions or intelligence (Scoville and Milner 1957). A later case study described patient 

R.B., who exhibited amnesia after suffering a bilateral lesion of the CA1 area due to 

ischemia (Zola-Morgan et al. 1986). This case study indicates that damage to only the 

hippocampus, without affecting surrounding areas, results in a clinically significant and 

long-lasting impairment in declarative memory. Later animal and human studies 

confirmed the notion that the hippocampus is specifically important for declarative, but 

not implicit memory (Eichenbaum 2000; Squire and Zola 1996; Zola-Morgan and Squire 

1993). 

A clear example of declarative memory is spatial memory, which is often tested in 

rodents with the Morris water maze experiment. In this test, animals are required to find 

a hidden platform in a circular pool, using visual cues. Spatial memory in this type of 

experiment was found to strongly depend on hippocampal functioning (Morris et al. 

1982; Winson 1978). Also in humans, the hippocampus is important for spatial memory, 

as was shown in several PET studies (Maguire et al. 1998; Maguire et al. 1997). Another 

indication that the hippocampus is important for spatial memory comes from the 

discovery of so-called place cells (Leutgeb et al. 2005). These are hippocampal principal 

cells that fire when an animal is in a specific location in its environment. Place cells were 

found in animals as well as in humans (Ekstrom et al. 2003; O'Keefe and Dostrovsky 

1971; Wilson and McNaughton 1993). 
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Hippocampal long-term potentiation (LTP) is characterized by a long-term change 

in synaptic efficacy, and is believed to underlie learning and memory processes (Kim and 

Diamond 2002). LTP in the CA1 area was found to be necessary for consolidation of 

spatial memory (Tsien et al. 1996). Conversely, impairments in LTP in the mossy fiber-

CA3 and perforant path-DG pathways are not correlated with a spatial memory deficit 

(Chen and Tonegawa 1997). The DG however does play a crucial role in pattern 

separation, meaning that small changes in spatial input result in large changes in DG 

output to the CA3 area (Leutgeb et al. 2007; McHugh et al. 2007). Furthermore, the DG 

is essential for detecting novelty of spatial information (Lee et al. 2004). The CA3 area 

plays a crucial role in rapid learning and pattern completion, meaning that slightly 

different spatial inputs result in the same output from CA3 to CA1 (Leutgeb et al. 2007; 

Nakazawa et al. 2002; Nakazawa et al. 2003).  

 

 

1.3. Stress and the hippocampus 
 

Corticosteroid receptors are differentially expressed in the various hippocampal subfields. 

The MR is highly expressed in all hippocampal cell layers (van Eekelen and de Kloet 

1992). This holds true for the α, β, as well as the γ splice variant, although some 

differences in expression between these subunits were found (Vazquez et al. 1998). The 

GR, on the other hand, is expressed to a high level in the CA1-2 area and the DG in the 

adult rat, but very weakly in the CA3 area (Fuxe et al. 1985; Rosenfeld et al. 1988; van 

Eekelen and de Kloet 1992). This results in a large degree of colocalization of both 

receptors in the CA1 and DG, but not the CA3 area (Han et al. 2005; van Steensel et al. 

1996).  

Due to the high expression of MRs as well as GRs, CA1 and DG neurons are very 

sensitive to stress and corticosteroids. Already some decades ago, corticosteroid 

receptors in the hippocampus were shown to be functionally relevant in a study where 

peripherally administered corticosterone decreased the firing rate of hippocampal 

neurons (Pfaff et al. 1971). Since then, many targets for corticosteroids have been 

identified that play a role in neuronal excitability. Among these targets are voltage-

dependent ion channels, in particular voltage-dependent calcium channels (VDCCs); 

neurotransmitter mediated responses via ligand gated or G-protein coupled receptors; 

and ion transporters (de Kloet et al. 2005; Joels 2001).  

In general, basal properties of the cell are not affected by corticosterone. Changes 

in cell physiology only become apparent when the membrane potential of the cell is 

shifted away from the resting level (Joels and De Kloet 1989; Kerr et al. 1989). MR 

activation is thought to play an important role in maintaining excitability: when 

predominantly the MR is activated, voltage-dependent calcium influx is small, restricting 

cell firing frequency accommodation and afterhyperpolarization (AHP) amplitude (Joels 

2001; Joels and de Kloet 1990). At the same time, inhibitory inputs from serotonergic 
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fibers are attenuated (Joels 2001; Joels and de Kloet 1992). Conversely, GR activation 

leads to enhanced calcium influx, which will cause enhanced AHP and therefore 

attenuated transfer of excitatory information (Joels 2001; Karst et al. 1994; Kerr et al. 

1992). The increase of modulatory 5-HT1A receptor mediated responses adds to the 

attenuation of excitation (Joels 2001; Joels and de Kloet 1990; 1992). It should be noted 

that these effects of MR and GR activation on cellular physiology have been mainly 

studied in the hippocampal CA1 area. In other brain regions, such as the DG, different 

effects of MR and GR activation have been reported (Joels 2006). 

In this paragraph, I will describe some effects of stress and corticosteroids on 

hippocampal cells that are relevant for this thesis, focusing on VDCCs and G-protein 

coupled 5-HT1A receptors. 

 

Voltage-dependent calcium channels 
Currents flowing through voltage-dependent calcium channels (VDCCs) are one of the 

main targets for corticosterone. Many different VDCC subunits are expressed in the 

hippocampus (Box 2). Calcium influx through VDCCs has many functions, including 

regulation of gene expression, mRNA stability, excitation, synaptic plasticity, and even 

neuronal survival (Catterall et al. 2003; Walker and De Waard 1998).  

Voltage-dependent calcium currents in the hippocampal CA1 area are modulated 

by corticosterone with a U-shaped dose dependency (Joels 2006; Joels et al. 1994). 

Under basal conditions, when predominantly the MR is activated, calcium influx through 

VDCCs is limited (Karst et al. 1994). Excitability of the cells is thus maintained and 

cellular viability is promoted (Joels 2001; Joels et al. 1994). However, after activation of 

the GR in addition to the MR, as well as when circulating corticosterone levels are 

extremely low, voltage-dependent calcium currents are dramatically increased (Karst et 

al. 1994; Karst et al. 1997b; Kerr et al. 1992). This increased calcium influx can help to 

normalize activity after stress-induced arousal, but may also lead to enhanced 

vulnerability to cell death upon additional stimuli (Joels 2001; Joels et al. 1994). In the 

rodent CA1 area, enhanced calcium influx particularly through sustained high-voltage 

activated VDCCs was found upon activation of the GR (Joels et al. 2003; Karst et al. 

1994; Kerr et al. 1992). It was recently shown that the L-type but not N-type current is 

affected (Chameau et al. 2007).  

 The effect of high levels of corticosterone on calcium currents depends on a GR-

mediated genomic mechanism, as was shown in a study using transgenic GRdim/dim mice in 

which homodimerization and subsequent DNA binding of GRs is prevented (Karst et al. 

2000). However, whether direct transcriptional regulation of calcium channel subunits 

composing the L-type VDCC is involved in this process, is not quite clear. In a recent PCR 

study, mRNA expression of the α1C and α1D subunits, which can both  compose the pore 

of the L-type channel, was  not affected by corticosterone (Chameau et al. 2007). In the 
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Box 2 – Voltage-dependent calcium channel subunits
 
Stress or corticosterone incubation can influence calcium currents flowing through 
voltage-dependent calcium channels (VDCCs) in hippocampal cells. VDCCs consist of 
a pore-forming and voltage-dependent α1 subunit and several auxiliary subunits 
(Figure 4) (Catterall et al. 2003; Isom et al. 1994; Tsien et al. 1991; Walker and De 
Waard 1998). The largely extracellular α2-δ subunit is composed of two proteins 
linked together via a disulphide bridge and associates with the α1 subunit to increase 
current density, accelerate current activation and inactivation, and shift the current-
voltage relation in a hyperpolarizing direction (Klugbauer et al. 2003). The 
cytoplasmic β subunit is important for surface expression of the VDCC and affects 
kinetics of activation and voltage dependence as well as stabilization of gating modes 
(Birnbaumer et al. 1998). A transmembrane γ subunit is sometimes present and 
decreases VDCC activity by causing a hyperpolarizing shift in the inactivation curve 
(Black 2003). Apart from the different possible compositions of calcium channels, 
channel properties can also be affected by posttranslational modifications. For 
instance, both α1 and β subunits can be phosphorylated, which increases the calcium 
influx through the channel (Nunoki et al. 1989).  

An overview of the different nomenclatures as well as voltage activation 
properties of calcium channel α1 subunits is listed in Table 1. 

 

 
 

 
Calcium channel 

α1 Subunit Type Present in hippocampus Properties 

Cav1.1 α1S L no HVA 
Cav1.2 α1C L yes HVA 
Cav1.3 α1D L yes HVA 
Cav1.4 α1F L no HVA 
Cav2.1 α1A P/Q yes HVA 
Cav2.2 α1B N yes HVA 
Cav2.3 α1E R yes L/HVA 
Cav3.1 α1G T yes LVA 
Cav3.2 α1H T yes LVA 
Cav3.3 α1I T yes LVA 

 
Table 1: Overview of the various types of VDCCs and their corresponding α1 subunits; 
expression in rat hippocampus and voltage properties. LVA = low voltage activated; HVA = 
high voltage activated. 

Figure 4: Schematic representation of 
the subunit structure of a voltage-
dependent calcium channel in the 
membrane. 
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same study, though, increased expression of the β4 subunit was found, which might 

partly account for the enhanced current by increasing trafficking of the channel to the cell 

membrane (Arikkath and Campbell 2003; Birnbaumer et al. 1998).  

Not many studies have addressed the effect of corticosteroids on calcium currents 

in the dentate gyrus. Adrenalectomy (ADX) was found to time-dependently alter voltage-

dependent calcium currents in the DG: currents were enhanced 1-2 days after ADX, but 

decreased when recorded after 3-7 days (Karst and Joels 2001). In accordance, in the 

first few days after ADX, increased mRNA expression of the α1C subunit was found (Nair 

et al. 2004). At the start of this thesis, the effect of GR activation on calcium influx in the 

DG was not known. 

 

5-HT1A receptor-mediated responses 
The hippocampus receives many projections from serotonergic fibers and is rich in 5-HT 

receptors (Box 3) in all hippocampal subfields. 5-HT is involved in several functions in the 

central nervous system: serotonergic neurons modulate electrical activity and 

responsivity to external stimuli. Because of the widespread distribution of the 

serotonergic system, a large variety of functions is affected by 5-HT, including motor 

output, body weight regulation, sleep, learning, food intake and sexual activity. 

Furthermore, 5-HT is involved in anxiety and affective disorders (Stahl 2000).  

Apart from the 5-HT1A receptor, which is discussed in detail below, several other 

hippocampal 5-HT receptors (i.e. 5-HT2, 5-HT4, and 5-HT7) can be affected by 

corticosterone (Bijak et al. 2001; Birnstiel and Beck 1995; Mendelson and McEwen 1991; 

Watanabe et al. 1993; Yau et al. 2001; Zahorodna et al. 2006). Stimulation of these 

receptor types leads to depolarization, which is slower in onset and longer lasting than 

the 5-HT1A receptor-mediated hyperpolarization (Barnes and Sharp 1999; Hoyer et al. 

2002). In this thesis, however, only the corticicosterone-mediated effects on the 5-HT1A 

receptor system are discussed. 

 

Acute effects of corticosteroids on 5-HT1A receptor-mediated responses 

Like calcium currents, corticosterone affects 5-HT1A receptor-mediated (Andrade and 

Nicoll 1987) responses in the hippocampal CA1 area with a U-shaped dose dependency 

(Hesen and Joels 1996; Joels 2006; Joels et al. 1994). When corticosteroid levels are 

low, the response of CA1 pyramidal neurons to 5-HT is small (Beck et al. 1996; Joels and 

de Kloet 1992; Joels et al. 1991). In the absence of corticosterone, however, an 

enhanced response to 5-HT is found (Hesen and Joels 1996; Hesen et al. 1996). Also 

after acute stress, a single injection with corticosterone, or in vitro corticosterone 

incubation, 5-HT1A receptor-mediated responses are increased (Joels and de Kloet 1992; 

Joels et al. 1997). This effect can be reversed by treatment with the GR antagonist 

mifepristone (Hesen and Joels 1996; Joels and de Kloet 1992; Joels et al. 1997) and was 

found to depend on GR homodimerization (Karst et al. 2000). This indicates that 
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Box 3 – The 5-HT1A receptor
 
At present, 16 different receptors for serotonin (5-hydroxytryptamine; 5-HT) are 
known to be expressed in the brain. These receptors can be divided into 7 families, 
i.e. 5-HT1 (5-HT1A, 5-HT1B, 5-HT1D, 5-ht1E, and 5-ht1F), 5-HT2 (5-HT2A, 5-HT2B, and 5-
HT2C), 5-HT3 (5-HT3A, 5-HT3B, 5-ht3C), 5-HT4, 5-ht5 (5-ht5A and 5-ht5B), 5-ht6, and 5-
HT7 (lower case indicates receptors that have not been demonstrated to definitely 
function in native systems) (Barnes and Sharp 1999; Hoyer et al. 2002; Kroeze et al. 
2002). With the exception of the 5-HT3 receptor, which is a ligand-gated ion channel 
(Maricq et al. 1991), all 5-HT receptors are G-protein coupled receptors (Raymond et 
al. 2001) (Figure 5). Many of these 5-HT receptors are expressed in the hippocampus 
(Andrade 1998; Barnes and Sharp 1999). 

One of the best characterized 5-HT receptors is the 5-HT1A receptor, which is 
linked to a G-protein coupled inwardly rectifying K+ channel (GIRK or Kir; see Figure 
5) (Andrade et al. 1986; Andrade and Nicoll 1987; Luscher et al. 1997) and is highly 
expressed in the hippocampus, where it is located postsynaptically (Zgombick et al. 
1989). The 5-HT1A receptor plays a role in many processes, including motor output, 
body weight regulation, sleep, learning, food intake and sexual activity (Stahl 2000). 
Furthermore, the receptor has been implicated in depression and antidepressant 
treatment (Cryan and Leonard 2000; Graeff et al. 1996; Lesch and Gutknecht 2004).
 
 

 

  GIRK

 5-HT1A 

G-protein 
α

βγ 
 

 

Many potential modulators of 5-HT1A receptor-mediated responses exist. For 
example, activity of the G-protein can be affected by members of the protein family 
regulators of G-protein signaling (RGS) (Willars 2006). These RGS proteins increase 
endogenous GTPase activity (Berman et al. 1996; Watson et al. 1996), and some 
members (i.e. at least RGS1, RGS3, and RGS4) dramatically accelerate 5-HT1A

receptor-mediated K+ current waveforms (Doupnik et al. 1997). In another study, 
RGS4, RGS10 and RGSZ1 were found to be effective inhibitors of G-protein signaling 
in response to activation of 5-HT1A receptors (Ghavami et al. 2004).  

Additionally, various proteins can affect surface expression of the GIRK 
channel. A first example is serum- and glucocorticoid-regulated kinase (SGK), which 
is expressed as one of three different isoforms (SGK1-3) (Kobayashi et al. 1999). 
SGK1 regulates cell surface expression of many ion channels (Lang et al. 2005)
including GIRK (Gamper et al. 2002; Lang et al. 2003; Yoo et al. 2003). Another 
example is neural cell adhesion molecule (NCAM), which is involved in regulation of 
GIRK surface expression (Delling et al. 2002). In NCAM-knockout mice, sensitization 
to activation of the 5-HT1A receptor was found (Stork et al. 1999), indicating that 
NCAM reduces surface expression of the GIRK channel that is responsible for the 5-
HT1A receptor-mediated response in wild-type animals. 

Figure 5: Schematic overview of signal 
transduction machinery of the 5-HT1A

receptor. Upon activation of the 
receptor, the G-protein undergoes a 
conformational change. This in turn 
induces posttranslational modification of 
the GIRK channel, causing it to open. 
The outflow of K+ ions through this 
channel causes hyperpolarization of the 
cell (Andrade et al. 1986; Colino and 
Halliwell 1987; Segal 1980). 



General introduction 

 25

transcriptional regulation involving the GR is a prerequisite for the altered physiological 

responses to occur. 

Data on the effect of corticosterone on 5-HT1A receptor mRNA expression is 

somewhat less conclusive. After ADX, increased 5-HT1A receptor gene expression was 

found in all hippocampal subfields (Chalmers et al. 1993; Mendelson and McEwen 1992; 

Zhong and Ciaranello 1995). In the CA1 area, administration of high doses of 

corticosterone was found to decrease 5-HT1A receptor expression in some studies (Czyrak 

et al. 2002; Lopez et al. 1999), while others reported no effect (Meijer and de Kloet 

1994; Meijer and de Kloet 1995). Taken together, no changes in mRNA expression of the 

5-HT1A receptor have been found in the CA1 area after corticosterone application or 

stress that could account for the altered functional 5-HT1A receptor-mediated response.  

In the DG, occupation of the MR was found to normalize 5-HT1A receptor gene 

expression after ADX, while additional occupation of the GR leads to decreased 

expression (Lopez et al. 1999; Meijer and de Kloet 1994). However, functional responses 

to 10 µM 5-HT were increased by activation of the GR in addition to the MR in 

adrenalectomized animals, while responses to 30 µM 5-HT were not affected by 

occupation of the GR (Karten et al. 2001). Thus, the altered mRNA expression was not 

reflected in similar changes in 5-HT1A receptor-mediated responses. 

In the DG, occupation of the MR was found to normalize 5-HT1A receptor gene 

expression after ADX, while additional occupation of the GR leads to decreased 

expression (Lopez et al. 1999; Meijer and de Kloet 1994). However, functional responses 

to 10 µM 5-HT were increased by activation of the GR in addition to the MR in 

adrenalectomized animals, while responses to 30 µM 5-HT were not affected by 

occupation of the GR (Karten et al. 2001). Thus, the altered mRNA expression was not 

reflected in similar changes in 5-HT1A receptor-mediated responses. 
 

Effects of chronic high corticosterone on 5-HT1A receptor-mediated responses 

Aside from the acute effects of corticosterone, long-term exposure to corticosteroids also 

affects the serotonergic system. 5-HT1A receptor-mediated responses were found to be 

attenuated by exposure to high levels of exogenous corticosterone for 2 or 3 weeks 

(Karten et al. 1999; Mueller and Beck 2000). A 21-day chronic unpredictable stress 

paradigm also decreased the functional 5-HT1A response (van Riel et al. 2003). 

Concerning transcriptional changes, some studies have shown that chronic restraint as 

well as chronic social stress results in a downregulation of 5-HT1A receptor mRNA 

expression and binding in the hippocampus (Lopez et al. 1998; Watanabe et al. 1993). 

However, other studies have shown no difference in 5-HT1A receptor gene expression in 

response to chronic stress or chronic high levels of exogenous corticosterone (Karten et 

al. 1999; Lopez et al. 1999; van Riel et al. 2003).  
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1.4. Transcriptional changes as a basis for altered physiology 
 

The effects of high doses of corticosteroids on voltage-dependent calcium influx and 5-

HT1A receptor-mediated responses depend on homodimerization and subsequent DNA 

binding of the GR (Karst et al. 2000). The GR-mediated changes in physiology develop in 

a delayed manner (de Kloet et al. 1998; Joels 2001; Joels and de Kloet 1992) and 

changes in 5-HT1A receptor-mediated responses, AHP amplitude, and voltage-dependent 

calcium current amplitude were shown to depend on de novo protein synthesis (Karst 

and Joels 1991; Kerr et al. 1992). Together, these findings indicate that a GR-mediated 

genomic mechanism - most likely by transactivation - is essential for the effects of 

corticosterone on cellular excitability (Figure 6).  

 

Figure 6: Schematic representation of the link between gene expression, protein levels, and 
changes in cellular physiology via ion transporters, G-protein coupled receptors, and ion channels. 

 

Many genes in the hippocampus are regulated by corticosteroids. In a large-scale 

gene profiling study, over 200 genes have been identified that are regulated by MR or GR 

activation (Datson et al. 2001). In a different study using micorarrays, GR-induced 

transcriptional changes in the hippocampus were shown to be time-dependent (Morsink 

et al. 2006). Specifically, 1 hour after 20 min incubation with 100 nM corticosterone 

exclusively down-regulated genes were observed, while 3 hours after GR activation both 

up- and down-regulated genes were found. After 5 hours, gene expression was almost 

back at baseline. This suggests that the first wave of genomic effects of corticosterone is 

realized predominantly via transrepression, followed by a wave of transactivation.  

However, although these large-scale studies revealed many corticosteroid-

regulated genes, they are not very informative about gene transcripts that underlie 

changes in neuronal excitability, since their abundance is often too low to be reliably 

detected. The sensitivity of these large-scale studies was also compromised by the fact 
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that the whole hippocampus or hippocampal slices were used, possibly diluting cell- or 

subregion-specific effects of corticosterone. This is important because the transcriptomes 

of different hippocampal subregions were shown to be quite different from each other 

(Datson et al. 2004; Lein et al. 2004; Zhao et al. 2001). Thus, the availability of 

coactivators and corepressors as well as mediators of downstream pathways may differ 

between the regions, which could lead to regionally specific effects of corticosterone. 

Physiological effects of corticosterone on cells in the CA1 area have been 

repeatedly described to have a U shaped dose dependency (Joels 2006). This consistent 

pattern across various physiological parameters may point to the fact that corticosteroids 

target a gene that is involved in many different responses. However, transcriptional 

regulation of candidate genes that might underlie the physiological effects does not follow 

the same pattern. Thus, to date no direct link has been found between changes in 

cellular excitability and corticosteroid-responsive genes, leaving the molecular 

mechanism behind the GR-mediated effects on hippocampal physiology to be clarified. 

Possible explanations for this lack of direct link are, apart from technical considerations: 

(i) the changes in receptor or channel mRNA levels are transient and precede the effects 

on neuroexcitability (Joels et al. 2003; Morsink et al. 2006), or (ii) other genes that 

modify translational processes, trafficking, or functioning of the receptor or channel are 

regulated by corticosterone. 

The main question of this thesis is whether and how transcriptional regulation 

induced by stress and corticosteroids can be linked to functional changes in principal cells 

of the rodent hippocampus. 

 

 

1.5. Outline of this thesis 
 

Assumption 
Glucocorticoid receptors are transcriptional regulators of several genes in the 

hippocampus. As a result of transcriptional regulation, physiological properties of 

hippocampal cells are altered. 

 

Questions 
In this thesis, we tried to get more insight into the relationship between altered 

physiology and transcriptional changes induced by stress or corticosterone in the 

hippocampus. Several approaches can be used to study this relationship. 

A first approach tries to explain physiological changes known to occur in response 

to corticosterone by studying transcriptional regulation of several candidate genes that 

might underlie these physiological changes. It was found earlier that 5-HT1A receptor-

mediated K+ currents in hippocampal CA1 cells were increased in response to acute 

stress or corticosterone application (Hesen and Joels 1996; Joels and de Kloet 1992; 
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Joels et al. 1997). Transcriptional changes were found to be necessary for this effect 

(Karst et al. 2000). In contrast, chronic high corticosterone levels resulted in a decrease 

in 5-HT1A receptor-mediated responses (Karten et al. 1999; van Riel et al. 2003). 

Transcriptional changes that might underlie these phenomena were studied with a 

candidate gene approach.  

 

• In chapter 2, we examined the effect of corticosterone on hippocampal mRNA 

expression of RGS4 and SGK1. These two candidate genes might be related to the 

increase in 5-HT1A receptor-mediated responses after acute corticosterone application.  

• In chapter 3, possible transcriptional changes underlying the decrease in 5-HT1A 

receptor-mediated responses after chronic high corticosterone levels were studied. 

Hippocampal mRNA expression of RGS4, SGK1 as well as NCAM was studied in rats 

subjected to high corticosterone levels for 21 days. 

 

A second possible approach is to look at the effects of known transcriptional 

changes by examining whether these changes in transcription are translated to changes 

in physiology. After chronic stress, alterations in mRNA expression of calcium channel 

subunits were found in the hippocampal dentate gyrus. These transcriptional changes 

were only apparent when slices obtained from chronically stressed animals were acutely 

incubated with corticosterone (Qin et al. 2004). 

 

• In chapter 4, we examined whether the earlier observed changes in mRNA 

expression of calcium channel subunits after chronic stress were translated into 

changes in whole cell calcium currents in dentate granule cells. We also studied the 

effects of treatment with the GR antagonist mifepristone on calcium currents in control 

and chronically stressed rats. 

 

A third approach is to ask the question whether mRNA, protein expression, and 

physiological function of calcium channels change in parallel by GR activation. The 

chronic stress study indicated regional differences in the effects of chronic stress as well 

as acute corticosterone application in the CA1 area compared to the dentate gyrus (Karst 

and Joels 2007; van Gemert and Joels 2006). Differences in corticosteroid effects on 

mRNA and protein expression might underlie these regional differences in corticosteroid 

effects on physiology. 

 

• In chapter 5, the effect of acute corticosterone application on mRNA and protein 

expression of calcium channel subunits as well as on calcium currents was studied in 

two hippocampal subfields: CA1 area and dentate gyrus. 

 

The experimental findings of this thesis are summarized and discussed in chapter 6. 
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Abstract 
Acute stress and corticosterone have been found to enhance 5-HT1A receptor mediated 

responses in rat hippocampal CA1 cells. This altered 5-HT1A responsiveness could not be 

explained by changes in 5-HT1A receptor mRNA expression. We tested the hypothesis 

that the corticosterone targets RGS4 or SGK1 gene expression, and thus affects 5-HT1A 

receptor function. To that end, the effect of a single corticosterone injection on 

hippocampal mRNA expression of RGS4 and SGK1 was studied. Hippocampal expression 

of neither RGS4 nor SGK1 was affected by the corticosterone injection. Strikingly, SGK1 

mRNA was strongly up-regulated in the corpus callosum. We reject however the 

hypothesis that the effect of corticosterone on 5-HT1A responsiveness is mediated via 

altered RGS4 or SGK1 mRNA expression. 
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Introduction 
In response to stress, the hypothalamus-pituitary-adrenal (HPA) axis is activated, 

eventually leading to the release of corticosterone from the adrenal glands. 

Corticosteroids act as transcriptional regulators, thereby affecting many physiological 

parameters of the cell. Corticosterone has previously been found to affect serotonin (5-

hydroxytryptamine; 5-HT) 1A receptor mediated responses in CA1 cells of the rat 

hippocampus. Specifically, after acute stress, a single corticosterone injection, or 

incubation of hippocampal slices with high levels of corticosterone, increased 5-HT1A 

receptor mediated responses were found (Hesen and Joels 1996; Joels and de Kloet 

1992; Joels et al. 1997; Karst et al. 2000). This effect could be reversed by treatment 

with the glucocorticoid receptor (GR) antagonist mifepristone (Hesen and Joels 1996; 

Joels and de Kloet 1992; Joels et al. 1997) and was found to be dependent on 

homodimerization and DNA binding of the glucocorticoid receptor (Karst et al. 2000), 

indicating that transcriptional changes are necessary for alterations in 5-HT1A receptor 

mediated responses to occur.  

Data on the effect of corticosterone on 5-HT1A receptor mRNA expression in the 

hippocampus is less conclusive. Some studies report a decrease in mRNA in the 

hippocampal CA1 area after acute administration of a high corticosterone dose (Czyrak et 

al. 2002), others report no effect (Meijer and de Kloet 1994; Meijer and de Kloet 1995). 

In any case, no increased 5-HT1A mRNA expression in the CA1 area has been found that 

could account for the observed increase in responses. Therefore, we here tested if 

corticosterone targets the transcription of other genes that might be involved in altered 

5-HT1A mediated responses. Two candidate genes were selected that were earlier 1) 

shown to be sensitive to stress or corticosterone and 2) found to affect 5-HT1A receptor 

function.  

The first candidate is regulator of G-protein signaling 4 (RGS4). Like other 

members of the RGS family, this molecule decreases G-protein mediated signaling by 

increasing GTPase activity (Berman et al. 1996; Tesmer et al. 1997; Watson et al. 1996), 

and suppresses 5-HT1A receptor mediated inwardly rectifying K+ (Kir) currents (Beyer et 

al. 2004; Doupnik et al. 1997; Ghavami et al. 2004; Inanobe et al. 2001). RGS4 mRNA 

expression was found to be affected by acute and chronic corticosterone elevations in 

locus coeruleus and in the paraventricular nucleus (PVN) of the hypothalamus (Ni et al. 

1999). The second candidate is serum- and glucocorticoid-regulated kinase 1 (SGK1), 

which regulates cell surface expression of various ion channels, including the Kir channel 

which is activated via the 5-HT1A receptor (Gamper et al. 2002; Huang et al. 2004; Lang 

et al. 2003; Yoo et al. 2003). SGK1 mRNA expression was found to be increased by 

stress stimuli and glucocorticoid treatment in various cell lines and in the brain (Chen et 

al. 1999; Koya et al. 2005; Leong et al. 2003; Murata et al. 2005; Naray-Fejes-Toth et 

al. 2000). In this study, mRNA expression of these two candidate genes was tested one 

hour after injection with a high dose of corticosterone, a treatment that increases 5-HT1A 

receptor mediated responses (Hesen and Joels 1996). The timepoint chosen seems highly 
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relevant since functional changes develop after 1-2 hours (Joels and de Kloet 1992). Any 

transcriptional changes resulting in functional alterations should therefore take place 

earlier in time. 

 

Materials and methods 
The experiments were approved by the local Animal Experiment Committee (protocol 

number DED108). All efforts were made to prevent suffering of animals and limit the 

number of animals used as much as possible. Male Wistar rats (n = 16; Harlan, Horst, 

the Netherlands) weighing 197 ± 9 g were housed individually on a 12 h light/dark cycle 

(lights on at 8.00 a.m.) with food and drinking water ad libitum. On the day of the 

experiment, at 9.30 a.m., animals received an injection with oil (vehicle group; n = 8) or 

corticosterone (Sigma, the Netherlands; 10 mg/animal) (cort group; n = 8). The 

injections were given subcutaneously in a total volume of 800 µl. At 10.30 a.m., one 

hour after the injection, animals were quickly decapitated. Trunk blood was collected and 

centrifuged at 5000 rpm for 20 min at room temperature. Plasma was stored at -20 °C 

until use in a radioimmunoassay (RIA; ICN Biomedicals Inc., Costa Mesa, CA, USA) to 

determine plasma corticosterone levels. The brain was rapidly dissected out of the skull, 

frozen on dry ice, and stored at -80 °C.  

For in situ hybridization, 12 µm thick coronal sections containing the hippocampus 

were cut on a cryostat and mounted on SuperFrost Plus slides (Menzel-Glaser, 

Braunschweig, Germany). Sections were fixed in 4 % paraformaldehyde for 60 minutes 

and subsequently washed twice in 1x phosphate buffered saline (PBS) at room 

temperature. Sections were then acetylated for 10 minutes in 0.1 M triethanolamine (pH 

= 8.0) with 0.25 % acetic anhydride, washed in 2x saline sodium citrate (SSC) for 10 

minutes, dehydrated in an ethanol series (50 %, 80 %, 100 %, 100 %; 1 minute each) 

and air-dried. 

To study RGS4 mRNA expression, ~240 bp sense and antisense riboprobes 

labeled with [35S]-UTP were generated from a linearized cDNA clone (courtesy of M.R. 

Koelle; (Koelle and Horvitz 1996)) using T7 and T3 polymerase, respectively. 

Hybridization mix was prepared containing 50 % formamide, 10 % dextran sulphate, 100 

mM DTT, 350 mM NaCl, 25 mM Tris-HCl, 1.2 mM EDTA, 1x Denhardt’s solution, 0.1% 

Na-thiosulphate, 0.1% SDS, 100 µg/ml tRNA, and 100 µg/ml hsDNA. Probes were added 

to the hybridization mix in a concentration of 3.106 cpm per 100 µl. To each slide, 100 µl 

of this mix was applied. Slides were then coverslipped and incubated overnight at 55 °C. 

The next day, coverslips were carefully removed and slides were rinsed in 2x SSC at 

room temperature and subsequently incubated for 30 minutes at 37 °C with RNAse A in 

0.5 M NaCl and 10 mM Tris-HCl. Sections were then washed at 55 °C in 2x SSC for 5 

minutes, in 0.5x SSC for 10 minutes, and in 0.1x SSC for 30 minutes. Sections were 

dehydrated in an alcohol series, air-dried, and exposed to a Kodak Biomax MR film for 3 

weeks. 



Brief corticosterone administration 

 33

For SGK1 mRNA expression, α-[33P]-dATP end-labeled desoxyoligonucleotide 

probes were used. Sequences were 5’ tctggaaagagaagtgaaggcccaccaggaaagggtgcttcacat 

(match; reverse complement of nucleotides 456-501 of rat SGK1 coding sequence) and 

5’ gctggacagagacgtgaatgcccaacaggacagggttcttcaaat (mismatch). 0.33 pmol of the probe 

was end-labeled with 3.3 pmol 33P-ATP (NEN, Boston, MA, USA) using Terminal 

deoxynucleotidyl Transferase (TdT; Roche, Woerden, the Netherlands), purified with a 

chloroform extraction and ethanol-precipitated. Per slide, 100 µl hybridization mix 

containing 50 % formamide, 10 % dextran sulphate, 20 mM DTT, 25 mM NaSO4, 1 mM 

Na-pyrophosphate, 4x SSC, 5x Denhardt’s solution, 100 µg/ml poly A, 100 µg/ml hsDNA, 

and 1.106 cpm SGK1 probe was added. Sections were then coverslipped and incubated 

overnight at 42 °C. The next day, coverslips were removed and sections were rinsed in 

2x SSC at room temperature and subsequently incubated for 30 minutes at 37 °C with 

RNAse A in 0.5 M NaCl and 10 mM Tris-HCl. After this, sections were washed in 1x SSC 

twice for 30 minutes at 50 °C, and once for 5 minutes at room temperature. Slides were 

then dehydrated in an alcohol series, air-dried and exposed to a Kodak Biomax MR film 

for 2 weeks. 

Eight hippocampal sections per animal were scanned, loaded into Image J (Image 

J 1.31v), and corrected for background. The cell layers of the CA1, CA3 and dentate 

gyrus regions were analyzed for grey value. Expression was further tested by analyzing 

grey values of the medial part of the corpus callosum directly above the hippocampus, 

and the average of all layers of the cerebral cortex overlaying the hippocampus. The 

value of the stratum lacunosum/moleculare of the CA3 area, which shows no detectable 

signal in either experimental condition, was used as tissue background. Per animal, the 

grey values for each region were averaged. After this, the values of all animals of the 

same group were averaged. Data are presented as mean ± standard error of mean 

(SEM). Since the effects of corticosterone on mRNA expression in different brain areas 

are independent of each other, and our question particularly addressed expression 

changes in the CA1 area, statistical testing was performed by means of multiple unpaired 

Student’s t-tests. A P-value < 0.05 was considered statistically significant. 

 

Results 
As expected, plasma corticosterone levels were significantly increased by the injection 

with a high dose of corticosterone (vehicle 1.3 ± 0.1 µg/dl; cort 60.0 ± 11.3 µg/dl; P < 

0.001). These values are comparable to the elevated plasma corticosterone concentration 

that was earlier shown to increase 5-HT1A receptor mediated responses (Hesen and Joels 

1996).  

RGS4 mRNA expression showed a clear distribution in the hippocampus, with 

moderate expression in the CA1 and CA3 regions when compared to thalamus and 

cortex, and lower expression in the dentate gyrus (Figure 1). This is in line with previous 

findings (Gold et al. 1997; Ingi and Aoki 2002). A single injection with a high dose of 

corticosterone did not affect RGS4 mRNA expression measured one hour later in any of 
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the hippocampal subfields tested. In the corpus callosum and cortex, also no effect of 

corticosterone on RGS4 mRNA expression was found (data not shown). The hippocampal 

expression of SGK1 also showed a clear distribution, with low levels in CA1 and dentate 

gyrus, and relatively high levels in the CA3 area (Figure 2). This was previously described 

by most (Imaizumi et al. 1994; Inanobe et al. 2001; Lee et al. 2001) but not all groups 

(Tsai et al. 2002). A single corticosterone injection did not affect SGK1 mRNA expression 

in any of the hippocampal subfields tested or in the cortex. However, corticosterone did 

induce a > 5 fold increase in SGK1 mRNA expression in the corpus callosum (P < 0.001; 

Figure 2). 

     
 

Figure 1: RGS4 mRNA expression in the hippocampal subfields (CA1, CA3, and DG) tested was not 
significantly affected by an injection with high corticosterone (CA1: P = 0.17; CA3: P = 0.39; DG: 
P = 0.18). Insets show the hybridization signals for both groups. Hybridization with the sense 
probe did not yield any specific signal (data not shown). 
 

        
Figure 2: SGK1 mRNA expression in several brain areas after a vehicle or corticosterone injection. 
Expression in the hippocampal subfields (CA1, CA3, and DG), or in the cortex (CX), was not 
affected by corticosterone (CA1: P = 0.75; CA3: P = 0.84; DG: P = 0.78; CX: P = 0.99). In the 
corpus callosum (CC), SGK1 mRNA expression was significantly (P < 0.001) increased 1 hour 
following a single injection with a high level of corticosterone. Insets show the hybridization signals 
for both groups. Hybridization with the mismatch probe did not yield any specific signal (data not 
shown). 
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Discussion 
This study was initiated to examine putative mechanisms underlying the increase of 5-

HT1A receptor mediated responses one hour after corticosterone administration in 

hippocampal CA1 cells (Hesen and Joels 1996; Joels and de Kloet 1992; Joels et al. 

1997; Karst et al. 2000), an increase that was not accompanied by increased 5-HT1A 

mRNA expression in this area (Czyrak et al. 2002; Meijer and de Kloet 1994; Meijer and 

de Kloet 1995). We hypothesized that transcriptional regulation of RGS4 or SGK1 was 

involved. Our findings however indicate that RGS4 or SGK1 expression most likely does 

not contribute to the observed corticosterone-induced changes in 5-HT1A receptor 

mediated responses in the CA1 area. 

 The first candidate we tested was RGS4. A single injection with corticosterone was 

previously found to differentially affect RGS4 mRNA expression in locus coeruleus and 

PVN 6 hours later (Ni et al. 1999). In other brain regions no dramatic changes in RGS4 

mRNA expression were found, indicating that the effect of corticosterone on RGS4 

expression in the brain is region specific. Also in our study, 1 hour after a single 

corticosterone injection no differences in RGS4 mRNA expression were found in any of 

the hippocampal subfields tested. 

SGK1 is a direct glucocorticoid target gene, which was previously found to be up-

regulated by various glucocorticoid treatments and stress stimuli in cell cultures (Itani et 

al. 2002; Leong et al. 2003; Webster et al. 1993), in an immediate early gene-like time 

frame (Chen et al. 1999). Moreover, SGK1 expression in the brain was found to be up-

regulated after various treatments (Koya et al. 2005; Lee et al. 2003; Murata et al. 

2005). After exposure to an elevated plus maze, SGK1 mRNA expression was found to be 

increased in the ventral tegmental area (VTA) but not the nucleus accumbens or 

prefrontal cortex, indicating regional specificity in the transcriptional regulation of SGK1 

(Koya et al. 2005). Still, increased SGK1 expression in the hippocampus has been found 

after psychophysiological stress (Murata et al. 2005) and environmental enrichment (Lee 

et al. 2003), although it is possible that stress-related factors other than corticosterone, 

like corticotrophin releasing hormone or noradrenalin, induced this effect. In our study, a 

single injection with corticosterone did not result in elevated SGK1 mRNA levels in any of 

the hippocampal subfields tested.  

In the corpus callosum, however, a specific and marked increase of SGK1 mRNA 

expression was found 1 hour after injection with corticosterone. The upregulation of gene 

expression was not a generic effect, since RGS4 mRNA expression in the corpus callosum 

was not affected (data not shown). Previously, increased SGK1 mRNA expression has 

been found in the corpus callosum 2 hours after transient global cerebral ischemia 

(Nishida et al. 2004). Also, 3 to 14 days after brain injury increased SGK1 expression 

was found in this area (Imaizumi et al. 1994). In the latter case, oligodendrocytes were 

likely to be responsible for the SGK1 mRNA upregulation; this might also be the case in 

our present findings. Peripheral and central glial cell types can show a strong 

transcriptional response to glucocorticoids (Grenier et al. 2005; Zhu et al. 1994). The cell 
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specific mechanisms of GR signaling found in different types of glial cells (Fonte et al. 

2005; Grenier et al. 2006) may form part of the explanation for the regional specificity of 

the presently observed effect.  

An indication that corticosterone might indirectly affect SGK1 expression in glia 

can be found in the observation that corticosteroids cause a strong shrinkage of cultured 

microglial cells (Tanaka et al. 1997). SGK1 mRNA expression has previously been found 

to be highly responsive to cell volume, where dehydration and shrinkage of cells led to 

increased SGK1 transcript levels (Wärntges et al. 2002). Whether this indeed can explain 

the increased SGK1 mRNA expression in corpus callosum found after corticosterone 

injection remains to be studied. This also goes for the functional consequences of the 

SGK1 mRNA upregulation. The finding does raise the possibility that the axonal 

information flow may be subject to regulation by corticosterone. 

 The objective of this study was to explain corticosterone-induced changes of 5-

HT1A receptor mediated responses in CA1 cells of the hippocampus, which already occur 

after 1-2 hours (Joels and de Kloet 1992). Any changes in transcriptional regulation that 

might account for these functional changes should therefore take place earlier in time, 

i.e. within 1 hour after corticosterone injection. This time frame is indeed sufficient for 

changes in mRNA levels to occur, as demonstrated by a recent study where 

corticosterone was found to affect transcriptional regulation of 81 genes in the 

hippocampus already after 1 hour (Morsink et al. 2006). With respect to RGS4 we are not 

aware of such rapid transcriptional regulation, as the effect of corticosterone on mRNA 

levels was assessed previously after longer periods of time (Ni et al. 1999). The SGK1 

gene, however, has the capacity to react to corticosteroids within 30 minutes, even at 

the protein level (Chen et al. 1999) – as is also evident from the effect observed in 

corpus callosum in the present study. 

 The marked effect of corticosterone on SGK1 mRNA in the corpus callosum 

indicates that corticosterone treatment and quality of the tissue were adequate in this 

study. Furthermore, in tissue of the same animals altered hippocampal (other transcript) 

mRNA expression has been found (Morsink et al. 2006).  

 In summary, the increased 5-HT1A responsiveness found in hippocampal CA1 cells 

after exposure to a high level of corticosterone is not accompanied by changes in the 

mRNA expression of 5-HT1A, RGS4 or SGK1. Therefore, we conclude that other, less 

obvious, candidates which are regulated by corticosterone can affect 5-HT1A receptor 

function.
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Abstract 
Prolonged over-exposure of rats to corticosterone attenuates 5-HT1A receptor-mediated 

responses in hippocampal CA1 cells through an unknown mechanism, not involving 

downregulation of 5-HT1A receptor expression. We here tested if corticosterone changes 

5-HT1A receptor function indirectly, by altering hippocampal mRNA expression of NCAM, 

SGK1, or RGS4, which all modulate 5-HT1A receptor function. We found that the 

expression of none of these candidates was affected by corticosterone treatment. 
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Introduction 
Activation of the hypothalamus-pituitary-adrenal (HPA) axis, e.g. by stress, triggers a 

cascade of events, eventually causing the adrenal glands to release corticosterone. 

Prolonged elevations of corticosterone levels, e.g. by hormone injections or stress during 

21 days, were earlier shown to reduce hyperpolarizing responses of hippocampal CA1 

cells to serotonin (5-hydroxytryptamine, 5-HT) (Karten et al. 1999; van Riel et al. 2003; 

van Riel et al. 2004), which develop due to 5-HT1A receptor activation (Andrade and 

Nicoll, 1987). These attenuated responses were not accompanied by reduced 5-HT1A 

receptor mRNA expression, indicating that processes other than transcriptional regulation 

of this receptor are involved. Here, the effect of repeated corticosterone administration 

was studied on the hippocampal expression of three candidate genes that were earlier 1) 

shown to be sensitive to stress or corticosterone and 2) found to affect 5-HT1A receptor 

function. 

 The first candidate is the neural cell adhesion molecule (NCAM). In NCAM 

knockout mice, sensitization to the activation of the 5-HT1A receptor was observed, 

caused by increased surface localization of inwardly rectifying K+ (Kir) channels, which 

are coupled to 5-HT1A receptors through a G-protein (Delling et al. 2002; Stork et al. 

1999). Different NCAM isoforms exist, i.e. NCAM120, NCAM140, and NCAM180; the latter 

two are predominantly expressed in neurons. These isoforms are generated by 

alternative splicing (Barthels et al. 1988; Santoni et al. 1987), and differentially 

regulated by stress and corticosteroids (Sandi and Loscertales 1999; Sandi et al. 2001; 

Touyarot et al. 2004; Venero et al. 2002). The second candidate is the serum- and 

glucocorticoid-regulated kinase 1 (SGK1), which regulates the cell surface expression of 

several ion channels including Kir channels (Gamper et al. 2002; Huang et al. 2004; Lang 

et al. 2003; Yoo et al. 2003). SGK1 mRNA expression was found to be regulated by 

glucocorticoids and stress in various cell lines and in the brain (Koya et al. 2005; Leong 

et al. 2003; Murata et al. 2005; Naray-Fejes-Toth et al. 2000). Finally, we examined the 

regulator of G-protein signaling 4 (RGS4), which - like other members of the RGS family 

- suppresses G-protein mediated signaling by increasing GTPase activity (Berman et al. 

1996; Tesmer et al. 1997; Watson et al. 1996) and decreases 5-HT1A mediated Kir 

currents (Beyer et al. 2004; Doupnik et al. 1997; Ghavami et al. 2004; Inanobe et al. 

2001). Acute and chronic elevations of corticosterone were found to affect RGS4 mRNA 

expression in the locus coeruleus and in the paraventricular nucleus (PVN) of the 

hypothalamus (Ni et al. 1999). In the present study, hippocampal mRNA expression of 

these three candidates was studied in rats subjected to corticosterone injections once 

daily for 21 days and in vehicle-treated controls. 

 

Materials and methods 
The experiments were approved by the local Animal Experiment Committee (protocol 

number DED88). All efforts were made to prevent suffering of animals and to limit the 

number of animals used. Nine-week-old male Wistar rats (Harlan, Horst, the 
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Netherlands) were housed individually on a 12 h light/dark cycle, with access to food and 

water ad libitum. Animals received daily subcutaneous injections with oil (vehicle group; 

n=8) or corticosterone (Sigma, the Netherlands; 10 µg/animal) (cort group; n=8) at 

9.00 a.m. for 21 days. We took care to place subcutaneous injections at different 

locations of the body over the course of the 21 days period, to prevent infections. Also, 

animals were checked daily for wounds and infections at the injection site, which were 

not found. In the morning of day 22, animals were rapidly decapitated and trunk blood 

was collected. We presently chose to decapitate rats 1 day after the last injection, to 

focus on the effect of prolonged elevations in corticosteroid level rather than acute rises 

(as caused by the last injection). This delay was earlier used too in a study where rats 

were subjected to 21 days of variable stress (Van Riel et al., 2003). In that study, we 

observed that 5-HT1A receptor mediated responses were attenuated (regardless of the 

circulating corticosteroid levels) while 5-HT1A receptor mRNA expression was unaffected, 

similar to what was observed when rats received corticosterone for 21 days and were 

killed one hour later (Karten et al., 1999). Apparently, the one day delay is not an 

important factor when examining 5-HT responses, although it could be important for 

other parameters. Plasma was stored at -20 °C until use in a radioimmunoassay (RIA; 

ICN Biomedicals Inc., Costa Mesa, CA, USA) to determine basal corticosterone levels. 

Adrenals and thymus were removed and weighed on an analytical balance (Explore, 

Ohaus, France). The brain was dissected out of the skull, rapidly frozen on dry ice and 

stored at -80 °C. Twelve µm coronal sections containing the hippocampus were cut on a 

cryostat and mounted with 4 sections per slide on SuperFrost Plus slides (Menzel-Glaser, 

Braunschweig, Germany). In situ hybridizations were performed as described previously 

(Bartsch et al. 1992; van Riel et al. 2004). 

For NCAMtotal, NCAM180, and RGS4 , sense and antisense riboprobes labeled with 

[35S]-UTP were generated with T3 or T7 polymerase from linearized cDNA clones (NCAM: 

(Jucker et al. 1995); RGS4: courtesy of M.R. Koelle, (Koelle and Horvitz 1996)). After 

fixation, 100 µl hybridization mix containing 2.106 (NCAM) or 3.106 (RGS4) cpm was 

applied per slide. Slides were then incubated overnight at 50 °C (NCAM) or 55 °C (RGS4). 

The next day, sections were washed in saline sodium citrate (SSC) to a final stringency of 

2 x SSC at 50 °C for 15 min (NCAM) or 0.1 x SSC at 55 °C for 30 min (RGS4), 

dehydrated, and exposed to a Kodak Biomax MR film for 5 days (NCAM) or 3 weeks 

(RGS4). For SGK1 mRNA detection, 〈-[33P]-dATP end-labeled desoxyoligonucleotide 

probes were used (van Riel et al., 2004). Sequences were 5’ 

tctggaaagagaagtgaaggcccaccaggaaagggtgcttcacat (match; reverse complement of 

nucleotides 456-501 of rat SGK1 coding sequence) and 5’ 

gctggacagagacgtgaatgcccaacaggacagggttcttcaaat (mismatch). After fixation, 100 µl 

hybridization mix containing 1.106 cpm was applied per slide and slides were incubated 

overnight in a moist chamber at 42 °C. The next day, sections were washed to a final 

stringency of 1 x SSC at 50 °C for 30 min, dehydrated, and film was exposed for 2 

weeks. 
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Per animal, eight hippocampal sections were scanned, loaded into ImageJ (ImageJ 

1.31v), and corrected for background. CA1, CA3 and dentate gyrus were analyzed for 

grey values. The value of the stratum lacunosum/moleculare of the CA3 area was used 

as tissue background. Grey values were averaged for all hippocampal sections of one 

animal. In the end, all values from one experimental group were averaged. All data are 

represented as mean +/- standard error of mean (SEM). Data were statistically tested by 

means of an unpaired Student’s t-test. 

 

Results 
Body weight at the time of decapitation was not different between the two groups (see 

Table 1). Body weight gain tended to be smaller in the corticosterone-treated (cort) 

group when compared to the vehicle treated animals, but this difference was not 

significant. Corticosterone injections did result in significantly decreased thymus and 

adrenal weight. The plasma corticosterone concentration in the cort group was 

significantly increased compared to the vehicle group, even one day after the last 

injection. 

Both NCAMtotal and NCAM180 probes showed a clear distribution in the 

hippocampus, with moderate levels of expression in the CA1 and CA3 regions, and 

somewhat higher levels of expression in the DG, which was described before (Venero et 

al. 2002). However, NCAMtotal and NCAM180 expression were not affected by 

corticosterone injections, neither in CA1, CA3, nor DG (Figure 1).  

SGK1 mRNA expression was low in the CA1 region and the dentate gyrus, and relatively 

high in the CA3 area, as was described previously by some (Imaizumi et al. 1994; Lee et 

al. 2001), but not all groups (Tsai et al. 2002). Corticosterone injections for 21 days did 

however not affect SGK1 expression in any of the subregions tested (Figure 2).  

The RGS4 probe showed a hippocampal distribution with moderate levels of 

expression in the CA1 and CA3 regions in comparison to thalamus and cortex, and low 

levels of expression in the DG, in accordance with published data (Gold et al. 1997; Ingi 

and Aoki 2002). Once again, no differences in RGS4 mRNA expression were found 

between the corticosterone and vehicle treated groups in all areas tested (Figure 3). 
 

 Vehicle Corticosterone P value 

Body weight (g) 353.8 ± 7.7 350.8 ± 3.8 n.s. 

Body weight gain (g) 76.3 ± 6.8 67.0 ± 2.9 n.s. 

Adrenal weight (mg) 15.0 ± 0.4 7.3 ± 0.9 3.2·10-6 

Adrenal weight / 100 g body weight 4.3 ± 0.2 2.1 ± 0.3 3.2·10-6 

Thymus weight 657.8 ± 60.4 416.5 ± 41.1 0.005 

Thymus weight / 100 g body weight 184.5 ± 14.7 118.5 ± 11.2 0.003 

Basal [corticosterone] (µg/dl) 1.4 ± 0.3 4.3 ± 1.5 0.05 

Table 1: Body weight, thymus weight, adrenal weight, and basal plasma corticosterone 
concentration in animals injected with oil (vehicle) or corticosterone for 21 days. Thymus and 
adrenal weight were decreased, and plasma corticosterone level was increased in animals injected 
with corticosterone when compared to the vehicle treated animals. 
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A: NCAMtotal 

         
 
B: NCAM180 

         
 

Figure 1: NCAM mRNA expression in the hippocampus of rats treated for 21 days with vehicle or 
corticosterone. mRNA expression of NCAMtotal (A) and NCAM180 (B) are not affected by the 21-day 
injection protocol with corticosterone, in all three hippocampal subfields tested. Insets on the right 
show the hybridization signals for both groups. Hybridization with the sense probe did not yield a 
specific signal (data not shown). 
 

Discussion 
This study was initiated to examine the putative mechanism underlying attenuated 5-

HT1A receptor mediated responses after 21 days of elevated corticosterone levels, an 

attenuation that was earlier found not to be due to reduced 5-HT1A receptor expression 

(Karten et al. 1999). We found that 21 days of corticosterone administration does not 

alter the transcript level of three prime candidates that can affect 5-HT1A receptor 

function. The data can not be explained by insufficient corticosterone administration, 

since the paradigm we used resulted in a clearly decreased thymus and adrenal weight, 

and increased basal plasma corticosterone levels. These changes in HPA-axis parameters 

indicate that the corticosterone-injected animals were indeed subjected to high levels of 

corticosterone in the circulation for a prolonged period of time, whereas the parameters 

found in vehicle-injected animals were comparable to those found in naïve control 

animals of similar weight, as observed in other studies (van Riel et al. 2004).  
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SGK1 

         
 
 

Figure 2: SGK1 mRNA expression in the hippocampal subfields tested was not affected by the high 
corticosterone injection protocol. Insets show the hybridization signals for both groups. 
Hybridization with the mismatch probe did not yield a specific signal (data not shown). 
 

RGS4 

         
 
 

Figure 3: RGS4 mRNA was not differentially expressed in the hippocampus of vehicle versus 
corticosterone injected animals. Insets show the hybridization signals for both groups. 
Hybridization with the sense probe did not yield a specific signal (data not shown).  
 

The first candidate we tested was NCAM. Earlier, 21-day restraint stress was 

found to cause a significant decrease in NCAMtotal mRNA expression in the hippocampus, 

whereas no changes in NCAM180 mRNA expression were found (Sandi et al. 2001; Venero 

et al. 2002). Chronic psychosocial stress caused a reduction in NCAM140 expression in the 

hippocampus, without affecting the expression of the NCAM120 and NCAM180 isoforms 

(Touyarot et al. 2004), suggesting that the reduction in NCAMtotal was mainly accounted 

for by reductions in NCAM140 expression. This could not be addressed directly, since - in 

view of the overlap of NCAM140 with other NCAM isoforms - no specific probes for 

NCAM140 can be construed. For our findings, however, this is irrelevant, since  we were 
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unable to show differences in mRNA expression of either NCAMtotal or NCAM180 after 21 

days of corticosterone administration, in line with an earlier study (Sandi and Loscertales 

1999). Clearly, chronic stress and repeated injections of a high dose of corticosterone, 

though altering serotonin responsiveness in the same way, affect NCAM expression 

differently. Administration of exogenous corticosterone suppresses endogenous HPA-axis 

activity, whereas chronic stress causes an activation of all components of the HPA-axis. 

Possibly, other components of the HPA-axis are responsible for the effect of chronic 

stress on hippocampal NCAM mRNA expression, rather than corticosterone itself. 

Alternatively, it is possible that increased corticosterone levels are necessary for changed 

expression but not sufficient. This should be addressed by combining chronic stress 

paradigms with GR antagonist treatment. 

SGK1 is a direct glucocorticoid target gene. Its expression was previously shown 

to be upregulated by various glucocorticoid treatments and stress stimuli in cell cultures 

(Itani et al. 2002; Leong et al. 2003; Webster et al. 1993). Moreover, exposure to an 

elevated plus maze induced SGK1 mRNA expression in the ventral tegmental area, but 

not the prefrontal cortex in rats (Koya et al. 2005). Apparently, the regulation of SGK1 

expression is region specific. Hippocampal SGK1 expression has been found to be 

regulated by environmental enrichment and psychophysiological stress (Lee et al. 2003; 

Murata et al. 2005), although it is not clear whether this was an effect of altered 

corticosterone levels. In our study, mRNA expression levels of SGK1 in the hippocampus 

were not affected by 21 days of corticosterone injections. This makes it unlikely that the 

effects of repeated corticosterone administration on 5-HT responses are mediated by 

SGK1. However, since mRNA expression levels were low in CA1 and dentate gyrus, a 

subtle downregulation of SGK1 expression in these areas might not be detected. 

The last candidate we tested was RGS4. Chronic stress, as well as acute or 7-days 

corticosterone treatment, was previously found to differentially regulate RGS4 mRNA 

expression in the PVN and locus coeruleus (Ni et al. 1999). In other brain areas no 

dramatic changes in RGS4 expression were found, suggesting regional specificity in the 

regulation of RGS4 mRNA expression. Also in our study, using a 21-day corticosterone 

injection protocol, RGS4 mRNA expression levels in the hippocampus were not found to 

be regulated.  

In summary, changes in 5-HT responsiveness in the hippocampus seen after 

prolonged administration of a high dose of corticosterone are not accompanied by 

changes in the expression of either the 5-HT1A receptor (Karten et al. 1999; van Riel et 

al. 2004), NCAMtotal, NCAM180, SGK1, or RGS4 in the hippocampus. Protein levels of these 

candidates still may be changed by the injection paradigm and posttranslational 

modifications causing functional changes are conceivable, but, at least for NCAM, data so 

far do not support this hypothesis (Sandi and Loscertales 1999). We conclude that the 

attenuation of 5-HT1A receptor mediated responses by chronically elevated corticosterone 

levels must involve other, less obvious candidate proteins, which are regulated by the 

hormone and alter 5-HT1A receptor function. 
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Abstract 
Chronic unpredictable stress affects many properties in rat brain. In the dentate gyrus, 

among other things, increased mRNA expression of the calcium channel α1C subunit has 

been found after 21 days of unpredictable stress in combination with acute corticosterone 

application (100 nM). In the present study, we examined (i) whether these changes in 

expression are accompanied by altered calcium currents in rat dentate granule cells 

recorded on day 22, and (ii) whether treatment with the glucocorticoid receptor 

antagonist mifepristone during the last 4 days of the stress protocol normalizes the 

putative stress-induced effects. Three weeks of unpredictable stress did not affect 

calcium current amplitude in dentate granule cells under basal conditions (i.e. after 

incubation with vehicle solution). However, the sustained calcium current component 

(which largely depends on the α1C subunit) was significantly increased in amplitude after 

chronic stress when slices had been treated with corticosterone 1-4 h before recording. 

These findings suggest that dentate granule cells are exposed to an increased calcium 

load after exposure to an acute stressor when they have a history of chronic stress, 

potentially leading to increased vulnerability of the cells. The present results are in line 

with the molecular data on calcium channel α1C subunit expression. A significant three-

way interaction between chronic stress, corticosterone application and mifepristone 

treatment was found, indicating that the combined effect of stress and corticosterone 

depends on mifepristone cotreatment. Interestingly, current density (defined as total 

current divided by capacitance) did not differ between the groups. This indicates that the 

observed changes in calcium current amplitude could be attributable to changes in cell 

size. 
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Introduction 
In response to stress, the hypothalamo-pituitary-adrenal (HPA) axis is activated, 

resulting in the release of corticosteroid hormones from the adrenal glands (de Kloet et 

al. 2005; McEwen and Wingfield 2003). Corticosterone acts on peripheral organs but also 

enters the brain where it can bind to two types of receptors. The high affinity 

mineralocorticoid receptor is occupied to a large extent with basal corticosterone levels, 

whereas the lower affinity glucocorticoid receptor (GR) is only occupied when 

corticosteroid levels are high (e.g. during stress) (Reul and de Kloet 1985). Both 

receptors are highly expressed in principal neurones of the hippocampal CA1 area and 

the dentate gyrus (de Kloet 1991). Acute stress or corticosterone application have 

previously been shown to affect hippocampal cell and network functionality (Joels 2001; 

Kim and Diamond 2002). Also, chronic unpredictable stress largely alters properties of 

rat hippocampal cells (Cullinan and Wolfe 2000; Joels et al. 2004; Vyas et al. 2002). 

 Changes that occur after short-term exposure to stress are proposed to promote 

adaptation to the environment (Joels 1997; McEwen 2001), whereas chronic stress may 

eventually result in mal-adaptation and various physical and psychiatric diseases, such as 

depression (Brown et al. 2004; Holsboer 2000; Manji et al. 2001; McEwen 2001). In a 

subset of patients suffering from major depression, hyperactivity of the HPA axis is found 

(Dinan 2001; Heuser et al. 1994; Rybakowski and Twardowska 1999). Normalization of 

hormone levels upon treatment is an indicator for relapse probability (Greden et al. 

1983; Holsboer et al. 1982; Ribeiro et al. 1993; Zobel et al. 1999). Interestingly, in 

patients suffering from bipolar or psychotic depression, symptoms were found to be 

alleviated within a week by treatment with mifepristone, a GR antagonist, suggesting 

that this compound can normalize disturbed neuronal function after only a few days 

(Belanoff et al. 2001a; Belanoff et al. 2002; Flores et al. 2006; Simpson et al. 2005; 

Young et al. 2004a). 

Cellular effects of chronic stress on hippocampal structure and function have been 

studied extensively in the rodent CA3 area, where pyramidal neurones showed dendritic 

atrophy (Galea et al. 1997; Magarinos and McEwen 1995; Magarinos et al. 1996; 

Magarinos et al. 1997; Watanabe et al. 1992) and decreased long-term potentiation 

(LTP) (Pavlides et al. 2002) after chronic stress. Also in other hippocampal areas 

structural and functional changes have been found in response to chronic stress. In the 

dentate gyrus, chronic stress was shown to affect among other things neurogenesis 

(Gould and Tanapat 1999; Heine et al. 2004), LTP (Alfarez et al. 2003), excitability of 

granule cells (Karst and Joels 2003), and mRNA expression of neuropeptide Y (Sergeyev 

et al. 2005) as well as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

and γ-aminobutyric acid (GABA) receptor subunits (Qin et al. 2004).  

 Calcium channel subunits are also sensitive to effects of acute and chronic stress. 

In the rat CA1 area, α1C subunit mRNA expression was previously found to be increased 

by acute stress (Joels et al. 2003). This channel subunit forms part of L-type calcium 

channels, which give rise to a sustained calcium current at high voltages (Catterall et al. 
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2003). In accordance, increased calcium current amplitude particularly of the sustained 

component has been repeatedly found in response to incubation with a high dose of 

corticosterone in the CA1 area (Joels et al. 2003; Karst et al. 2000; Karst et al. 1994; 

Kerr et al. 1992). By contrast, in dentate granule cells, acute corticosterone application 

had no dramatic effect on calcium channel expression in cells from handled control 

animals; however, when slices from chronically stressed animals were incubated in vitro 

with a high dose of corticosterone, significantly increased (relative) calcium channel α1C 

mRNA expression was found compared to the expression in corticosterone-treated cells 

of handled control rats (Qin et al. 2004). To test whether the observed changes in 

calcium channel α1C mRNA expression after chronic stress are reflected in physiological 

changes, the present study investigated the effect of 21 days of chronic unpredictable 

stress in combination with acute corticosterone application on calcium currents in dentate 

granule cells, paying particular attention to the sustained (and α1C dependent) 

component. To examine the potential of a GR antagonist to normalize possible stress-

induced effects, half of the animals were treated with mifepristone for the last 4 days of 

the chronic stress protocol. 

 

Materials and methods 
Animals 

Male Wistar rats (Harlan, Horst, the Netherlands) weighing 215 ± 3 g at the start of the 

experiment were used in this study. Animals were housed in pairs on a 12:12 h 

light/dark cycle (lights on 08.00 h), with food and water available ad libitum. All 

experiments were approved by the local Animal Experiment Committee (protocol number 

DED115). 

 

Stress paradigm and mifepristone treatment 

Animals were stressed according to a chronic unpredictable stress paradigm adapted 

from Herman et al. (Herman et al. 1995). This protocol was preferred over, for example, 

repeated restraint stress because the unpredictable stress protocol has been shown to 

result in corticosterone hyper-secretion, increased adrenal weight, and reduced body 

weight gain (Cullinan and Wolfe 2000; Herman et al. 1995; Joels et al. 2004), indicating 

that this protocol indeed results in chronic stress in these animals. Briefly, rats (n = 48) 

were subjected to different stressors twice daily for 21 days: day 1, cold immobilization 

for 1 h at 4 °C and forced swim for 30 min at 25 °C; day 2, immobilization for 1 h and 

crowding for 24 h (overnight); day 3, cold forced swim for 5 min at 10-15 °C and 

isolation for 24 h (overnight); day 4, immobilization for 1 h and vibration for 1 h; day 5, 

forced swim for 30 min at 25 °C and cold immobilization for 1 h at 4 °C; day 6, cold 

forced swim for 5 min at 10-15 °C and crowding for 24 h (overnight); and day 7, 

vibration for 1h and isolation for 24 h (overnight). This schedule was repeated two more 

times, so that rats were subjected to chronic unpredictable stress for 21 days. Control 

rats (n = 48) were weighed and briefly handled daily.  
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 Half of the animals in the chronic stress group (n = 24) as well as half of the 

control animals (n = 24) received treatment with the GR antagonist mifepristone (Sigma, 

St Louis, MO, USA) during the last 4 days of the protocol (Figure 1A). The duration of 

mifepristone treatment was based on successful treatment regimens in humans (22-26). 

Mifepristone (5 mg/100 g body weight) was dissolved in 1.5 ml coffee milk and 

administered to the animals twice daily via a gastro-oesophagal tube directly in the 

stomach, prior to stress exposure or handling (Karst et al. 1997a). The other half of the 

animals received an equal amount of milk. 

 

Slice preparation 

Hippocampal slices were studied one day after the last stressor, so that only effects of 

chronic and not acute stress were studied. In the morning (09.30 h) of day 22, animals 

(i.e. two pair-housed rats; one of each pair was used for electrophysiological 

investigations like the present, the other was used for histological survey and is not 

reported on here) were taken out of their home cage and quickly decapitated (Figure 

1A). Trunk blood was collected and centrifuged at 5000 r.p.m. for 20 min at room 

temperature. Plasma was stored at -20 °C until use in a radioimmunoassay (ICN 

Biomedicals Inc., Costa Mesa, CA, USA) to determine corticosterone levels. Both adrenals 

and the thymus were removed from the body and weighed on an analytical balance 

(Explore, Ohaus, France). Basal corticosterone level, adrenal weight and thymus weight 

could together indicate whether or not the animal had indeed experienced chronic stress.  

The brain was rapidly dissected out of the skull and put in ice-cold carbogenated 

(95 % O2/5 % CO2) dissection buffer containing (in mM): NaCl (120), KCl (3.5), MgSO4 

(5), NaH2PO4 (1.25), CaCl2 (0.2), glucose (10), NaHCO3 (25). Next, 400 µm thick coronal 

slices containing the hippocampus were cut using a vibroslicer (Leica VT 1000S, 

Heidelberg, Germany). Slices were kept in carbogenated artificial cerebrospinal fluid 

(ACSF) containing (in mM): NaCl (120), KCl (3.5), MgSO4 (1.3), NaH2PO4 (1.25), CaCl2 

(2.5), glucose (10), NaHCO3 (25) at room temperature. After an equilibration period of 1 

h, slices were incubated in vitro with 100 nM corticosterone (dissolved in 0.01% ethanol; 

Sigma) or vehicle solution for 20 min at 32 °C to study the effect of acute high 

corticosterone levels in combination with chronic stress, a protocol that was applied 

earlier (see e.g. (Karst et al. 2000)) and shown to activate GRs in vitro. After incubation, 

slices were left in ACSF at room temperature for at least 1 h to allow genomic effects of 

corticosterone to develop (Figure 1A). Slices were transferred one at a time to the 

recording chamber, which was continuously perfused with warm (31-33 °C) carbogenated 

ACSF (pH = 7.4). 

 

Recording 

Calcium currents were recorded from dentate granule cells with the in situ whole-cell 

patch clamp technique during perfusion with ACSF containing the following compounds to 

block sodium and potassium channels: TTX (0.5 µM), TEA-Cl (10 mM), 4-aminopyridin (5  
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A experimental design 
 
 
 
 
 
 
 
 
 
B total current 
 
 
 
 
 
 
 
 
 
 
 
 
 
C high voltage activated current 
 
 
 
 
 
 
 
 
 
 
 
D steady state inactivation 
 
 
 
 
 
 
 
 
 
 
 
 
E paired pulse inhibition 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: (A) Schematic overview of the experimental design. Animals were either exposed to the 
chronic stress paradigm or control handling from days 1–21. On days 18–21, animals received 
mifepristone (mife) or milk treatment. On day 22, animals were decapitated and hippocampal 
slices were made. After 1 h, these slices were incubated with either 100 nM corticosterone (cort) or 
vehicle solution (veh). Whole-cell recordings of calcium currents in dentate granule cells were 

chronic stress / control handling mife /milk slices cort /veh recording 
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made 1–4 h later. (B–E) Voltage protocols and typical examples of calcium currents evoked in 
dentate granule cells. (B) Total calcium current was evoked with the voltage protocol shown on the 
left. On the right, a typical example of the total calcium current is shown. For reasons of clarity, 
only the current traces associated with voltage steps to -60, -40, -20 and 0 mV are depicted. (C) 
When stepping directly from holding potential (voltage protocol shown on the left), only part of the 
currents are activated. This is shown in the example on the right. (D) Steady-state inactivation 
properties of the low-voltage activated current component were determined by varying the voltage 
of the hyperpolarizing prepulse, prior to a fixed depolarization step of -40 mV. Current amplitudes 
for the various prepotentials were normalized to the maximal current and fitted with a Boltzmann’s 
equation to determine the voltage of half-maximal inactivation (VH). (E) In the double pulse 
protocol, two identical voltage steps to -10 mV were applied with varying interpulse intervals. With 
short intervals, the second pulse is smaller than the first pulse. Percentage of inactivation was 
plotted for each interval, and this curve was fitted with a standard exponential equation to 
determine the tau of the paired pulse inactivation curve (τpp).  
 

mM), and CsCl (5 mM). An upright microscope (Nikon Eclipse E600FN, Tokyo, Japan) 

with x 40 water-immersion objective and x 10 ocular was used to visualize the neurons 

after first cleaning the surface of the dentate gyrus with a large-tip patch pipette.  Patch 

pipettes for recording (1.5 mm outer diameter, borosilicate glass; impedance 

approximately 5 MΩ) were pulled on a horizontal Sutter puller and filled with a pipette 

solution containing (in mM): Cs-methane sulphonate (141), HEPES (10), BAPTA (5), 

MgATP (2), NaGTP (0.3); pH 7.3; 300 mOsm. The patch electrode was placed on the 

surface of a dentate granule cell while applying positive pressure to keep the tip of the 

electrode clean. By removing the pressure followed by light suction, a tight seal was 

established (> 1 GΩ). Further suction disrupted the membrane, enabling whole-cell 

recording. 

Whole-cell calcium currents were recorded under voltage clamp conditions, with 

an Axopatch 200B patch clamp amplifier (Axon Instruments, Union City, CA, USA). Series 

resistance was compensated for approximately 70 %. Data were collected using PClamp 

software version 8.2 (Axon Instruments). Each cell was subjected to the same voltage 

protocol: 5 min after the whole-cell configuration was established, a first protocol was 

run in which a 3-s hyperpolarizing prepulse to -130 mV was followed by a 200-ms pulse 

to increasing voltage levels (varying between -80 and 0 mV; Figure 1B). Immediately 

after this, a second protocol was run in which the same 200-ms hyper- and depolarizing 

pulses (voltages varying between -80 and 0 mV) were given directly from holding 

potential (-65 mV; Figure 1C). The current evoked after a prepulse to -130 mV is 

considered to represent the total calcium current of the cell, whereas currents induced 

when stepping directly from holding potential are less likely to contain the component 

liable to steady-state inactivation (Joels and Karst 1995). These first two voltage 

protocols were repeated starting 10 min after obtaining the whole-cell configuration in 

order to check the stability of the signal; the latter recordings were included in the 

results. Five minutes later a protocol was run in which the prepotential was varied 

between -130 and -30 mV, in all cases followed by a voltage step to -40 mV (Figure 1D). 

This protocol revealed the steady-state inactivation properties mostly of the low-

threshold calcium current (Karst et al. 1997b) and was used to define the voltage of half-
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maximal inactivation (VH). Finally, a paired pulse protocol was run in which two voltage 

steps (200 ms duration) to -10 mV from holding potential were applied, with a 

decreasing interpulse interval (550, 450, 350, 250, 150 and 50 ms; Figure 1E). 

In all protocols, there was a period of 10 seconds between successive pulses to 

allow full extrusion of calcium ions which had entered upon depolarization. If during the 

recording > 20 % rundown of the signal was observed, recording of the cell was 

terminated and the cell was not incorporated in the analysis. Correction for leak current, 

as estimated from sequential depolarizing and hyperpolarizing voltage steps of 5 mV and 

50 ms in duration at holding potential, was applied offline (Joels and Karst 1995). 

Capacitance was automatically measured by the PClamp program when 5 mV hyper- and 

depolarizing pulses of 50 ms duration were applied from holding potential. Moreover, 

membrane capacitance was read directly off the capacitance compensation potentiometer 

on the patch amplifier. This was repeated at the end of the recording, to exclude cells 

whose capacitance or input resistance had changed during recording. In our hands this 

gives a very reproducible value. It has been shown by others that capacitance readings 

with this method are in good agreement with capacitance measurements derived from 

integrating the current response to a small depolarizing step (Huguenard et al. 1991; Oh 

et al. 1995). All data were corrected and analysed using Clampfit software version 8.2 

(Axon Instruments). 

 

Satistical analysis 

All data are presented as mean ± SEM. Data on the neuroendocrine parameters (body 

weight, adrenal weight, thymus weight, and plasma corticosterone level) were tested 

with a 2-way ANOVA, with chronic stress and mifepristone treatment as the between-

subjects factors. If overall effects were observed, post-hoc comparisons between the 

appropriate groups were performed. For cell parameters (capacitance, input resistance, 

voltage of halfmaximal inactivation, and tau of paired pulse inhibition), significance was 

tested with a between subjects univariate analysis, with chronic stress, mifepristone 

treatment, and corticosterone incubation as the independent variables. Data on the 

calcium current amplitude were analyzed with a general linear model approach for 

repeated measures, with the same independent factors. If a significant effect of 

treatment was observed, data were subjected to a post-hoc multiple comparison of the 

mean. Correlations were tested with Pearson’s statistics. In all cases, P < 0.05 was 

considered to be statistically significant. 

 

Results 
Neuroendocrine parameters 

At the start of the experiment, body weight of the rats did not differ between the 

experimental groups. Chronic unpredictable stress caused a significant attenuation of 

body weight gain, resulting in reduced body weight at the time of decapitation (Table 1). 

Thymus weight (when corrected for body weight) did not differ between the groups, 
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while adrenal weight (when corrected for body weight) was found to be increased in 

chronically stressed animals when compared to controls, both in milk- and mifepristone-

treated animals. Basal plasma corticosterone level was not significantly affected by the 

chronic stress protocol.  

Mifepristone treatment did not significantly affect body weight, thymus weight or 

morning plasma corticosterone level (Table 1). Also, the effects of chronic stress on body 

weight gain were not reversed by 4 days of treatment with mifepristone. However, a 

significant overall effect of mifepristone on adrenal weight was observed; adrenal glands 

from stressed animals treated with mifepristone were significantly larger than those 

obtained from stressed animals that received milk.  

 
Cell parameters 

A total of 98 cells divided over eight experimental groups (Figure 1A) were recorded in 

this study (Table 2). For membrane capacitance, a significant interaction effect of chronic 

stress and mifepristone treatment was found [F(1,97) = 4.57, P < 0.05], indicating that 

the effect of chronic stress on capacitance depended on the cotreatment with 

mifepristone. Post-hoc analysis revealed that an increased membrane capacitance was 

found in chronically stressed compared to control handled animals when slices had been 

subjected to corticosterone 1-4 h before recording (Figure 2A). This enhancement was no 

longer seen in cells from chronically stressed animals that had received mifepristone. 

Interestingly, mifepristone treatment of handled controls also yielded a larger 

capacitance 1-4 hours after incubation of the slices with corticosterone (Figure 2A). In 

slices incubated with vehicle solution, no effect of chronic stress nor of mifepristone 

treatment on membrane capacitance was found.   

 

 Control   

Milk 

Control   

Mifepristone 

Stress   

Milk 

Stress   

Mifepristone 

Body weight gain (g) 1 118 ± 5 106 ± 6 79  ± 4 ** 81 ± 5 ** 

Body weight (g) 1 336 ± 8 323 ± 8 293 ± 7 ** 294 ± 7 ** 

Thymus weight (mg) per 

100 g body weight  
199 ± 14 201 ± 7 201 ± 10 186 ± 9 

Adrenal weight (mg) per 

100 g body weight 1,2 
11.8 ± 0.6 13.4 ± 0.7 15.0 ± 0.5 * 18.2 ± 1.1 § ** 

Basal plasma 

corticosterone level (µg/dl) 
0.44 ± 0.11 0.74 ± 0.44 1.03 ± 0.35 1.61 ± 1.21 

Table 1: Effects of chronic stress and mifepristone treatment on body, adrenal and thymus weight 
and plasma corticosterone levels. Body weight gain and body weight at the time of decapitation 
were significantly reduced in animals subjected to the chronic stress paradigm. Adrenal weight 
(corrected for body weight) was increased in chronically stressed animals. Also, mifepristone 
treatment resulted in larger adrenals in chronically stressed animals. Thymus weight was not 
affected by chronic stress or mifepristone treatment. Basal plasma corticosterone level did not 
differ significantly between the groups. N = 12 for all groups.  2-way GLM analysis showed:  1 
Significant effect of stress; 2 Significant effect of mifepristone; No interaction effects were found. 
Post hoc test showed: * Different from corresponding control handled group P < 0.05; ** P < 0.005; 
§ Different from corresponding milk-treated group P < 0.05. 
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Control  

Milk 

Control 

Mifepristone 

Stress  

Milk 

Stress  

Mifepristone 

 

Veh Cort Veh Cort Veh Cort Veh Cort 

VH 

(mV) 

-69.2 ± 

0.6 

-75.1 ± 

3.5 

-76.2 ± 

2.2 

-75.9 ± 

4.6 

-77.9 ± 

5.1 

-73.0 ± 

4.0 

-78.6 ± 

7.0 

-67.5 ± 

2.8 

τpp 

(ms) 

81.6 ± 

8.5 

99.3 ± 

11.9 

96.5 ± 

13.8 

88.5 ± 

6.7 

84.5 ± 

10.0 

127.1 ± 

14.9 

98.4 ± 

9.2 

95.3 ± 

28.0 

N (n) 10 (12) 8 (13) 11 (13) 9 (15) 9 (12) 10 (13) 7 (9) 9 (11) 

Table 2: Cell characteristics. Voltage of half-maximal inactivation (VH), tau of the paired pulse 
inactivation curve (τpp), and number of animals (N) and recorded cells (n) are shown for each 
group. No significant differences in voltage of half-maximal inactivation or tau of the paired pulse 
inactivation curve were found between the groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In the whole-cell recording mode, capacitance is probably mostly determined by 

the cell surface near the pipette (i.e. the size of the soma and primary dendrite) 

(Anderson et al. 2001). Increased capacitance may thus point to an increased membrane 

surface close to the recording pipette which could result in a lower membrane resistance. 

In agreement, a strong and significant (P < 0.001) negative correlation was observed 

between capacitance and membrane resistance when analyzing all cells (Figure 2B). 

Statistical analysis further showed that mifepristone treatment and corticosterone 

incubation both had an overall effect on input resistance [F(1,97) = 4.04, P < 0.05 and 

F(1,97) = 3.78, P = 0.05 respectively]. Post-hoc tests showed that input resistance was 

significantly smaller in corticosterone-treated cells in the mifepristone-treated group, in 

accordance with the enhanced capacitance in this group. However, the reduction in 
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Figure 2: (A) Membrane capacitance of dentate granule cells incubated with vehicle solution (left) 
or 100 nM corticosterone (right). Dentate granule cells from control animals have a significantly 
smaller capacitance than cells obtained from chronically stressed or mifepristone-treated animals; 
this difference was only found in cells that were incubated with 100 nM corticosterone 1-4 h prior 
to recording. Asterisk indicates significant difference between the groups (P < 0.05). (B) 
Membrane capacitance and input resistance per dentate granule cell showed a significant (P < 
0.001) negative correlation. 

 

*

 

*



Chronic stress 

 55

to
ta

l 
ca

lc
iu

m
 c

u
rr

en
t 

(n
A
) 

resistance in the corticosterone-treated slices from chronically stressed rats did not reach 

significance (P = 0.28). 

 

Calcium current amplitude 

In dentate granule cells, in general small low voltage-activated calcium currents are 

found (Akaishi et al. 2004; Gorter et al. 2002; Karst and Joels 2001). Also in the present 

study, the current / voltage relationships of the total calcium current showed small 

currents when voltages from -70 to -40 mV were applied. No clear differences in the 

voltage dependency of total calcium currents were observed between the groups. Voltage 

of half-maximal inactivation, indicating the steady-state inactivation properties mostly of 

the low-threshold calcium current (Karst et al. 1997b) was not significantly affected by 

chronic stress [F(1,51) = 0.002, P = 0.96], mifepristone treatment [F(1,51) = 0.19, P = 

0.67] nor corticosterone incubation [F(1,51) = 0.97, P = 0.33] (Table 2). Recovery of 

inactivation, as tested with the double pulse protocol shown in Figure 1E, showed near-

maximal recovery with an interpulse interval of 250 ms or more in all groups. It was 

found that the recovery of inactivation, expressed as the tau of the inactivation curve, 

showed no statistically significant differences due to chronic stress [F(1,47) = 1.06 , P = 

0.31], mifepristone treatment [F(1,47) = 0.13, P = 0.72] or corticosterone incubation 

[F(1,47) = 1.65, P = 0.21] (Table 2).  

In each experimental group, the largest average calcium current amplitude was 

found with a voltage of -20 mV (example in Figure 3). We here illustrate the main 

findings for these representative currents evoked by a voltage step to -20 mV. For 

statistical analysis, the recorded current over the entire range of -80 to 0 mV was the 

dependent (within subjects) variable, while chronic stress, mifepristone treatment, and in 

vitro corticosterone incubation represented the independent (between-subjects) 

variables. 

 

 
 
 
 
 
 
 
 

Figure 3: Examples of (averaged) current/voltage relationship of total calcium currents evoked in 
dentate granule cells. The curves here summarize the data from slices of control animals incubated 
with 100 nM corticosterone or vehicle solution. Very small currents are evoked with potentials of -
80 to -50 mV. The largest total calcium current amplitude was found with a pulse of -20 mV (this 
was the same in all groups). For this reason, current amplitude evoked by a voltage step to -20 mV 
was depicted in Figure 4. 
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For total calcium currents, evoked after a prepulse of -130 mV, no overall effects 

of mifepristone treatment [F(1,75) = 0.286, P = 0.59] nor in vitro corticosterone 

incubation [F(1,75) = 1.67, P = 0.20] were found (data not shown). Although not 

significant, trends to an overall effect of chronic stress [F(1,75) = 3.34, P = 0.07] and an 

interaction effect of the three factors [stress x mifepristone x corticosterone; F(1,75) = 

2.94, P = 0.09] were found. Because no significant overall effects were observed, we did 

not apply post-hoc multiple comparison of the means. We conclude that neither chronic 

stress, mifepristone treatment, nor corticosterone incubation significantly affected total 

calcium currents in dentate granule cells. 

When stepping to -20 mV directly from holding potential (-65 mV), only part of 

the calcium current is activated (i.e. the component that is not liable to steady state 

inactivation). Because L-type currents mostly show calcium-dependent rather than 

steady state inactivation (Budde et al. 2002), this protocol favors the generation of high-

voltage activated (HVA) L-type currents. No overall effects of chronic stress [F(1,81) = 

1.33, P = 0.25], mifepristone treatment [F(1,81) = 0.01, P = 0.92], or in vitro 

corticosterone incubation [F(1,81) = 0.05, P = 0.81] were observed. However, a 

significant interaction effect of the three independent factors on high-voltage activated 

currents was found [stress x mifepristone x corticosterone; F(1,81) = 4.23, P < 0.05]. 

Post-hoc multiple comparisons of the means showed that under basal conditions (i.e. 

when slices were incubated with vehicle solution) HVA currents were not affected by 

chronic stress and/or mifepristone treatment (Figure 4, left side). However, when slices 

were incubated with a high dose of corticosterone 1-4 hours before recording, HVA 

currents were significantly increased in slices from chronically stressed rats when 

compared to control handled animals (Figure 4, right side; P < 0.05). Slices from 

chronically stressed animals cotreated with mifepristone yielded current amplitudes that 

were comparable to the handled control group. Incubation of slices from control handled 

animals with 100 nM corticosterone tended to decrease the HVA calcium current when 

compared to incubation with vehicle solution, but this was not significant (P = 0.17).  
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Figure 4: High-voltage activated (HVA) calcium
current amplitude evoked by a voltage step from 
holding potential (-65 mV) to -20 mV in cells 
incubated with vehicle solution (left) or 100 nM 
corticosterone (right). Asterisk indicates significant 
difference between the groups (P < 0.05). 
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As mentioned above, significant differences in membrane capacitance were found 

between the groups (Figure 2A). In the whole-cell recording mode, capacitance is 

probably mostly determined by the cell surface near the pipette (i.e. the size of the soma 

and primary dendrite) (Anderson et al. 2001). Altered currents might thus be explained 

by changes in the size of the cell surface close to the patch pipette rather than increased 

calcium channel density. Indeed, current density (defined as current amplitude divided 

by membrane capacitance) of the high voltage-activated current was not significantly 

affected by any of the treatments (Figure 5), suggesting that at least part of the changes 

in current amplitude could be attributable to changes in cell size. 

 

Discussion 
In the present study, we examined the effects of 21 days of unpredictable stress on 

whole-cell calcium currents in rat dentate granule neurones. We also studied the effects 

of 4 days treatment with the GR antagonist mifepristone in chronically stressed as well as 

control animals. These effects were studied under basal corticosterone levels (vehicle 

incubation) as well as 1-4 h after in vitro incubation with 100 nM corticosterone. 

 

Neuroendocrine parameters 

Animals subjected to the chronic stress paradigm showed signs of long-term stress, as is 

evident from neuroendocrine parameters measured 1 day after a 21-day period of 

unpredictable stress. The chronic unpredictable stress paradigm resulted in decreased 

body weight gain and increased adrenal weight, as was reported before (Cullinan and 

Wolfe 2000; Herman et al. 1995; Joels et al. 2004). Similar to an earlier study from our 

group using the same stress protocol, no change in thymus weight was found (Joels et al. 

2004). Basal plasma corticosterone concentration was not significantly elevated one day 

after the last stress exposure. This parameter has been found to show considerable 

variation between animals, and only yields significant results with very large group sizes 

vehicle corticosterone
0 

-200 

-100 

-300 

-400 

stress milk stress mifepristone

control milk control mifepristone 

Figure 5: Current density (defined as current 
amplitude divided by membrane capacitance) 
of the high-voltage activated (HVA) current 
for a voltage step from holding potential (-65 
mV) to -20 mV in cells incubated with vehicle 
solution (left) or 100 nM corticosterone 
(right). No significant differences were found 
between the groups. 
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(Verkuyl et al. 2004). Treatment with the GR antagonist mifepristone did not reverse the 

changes in body or adrenal weight induced by chronic stress. This may indicate that any 

changes in neuroendocrine parameters take place early in the course of the chronic 

stress protocol and therefore are not prevented or reversed by treatment with a GR 

antagonist during the last 4 days of the 21-day paradigm. A certain degree of adaptation 

to repetitive stress is indeed known to occur over the course of several weeks (Magarinos 

and McEwen 1995; Spencer and McEwen 1990; Watanabe et al. 1992), even with an 

unpredictable stress protocol similar to the one used in the present study (Chappell et al. 

1986). Mifepristone treatment resulted in a significant increase in adrenal weight in 

chronically stressed animals. This is in line with a study in which increased adrenal 

weight was found when mifepristone was administered i.c.v. for a period of 10 days (van 

Haarst et al. 1996).  

 

Effects on calcium currents 

Chronic stress was earlier found to affect among other things neurogenesis (Gould and 

Tanapat 1999; Heine et al. 2004), LTP (Alfarez et al. 2003), and excitability of granule 

cells (Karst and Joels 2003) in the dentate gyrus. Furthermore, mRNA expression of 

neuropeptide Y (Sergeyev et al. 2005) as well as relative expression of AMPA, GABA, and 

calcium channel subunits (Qin et al. 2004) is altered after chronic stress. Importantly for 

the present study, mRNA expression of α1C relative to other calcium channel subunits in 

dentate granule cells was found to be affected by chronic stress, but only when 

hippocampal slices were incubated in vitro with 100 nM corticosterone (Qin et al. 2004), 

indicating an interdependence of these two factors. In the present study, we investigated 

whether these changes in mRNA expression are reflected in functional changes in calcium 

currents. This indeed seems to be the case, particularly for the HVA currents. Chronic 

stress was found to result in larger current amplitudes compared to the control group 

only when cells were recorded 1-4 h after corticosterone treatment, but not in vehicle 

treated slices, which were prepared from animals with very low circulating corticosterone 

levels. Given the space clamp limitations associated with whole-cell recording, some care 

with the interpretation of changes in calcium current amplitude is required. Although this 

confounding factor may be relatively minor in granule cells, which were reported to be 

electrotonically quite compact when compared to, for example, CA1 neurons (Carnevale 

et al. 1997), we cannot exclude that space clamp problems occurred in our experiments. 

Still, the present data strongly suggest that chronic stress affects the way granule cells 

respond to an acute high amount of corticosterone. We therefore confirm and 

substantiate our earlier conclusion that dentate granule cells are exposed to a higher 

calcium load after GR activation when they have a history of chronic stress as opposed to 

handling.  

Current density (defined as total current divided by capacitance) did not differ 

between the groups, indicating that at least part of the changes in calcium current might 

be explained by changes in size of the cell surface close to the pipette (i.e. the soma and 
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the primary dendrite) (Anderson et al. 2001), rather than in the properties or density of 

the channels; the latter could be verified by recording calcium currents in excised 

patches. Morphological changes after chronic stress have been reported repeatedly in the 

CA3 area, where atrophy of dendrites was found (Galea et al. 1997; Magarinos and 

McEwen 1995; Magarinos et al. 1996; Magarinos et al. 1997; Watanabe et al. 1992). In 

the dentate gyrus, smaller and simpler dendritic trees have been found after 

adrenalectomy, when corticosterone levels are extremely low (Wossink et al. 2001). 

Considering the present findings, it is possible that the dendritic tree of dentate granule 

cells is also affected by chronic stress in combination with a high dose of corticosterone. 

However, we have to take into account that capacitance is not a very precise reflection of 

cell size when recording from cells in slices. It mostly reflects the size of the 

soma/primary dendrites and could also depend on the lipid structure of the membrane. 

Detailed morphological studies of dentate granule cells after chronic stress and 

corticosterone treatment could provide more insight in this matter. 

Finally, we also studied the effect of 4 days treatment with the GR antagonist 

mifepristone on calcium currents, both in control and chronically stressed animals. Under 

basal conditions (i.e. when slices were incubated with vehicle solution), no effect of 

mifepristone on calcium currents was found, neither in the control group nor in animals 

exposed to chronic stress. In mifepristone-treated animals, the significant combined 

effect of chronic stress and corticosterone treatment was no longer seen. However, it 

should be noted that mifepristone did not reverse or prevent effects of chronic stress and 

corticosterone treatment in the dentate gyrus to the extent that significant differences 

with the corresponding milk-treated groups were observed. This differs from the strong 

effects of mifepristone on parameters that were tested in the CA1 area from the same 

animals (Karst and Joels 2007; Krugers et al. 2006a). The latter excludes that 

mifepristone was ineffective in general. Precisely how mifepristone exerted its effects on 

calcium currents is hard to judge using the present paradigm. Thus, mifepristone may 

have blocked GR-mediated events directly in the hippocampus. However, we can not 

exclude the possibility that the compound might also have interfered with corticosteroid 

actions in other brain regions projecting to the hippocampus, or even in peripheral 

organs which indirectly affect brain function. It is even possible that mifepristone 

counteracted the effects of a high levels of corticosterone by means of its neuroprotective 

(Behl et al. 1997; Ghoumari et al. 2003; McCullers et al. 2002) or antioxidative 

(Parthasarathy et al. 1994) properties.  

In conclusion, the present data shows that chronic stress in combination with 

acute corticosterone application not only results in enhanced α1C mRNA expression (Qin 

et al. 2004) but that most likely these changes are translated to a functional effect. This 

potentially leads to a higher calcium load in dentate granule cells after exposure to an 

acute stress when the animal has a prior history of chronic stress. This may lead to 

enhanced vulnerability to cell death of cells that have relatively large HVA currents to 

start with (i.e. ‘older’ granule cells) (Karst et al. 1997b). Moreover, this condition may 
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endanger cells that are simultaneously challenged by strong depolarizations such as may 

occur in association with epilepsy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 61

 

 
 
 

Chapter 5           
 

Differential effects of corticosterone on voltage-
dependent calcium currents and expression of 

calcium channel subunits in rat hippocampal  
CA1 area versus dentate gyrus 

 



Chapter 5 

 62

Differential effects of corticosterone on voltage-dependent calcium 

currents and expression of calcium channel subunits in rat 

hippocampal CA1 area versus dentate gyrus 

 
Neeltje G. van Gemerta, Diana M.M. Carvalhoa, Henk Karsta, Siem van der Laanb, Mingxu 

Zhangc, Onno C. Meijerb, Johannes W. Hellc, and Marian Joëlsa 

 

aSwammerdam Institute for Life Sciences, Center for NeuroScience, University of Amsterdam, 

Amsterdam, The Netherlands 
bDivision of Medical Pharmacology, Leiden/Amsterdam Center for Drug Research and Leiden 

University Medical Center, Leiden, The Netherlands 
cDepartment of Pharmacology, University of Iowa, Iowa City, USA 

 

Abstract 
Stress and corticosterone affect many cell properties in the rat brain via a gene-mediated 

mechanism. Voltage-dependent calcium currents are among the properties most affected 

by corticosterone in the rodent hippocampal CA1 area. In this study, we tested whether 

corticosterone has the same effect in a different hippocampal area, the dentate gyrus 

(DG). Furthermore, we wanted to know whether changes in calcium channel subunit 

expression are responsible for the effects of corticosterone on calcium currents in the 

hippocampus. We found that corticosterone had no effect on calcium currents in the DG, 

whereas currents in the CA1 area were increased 1-4 hours after 20 min corticosterone 

incubation. We next used in situ hybridization to test whether this differential effect of 

corticosterone on physiology in both areas was reflected in a differential effect of the 

hormone on mRNA expression. We found that mRNA expression of the β4 subunit was 

enhanced in corticosterone-injected animals when compared to naïve, which is consistent 

with earlier data obtained with qPCR in the CA1 region. α1C mRNA expression was not 

increased after corticosterone treatment, while an increase in α1D expression was only 

seen when comparing corticosterone- with vehicle-treated animals. Although these 

transcriptional changes could contribute to physiological changes, they were not different 

between CA1 and DG and therefore cannot explain the difference in physiology. At the 

protein level, though, we found that β4 as well as α1C protein expression was 

significantly upregulated by corticosterone in the CA1 area, whereas this increase was 

not found in the DG. These results indicate that the differences between DG and CA1 

area may not exist at the (pre)transcriptional level but rather be found in post-

transcriptional processes. 
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Introduction 
When an organism is exposed to stress, the hypothalamus-pituitary-adrenal (HPA) axis is 

activated, ultimately leading to increased secretion of corticosterone from the adrenal 

glands (Lightman et al. 2002; McEwen and Wingfield 2003). Corticosterone passes the 

blood-brain barrier and binds to two types of receptors: the mineralocorticoid receptor 

(MR) and the glucocorticoid receptor (GR). The MR binds corticosterone with high affinity, 

and is therefore substantially occupied under basal conditions, whereas the low affinity 

GR is only fully occupied when circulating corticosteroid levels are high, e.g. following 

stress (Reul and de Kloet 1985). 

 Both corticosteroid receptor types are highly expressed in principal neurons of the 

rodent hippocampus. The MR is expressed in all hippocampal subfields, whereas the GR 

is highly expressed in the CA1 area and dentate gyrus (DG), but not in the CA3 area 

(Fuxe et al. 1985; Rosenfeld et al. 1988; van Eekelen and de Kloet 1992). Due to the 

high expression of corticosteroid receptors in the hippocampus, stress and corticosterone 

affect many properties of the cells in this area (Joels 2001; Kim and Diamond 2002).  

One of the main targets for corticosterone is the current flowing through voltage-

dependent calcium channels (VDCCs). Acute stress and corticosterone application lead to 

enhanced calcium current amplitude in the CA1 area (Joels et al. 2003; Karst et al. 1994; 

Kerr et al. 1992). This effect depends on dimerization and subsequent DNA binding of the 

GR (Karst et al. 2000). It was recently shown that corticosterone affects the L-type, but 

not the N-type calcium current (Chameau et al. 2007). In the same study, mRNA 

expression of the two VDCC subunits that can form the pore of the L-type channel, α1C 

and α1D (Catterall et al. 2003), was unaltered by corticosterone application. However, 

mRNA expression of the auxiliary β4 subunit was found to be increased 1 hour after 

corticosterone incubation, which may partly account for the enhanced current by 

increasing surface expression of the channel (Birnbaumer et al. 1998). 

The effects of corticosterone described above were studied in the CA1 area. Much 

less is known about the effects of corticosterone on calcium currents in the hippocampal 

DG. In the absence of corticosterone, i.e. after adrenalectomy (ADX), voltage-dependent 

calcium currents were found to be time-dependently changed: currents were enhanced 

1-2 days after ADX, but decreased when recorded after 3-7 days, the latter most likely 

due to the fact that cells exhibiting large calcium current amplitudes had died by 

apoptosis by that time (Karst and Joels 2001). However, the effect of acute GR activation 

on calcium currents in the DG of naïve animals has not been studied. Preliminary 

observations in animals that were handled for 3 weeks indicate that a brief pulse of 

corticosterone may be less efficient in changing calcium currents of DG neurons than of 

CA1 pyramidal cells (van Gemert and Joels 2006). It should be realized, though, that 

handling by itself can affect neuronal responsiveness for corticosterone, as was earlier 

described for CA1 neurons (Karst and Joels 2007). 

In the present study, we therefore examined the acute effect of corticosterone (1-

4 hours after incubation) on voltage-dependent calcium currents in the DG and tested 



Chapter 5 

 64

whether the effect of corticosterone in the DG is similar to or different from that found 

previously in the CA1 area. The preliminary evidence mentioned above that DG and CA1 

neurons show differential sensitivity to corticosterone is not unprecedented (Karst and 

Joels 2003; Stienstra and Joëls 2000) (see also (Joels 2006)). If corticosterone indeed 

affects voltage-dependent calcium currents in the DG in a different manner than in the 

CA1 area, one may wonder if the hormone targets the same or different genes in the two 

areas. Hence, we studied – both in the CA1 and DG area – the effects of corticosterone 

on the most obvious targets for the hormone leading to changes in calcium current 

amplitude, i.e. the α- and β-subunits of the VDCCs. The hormonal regulation of these 

subunits was studied at the transcript as well as the protein level. 

 

Materials and methods 
Animals 

All experiments were approved by the local Animal Experiment Committee (protocol 

number DED135). Efforts were made to prevent suffering of animals and limit the 

number of animals used. Male Wistar rats (Harlan, Horst, The Netherlands) weighing 

approximately 150 g were housed in pairs on a 12 h light / dark cycle (lights on 08.00 h) 

with access to food and water ad libitum. 

 

Electrophysiology 

A total number of 12 animals were used for electrophysiological experiments. Rats were 

taken out of their home cage in the morning (09.30 h) and quickly decapitated. Trunk 

blood was collected and centrifuged for 20 min at 5.000 rpm at room temperature. 

Plasma was stored at -20 °C until use in a radioimmunoassay to determine corticosterone 

levels. 

The brain was dissected out of the skull and put in ice-cold carbogenated (95 % 

O2 / 5 % CO2) dissection buffer containing (in mM): NaCl (120), KCl (3.5), MgSO4 (5), 

NaH2PO4 (1.25), CaCl2 (0.2), glucose (10), NaHCO3 (25). Next, 400 µm coronal slices 

containing the hippocampus were cut on a vibroslicer (Leica VT 1000S, Heidelberg, 

Germany). Slices were kept in carbogenated artificial cerebrospinal fluid (ACSF) 

containing (in mM): NaCl (120), KCl (3.5), MgSO4 (1.3), NaH2PO4 (1.25), CaCl2 (2.5), 

glucose (10), NaHCO3 (25). After a 1 h equilibration period in ACSF at room temperature, 

slices were incubated for 20 min in vitro with 100 nM corticosterone (dissolved in 0.01 % 

ethanol; Sigma) or vehicle solution at 32 °C. After this, slices were left for at least 1 hour 

in ACSF at room temperature to allow time for genomic effects of corticosterone to 

develop. 

Hippocampal slices were transferred one at a time to a recording chamber, where 

recordings of voltage-dependent calcium currents were made from CA1 pyramidal cells or 

dentate granule cells using the in situ whole cell patch clamp technique. In the recording 

chamber, slices were continuously perfused with warm (31-33 °C), carbogenated ACSF 

containing the following compounds to block Na+ and K+ currents: TTX (0.5 µM), TEA-Cl 
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(10 mM), 4-aminopyridin (5 mM), and CsCl (5 mM). After cleaning the surface of the 

slice with a large-tip pipette, cells were visualised using an upright microscope (Nikon 

104 Optiphot) using a × 40 water immersion objective and a × 10 ocular. Patch pipettes 

for recording were pulled from borosilicate glass (1.5 mm outer diameter, borosilicate 

glass, impedance approximately 3-4 MΩ) on a horizontal Sutter puller and filled with 

recording solution containing (in mM): Cs-methane sulphonate (141), HEPES (10), 

BAPTA (5), MgATP (2), NaGTP (0.3); pH 7.3; 300 mOsm. The recording pipette was 

placed on the cell membrane of either a CA1 pyramidal or a dentate granule cell and a 

tight seal (> 1 GΩ) was established by light suction. Further suction disrupted the cell 

membrane, enabling recording of whole cell calcium currents. 

Recordings were made under voltage clamp conditions, using an Axopatch 200B 

patch clamp amplifier (Axon Instruments, Union City, CA, USA). Series resistance was 

compensated for approximately 70 %. Currents were evoked by a voltage protocol in 

which 200 ms pulses to increasing voltage levels (varying between -80 and 0 mV) were 

given either from a 3 sec hyperpolarizing prepulse at -130 mV, or directly from holding 

potential (-65 mV) (see Figure 1A and 1B). The current evoked after a hyperpolarizing 

prepulse is considered to represent the total voltage-dependent calcium current of the 

cell, whereas currents induced when stepping directly from holding potential are less 

likely to contain the component liable to steady-state inactivation (Joels and Karst 1995). 

For each sweep, peak of the current as well as the sustained component were analyzed 

(Figure 1C). In all protocols, there was a period of 10 seconds between successive pulses 

to allow full extrusion of calcium ions which had entered upon depolarization.  
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Figure 1: Voltage protocols and a typical example 
of calcium currents evoked in hippocampal neurons. 
(A) Total calcium current was evoked with the 
voltage protocol shown here. A 3 sec 
hyperpolarizing prepulse was given to activate all 
voltage-dependent calcium currents. (B) When 
stepping directly from holding potential with the 
voltage protocol shown here, only part of the 
currents are activated. (C) Example trace in which 
the peak as well as sustained part of the current 
are shown. 
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Data acquisition was performed with PClamp (version 8.2) and analyzed using 

Clampfit software version 8.2 (Axon Instruments). Correction for leak current, as 

estimated from sequential depolarizing and hyperpolarizing voltage steps of 5 mV and 50 

ms in duration at holding potential, was applied offline (Joels and Karst 1995). Membrane 

capacitance was read directly off the capacitance compensation potentiometer on the 

patch amplifier. 

 

In situ hybridization 

For in situ hybridization experiments, a total number of 24 rats were used. Animals were 

either left undisturbed in their homecage (naïve group; n = 8) or received a single 

subcutaneous injection with corticosterone (10 mg / 100 g bodyweight; dissolved in 

arachide oil) (cort group; n = 8) or vehicle solution (veh group; n = 8) in a total volume 

of 500 µl. One hour after the injection, at 09.30 h, animals were quickly decapitated. 

Trunk blood was collected and plasma was stored until use in a RIA to determine 

corticosterone levels. Brains were dissected out of the skull and quickly frozen on dry ice. 

On a cryostat, 12 µm thick coronal sections containing the hippocampus were cut, put on 

SuperFrost Plus slides (Menzel-Glaser, Braunschweig, Germany), and stored at -80 °C.  

 

Gene Oligonucleotide sequence 5’→ 3’ Mismatch control sequence 5’ → 3’ Film 

α1A gtctgggttggcgtttttgtttacttggaccacagtgt
ggttgag 

gtAtgggGtggcgGttttgGttacGtggacAacag
tTtggttTag 

14 

α1B gtcacagcgaggttccttgggctggtgatttcgagtt
tccttatc 

TtcacaTcgaggGtccttTggctgTtgattGcgag
tGtccttCtc 

14 

α1C gtgggtggggattctccatctgctgtaatggacttca
gctcaatt 

gtTggtggTgattcGccatcGgctgtCatggaAtt
cagAtcaatG 

21 

α1D tgctaagaatgaagaatgcgcttccttcggggatgg
gtgcaattt 

tgAtaagcAtgaaTaatgcTcttccGtcgggTatg
ggGgcaatGt 

42 

α1E atccgtcttgttgctaatgttcaccactgttgagtcca
ccaaggg 

atAcgtctGgttgcGaatgtGcaccaAtgttgCgtc
caAcaaggT 

7 

α1G gcttgtatgcgttcccctttgctcagatttccctcatca
ttgtca 

gctGgtatgAgttccActttTctcagCtttccAtcatc
CttgtcC 

54 

α1H gttaggggtcactgccagtgaatacatcttcatctct
gtggctcg 

TttaggTgtcacGgccagGgaataAatcttAatct
cGgtggcGcg 

21 

α1I tctgggagcttgtcaaactcctccaaattggatgagc
tctggtcc 

tcGgggagAttgtcCaactcAtccaaCttggaGga
gctAtggtcA 

21 

β1 ctgttgtcggtcatctcctcctcataatcttcctcctctt
cccag 

cGgttgtAggtcaGctcctActcatCatcttActcct
AttcccCg 

5 

β2 tgtggccattgctgctgtggctctcctctctgtggttat
gttca 

GgtggcAattgcTgctgtTgctctActctcGgtggt
GatgttAa 

20 

β3 gttctctaacagagctacagccatgagctgtctgtcc
tgcctca 

TttctcGaacagCgctacCgccatTagctgGctgt
cAtgcctAa 

13 

β4 ttgctatgcctcatccgctgactctgtagtccagagat
tgctgtg 

tGgctatTcctcaGccgctTactctTtagtcAagag
aGtgctgGg 

14 

SGK1 tctggaaagagaagtgaaggcccaccaggaaagg
gtgcttcacat 

GctggaCagagaCgtgaaTgcccaAcaggaCag
ggtTcttcaAat 

21 

Table 1: Oligonucleotides and mismatch control sequences (with 8 transversions in uppercase) 
used for mRNA in situ hybridization, and the duration of exposure to film (in days).  
 

Sections were fixed with 4 % paraformaldehyde (Sigma) for at least 30 min and 

subsequently washed twice in phosphate buffered saline (PBS). Then, sections were 
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acetylated for 10 min in 0.1 M triethanolamine (pH = 8.0) with 0.25 % acetic anhydride, 

washed in in 2x saline sodium citrate (SSC) for 10 minutes, and dehydrated in an ethanol 

series (50 %, 80 %, 100 %, 100 %; 1 minute each). 

The different oligonucleotide probes (sequences in Table 1) were end-labeled with 
35S-dATP. 0.33 pmol of the probe was end-labeled with 3.3 pmol 35S-dATP (NEN, Boston, 

MA, USA) using Terminal deoxynucleotidyl Transferase (TdT; Promega, Madison, WI, 

USA), purified with chloroform extraction and ethanol-precipitated. Per slide, 100 µl 

hybridization mix containing 50 % formamide, 10 % dextran sulphate, 20 mM DTT, 25 

mM NaSO4, 1 mM Na-pyrophosphate, 4x SSC, 5x Denhardt’s solution, 100 µg/ml poly A, 

100 µg/ml hsDNA, and 1.106 cpm of the oligonucleotide probe was added. Sections were 

then coverslipped and incubated overnight at 42 °C. The next day, coverslips were 

removed and sections were rinsed in 1x SSC at room temperature and subsequently 

washed in 1x SSC twice for 30 minutes at 50 °C, and once for 5 minutes at room 

temperature. Slides were then dehydrated in an alcohol series, air-dried and exposed to 

a Kodak Biomax MR film for different durations (see Table 1), depending on signal 

intensity. 

Four hippocampal sections per probe per animal were scanned and loaded into 

Image J (Image J 1.37v). Grey values of the cell layers CA1, CA3 and dentate gyrus were 

measured. Quantification of grey values was calibrated using [14C] microscales 

(Amersham, Aylesbury, UK). Per animal, the grey values for each region were averaged. 

After this, the values of all animals of the same group were averaged.  

 

Western blot 

Twenty-two animals were used for the Western blot experiments. Hippocampal slices 

were prepared and incubated with vehicle solution or corticosterone as described for the 

electrophysiology experiments. Two to three hours after incubation, the CA1 area and 

dentate gyrus were dissected out separately under a binocular (Figure 2), using syringe 

needles, immediately frozen on dry ice and stored at -80 °C until use in the Western blot 

experiments. Per sample, CA1 or DG tissue from 5-9 hippocampal slices was used. 
 

 
Figure 2: Schematic representation of the different hippocampal subregions and the dissection 
lines used in this study, isolating the CA1 area and DG.  
 

DG CA3 

CA1 
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Samples were homogenized in 250 µl ice-cold sucrose buffer containing sucrose 

(300 mM), Tris (10 mM), EGTA (10 mM), and EDTA (10 mM). Protease inhibitors were 

added to the buffer: 1 µg/ml pepstatin A, 200 µM phenylmethanesulfonyl fluoride, 10 

µg/ml leupeptin, and 20 µg/ml aprotinin. The homogenate was spun for 2 min at 5.000 g 

to remove nonsolubilized material, and the supernatant was respun for 8 min at 7.000 

rpm. The pellet from this spin (P2) contains mainly the membrane-bound fraction of the 

total protein pool. Subsequently, the supernatant of the second spin was respun for 30 

min at 70.000 rpm in a Beckman TLA 100.3 ultracentrifuge rotor. The pellet from this 

ultracentrifuge spin (P3) mainly contains the cytosolic fraction of the total protein pool. 

Both pellets (P2 and P3) were resuspended separately in 100 µl 1 % sodium dodecyl 

sulphate (SDS), sonicated for 20 sec and heated to 60 °C for 10 min. Subsequently, 

proteins were extracted with SDS sample buffer for 20 min at 65 °C, and 30 µl per 

sample was run on SDS-polyacrylamide gel electrophoresis and transferred to a PVDF 

membrane (BioRad, Hercules, CA, USA). 

The membrane was blocked by incubation for 1 hour with 10 % milk powder in 

TBS (milk-TBS) and blots were incubated with monoclonal antibody for β4 (NeuroMab, 

Davis, CA, USA; 1:500) or α1C (anti-CNC1, produced as described in (Dubel et al. 1992); 

1:300) in milk-TBS for 4 hours at room temperature. To control for the amount of protein 

loaded per sample, blots were stained with antibodies for glyceraldehyde-3-phosphate 

dedydrogenase (GAPDH; Chemicon, Temecula, CA, USA; 1:5000) and transferrin 

receptor (Trf; Zymed Lab Inc, San Fransisco, CA, USA; 1:500). Blots were then washed 3 

times with milk-TBS and incubated with secondary antibody (horseradish peroxidase-

bound sheep-anti-mouse; Amersham, Arlington Heights, IL, USA) diluted 1:5000 in milk-

TBS. Subsequently, blots were washed in 0.05 % Tween-20 in TBS for at least 1 hour, 

then in TBS for 20 min, and ECL Plus reagent (Amersham) or Super Signal FemTo West 

(Pierce Biotechnology, Rockford, IL, USA) was applied. ECL or FemTo signals were 

detected by film exposure, films were then scanned and subsequently quantified using 

Image J. 

Grey values were corrected for background and per sample β4 or α1C protein 

expression was corrected for GAPDH or Trf expression, respectively. Grey values in the 

vehicle-treated groups were set at 100 % and relative change as a result of 

corticosterone incubation was calculated.  

 

Data analysis 

All data is presented as mean ± standard error of mean (SEM). Electrophysiological data 

was analyzed with an unpaired Student’s t-test. Data from the in situ hybridization 

experiments was analyzed with a one-way analysis of variance followed by post-hoc 

comparisons between groups. Statistical analysis of the Western blot data was performed 

with a paired T-test for vehicle versus corticosterone-incubated samples. In all cases, P < 

0.05 is considered to indicate a significant difference. 
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Results 
Electrophysiology 

A total of 43 hippocampal cells, divided over four experimental groups, were recorded in 

this study. Membrane capacitance was significantly smaller in DG cells when compared to 

CA1 neurons (CA1: 40.8 ± 2.2; DG: 11.6 ± 0.6; P < 0.0001), indicating a smaller cell 

surface in dentate granule cells. No differences in capacitance were found between 

vehicle- and corticosterone-incubated cells within the same region. 

Figure 3 shows the current / voltage relationship of the peak of high-voltage 

activated (hva) calcium currents in CA1 pyramidal cells (A) and dentate granule cells (B). 

Note that the scale of the y-axis differs between Figure 3A and 3B; in the DG, 

significantly smaller voltage-dependent calcium currents are found when compared to 

those in the CA1 area (P < 0.0001). This was true for both vehicle- and corticosterone-

incubated slices.  

In the CA1 area, hva calcium currents evoked by a voltage step to -20, -10 or 0 

mV were found to be significantly increased 1-4 hours after 20 min incubation with 

corticosterone (P < 0.05). This finding is in line with previous studies (Karst et al. 2000; 

Karst et al. 1994). In the DG, however, corticosterone had no effect on the peak 

amplitude of hva calcium currents (voltage step to -20 mV: P = 0.59; -10 mV: P = 0.74; 

0 mV: P = 0.90). Very comparable data were obtained for the sustained component of 

the hva current, in which the L-type current plays a larger role (Chameau et al. 2007), 

and for the peak and sustained component of the total calcium current (data not shown). 

 
A CA1      B DG 

      
 
 
 

Figure 3: Current/voltage relationships of high voltage activated (hva) calcium currents in (A) CA1 
pyramidal cells and (B) dentate granule cells incubated with vehicle solution or 100 nM 
corticosterone. Note the difference in scale of the Y-axis between both cell types. Asterisk indicates 
significant difference between the groups (P < 0.05). 
 

In situ hybridization 

To test the hypothesis that the differential effect of corticosterone incubation on voltage-

dependent calcium currents in CA1 area versus DG is a consequence of a differential 

effect of corticosterone on calcium channel subunit mRNA expression in both areas, we 
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used in situ hybridization. Although we tested all VDCC α and β subunits that are known 

to be expressed in the hippocampus (i.e. α1A, α1B, α1C, α1D, α1E, α1G, α1H, α1I, β1, 

β2, β3, and β4), we here only extensively describe and discuss the results of three 

subunits: the α1C and α1D subunits, which are the poreforming subunits of the L-type 

calcium channel (Catterall et al. 2003), and the β4 subunit that was previously found to 

be transcriptionally regulated by corticosterone in the rodent CA1 area (Chameau et al. 

2007) (Qin, Y. et al., personal communication) and plays a role in surface expression of 

the channel (Arikkath and Campbell 2003; Birnbaumer et al. 1998). In situ hybridization 

results of the other VDCC subunits are summarized in Table 2. 

Hippocampal mRNA expression of the VDCC subunits was tested in naïve, vehicle-

injected, and corticosterone-injected animals. Plasma corticosterone levels were below 

the detection limit of the RIA (i.e. 0.7 µg / dl) in all naïve and vehicle-injected animals. In 

corticosterone-injected animals, plasma corticosterone level was 38.8 ± 22.7 µg / dl, 

with corticosterone levels in every animal well above the detection limit of the RIA. 

Hybridization with the sense probe never yielded any specific signal (data not shown). 

Figure 4 shows that mRNA expression of the α1C subunit is significantly decreased by a 

single vehicle injection in all hippocampal areas (naïve versus vehicle CA1: P < 0.05; 

CA3: P < 0.05; DG: P < 0.01). Corticosterone did not have an additional effect to the 

vehicle injection (vehicle versus corticosterone CA1: P = 0.62; CA3: P = 0.17; DG: P = 

0.21). The difference in mRNA expression between the naïve and corticosterone-injected 

groups was only (marginally) significant in the CA1 area and not the other hippocampal 

subfields (naïve versus corticosterone CA1: P = 0.05; CA3: P = 0.29; DG: P = 0.11). 

Figure 5 shows hippocampal mRNA expression of the α1D subunit. A single vehicle 

injection decreases α1D expression in all hippocampal areas, although this decrease only 

reaches significance in the CA3 area (naïve versus vehicle CA1: P = 0.08; CA3: P < 0.05; 

DG: P = 0.11). Compared to vehicle injection, corticosterone leads to increased α1D 

mRNA expression in all hippocampal areas (vehicle versus corticosterone P < 0.05 in all 

hippocampal subfields). There was no difference between the naïve and corticosterone-

injected animals (naïve versus corticosterone CA1: P = 0.36; CA3: P = 0.81; DG: P = 

0.28). 
 

CA1 DG 
Gene 

Naïve  Veh Cort Naïve  Veh Cort 
α1A 65.9 ± 3.0 64.0 ± 3.8 73.4 ± 3.4 73.1 ± 2.6 70.0 ± 3.8 80.8 ± 2.9 
α1B 41.2 ± 2.0 34.6 ± 2.0 37.1 ± 4.2 49.3 ± 2.7 40.7 ± 2.9 45.6 ± 4.8 
α1E 50.9 ± 2.1 47.0 ± 1.3 49.1 ± 1.1 55.2 ± 2.3 49.8 ± 1.7 54.8 ± 1.3 
α1G 55.5 ± 5.0 37.2 ± 2.0* 43.3 ± 3.5* 55.0 ± 6.3 38.7 ± 1.9* 44.6 ± 3.2 
α1H 45.3 ± 3.7 30.8 ± 2.6* 37.0 ± 1.2* 69.0 ± 4.1 50.6 ± 3.8* 58.3 ± 2.1* 
α1I 17.0 ± 0.9 13.8 ± 1.6 16.5 ± 2.0 4.7 ± 0.7 3.8 ± 0.3 4.0 ± 0.3 
β1 118.5 ± 4.8 120.4 ± 3.4 121.7 ± 4.1 130.4 ± 5.0 132.6 ± 3.5 133.5 ± 3.9 
β2 57.8 ± 6.3 64.3 ± 8.2 65.6 ± 3.0 51.7 ± 7.3 65.9 ± 9.5 63.6 ± 4.9 
β3 47.0 ± 1.8 49.9 ± 2.3 46.7 ± 0.7 57.6 ± 2.1 60.6 ± 2.2 58.8 ± 0.9 

Table 2: Overview of VDCC subunit mRNA expression in CA1 area or DG of naïve, vehicle-injected, 
and corticosterone-injected animals. Optical density is expressed in arbitrary units (average ± 
SEM). * Different from naïve P < 0.05.  
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α1C 

         
 
Figure 4: Calcium channel subunit α1C mRNA expression in the hippocampal subfields CA1, CA3, 
and DG. Expression was significantly decreased by an injection with vehicle solution when 
compared to naïve, whereas injection with a high dose of corticosterone had no additional effect. 
On the right, hippocampal α1C mRNA hybridization signals are shown for a naïve, a vehicle- and a 
corticosterone-injected animal. Asterisk indicates significant difference between the groups (P < 
0.05). 
 

α1D 

         
 

Figure 5: Calcium channel subunit α1D mRNA expression in the hippocampal subfields CA1, CA3, 
and DG. Expression in the CA3 area was significantly decreased by an injection with vehicle 
solution when compared to naïve animals; in the CA1 area and DG this difference was not 
significant. Injection with a high dose of corticosterone led to increased α1D mRNA expression 
when compared to vehicle injection in all subregions. On the right, α1D mRNA hybridization signals 
in the hippocampus are shown for a naïve, a vehicle- and a corticosterone-injected animal. Asterisk 
indicates significant difference between the groups (P < 0.05). 
 

The mRNA expression of the auxiliary β4 subunit is shown in Figure 6. A single 

vehicle injection did not significantly affect β4 mRNA expression, although there is a 

trend to increased expression in the dentate gyrus (naïve versus vehicle CA1: P = 0.22; 

CA3: P = 0.23; DG: P = 0.07). Injection with a high dose of corticosterone, however, 

CA3CA1 

DG

G
re

y 
va

lu
e 

(a
rb

it
ra

ry
 u

n
it
s)

 

10 

20 

0 
DG

corticosterone 

naïve 

vehicle 

* * *

CA3CA1 

DG

G
re

y 
va

lu
e 

(a
rb

it
ra

ry
 u

n
it
s)

 

1.0 

2.0 

0 

DG

corticosterone 

* * *
*

vehicle 

naïve  
3.0 



Chapter 5 

 72

resulted in a significantly increased expression of the β4 subunit in all hippocampal 

subfields when compared to the naïve animals (naïve versus corticosterone P < 0.05 in 

all hippocampal subfields). There was no significant difference between animals injected 

with vehicle solution and those injected with corticosterone (vehicle versus corticosterone 

CA1: P = 0.19; CA3: P = 0.26; DG: P = 0.50). 
 

β4  

         
 
 
Figure 6: Calcium channel subunit β4 mRNA expression in the hippocampal subfields CA1, CA3, 
and DG. Expression was significantly increased in all hippocampal subfields by an injection with 
corticosterone solution when compared to naïve animals. Injection with vehicle solution had no 
significant effect. On the right, β4 mRNA hybridization signals in the hippocampus are shown for a 
naïve, a vehicle- and a corticosterone-injected animal. Asterisk indicates significant difference 
between the groups (P < 0.05). 
 
Western blot 

Although corticosterone did affect hippocampal VDCC subunit mRNA expression, these 

changes cannot explain the difference in physiological effects between CA1 area and DG, 

as hormonal effects in the DG area were very similar to those found in the CA1 region. 

We therefore next examined if corticosterone results in differences at the protein level of 

the relevant VDCC subunits.  

We first focused on the β4 subunit, as (i) mRNA expression of the β4 subunit was 

increased in all hippocampal areas after a single injection with corticosterone when 

compared to naïve animals and (ii) earlier studies described a consistent upregulation of 

the β4 subunit by corticosterone, both in rats and mice (Chameau et al. 2007) (Qin, Y. et 

al., personal communication). In a Western blot study, we tested whether protein levels, 

as opposed to mRNA levels, of the β4 subunit are differentially regulated by 

corticosterone in CA1 area versus DG.  

To test the specificity of the antibody, we used PC6-3 cells, a derivative of PC12 

cells in which the β4 subunit is not expressed (Liu et al. 1996; Schjott et al. 2003). 

Indeed, we detected no β4 protein in these cells (data not shown). Figure 7A shows the 

effects of 20 min corticosterone incubation 2-3 hours prior to the collection of 
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hippocampal material on VDCC subunit β4 protein expression in the CA1 area. In the 

membrane fraction (P2), β4 protein expression was significantly increased by 46 % in 

corticosterone- compared to vehicle-incubated slices (P < 0.05). In the cytosolic fraction 

(P3), a significant (P < 0.05) increase in β4 protein expression of 28 % was found after 

incubation with 100 nM corticosterone. In the DG, however, β4 expression was not 

altered by corticosterone (Figure 7B). In the membrane fraction (P2), the observed 15 % 

increase was not statistically significant (P = 0.16). Similarly, in the cytosolic fraction 

(P3), the 18 % increase in β4 protein expression 2-3 hours after corticosterone 

incubation did not reach statistical significance (P = 0.17).  

We next studied corticosterone-induced effects on α1C protein expression in the 

CA1 region and the DG. This VDCC subunit is the prevailing (± 80 %) poreforming 

subunit of L-type calcium channels in neurons (Hell et al. 1993). In the CA1 area, 

incubation with 100 nM corticosterone led to a significant increase in α1C subunit 

expression by 72 % in the membrane fraction (P2; P < 0.05), and 123 % in the cytosolic 

fraction (P3; P < 0.01) (Figure 8A). However, in the dentate gyrus, corticosterone did not 

affect α1C protein expression (Figure 8B), since the 3 % decrease in the membrane 

fraction (P2) nor the 22 % upregulation in the cytosolic fraction (P3) was statistically 

significant (P = 0.39 and 0.21, respectively). 
 

A CA1      B DG 

            
 
 
 
 
Figure 7: Calcium channel subunit β4 protein expression in (A) CA1 area and (B) DG. Protein level 
is expressed as % change in corticosterone-incubated compared to vehicle-incubated slices. P2 
indicates pellet of the second spin, which mainly contains the membrane-bound protein fraction. P3 
indicates pellet of the third spin, which mainly contains the cytosolic fraction of the total protein 
pool (see also materials and methods section). Asterisk indicates significant difference from vehicle 
(P < 0.05). Below the graphs, typical examples of β4 expression are shown for each experimental 
group. 
 
Discussion 
In this study, we examined the effects of acute exposure to corticosterone on voltage 

dependent calcium currents and expression of VDCC subunits in the hippocampal CA1 

area and dentate gyrus. 
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A CA1      B DG 

              
 
 
 
 

Figure 8: Calcium channel subunit α1C protein expression in (A) CA1 area and (B) DG. Protein 
level is expressed as % change in corticosterone-incubated compared to vehicle-incubated slices. 
P2 indicates pellet of the second spin, which mainly contains the cytoplasmic protein fraction. P3 
indicates pellet of the third spin, which mainly contains the membrane fraction of the total protein 
pool (see also materials and methods section). Asterisk indicates significant difference from vehicle 
(single asterisk P < 0.05; double asterisk P < 0.01). Below the graphs, typical examples of α1C 
expression are shown for each experimental group. 
 

Electrophysiology 

In the rodent CA1 area, corticosterone application has been repeatedly found to slowly 

increase voltage-dependent calcium currents (Joels et al. 2003; Karst et al. 2000; Karst 

et al. 1994; Kerr et al. 1992). Specifically the L-type, and not the N-type current is 

affected by corticosterone (Chameau et al. 2007). In the present study, we tested 

whether 20 min incubation with corticosterone also exerts a delayed effect on calcium 

currents in the dentate gyrus. We found that corticosterone did not affect voltage-

dependent calcium currents in the DG, while the previously reported corticosterone-

induced increase in calcium current amplitude in the CA1 area was replicated. 

 Calcium currents in both hippocampal subfields have previously been studied after 

adrenalectomy (ADX). After ADX, voltage-dependent calcium currents in the DG were 

enhanced 1-2 days later, but decreased when recorded after 3-7 days. Substitution with 

a low dose of corticosterone, sufficient to activate MRs but not GRs, fully prevented these 

changes. Indirect evidence supported the explanation that calcium current amplitude 

after ADX is enhanced in all DG granule cells, but that those cells exhibiting large current 

amplitudes to start with (presumably ‘older’ granule cells) die by apoptosis 3-7 days after 

ADX, among other things due to a calcium overload (Karst and Joels 2001). In the CA1 

area, increased calcium currents were reported after ADX – compared to sham operated 

animals with low circulating levels of corticosterone – for all studied intervals between 

ADX and recording (Karst et al. 1997a; Karst et al. 1994; Werkman et al. 1997). It 

should be kept in mind that CA1 cells are more homogenous than DG cells with regard to 

age. Collectively, these studies indicate that ADX increases calcium current amplitude in 
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DG as well as CA1 cells, while a condition resulting in predominant MR activation leads to 

rather small calcium current amplitudes. 

 A clear disparity becomes evident between the CA1 area and DG when GRs 

become occupied. While in CA1 cells this leads to enhanced calcium current amplitude – 

overall resulting in a U-shaped dose dependency for corticosterone – this is not seen in 

the DG. The observed differential effect of acute corticosterone application on cellular 

physiology in the CA1 area versus the DG is not without precedent. In general, in the 

CA1 area, a U-shaped or bell-shaped dose dependency is found for various physiological 

parameters, while in the DG the effect of activation of the GR in addition to the MR is 

much less evident (Joels 2006). However, the cell properties described in the review by 

Joels (2006) were not the same for the CA1 area (voltage-dependent calcium currents 

and serotonin responses) as for the DG (field potentials and single-cell responses to 

activation of AMPA receptors), leaving open the possibility that differences in dose 

dependency reflect differences between the parameters studied instead of differences 

between the two hippocampal subfields. In this study, however, we tested the effects of 

a high level of corticosterone on the same parameter, voltage-dependent calcium 

currents, in both areas. The observed effect in the CA1 area but not in the DG indicates 

that the U-shaped dose dependency might indeed be a property of the CA1 area in 

general, and that this cannot be generalized to the DG.  

This is surprising, since dentate granule cells – like CA1 neurons – express high 

levels of MRs as well as GRs (Fuxe et al. 1985; Rosenfeld et al. 1988; Van Eekelen et al. 

1988). For some reason the GR does not seem to become activated in DG granule cells, 

at least not under ‘normal’ conditions. After a 21-day period of chronic unpredictable 

stress, though, effects of high doses of corticosterone (which activate GRs) can be 

observed, on AMPA-receptor mediated responses (Karst and Joels 2003) as well as on 

calcium current amplitude (van Gemert and Joels 2006).  

 Many differences between DG and CA1 cells could account for the observed 

discrepancies. For instance, the metabolism (Seckl 1997) or cell transport (Karssen et al. 

2001; Kwan et al. 2003; Uhr et al. 2002) of corticosterone may be differently regulated. 

It can also not be excluded that different variants of the GR – each with different 

efficacies – (Lu and Cidlowski 2005; 2006; Oakley et al. 1999) are expressed to different 

levels in both areas, which might be examined with specific antibodies. Also, the cellular 

context can be different for CA1 and dentate granule cells: local differences in levels of 

transcription factors or cofactors involved in the transcriptional machinery (Meijer et al. 

2006; O'Malley 2007) could lead to regional differences in transcriptional activity. All of 

these processes are expected to lead to differences in corticosteroid effects on the 

transcript level between DG and CA1 cells. However, the differences between CA1 and 

DG cells may also be caused at the post-transcriptional level, e.g. involving altered 

translation of gene transcripts. Up until now, though, very little information has become 

available about the mechanism that confers regional specificity to physiological 

corticosteroid actions in the brain. 
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Transcriptional regulation 

In the CA1 area, corticosterone affects voltage-dependent calcium currents via a GR-

mediated genomic pathway (Karst et al. 2000). Apparently, changes in gene expression 

are a prerequisite for this effect. Therefore, we asked the question whether the 

differential effect of corticosterone on calcium currents in the CA1 area and the DG is 

already evident at the level of VDCC subunit mRNA expression in both hippocampal 

areas.  

 The general expression patterns we found within the hippocampus are in line with 

previous findings (Herman et al. 1998; Ludwig et al. 1997; Talley et al. 1999; Tanaka et 

al. 1995): α1C mRNA was highly expressed in CA3 and DG, but moderately in the CA1 

area; α1D mRNA expression was high in the DG, but low in the CA1-3 region; β4 mRNA 

was expressed to a moderate to high level in the CA fields, and high in the DG. 

Expression patterns of the other VDCC subunits were also comparable to previous 

findings (data not shown). 

We used two different control groups for the corticosterone injection: a group of 

naïve animals that was left undisturbed in their cages, and a group that received a single 

injection with vehicle solution (arachide oil). Surprisingly, VDCC subunit mRNA 

expression showed significant differences between these two groups. Vehicle injection led 

to decreased mRNA expression of the α1C subunit in all hippocampal subfields. Also, 

decreased α1D expression in response to a vehicle injection was found in all hippocampal 

subfields, although this difference only reached significance in the CA3 area. In addition, 

α1G and α1H mRNA expression were decreased in response to a single vehicle injection 

in all hippocampal subfields (Table 2). Possibly, the injection with vehicle solution led to 

mild stress and a small increase in circulating corticosterone levels or other stress-

induced factors (e.g. noradrenalin) which had an effect on transcription of VDCC 

subunits. Although plasma corticosterone levels were below detection limit of the RIA 

(i.e. 0.7 µg / dl) in all vehicle-injected animals, this does not fully exclude a small and / 

or transient increase in the secretion of corticosterone or other stress-induced 

neuropeptides in these animals.  

The unexpected effect of vehicle injection complicates the interpretation of the 

results obtained with a corticosterone injection. Expression of α1C mRNA was not 

significantly altered by corticosterone, regardless of the control group. However, the 

expression of α1D mRNA was significantly enhanced in all hippocampal areas after 

corticosterone treatment compared to a vehicle injection but not when compared to naïve 

rats. This congrues with earlier findings showing that treatment of hippocampal slices 

from naïve animals with corticosterone did not consistently elevate α1C or α1D mRNA 

expression, as established with qPCR (Chameau et al. 2007). Based on these 

observations it seems that α-subunits of VDCCs are not a major target of corticosterone, 

neither in the CA1 region nor in the DG, although small effects on α1D mRNA expression 

cannot be excluded under specific conditions.  
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Expression of the β4 subunit appeared to give more consistent results. Thus, both 

in earlier studies with qPCR (Chameau et al. 2007) (Qin, Y. et al., personal 

communication) and the current investigation using in situ hybridization, corticosterone 

treatment resulted in a significant upregulation of β4 subunit mRNA expression when 

compared to the naïve situation. Vehicle-injected animals (possibly representing a very 

mild stress situation) yielded an intermediate expression level in all hippocampal 

subfields. 

In view of the unexpected results with vehicle injection, we studied mRNA 

expression of the serum- and glucocorticoid regulated kinase 1 (SGK1), which is highly 

regulated by corticosterone (Chen et al. 1999; Koya et al. 2005; Webster et al. 1993), in 

sections of the same animals. It was previously found that a single injection with 

corticosterone results in a 5-fold increase in SGK1 mRNA expression in the corpus 

callosum (van Gemert et al. 2006). Also in the present study, we found that SGK1 mRNA 

expression in the corpus callosum was dramatically increased by a corticosterone-

injection, while an injection with vehicle solution had no effect (optical density ± SEM: 

naïve 6.7 ± 0.5; vehicle 8.1 ± 0.6; corticosterone 31.8 ± 5.5; P < 0.0001 naïve vs. 

corticosterone and vehicle vs. corticosterone).  

In conclusion, direct transcriptional regulation of VDCC α-subunits by 

corticosterone seems to be limited, although regulation of α1D mRNA expression cannot 

be excluded under specific conditions. Yet, a consistent upregulation of β4 subunits 

seems to exist. As this subunit was reported to play a role in surface expression of the 

channel (Arikkath and Campbell 2003; Birnbaumer et al. 1998), this may be one 

mechanism by which corticosterone gradually increases the number of functional 

channels in the plasma membrane (Chameau et al., 2007). However, as β4 subunits 

were very similarly regulated by corticosterone in the CA1 area and DG, local differences 

in (pre)transcriptional steps cannot explain the different effect of corticosterone on 

cellular physiology in CA1 versus DG. 

 

Post-transcriptional modification 

We found that β4 mRNA expression is increased in both the CA1 area and the DG in 

corticosterone-injected animals when compared to naïve. Of course, to have a 

physiological effect, altered β4 mRNA expression should be translated into altered protein 

levels. This is another step where regional differentiation can occur. Therefore, we 

studied protein expression of the β4 VDCC subunit in both hippocampal areas, making a 

distinction between the cytosolic fraction and the membrane-bound fraction of the total 

protein pool. We found that β4 protein expression was significantly increased 2-3 hours 

after 20 min corticosterone incubation in both the cytosolic and membrane-bound 

fraction in the CA1 area. This indicates that the total pool of β4 proteins is increased in 

CA1 cells in response to corticosterone. Importantly, in the DG β4 protein expression was 

not significantly upregulated after corticosterone exposure in either the cytosol or the 

membrane. 



Chapter 5 

 78

The VDCC β4 subunit is thought to be involved in gating properties as well as 

trafficking of the calcium channels to the membrane (Arikkath and Campbell 2003; 

Birnbaumer et al. 1998). Although the β4 subunit does not preferentially interact with 

subunits composing the L-type channel in cell lines (Walker et al. 1998), native L-type 

channels from CA1 neurons seem to form a complex with β4 rather than β3 subunits 

(Schjott et al. 2003). Thus, increased protein expression of the VDCC β4 subunit in 

response to corticosterone application in the CA1 area could increase voltage-dependent 

calcium currents by increasing the amount of L-type channels in the membrane. If this is 

indeed the case, one would expect that more α1C and / or α1D subunits are found in the 

plasma membrane after corticosterone treatment. 

However, we found increased corticosterone-induced α1C protein expression in 

the CA1 area in the cytosolic as well as the membrane-bound fraction of the total protein 

pool. This argues against a specific effect on calcium channel trafficking induced by the 

enhanced β4 protein expression, but rather indicates enhanced overall α1C protein 

expression in the CA1 area in response to corticosterone. It does not exclude, however, 

that a simultaneous increase in β4 protein expression is necessary for the localization of 

the α1C-containing calcium channels to the membrane. Again, in the dentate gyrus no 

effect of corticosterone on α1C protein expression was found. 

Although in both the CA1 area and the DG mRNA expression of the VDCC β4 

subunit is increased in response to corticosterone, protein expression of this subunit is 

only enhanced in the CA1 area. Similarly, VDCC α1C subunit mRNA expression was found 

to be unaltered in the CA1 and the DG in response to corticosterone application, while 

protein levels are enhanced in the CA1 area but not in the DG. Differences in 

translational machinery between the two cell types might play a role in this effect, as well 

as mechanisms regulating mRNA or protein stability. In general, large differences in 

mRNA expression patterns exist between the hippocampal regions under basal conditions 

(Datson et al. 2004; Lein et al. 2004). Possibly, these differences in cellular content 

cause translation of β4 and α1C mRNA levels to be less efficient in dentate granule cells 

when compared to the CA1 area. Another possibility is that β4 subunit protein levels are 

equally enhanced in both areas, but protein breakdown in the DG is more efficient, thus 

causing β4 protein levels to get back to baseline within 2-3 hours; for the α1C subunit, 

this possibility is less likely, since mRNA levels were not affected by corticosterone. 

Interestingly, a large cluster of genes involved in protein synthesis was found to be 

expressed at higher levels in the DG than in the CA3 area (Datson et al. 2004). Although 

the CA1 area was not investigated in that study, it is very well possible that DG and CA1 

also show different expression of genes in the same cluster. 

 

Functional relevance 

Hippocampal subregional differences in the effects of stress and corticosterone on cellular 

function have been described before (Gerges et al. 2001; Kavushansky et al. 2006; Sato 

et al. 2004; Yamada et al. 2003). Here we attempted to provide a neurobiological 
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substrate at the cellular and molecular level for these regional effects. We observed that 

the amplitude of voltage-dependent calcium currents in DG granule cells is sensitive to 

MR occupation (Karst and Joëls, 2001), but not to additional GR activation, at least not 

under ‘normal’ conditions. This is not unprecedented and differs from the U-shaped dose 

dependency earlier described for corticosterone in the CA1 region (Joëls, 2006). Other 

studies too, e.g. on LTP, indicate that in the DG stress- or GR-dependent modulation of 

physiological function depends very much on the recent history of the organism. In this 

way, a dissociation between functional effects of stress on the CA1 versus DG region may 

arise (Kavushansky et al. 2006).  

The present data support the notion that regional differences in the efficacy of 

corticosterone not necessarily arise from differences in (pre)transcriptional processes but, 

rather, could arise at the post-transcriptional level. A detailed delineation of the latter 

and the general applicability of the principle awaits further investigation. 
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6.1. Summary 
 

The research described in this thesis is aimed at unraveling whether and how 

transcriptional regulation induced by stress and corticosteroids can be linked to functional 

changes in principal cells of the rodent hippocampus. We used several approaches to 

study this link between altered physiology and transcriptional changes. 

 

Study transcriptional regulation to explain known physiological changes 
Acute stress and corticosterone application have been shown to increase 5-HT1A receptor-

mediated responses in hippocampal CA1 cells (Hesen and Joels 1996; Joels and de Kloet 

1992; Joels et al. 1997). For this increased response, GR-mediated transcriptional 

changes are necessary (Karst et al. 2000). In contrast, chronic high corticosterone levels 

resulted in a decrease in 5-HT1A receptor-mediated responses (Karten et al. 1999; van 

Riel et al. 2003). These changes in 5-HT1A receptor function can not be directly explained 

by changes in 5-HT1A receptor mRNA expression after acute or chronic corticosterone 

treatment (Czyrak et al. 2002; Karten et al. 1999; Lopez et al. 1998; Lopez et al. 1999; 

Meijer and de Kloet 1994; Meijer and de Kloet 1995; van Riel et al. 2003; Watanabe et 

al. 1993). We here tried to explain the altered 5-HT1A receptor-mediated responses by 

studying transcriptional regulation of several other candidate genes after acute as well as 

prolonged exposure to high corticosterone levels.  

 In chapter 2, mRNA expression of two candidate genes was studied by in situ 

hybridization after a single corticosterone injection. RGS4 increases GTPase activity and 

can thus inhibit G-protein signaling in response to 5-HT1A receptor activation (Berman et 

al. 1996; Ghavami et al. 2004; Watson et al. 1996). SGK1 stimulates cell surface 

expression of GIRK channels (Gamper et al. 2002; Lang et al. 2003; Yoo et al. 2003) and 

can thus enhance 5-HT1A receptor-mediated responses. We hypothesized that either 

decreased RGS4 or increased SGK1 mRNA expression would be the underlying 

mechanism for the enhanced 5-HT1A receptor-mediated responses in the hippocampal 

CA1 area after acute corticosterone application. Our results indicate that mRNA 

expression of both RGS4 and SGK1 is unaltered in rat hippocampus (CA1, CA3, and DG) 

1 hour after a single injection with a high dose of corticosterone. A clear (five-fold) 

increase in SGK1 expression was seen in the corpus callosum, indicating that within this 

time-frame it is possible to see marked transcriptional regulation via GRs with respect to 

the candidate genes tested. However, we concluded that the effect of acute 

corticosterone application on 5-HT1A receptor-mediated responses is not mediated via 

either altered RGS4 or SGK1 mRNA expression. 

 Transcriptional changes underlying the attenuated 5-HT1A response after chronic 

high corticosterone levels were studied with in situ hybridization in chapter 3. The same 

candidate genes as in chapter 2 were studied, i.e. RGS4 and SGK1. Additionally, mRNA 

expression of NCAM was analyzed. NCAM reduces cell surface expression of the 5-HT1A 
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receptor-coupled GIRK channel (Delling et al. 2002; Stork et al. 1999). We thus 

hypothesized that either increased RGS4, decreased SGK1, and / or increased NCAM 

mRNA expression was responsible for the attenuated 5-HT1A responses found in the CA1 

area after 21 days exposure to high corticosterone levels. We found that hippocampal 

mRNA expression of none of the candidate genes was affected by 21 daily injections with 

a high dose of corticosterone. Likely, these genes are not involved in the altered 

physiological 5-HT1A receptor-mediated responses found previously. 

 Considering that we made a deliberate choice for the most likely candidate genes 

underlying changes in 5-HT1A receptor function after acute or chronic corticosteroid 

exposure, we have to conclude that this approach did not help to resolve the molecular 

mechanism underlying the observed functional changes. 

 

Study physiological effects of known transcriptional changes 
A second possible approach is to look at the effects of known transcriptional changes by 

examining whether these changes in transcription are translated to changes in 

physiology. Voltage-dependent calcium currents in the hippocampal CA1 area are highly 

regulated by corticosterone and stress (Karst et al. 1997a; Karst et al. 1994; Kerr et al. 

1992). In dentate granule cells, increased calcium currents were reported 1-2 days after 

ADX (Karst and Joels 2001), which is accompanied by an increase in relative mRNA 

expression of the VDCC α1C subunit in single dentate granule cells (Nair et al. 2004). 

After chronic stress, alterations in relative mRNA expression of VDCC subunits were also 

found in hippocampal dentate granule cells. These transcriptional changes were only 

apparent when slices obtained from chronically stressed animals were acutely incubated 

with corticosterone (Qin et al. 2004), indicating that the history of the animal is 

important for the corticosterone effect.  

 In chapter 4, we tested whether these alterations in VDCC subunit mRNA 

expression in the DG after chronic stress were translated into physiological changes. We 

thus recorded whole cell calcium currents from dentate granule cells after a 21-days 

chronic stress paradigm in the presence and absence of acute corticosterone application. 

Additionally, the effect of 4 days treatment with the GR antagonist mifepristone on 

calcium currents in control and chronically stressed rats was studied. Our results indicate 

that chronic stress by itself does not affect whole cell voltage-dependent calcium currents 

recorded one day after the last stressor. However, calcium current amplitude was 

significantly enhanced after chronic stress when slices had been treated with a high dose 

of corticosterone 1-4 hours earlier. After 4 days treatment with mifepristone, this effect 

was no longer seen. Our results indicate that dentate granule cells from animals with a 

history of chronic stress are exposed to an increased calcium load after exposure to an 

acute stressor. Interestingly, the findings on voltage-dependent calcium currents are in 

line with the previous results on VDCC α1C mRNA expression after chronic stress.  
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Study physiology, mRNA and protein expression in parallel 
The chronic stress study (chapter 4) indicated that there are regional differences in the 

effects of chronic stress and corticosterone treatment on voltage-dependent calcium 

currents. Specifically, in the DG calcium currents were only affected when chronic stress 

was combined with acute application of 100 nM corticosterone 1-4 hours before recording 

(van Gemert and Joels 2006). In the CA1 area, however, chronic stress by itself already 

led to a dramatic increase in whole cell calcium currents, while acute corticosterone 

application only resulted in larger calcium currents in naïve, but not in handled or 

chronically stressed animals (Karst and Joels 2007).  

 To further elucidate these subregional differences, we studied the effects of acute 

corticosterone application in the CA1 area and the DG in chapter 5. We tested these 

effects at three levels. (i) At the physiological level, we made whole cell patch clamp 

recordings of voltage-dependent calcium currents 1-4 hours after incubation with 100 nM 

corticosterone. We replicated the previously reported corticosterone-induced increase in 

voltage-dependent calcium currents in the CA1 area. In the DG, however, no effect of 

corticosterone on calcium currents was observed. (ii) At the level of mRNA expression, in 

situ hybridization of VDCC subunits 1 hour after injection with a high dose of 

corticosterone was studied. We found that mRNA expression of the β4 subunit was 

enhanced in corticosterone-injected versus naïve animals, while α1D expression was only 

enhanced in corticosterone- versus vehicle-injected animals; the expression of the α1C 

subunit was not changed at all by corticosterone treatment. The observed differences in 

β4 and α1D subunit expression were found in all hippocampal areas and could thus not 

explain the differences in physiological effects between CA1 and DG. (iii) At the protein 

level, we used the Western blot technique to study VDCC subunit β4 and α1C expression 

in hippocampal material obtained 2-3 hours after corticosterone incubation. We found 

that corticosterone incubation enhanced β4 as well as α1C protein expression in the CA1 

area but not in the DG. Together, results from this study indicate that changes that 

account for the different effect of corticosterone between the two subfields don’t exist at 

the (pre)transcriptional, but rather at the posttranscriptional level. 

 

 

6.2. Experimental design 
 

In this thesis, a choice for specific techniques and models was made. Although we 

considered the approach most optimal under the given circumstances, inevitably the 

methods that were selected also have their drawbacks. Some of the considerations for 

our choices are discussed here. 
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Technical considerations 
Whole cell patch clamp recordings in hippocampal slices 

For electrophysiological recordings, we made use of in vitro acute hippocampal slices. 

This in vitro preparation is often used to test the effects of corticosterone on neuronal 

function in the hippocampus (e.g. (Joels 2001; Joels et al. 1994)). The hippocampal 

trisynaptic pathway is largely preserved in transverse slices, which makes it possible to 

study synaptic contacts in hippocampal slices and properties that depend on intact 

networks, e.g. LTP (Sarvey et al. 1989). Because of the clear organization of the different 

cell layers, principal cells within each hippocampal subfield can be easily distinguished on 

the basis of their location.  

In hippocampal slices, it is possible to study physiological properties of single cells 

with the in situ whole cell patch clamp method (Hamill et al. 1981). A great advantage of 

this method over e.g. intracellular recording using sharp electrodes is the ability to clamp 

the membrane voltage of an individual cell at any desired value. Different voltage steps 

differently activate VDCCs located in the membrane, and the calcium currents flowing 

through these channels can thus be recorded. Because for this technique a rather large 

hole has to be made in the cell membrane, the inside of the cell is rapidly dialyzed and 

replaced by the pipette solution (Pusch and Neher 1988). Although this has the 

advantage that the intracellular milieu can be controlled, the disadvantage is that the 

stability of intracellular regulatory and signaling mechanisms can be compromised. For 

example, in our lab it was found to be difficult to record 5-HT1A receptor mediated K+ 

currents using the whole cell patch clamp technique (as opposed to intracellular 

recordings using sharp electrodes), possibly because of the dilution of G-proteins (Van 

Gemert, N.G., Karst, H. and Joels, M., unpublished results). Voltage-dependent calcium 

currents, however, do not critically depend on second messenger systems and thus can 

be reliably recorded with the whole-cell patch clamp technique. It should be realized, 

though, that neurons recorded under such conditions may exhibit properties (e.g. 

membrane potential) that differ substantially from those in the intact animal, where 

principal neurons in the hippocampal subregions receive extensive extra-hippocampal 

inputs. 

 

In situ hybridization on brain sections of corticosterone-injected animals 

Several methods exist to study gene expression changes in response to stress or 

corticosterone. Profiling gene expression changes on a large scale can be done using 

(among other techniques) serial analysis of gene expression (SAGE) and microarray. 

With the SAGE technique (Velculescu et al. 1995), mRNA is transverse rescribed into 

complementary DNA (cDNA) and from each cDNA 10-14 nucleotide long sequence tags 

are cut. The tags are then ligated and cloned into plasmids. After sequencing the clones, 

the number of tags can be used to estimate gene expression per sample. This technique 

is quite laborious, but has the advantage that unexpected or (so far) unknown transcripts 

can also be detected. Another method to investigate gene expression at a large scale is 



General discussion 

 87

the microarray technique (Schena et al. 1995). With this technique, cDNA from the 

experimental samples is fluorescently labeled and hybridized to a microarray. This 

microarray consists of a large number of probes that are printed on a microscopic glass 

slide or chip. Hybridization signals for each of the transcripts can be quantified. The 

microarray technique is easier and faster than SAGE, but here no novel genes can be 

detected. The sensitivity of SAGE and microarray is comparable in brain tissue (Evans et 

al. 2002). 

 The advantage of large scale gene profiling is that many genes can be studied 

simultaneously, and unexpected genes can be found to be regulated by corticosterone. A 

disadvantage, however, is the sensitivity of these techniques: low abundant genes like 

ion channels and receptors are often not reliably detected. Specifically, it was estimated 

that no more than 30 % of the hippocampal transcriptome is reliably detected using 

these large scale techniques (Evans et al. 2002). The importance of this bias is e.g. 

evident from a microarray study examining transcriptional regulation by GRs, in a 

protocol that is highly comparable to the one used in this thesis (Morsink et al. 2006). It 

was found that 1 hour after treatment of hippocampal slices with a high dose of 

corticosterone exclusively transrepression is seen. Yet, a more sensitive technique (e.g. 

in situ hybridization, see below) unequivocally shows that transactivation does occur 

after such a short delay (see chapter 5).  

Therefore, when specific genes are thought to be involved in e.g. the physiological 

effects of stress and corticosterone, a candidate gene approach may be chosen over a 

large scale expression study. One technique that can be used in this regard is real-time 

quantitative polymerase chain reaction (qPCR) (Higuchi et al. 1993). Using this 

technique, cDNA is amplified in many cycles. After each cycle, fluorescence is detected 

and the threshold cycle is analyzed, after which the number of initial copies is calculated 

on the basis of a standard curve. Real-time qPCR is a rapid and accurate technique to 

investigate a limited number of transcripts. The technique used to study gene expression 

changes in this thesis is in situ hybridization (Larsson 1989). Radioactively labeled probes 

that recognize specific mRNA sequences are hybridized to tissue sections and exposed to 

film to calculate grey values. The main advantages of this technique are the sensitivity 

and the spatial resolution: mRNA expression can be studied at different locations in the 

brain simultaneously, without the risk to dilute possible effects due to localized 

expression changes. The main disadvantage of the candidate gene approach is obvious 

from the current thesis: when a limited number of candidate genes does not respond to 

GR activation in a manner that can explain the functional phenomena, one can exclude 

the involvement of these candidate genes but still has no indication about the critical 

target genes for corticosterone. 

 

In vivo versus in vitro 

In this thesis, gene expression changes were studied with in situ hybridization after in 

vivo injection with a high dose of corticosterone, since in vitro corticosterone application 
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is not well compatible with in situ hybridization. It should be realized that with in vivo 

administration of corticosterone (as opposed to in vitro treatment) the hormone can have 

effects all over the brain and the periphery, thus providing the possibility for e.g. the 

amygdala to modulate effects on the hippocampus (Nathan et al. 2004). Therefore, it is 

important to consider to what extent GR-mediated effects in the hippocampus caused by 

in vivo administration of corticosterone are comparable to effects after in vitro 

administration. 

One approach to solve this issue is to examine the effect of in vivo versus in vitro 

administration of corticosterone on the same functional parameter. This has been done 

for responses to 5-HT and calcium currents in hippocampal CA1 neurons. It was found 

that in vivo administration of corticosterone to rats has effects on 5-HT1A responses and 

voltage-dependent calcium currents that are very similar to the effects of corticosterone 

application to in vitro hippocampal slices (Joels and de Kloet 1992; Joels et al. 1997; 

Karst et al. 1997a; Kerr et al. 1992), indicating that at least for these cell properties 

results obtained in in vitro hippocampal slices can be largely extrapolated to the in vivo 

situation. 

A second approach is to compare the expression of a known set of genes after in 

vivo corticosterone administration with that after in vitro corticosterone incubation. 

Recent experiments support that for these (abundant) genes the effects of in vivo 

corticosterone injection tested with in situ hybridization are largely comparable with 

results obtained from in vitro incubation of hippocampal slices when tested with the 

microarray approach (Morsink et al. 2007). Thus, modulation by e.g. the amygdala does 

not necessarily have a large influence on gene expression changes in response to 

corticosterone in the hippocampus, although the differences between in vivo and in vitro 

experiments should be kept in mind with every new transcript studied.  

 

Model systems 
Stress models 

To test the effect of long-term stress on voltage-dependent calcium currents in dentate 

granule cells, we used a chronic unpredictable stress model adapted from Herman et al. 

(Herman et al. 1995). This model was also used in a previous study, where it was found 

to influence transcription of VDCC subunits in the DG (Qin et al. 2004). The chronic 

unpredictable stress paradigm was chosen to prevent adaptation to stress in the animals, 

which is found during e.g. repeated restraint or chronic ethanol stress (Gadek-Michalska 

and Bugajski 2003; Garcia et al. 2000; Magarinos and McEwen 1995; Marin et al. 2007; 

Spencer and McEwen 1990; Watanabe et al. 1992). Decreased body weight gain and 

increased adrenal gland volume were found here as well as in previous studies using this 

model (Cullinan and Wolfe 2000; Herman et al. 1995; Joels et al. 2004), indicating that 

this paradigm indeed leads to hyperactivity of the HPA axis. In the current study, plasma 

corticosterone level measured on day 22 was not significantly increased in chronically 

stressed animals; this was likely due to large variation. In agreement, corticosterone 
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levels were found earlier to be quite variable and only significantly upregulated in 

response to chronic unpredictable stress with very large group sizes (Verkuyl et al. 

2004). Although presently no significant elevation of plasma corticosterone level was 

found after chronic stress in the morning of day 22, differences may of course exist at 

other time points in the diurnal rhythm, similar to e.g. the flattened circadian cortisol 

rhythm found in patients suffering from psychotic depression (Keller et al. 2006). Related 

to this, it would be interesting to study corticosterone levels under basal conditions and 

in response to acute stress at various time points during the chronic stress paradigm to 

get a better idea of the development of HPA axis hyperactivity and feedback regulation 

during the chronic stress protocol. 

In our in situ hybridization study, we injected animals with high doses of 

corticosterone for 21 consecutive days. This resulted in increased corticosterone level 

(even 1 day after the last injection) and decreased thymus weight. Since in this case 

exogenous corticosterone was applied, other components of the HPA axis are likely to be 

suppressed via a negative feedback mechanism. An indication that this is indeed the case 

comes from the observed decreased adrenal weight in these animals. Thus, this model 

causes chronic hypercorticism without inducing HPA-axis hyperactivity. Still, the outcome 

on a physiological and structural level seems very comparable with the chronic 

unpredictable stress paradigm; in both cases a reduction in 5-HT1A receptor-mediated 

responses in the hippocampal CA1 area (Karten et al. 1999; van Riel et al. 2003) and 

decreased neurogenesis in the DG (Mayer et al. 2006; Oomen et al. 2007) is found. 

These findings support that, at least for these parameters, chronic high corticosterone 

levels are a major mediator of the effects induced by chronic stress. 

Treatment with the GR-antagonist mifepristone during the last four days of the 

chronic unpredictable stress protocol did not reverse the changes in body or adrenal 

weight in our study. Similarly, mifepristone treatment did not reverse the effects of 

corticosterone injections for 21 days on thymus and adrenal weight (Mayer et al. 2006). 

At the physiological level, however, four days treatment with the GR antagonist reversed 

the effects of chronic unpredictable stress on voltage-dependent calcium currents and 

LTP in the CA1 area (Karst and Joels 2007; Krugers et al. 2006b). Also, at the structural 

level, the decrease in neurogenesis induced by chronic stress or chronic corticosterone 

injections in the DG was reversed by the drug (Mayer et al. 2006; Oomen et al. 2007). It 

is tempting to correlate these findings with findings in the clinic, where short term 

treatment with mifepristone is effective in reducing the cognitive symptoms of psychotic 

depression (Young et al. 2004a).  

 

Choice of control group  

In chapter 2, we examined mRNA expression in animals that had received a single 

injection with a high dose of corticosterone one hour before decapitation and used a 

control group that had received an injection with arachide oil; this was comparable to the 

paradigm with which a corticosterone-induced increase in 5-HT1A receptor-mediated 
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responses was found (Hesen and Joels 1996). However, the results from our in situ 

hybridization study in chapter 5 suggest that the choice of the control group is not always 

trivial when studying the effects of acute stress. Corticosterone affected mRNA 

expression of VDCC subunits in the hippocampus differently, depending on the control 

group that was used for comparison, i.e. naïve or vehicle-injected animals. Since the 

corticosteroid-induced effects on voltage-dependent calcium currents in the same study 

were tested in in vitro hippocampal slices from naïve animals, the naïve control group is 

best comparable to the control group we used for electrophysiological recordings. Still, a 

single injection with vehicle solution can apparently affect hippocampal mRNA expression 

of VDCC subunits. Similarly, a single intraperitoneal saline injection was found to rapidly 

increase Fos expression in several brain regions, including the hippocampus (Sharp et al. 

1991). The mechanism behind this effect of a single vehicle injection is unknown. Plasma 

corticosterone levels were not elevated after the single vehicle injection in our study 

(chapter 5), and it was previously shown that increased Fos expression after stress is not 

dependent on hormones secreted by the adrenal glands (Helmreich et al. 1996). Thus, 

other stress-induced factors like CRH or vasopressin might also play a role in the 

regulation of other transcripts. Based on our results in chapter 5, it seems important to 

incorporate both a naïve and a vehicle-injected control group in the study design, to get 

a more complete picture of the role of corticosterone and other stress-related compounds 

on gene expression. 

In chapter 3, data from animals that received corticosterone injections for 21 days 

were compared to animals that had received vehicle injections. This way, direct 

comparisons could be made to the physiological findings on 5-HT1A receptor mediated 

responses in the CA1 area, for which similar injection paradigms were used (Karten et al. 

1999). However, daily vehicle injections for 21 days have been shown to increase spine 

density in the CA1 area (Seib and Wellman 2003). In retrospect, a naïve control group 

should have been added in the experimental design, to estimate the influence of the 

injections per se.  

Similarly, in our chronic stress study (chapter 4), we compared voltage-dependent 

calcium currents in dentate granule cells from animals that had been subjected to a 

chronic unpredictable stress paradigm to animals that were handled for 3 weeks (to 

control for handling during the stress paradigm) and received milk via a gastro-

oesophagal tube for the last four days (to control for mifepristone treatment). This 

handling protocol was found to reduce dendritic length of CA1 pyramidal cells when 

compared to naïve animals (Alfarez et al. 2008). Apparently, repeated handling or vehicle 

injections by itself are sufficient to alter hippocampal cell properties (also see section 

6.3). 

In conclusion, handling or vehicle treatment as a control procedure can thus result 

in a different condition of the animal when compared to an undisturbed control group. 

This may also affect subsequent stress- and corticosterone-mediated responses (see 

section 6.3). Therefore, it would be best to include a handled or vehicle-treated as well 
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as a naïve control group in all future studies examining the effect of (chronic) stress or 

corticosterone treatment, until regulation of the parameter studied by control treatment 

is ruled out. 

 

 

6.3. Context-specific effects of corticosterone 
 

History of the animal 
The history of the animal does not only affect various hippocampal cell properties under 

basal conditions, it also has a large influence on the response to acute stress or 

corticosterone application later in life. For an overview of some of the parameters 

affected, see Figure 1. 

In this thesis, we show that a history of chronic unpredictable stress does not 

affect the amplitude of voltage-dependent calcium currents in the hippocampal DG under 

basal conditions, but results in increased currents when slices were incubated with a high 

level of corticosterone 1-4 hours earlier. A similar pattern was found when studying 

mRNA expression of various gene transcripts, including the VDCC α1C subunit and AMPA-

receptor subunits (Qin et al. 2004); in accordance with the latter, AMPA-mediated 

synaptic currents in dentate granule cells were not affected by chronic stress itself, but 

the history of chronic stress affected the subsequent response to acute corticosterone 

application (Karst and Joels 2003). LTP, however, was found to be decreased in the DG 

after chronic stress already under basal conditions (Alfarez et al. 2003).  

Also in the hippocampal CA1 region, the history of chronic stress can influence the 

response to a  subsequent acute stressor.  For example,  acute corticosterone application 
 

               

Figure 1: Effects of corticosterone incubation 
on hippocampal cell properties in naïve (grey 
bars), handled (white bars), and chronically 
stressed (black bars) animals. Corticosterone 
differentially affects voltage-dependent 
calcium currents in the CA1 area and the DG 
as well as the length of apical dendrites of 
CA1 neurons, depending on the history of the 
animal. The interaction between acute 
corticosterone application and the history of 
the animal differentially affects each of the 
parameters studied. Based on references 
(Alfarez et al. 2008; Karst and Joels 2007; 
van Gemert and Joels 2006) and chapter 5 of 
this thesis.E
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decreases voltage-dependent calcium currents in CA1 cells of chronically stressed 

animals, while the same treatment led to increased currents in slices from naïve animals 

of the same age (Karst and Joels 2007) (see Figure 1). A different picture emerged from 

studies on LTP, where corticosterone incubation was found to reduce LTP in control 

handled animals, while no further reduction of LTP by corticosterone was found in slices 

from chronically stressed animals (Alfarez et al. 2003). At the morphological level, 

corticosterone did not affect dendritic length of CA1 neurons in naïve animals, but 

decreased dendritic length in animals that were previously subjected to chronic stress 

(Alfarez et al. 2008). Chronic stress thus not always results in discernable effects on 

hippocampal cell properties under basal circumstances when HPA-axis activity is low, but 

differences can become apparent when corticosterone levels are raised, e.g. due to an 

acute stressor. Alterations in hippocampal physiology due to chronic stress should 

therefore not only be studied under basal conditions, but also after in vivo activation of 

the HPA-axis or in vitro incubation with corticosterone. That way, the full range of effects 

of chronic stress on hippocampal physiology can be studied. 

The lack of effect of chronic stress under basal corticosterone conditions on 

several parameters in the DG as well as the CA1 area suggests that chronic stress does 

not dramatically influence the function of the MR (although the potential importance of 

an altered balance in MR/GR function cannot be ruled out), but rather leads to increased 

GR availability and / or activity. The finding that some of the effects can be reversed by 4 

days treatment with the GR-antagonist mifepristone, further supports that the GR is 

involved in the development of altered corticosterone-responsiveness after chronic 

unpredictable stress (Alfarez et al. 2008; Karst and Joels 2007; Krugers et al. 2006b). 

Previous studies, though, show that chronic unpredictable stress does not affect GR 

mRNA, hnRNA or protein expression in the hippocampus (Herman and Spencer 1998; 

Paskitti et al. 2000; van Riel et al. 2003), while other chronic stress paradigms actually 

decreased hippocampal GR expression (Chen et al. 2008; Raone et al. 2007). Not all 

physiological parameters are affected to a large extent by corticosterone application after 

chronic stress. For instance, hippocampal LTP was affected by chronic stress, while 

subsequent corticosterone application had no additional effect (Alfarez et al. 2003). It 

thus seems unlikely that general enhanced GR activity in the hippocampus is responsible 

for the enhanced corticosterone-induced effects found after chronic stress. Other factors 

influencing GR-mediated transcription, such as the availability of transcriptional 

coactivators and corepressors might play a role here. Extensive studies concerning GR-

mediated transcriptional regulation after chronic stress are warranted to elucidate the 

mechanisms behind this altered corticosterone responsiveness that is often, but not 

always, found.  

Not only chronic stress, but also long-term handling can alter corticosterone-

mediated effects on hippocampal cells. At the morphological level, 3 weeks of handling 

decreased dendritic length and complexity of CA1 neurons when compared to naïve 

animals (see Figure 1). Acute incubation with corticosterone led to an increase in 
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dendritic length in handled animals, while no effect was found in naïve animals (Alfarez 

et al. 2008). In addition, corticosterone has been repeatedly found to enhance voltage-

dependent calcium currents in naïve rodents, while this increase was not found in rats 

that were handled for 21 days (Karst and Joels 2007). 

These effects of handling on corticosterone responsiveness are not 

unprecedented. Effects of early life handling on responsiveness to stress or 

corticosterone in adulthood have been repeatedly described (e.g. (Hsu et al. 2003; 

Lippmann et al. 2007; Meaney 2001)). Similarly, maternal care early in life was found to 

dramatically influence corticosterone-induced effects on hippocampal LTP in adulthood. 

Specifically, in animals that had received high levels of maternal care, in vitro 

corticosterone application reduced hippocampal LTP, while in animals that were given low 

amounts of care, corticosterone led to an increase in LTP (Champagne, D.L. et al, 

personal communication). The effects of handling in adulthood, though, have been 

studied in far less detail. Repeated handling was found to attenuate HPA-axis 

responsiveness to a subsequent stressor (Gadek-Michalska and Bugajski 2003), 

indicating that adaptive changes in the HPA-axis occur during the handling procedure. 

Handling in adulthood might influence corticosteroid receptor activity and thus alter 

corticosterone responsiveness. More extensive studies on corticosteroid receptor 

properties in handled rats are necessary to further resolve this issue. 

 

Cellular context 
A second determinant of context-specific corticosteroid effects is the cellular content. This 

becomes clear when looking at the different effects of corticosterone in two hippocampal 

regions, the CA1 area and the DG, as described in chapter 5. Although both regions 

abundantly express the MR as well as the GR (Han et al. 2005; van Steensel et al. 1996), 

application of a high dose of corticosterone leads to increased voltage-dependent calcium 

currents in the CA1 area, but has no effect on these currents in the DG. 

 In general, corticosterone affects several parameters of CA1 pyramidal cell 

physiology with a U-shaped or bell-shaped dose dependency (Diamond et al. 1992; Joels 

2001; Joels 2006). Thus, adrenalectomy on the one hand and substantial activation of 

the GR (in addition to MR) on the other hand both result in (i) increased voltage-

dependent calcium currents, (ii) increased 5-HT1A receptor-mediated K+ currents, (iii) 

increased cholinergic responses, and (iv) reduced NMDA-receptor dependent long-term 

potentiation when compared to a situation where predominantly the MR is occupied. For 

an overview and references, see Figure 2A.  

In the DG, removal of the adrenal glands also affects various properties of the 

granule cell. In this hippocampal subregion, removal of the adrenal glands results in 

reduced glutamate transmission and enhanced voltage-dependent calcium currents. GR 

activation, however, had no effect on glutamate-mediated synaptic responses in handled 

animals. Similarly, incubation with a high dose of corticosterone did not affect voltage-

dependent calcium currents in the DG in long-term handled (chapter 4) or naïve (chapter 
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5) animals (see Figure 2B for an overview and references). Furthermore, ADX leads to 

attenuation of long-term potentiation in the DG (Krugers et al. 2007), while effects of 

high doses of corticosterone on LTP in this region are less clear. When recorded in vitro, 

incubation of hippocampal slices with corticosterone did not significantly affect LTP 

(Alfarez et al. 2003; Pu et al. 2007). When recorded in vivo, however, synaptic 

transmission in the DG was found to be either unaffected by cold stress (Bramham et al. 

1998), impaired after restraint stress (Yamada et al. 2003), or enhanced after swim 

stress (Kavushansky et al. 2006). Apparently, the effects of in vivo stress on LTP in the 

DG depend on the type and timing of the stressor (Straube et al. 2003), possibly due to 

the differential involvement of other stress-related hormones like noradrenalin or the 

presence of modulatory influences by other brain regions (e.g. the amygdala).  

While MR mRNA is equally expressed over all hippocampal subfields, MR hnRNA is 

expressed to a high level in the DG when compared to the CA regions (Herman and 

Watson 1995; Paskitti et al. 2000). This indicates that processes like mRNA translocation 

and degradation  might be differentially  regulated  in  the various  hippocampal subfields  

 

     
 

Figure 2: Effects of differential receptor occupation on physiological parameters of CA1 pyramidal 
and dentate granule cells. (A) In CA1 neurons, a U-shaped corticosterone dose dependency is 
found for voltage-dependent calcium currents (black circles), 5-HT1A receptor-mediated K+ currents 
(white triangles), and cholinergic responses (white diamonds). Long-term potentiation in the CA1 
area shows a bell-shaped dose dependency (black squares). (B) In the DG, adrenalectomy affects 
both voltage-dependent calcium currents (black circles) and glutamatergic responses (white 
squares), while activation of the GR in addition to the MR has no additional effect. Figures are 
based on references (Joels et al. 2003; Karst and Joels 2001; Karst et al. 2000; Karst et al. 1994; 
Karst et al. 1997b; Kerr et al. 1992) and chapter 5 of this thesis for voltage-dependent calcium 
currents; references (Beck et al. 1996; Joels et al. 1991; Karst et al. 2000; Karten et al. 1998) for 
5-HT responses; references (Hesen and Joels 1993; Karten et al. 1998) for cholinergic responses; 
references (Krugers et al. 2005; Pavlides et al. 1996; Wiegert et al. 2005) for LTP; and references 
(Joels et al. 2001; Karst and Joels 2003) for glutamatergic responses. 
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(Herman and Spencer 1998). MR mRNA expression has been found to be more 

susceptible to exposure to chronic stress in the DG than in other hippocampal regions 

(van Riel et al. 2003). However, the differences in corticosteroid receptor availability 

between CA regions and DG involve the MR rather than the GR, while the differences in 

corticosterone responsiveness are more likely to pertain to properties of the GR.  

Apart from the differences in MR and GR abundance between CA1 and DG cells, 

there could be other cell-specific properties which give rise to the discrepancies in 

corticosterone responsiveness. Clearly, the various cell types in the hippocampus have 

different morphological and functional properties. In two microarray studies comparing 

gene expression between hippocampal subfields under basal conditions, large differences 

between the subfields were found (Datson et al. 2004; Lein et al. 2004). Especially genes 

involved in signal transduction, regulation of gene expression, calcium homeostasis, 

general metabolism, and protein biosynthesis were found to be differentially expressed. 

It is thus well possible that different cell types also differentially express genes that 

influence corticosterone-induced alterations in cellular physiology. 

First, the local availability of corticosterone might be different. The multidrug 

transporter mdr1b prevents corticosterone from entering the cell and is present in high 

amounts in the hippocampus. mRNA expression of this transporter was found to be very 

similar in CA1 and DG (Volk et al. 2004), though. Alternatively, the efficiency of the 

conversion of corticosterone into its inactive form by the enzyme 11β-HSD-2 might be a 

source for differences in corticosterone-induced effects. However, 11β-HSD-2 is 

expressed to a rather low level in adult hippocampus, and no obvious differences in 

expression between CA1 area and DG are found (Robson et al. 1998; Zhou et al. 1995). 

The enzyme 11β-HSD-1, which catalyzes the reverse reaction, is also expressed to 

comparable levels in both hippocampal subfields (Moisan et al. 1990; Wan et al. 2005), 

indicating that subregional differences in corticosterone availability are not due to 

differences in local corticosterone availability. Still, protein levels or activity of mdr1b or 

one of the corticosterone-converting enzymes might of course differ between the 

hippocampal subfields, even though mRNA levels are very similar. 

A second possible regulator of corticosterone-induced transcriptional regulation is 

the expression or posttranslational modification of different GR isoforms which have been 

shown to differ in their transcriptional activity (Lu and Cidlowski 2005; 2006; Oakley et 

al. 1999). Although expression of some of these GR isoforms was found to be tissue 

specific (Lu and Cidlowski 2005), there is to date no information on expression of 

different isoforms in the different hippocampal subregions. 

Third, differences in the availability of various cofactors might play a role in the 

differential effects. In experiments with splice variants of the coactivator SRC-1, 

corticosteroid-induced effects on transcription were found to depend on the interaction 

between the GRE composition of the promoter and the available cofactors (Meijer et al. 

2005). Thus, different genes with different promoter compositions display different 

glucocorticoid-induced transcriptional responses, depending on the intracellular 
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availability of cofactors. Furthermore, the ratio between corepressors and coactivators 

affects the dose-response curve of GR-dependent gene expression (Szapary et al. 1999; 

Wang et al. 2004). A wide variety of cofactors has been identified, and probably many at 

present unidentified cofactors exist, providing a large target for putative cell-specific 

regulation of GR-induced gene transcription. 

Of course, a final possible explanation of the differential effects of corticosterone 

in different cell types is that similar transcriptional changes take place, but 

posttranscriptional regulation differs depending on the cellular context. This possibility is 

discussed in more detail in section 6.4; also see Figure 3. 

Since corticosteroids and stress thus differentially affect cell properties in two 

hippocampal subfields, the question arises how stress and corticosterone affect the 

functioning of the hippocampus as a whole. At this moment, further investigation on the 

effects of corticosterone on cellular properties in the various hippocampal subfields and 

the involvement of the different receptor types is needed. These results can be combined 

with studies examining the effect of corticosterone on behavior that relies specifically on 

the CA1 area versus the DG (Gilbert et al. 2001; Leutgeb et al. 2007). This way, more 

information can be obtained regarding the effects of corticosterone on hippocampal 

functioning at a behavioral level. 

 

               
 
 
 

Figure 3: Corticosterone affects calcium currents and VDCC subunit expression differently in the 
CA1 area (light grey bars) and the DG (dark grey bars). While voltage-dependent calcium currents 
are differently affected by corticosterone in both regions, VDCC subunit mRNA expression is 
regulated similarly in both regions. Protein expression of VDCC subunits, though, is again 
differently regulated by corticosterone in CA1 area versus DG. The figure is based on data obtained 
in chapter 5. 
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6.4. Link between transcription and physiology 
 

Findings in this thesis 
Corticosterone application leads to altered hippocampal physiology via a GR-mediated 

genomic mechanism, for which de novo protein synthesis is a prerequisite (Karst and 

Joels 1991; Karst et al. 2000; Kerr et al. 1992). In this thesis, we tried to link specific 

transcriptional changes to alterations in physiology in principal cells of the hippocampus.  

Since corticosterone-induced alterations in 5-HT1A receptor-mediated responses 

are not accompanied by alterations in 5-HT1A mRNA expression that could explain the 

altered physiology (Czyrak et al. 2002; Lopez et al. 1999; Meijer and de Kloet 1994; 

Meijer and de Kloet 1995), we studied mRNA expression of other likely candidate genes 

that might underlie the effects on serotonergic transmission. None of the genes we 

hypothesized to be involved in altered 5-HT1A responses after acute or chronic 

corticosterone application, i.e. SGK1, RGS4, and NCAM, were found to be 

transcriptionally regulated by corticosterone (chapters 2 and 3). Thus, we found no direct 

link between the GR-mediated effects of corticosterone on 5-HT1A receptor-mediated K+ 

currents in the CA1 area and the regulation of transcripts that might underlie these 

changes. 

 We next focused on the effects of corticosterone on voltage-dependent calcium 

currents. Altered mRNA expression of the VDCC α1C subunit after chronic stress in 

combination with corticosterone treatment was reflected in altered voltage-dependent 

calcium currents in the dentate gyrus. Since the α1C subunit is one of the subunits 

responsible for the L-type calcium current, and this type of current is most affected by 

corticosterone in the CA1 area (Chameau et al. 2007), this correlation between enhanced 

mRNA expression and larger currents suggests that in this case a link can be made 

between mRNA expression and physiology. However, when studying the effects of 

corticosterone incubation on voltage-dependent calcium currents in CA1 area versus DG 

at the level of mRNA expression, protein expression, and physiology simultaneously, this 

link was found to be not as clear as expected. We found that in the CA1 area and the DG 

very similar alterations in VDCC subunit mRNA expression occur in response to 

corticosterone, while corticosterone affected calcium currents only in the CA1 area and 

not in the DG. Protein expression seemed to fit more closely with the physiological data 

than did mRNA expression. Differential regulation of posttranscriptional mechanisms 

might explain this discrepancy. 

 

Possible mechanisms 
In general, corticosterone-induced physiological alterations are often not in parallel with 

alterations in mRNA expression of obvious candidate genes, i.e. ion channel or receptor 

subunits (Figure 3). Other corticosterone-induced changes must thus be responsible for 
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the effects on hippocampal physiology. Corticosterone might affect cellular physiology by 

posttranscriptional regulation of the proteins involved in altered physiology (Figure 4).  
 

Regulation of protein levels 

Apart from affecting mRNA expression, corticosterone might also regulate protein levels 

by influencing protein biosynthesis or the rate of protein degradation. When looking at 

protein regulation in the whole body or in muscle cells, it was found that corticosterone 

indeed affects both protein synthesis as well as degradation (Quan and Walser 1991; 

Savary et al. 1998; Tomas et al. 1984). 

Also in the hippocampus, 3 hours after injection with a high level of corticosterone 

many corticosterone-responsive genes were found that are associated with protein 

biosynthesis and turnover (Datson et al. 2001). Also when hippocampal slices were 

incubated in vitro with corticosterone, mRNA expression of ribosomal and other 

translation-associated proteins was found to be regulated in a time-specific manner: 1 

hour after corticosterone treatment, mRNA expression was downregulated, while up- as 

well as downregulated genes were found after 3 hours (Morsink et al. 2006). In addition, 

many genes involved in protein synthesis are differentially expressed in the different 

hippocampal subfields already under basal conditions (Datson et al. 2004; Lein et al. 

2004), which might explain some of the regional differences in corticosterone-induced 

effects.  

 

 

Figure 4: Schematic representation of possible posttranscriptional regulation of transcripts or 
proteins involved in altered hippocampal cell physiology: [1] protein synthesis, [2] protein 
degradation, [3] trafficking to and from the membrane, [4] posttranslational modification of 
membrane receptors or ion channels. 
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How these effects of corticosterone on general factors associated with protein 

biosynthesis result in specific translational regulation of some membrane receptors and 

ion channels, is at present unknown. Corticosterone was shown to affect translation - and 

not transcription - of the glutamate transporter EAAT2 in mouse astrocytes in vitro and in 

vivo (Tian et al. 2007). The mechanism behind this translational regulation and the 

specificity for the EAAT1 gene needs to be elucidated, but the length of the 3’ 

untranslated region of the EAAT2 mRNA is proposed to play a role (Willis 1999).  

As indicated, corticosterone can also affect protein breakdown, at least in muscle 

cells. Whether corticosterone also specifically influences breakdown of VDCC subunits or 

5-HT1A receptors in hippocampal neurons is presently unknown. These putative effects of 

corticosterone on protein breakdown of transmembrane proteins might be tested with 

pulse-chase experiments, in which the outer part of transmembrane proteins is labeled 

and the amount of labeled protein is subsequently monitored in time. 

 

Trafficking 

After membrane receptor and ion channel proteins are synthesized, they have to be 

transported from the endoplasmic reticulum to the cell surface. Although many factors 

can affect trafficking to the membrane and subsequent endocytosis of G protein-coupled 

receptors (GPCRs) such as the 5-HT1A receptor, a lot about the exact mechanisms 

regulating this transport of GPCRs is still unknown (Drake et al. 2006; Xu et al. 2007). 

When the 5-HT1A receptor has reached the membrane, though, palmitoylation of the 

receptor targets the receptor to lipid rafts in the cell membrane (Papoucheva et al. 2004; 

Renner et al. 2007), and it can be subsequently transported across the membrane via 

lateral diffusion in a G protein-dependent manner (Pucadyil and Chattopadhyay 2007). 

This lateral diffusion might provide an additional mechanism for rapid changes in 5-HT1A 

receptor-mediated effects by transporting the receptors into and out of the area of the 

synapse. Interestingly, recent experiments from our laboratory indicate that in primary 

hippocampal cultures trafficking of AMPA receptor GluR2 subunits to or from the synaptic 

density is also regulated in a slow, gene-mediated GR dependent fashion (Wiegert et al. 

2006). 

Trafficking of voltage-dependent calcium channels is well-studied (for review see 

(Jarvis and Zamponi 2007)). Apart from the auxiliary β, α2-δ and γ subunits, various 

other factors influence calcium channel targeting to the plasma membrane. For instance, 

members of the RGK family of small GTP-binding proteins affect L-type, but not N-type 

channel trafficking to the membrane by interacting with the associated VDCC β subunit 

(Chen et al. 2005; Kelly 2005). Although calcium channel internalization has been shown 

to occur, to date relatively little is known about mechanisms by which VDCCs are 

removed from the membrane (Jarvis and Zamponi 2007). 

Aside from specific factors involved in regulation of the GluR2, and possibly also 

VDCC or 5-HT1A receptor transport to and from the cell membrane, more general factors 

that are involved in trafficking and / or endocytosis might also be regulated by 
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corticosterone and stress. An interesting candidate in this respect is caveolin-1, a protein 

associated with lipid rafts in the membrane and involved in endocytosis of various 

membrane proteins (Cohen et al. 2004). G protein-coupled receptors as well as voltage-

dependent calcium channels, along with many other membrane proteins, are associated 

with caveolin (Daniel et al. 2006; Ostrom and Insel 2004). Caveolin-1 mRNA expression 

was found to be affected by corticosterone in various peripheral organs, e.g. lung, spleen 

and kidney (Meijer, O.C. et al. personal communication). Similarly, GR-mediated 

induction of caveolin-1 expression in pulmonary epithelial cells has been described (Barar 

et al. 2007). Caveolin-1 is expressed in the hippocampus as well and this expression is 

upregulated in aged rats (Bu et al. 2003; Kang et al. 2006). Possibly, corticosterone 

similarly affects caveolin-1 expression in hippocampal neurons, thus regulating trafficking 

and endocytosis of various membrane proteins. 

 

Posttranslational modifications 

Various posttranslational modifications of proteins might influence hippocampal cell 

physiology. As indicated, palmitoylation of the 5-HT1A receptor is essential for localization 

of the receptor in lipid microdomains and affects receptor-mediated signaling 

(Papoucheva et al. 2004; Renner et al. 2007). The most interesting form of 

posttranslational modification, though, is phosphorylation of proteins associated with 

regulation of cell physiology. 

Phosphorylation of proteins is an ubiquitous mechanism by which the activity of 

various ion channels is regulated (Levitan 1994). 5-HT1A receptor-mediated responses 

can be influenced by phosphorylation at multiple levels. First, the 5-HT1A receptor itself 

can be phosphorylated at various sites (Pucadyil et al. 2005; Raymond 1991; Raymond 

and Olsen 1994). Second, G-proteins that are coupled to the 5-HT1A receptor can be 

subject to phosphorylation (Hensler 2003; Lohse 1993), and, third, the 5-HT1A receptor-

associated Kir3.1 channel contains multiple phosphorylation sites (Doupnik et al. 1995). 

Finally, several G protein-coupled receptor kinases, which modulate G protein coupled 

receptor signaling, can be phosphorylated (Penela et al. 2003). Interestingly, activation 

of protein kinase C (PKC) was found to reduce 5-HT1A receptor-mediated K+ currents in 

hippocampal neurons (Andrade et al. 1986), indicating that phosphorylation can indeed 

influence serotonergic responses. Which exact protein(s) need(s) to be phosphorylated 

by PKC in order to affect 5-HT1A receptor-mediated responses is presently unknown and 

awaits further studies. 

Many VDCC α1 and β subunits can be phosphorylated by protein kinase A (PKA), 

leading to increased calcium currents (Bunemann et al. 1999; Hell et al. 1995; Nunoki et 

al. 1989). Interestingly, in aged rats, which are hypothesized to be exposed to 

corticosteroids more than young animals (Hibberd et al. 2000), enhanced L-type calcium 

currents are found in the hippocampal CA1 area (Campbell et al. 1996; Thibault and 

Landfield 1996), which can be explained by a dramatic age-related increase in 

phosphorylation of the α1C subunit at the serine 1928 site (Davare and Hell 2003). 
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Phosphorylation of this residue increases the open probability of the channel (Trautwein 

and Hescheler 1990; Yue et al. 1990), thus giving rise to enlarged voltage-dependent 

calcium currents. It seems unlikely, though, that this process explains the GR-dependent 

enhancement of calcium current amplitude in CA1 neurons, since it was found that the 

number rather than single channel conductance of L-type calcium channels is increased 

by the hormone (Chameau et al. 2007).  

It is possible that corticosterone regulates expression and / or activity of one of 

the various players that control the activity of PKA or PKC. Unpredictable stress was 

indeed found to increase PKA activity in the nucleus accumbens (Araujo et al. 2003), and 

it is thus possible that corticosterone similarly leads to enhanced PKA-mediated 

phosphorylation of various receptors or ion channels in (subfields of) the hippocampus. 

Similarly, hippocampal PKC protein expression was found to be downregulated - although 

not in all mouse strains tested - after acute stress (McNamara and Lenox 2004), which 

might provide an explanation for the enhanced 5-HT1A receptor-mediated responses 

found in response to acute stress or corticosterone application. 

 

 

6.5. Conclusion 
 

When the research described in this thesis was started, corticosterone was known to 

affect many physiological properties in hippocampal cells via GR-mediated transcriptional 

regulation. The exact link between transcriptional regulation of specific genes and specific 

physiological parameters, however, was not clear. 

 In this thesis, we studied (i) possible transcriptional changes underlying 

alterations in 5-HT1A receptor-mediated responses in the CA1 area after acute or 

prolonged elevations of corticosterone levels, (ii) the physiological effects of altered 

VDCC subunit mRNA expression after chronic stress in the dentate gyrus, and (iii) the 

effects of corticosterone on voltage-dependent calcium currents, VDCC mRNA expression 

and VDCC protein expression in the CA1 and the DG. We found that the mRNA levels 

observed in hippocampal cells after stress or corticosterone treatment do not always 

correlate well with the physiological outcome, while protein levels (chapter 5) seem to 

correlate better with the physiological outcome than the level of mRNA expression.  

 We thus propose the possibility that corticosterone does not affect the genes 

directly linked to the functional parameter(s) but rather targets other genes influencing 

translational processes, trafficking, or posttranslational modifications of the receptors or 

channels involved. Instead of regulating mRNA expression of (among other things) many 

ion channels and membrane receptors simultaneously, corticosteroids could in this way 

efficiently target a (few) gene(s) that is / are able to affect a wide range of physiological 

parameters. 
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Summary 
 
In response to stress, the hypothalamus-pituitary-adrenal (HPA) axis is activated, which 

ultimately results in the release of corticosterone from the adrenal glands. Corticosterone 

can pass the blood-brain barrier and bind to intracellular receptors in the brain. The high 

affinity mineralocorticoid receptor (MR) and the lower affinity glucocorticoid receptor 

(GR) affect gene transcription via either transrepression, i.e. binding of monomeric 

corticosteroid receptors to transcription factors, or transactivation, i.e. binding of 

receptor dimers to glucocorticoid response elements on the DNA. 

 Both the MR and the GR are abundantly expressed in the hippocampus, a brain 

region involved in memory function. The hippocampus consists of several subfields, of 

which the CA1 region and the dentate gyrus (DG) express both corticosteroid receptors. 

As a result, many properties of principal cells in these regions are affected by 

corticosteroids and stress. In general, exposure to stress is thought to promote 

adaptation to the environment, while repeated or chronic stress can lead to 

maladaptation and increased susceptibility to various diseases, including depression. 
Among other things, voltage-dependent calcium currents are affected by 

differential corticosteroid receptor occupation. Activation of the GR in addition to the MR, 

e.g. in response to acute stress exposure, results in a dramatic increase of mainly the L-

type calcium current in the CA1 area. This effect depends on GR transactivation, but it is 

presently not clear which genes are responsible for the physiological effect. In the DG, 

the effect of a high level of corticosterone on voltage-dependent calcium currents had not 

been studied at the start of this thesis. 

 A second property affected by differential occupation of corticosteroid receptors in 

hippocampal neurons is the serotonin (5-HT) 1A receptor-mediated K+ current. Again, in 

the CA1 area, acute stress or corticosterone application was found to increase 

serotonergic responses. Also in this case, transactivation via the GR is responsible for the 

altered physiology. However, no changes in mRNA expression of the 5-HT1A receptor 

were found that could explain the alterations in serotonergic currents in the CA1 area. 

Long-term exposure to corticosterone, on the other hand, leads to attenuation of 5-HT1A 

receptor-mediated responses. In accordance, a downregulation of 5-HT1A receptor mRNA 

expression has been found in some studies, although several others found no difference. 

Acute as well as chronic stress or corticosterone application has been shown to 

affect gene expression and physiological properties of the hippocampus. To date, 

however, no direct link has been found between changes in cellular excitability and 

corticosteroid-responsive genes (or vice versa). In this thesis, we tried to answer the 

question whether and how transcriptional regulation induced by stress and corticosteroids 

can be linked to functional changes in principal cells of the rodent hippocampus. 

First, we searched for possible transcriptional changes that could underlie known 

physiological alterations in response to corticosterone or stress. In chapter 2, we tried 
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to explain the increase in 5-HT1A receptor-mediated responses found in the CA1 area 

after acute corticosterone application by examining hippocampal mRNA expression of two 

candidate genes: regulator of G-protein signaling 4 (RGS4), which can inhibit G-protein 

mediated signaling, and serum- and glucocorticoid regulated kinase 1 (SGK1), which 

stimulates surface expression of G-protein coupled K+ channels. Thus, we hypothesized 

that either decreased RGS4 or enhanced SGK1 mRNA expression might be found in the 

CA1 area one hour after a single corticosterone injection, which could account for the 

increased 5-HT1A receptor-mediated responses found previously. In situ hybridization 

revealed that mRNA expression of RGS4 and SGK1 was not affected by an injection with 

a high level of corticosterone in any of the hippocampal subfields (CA1, CA3, and DG). 

The corticosterone injection did lead to strong upregulation of SGK1 mRNA expression in 

the corpus callosum as well as decreased MR expression in the dentate gyrus, indicating 

that a single corticosterone injection can indeed affect transcript levels in the brain within 

1 hour. However, we concluded that the increase in 5-HT1A receptor-mediated K+ 

currents in the CA1 area after corticosterone application is not due to alterations in 

mRNA expression of RGS4 or SGK1. 

In chapter 3, we studied possible transcriptional changes underlying the 

attenuated 5-HT1A receptor-mediated responses found after chronic application of high 

corticosterone levels. Using in situ hybridization, we studied RGS4 and SGK1 mRNA 

expression, as well as the transcript level of neural cell adhesion molecule (NCAM) in the 

hippocampus of rats injected with corticosterone for 21 consecutive days. NCAM reduces 

cell surface expression of the 5-HT1A receptor-coupled K+ channel, indicating that 

enhanced NCAM expression might be responsible for the attenuated serotonergic 

responses found in the CA1 area after long-term corticosterone treatment. Although the 

21-day injection paradigm clearly resulted in enhanced plasma corticosterone levels - 

even one day after the last injection -, hippocampal mRNA expression of RGS4, SGK1, 

nor NCAM was affected. Thus, these genes are not likely to be involved in the 

physiological changes found in the hippocampal CA1 area in response to chronic 

corticosterone injections. 

Using the reverse approach, we next studied the physiological effects of earlier 

observed alterations in gene expression. In chapter 4, we tested whether the previously 

observed alterations in voltage-dependent calcium channel (VDCC) subunit expression 

after chronic stress in the DG result in similar physiological changes in voltage-dependent 

calcium currents. We thus subjected rats to a 21-day chronic unpredictable stress 

paradigm, and recorded whole cell calcium currents in hippocampal slices after acute in 

vitro application of corticosterone or vehicle solution. In addition, half of the control and 

half of the chronically stressed animals were treated with the GR antagonist mifepristone 

during the last 4 days of the stress protocol, to test whether this treatment would 

reverse the putative stress-induced effects. We found that chronic stress in itself did not 

result in altered voltage-dependent calcium currents recorded in the DG one day after 

the last stressor. However, calcium current amplitude was significantly enhanced after 
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chronic stress (compared to control) when slices had been treated with a high dose of 

corticosterone 1-4 hours earlier. In animals treated with mifepristone for the last 4 days 

of the stress paradigm, this effect was no longer seen. Interestingly, our findings on 

voltage-dependent calcium currents were in line with the previous results on VDCC α1C 

mRNA expression after chronic stress and acute corticosterone incubation. 

 Finally, in chapter 5, we studied corticosterone-induced alterations in mRNA 

levels, protein levels, and physiological responses in parallel in the hippocampal subfields 

CA1 and DG. We first studied voltage-dependent calcium currents in both subfields 1-4 

hours after in vitro corticosterone application. The previously reported corticosterone-

induced increase in calcium current amplitude in CA1 pyramidal cells was replicated. In 

the DG, however, incubation with 100 nM corticosterone did not affect voltage-dependent 

calcium currents. We then used in situ hybridization to study mRNA expression of VDCC 

subunits in both regions after a single corticosterone injection, and found that mRNA 

expression of the β4 subunit was enhanced in corticosterone-injected versus naïve 

animals, while α1D mRNA expression was only upregulated in corticosterone- versus 

vehicle-injected animals. Importantly, the observed corticosterone-induced differences 

were found in all hippocampal areas and could thus not explain the differences in 

physiological effects between the CA1 area and the DG. Finally, we studied VDCC subunit 

β4 and α1C protein expression in the hippocampus 2-3 hours after corticosterone 

incubation using the Western blot technique. We found that corticosterone incubation led 

to enhanced β4 as well as α1C protein expression in the CA1 area, but not in the DG, 

thus providing a possible explanation for the differential corticosterone-induced effect on 

calcium currents. The results from this study thus suggest that corticosterone-induced 

changes at the posttranscriptional level are essential for the differential effect on voltage-

dependent calcium currents between both hippocampal subfields. 

 In conclusion, the research described in this thesis shows that corticosterone-

induced changes in physiological parameters can often not be directly linked to changes 

in mRNA expression of obvious candidate genes. At least in some cases, protein levels 

seem to correlate better with the physiological outcome than the level of mRNA 

expression. We thus propose the possibility that corticosterone influences the expression 

of proteins involved in postranscriptional processes as well, thereby influencing many 

physiological parameters simultaneously. Possible mechanisms underlying these putative 

posttranscriptional changes, as well as the experimental design of the research described 

in this thesis are discussed extensively in chapter 6. 
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Samenvatting 
 

Stress activeert de hypothalamus-hypofyse-bijnier as, wat uiteindelijk leidt tot de afgifte 

van corticosteron door de bijnieren. Corticosteron kan de bloed-hersen barrière passeren 

en bindt vervolgens aan intracellulaire receptoren in de hersenen. De mineralocorticoid 

receptor (MR), met een hoge affiniteit voor corticosteron, en de glucocorticoid receptor 

(GR), met een lagere affiniteit voor corticosteron, kunnen beiden genexpressie 

beïnvloeden. Dat gebeurt ofwel door transrepressie, wanneer een corticosteroid receptor 

monomeer bindt aan een transcriptie factor, ofwel door transactivatie, wanneer een 

corticosteroid receptor dimeer direct bindt aan een glucocorticoid respons element in het 

DNA. 

 De MR en de GR komen beiden hoog tot expressie in de hippocampus, een 

hersengebied dat betrokken is bij leren en geheugen. De hippocampus bestaat uit 

verschillende gebieden, waarvan het CA1 gebied en de gyrus dentatus (DG) beide 

corticosteroid receptoren tot expressie brengen. Hierdoor worden vele eigenschappen 

van cellen in deze gebieden beïnvloed door stress en corticosteron. Over het algemeen 

wordt gedacht dat acute stress aanpassing aan de omgeving bevordert, terwijl herhaalde 

of chronische stress kan leiden tot maladaptatie en verhoogde vatbaarheid voor 

verschillende ziekten, waaronder depressie. 

 Onder andere spanningsafhankelijke calciumstromen worden beïnvloed door 

activatie van corticosteroid receptoren. Activatie van de GR bovenop de MR, zoals 

gebeurt na acute blootstelling aan stress, resulteert in grotere calciumstromen, met 

name van het L-type, in het CA1 gebied. Dit effect is afhankelijk van GR transactivatie, 

maar het is op het moment niet duidelijk welke genen precies verantwoordelijk zijn voor 

dit effect. Toen gestart werd met het onderzoek beschreven in dit proefschrift, waren de 

effecten van toediening van een hoge corticosteron dosering op spanningsafhankelijke 

calciumkanalen in de DG nog niet onderzocht. 

 Een tweede parameter die beïnvloed wordt door verschillende bezetting van 

corticosteroid receptoren in cellen in de hippocampus is de serotonine (5-HT) 1A 

receptor-gemedieerde kaliumstroom. Ook hier geldt dat in het CA1 gebied acute stress of 

corticosteron toediening de serotonerge respons vergroot, waarvoor transcriptionele 

regulatie via de GR verantwoordelijk is. Er zijn echter geen veranderingen in mRNA 

expressie van de 5-HT1A receptor gevonden die de veranderingen in serotonerge stromen 

in het CA1 gebied zouden kunnen verklaren. In tegenstelling tot acute stress, leidt 

langdurige blootstelling aan corticosteron tot vermindering van 5-HT1A receptor-

gemedieerde stromen. In lijn daarmee is een verminderde mRNA expressie van de 5-

HT1A receptor gevonden in sommige studies, maar in enkele andere studies werd geen 

effect op expressie van deze receptor gevonden. 

 Het is aangetoond dat zowel acute als chronische stress of corticosterontoediening 

invloed heeft op genexpressie en fysiologische processen in de hippocampus. Tot nu toe 

is echter nog geen direct verband gevonden tussen veranderingen in cellulaire 
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exciteerbaarheid en corticosteron-responsieve genen (of vice versa). In dit proefschrift 

hebben we geprobeerd antwoord te vinden op de vraag of en hoe stress- en 

corticosterongeïnduceerde transcriptionele regulatie verband houdt met functionele 

veranderingen in neuronen in de hippocampus van ratten. 

 Ten eerste zochten we naar mogelijke veranderingen op transcriptieniveau die ten 

grondslag zouden kunnen liggen aan fysiologische veranderingen na toediening van 

corticosteron of stress. In hoofdstuk 2 hebben we geprobeerd de door acute 

corticosterontoediening verhoogde 5-HT1A receptor-gemedieerde stromen in het CA1 

gebied te verklaren door mRNA expressie van twee kandidaat-genen in de hippocampus 

te onderzoeken. Deze kandidaat-genen waren (i) regulator van G-eiwit signalering 4 

(RGS4), een eiwit dat G-eiwit-gemedieerde signalering kan verminderen, en (ii) serum- 

en glucocorticoid gereguleerd kinase 1 (SGK1), een eiwit dat expressie van G-eiwit 

gekoppelde kalium kanalen aan het celoppervlak stimuleert. Onze hypothese was dat 1 

uur na een enkele injectie met corticosteron ofwel verlaagde RGS4 ofwel verhoogde 

SGK1 mRNA expressie gevonden zou worden in het CA1 gebied, wat de eerder gevonden 

verhoogde 5-HT1A receptor-gemedieerde stromen zou kunnen verklaren. In situ 

hybridisatie toonde aan dat mRNA expressie van RGS4 en SGK1 niet beïnvloed wordt 

door een injectie met een hoge dosis corticosteron in een van de gebieden binnen de 

hippocampus (CA1, CA3 of DG). De injectie met corticosteron leidde wel tot een sterk 

verhoogde SGK1 mRNA expressie in het corpus callosum en tot verminderde MR 

expressie in de DG, wat erop wijst dat de corticosteron injectie binnen een uur wel 

degelijk kan leiden tot veranderde transcriptniveaus in het brein. We moeten echter 

concluderen dat de vergrote 5-HT1A receptor-gemedieerde kalium stromen in het CA1 

gebied na toediening van corticosteron niet toe te schrijven is aan veranderde mRNA 

expressie van RGS4 of SGK1. 

 In hoofdstuk 3 onderzochten we mogelijke transcriptionele veranderingen die 

ten grondslag liggen aan de verminderde 5-HT1A receptor-gemedieerde respons die 

eerder gevonden is na chronische stress of langdurige toediening van een hoge 

corticosteron dosis. Met in situ hybridisatie onderzochten we mRNA expressie van RGS4 

en SGK1, en daarnaast hebben we gekeken naar het transcriptniveau van neuronaal 

adhesiemolecuul (NCAM) in de hippocampus van ratten die 21 dagen lang geïnjecteerd 

waren met een hoge dosis corticosteron. NCAM reduceert oppervlakte-expressie van het 

kalium kanaal dat gekoppeld is aan de 5-HT1A receptor, wat betekent dat verhoogde 

NCAM expressie verantwoordelijk zou kunnen zijn voor de verminderde serotonerge 

respons die gevonden is in het CA1 gebied na langdurige behandeling met corticosteron. 

Hoewel het 21 dagen durende injectieprotocol duidelijk resulteerde in een verhoogd 

corticosteronniveau in het plasma – zelfs nog een dag na de laatste injectie – werd mRNA 

expressie van RGS4, SGK1 of NCAM in de hippocampus niet beïnvloed. Het is dus niet 

waarschijnlijk dat deze genen betrokken zijn bij de fysiologische veranderingen die 

gevonden zijn in het hippocampale CA1 gebied na chronische corticosteron injecties. 
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 Vervolgens kozen we de omgekeerde aanpak en bestudeerden we de fysiologische 

effecten van eerder beschreven veranderingen in genexpressie. In hoofdstuk 4 testten 

we of de eerder gevonden veranderingen in subunit expressie van spanningsafhankelijke 

calciumkanalen (VDCCs) na chronische stress in de DG resulteerden in vergelijkbare 

fysiologische veranderingen in spanningsafhankelijke calciumstromen. Hiertoe stelden we 

ratten bloot aan een 21 dagen durend chronische stress protocol en vervolgens maten 

we calciumstromen in plakken van de hippocampus na acute in vitro toediening van 

corticosteron of vehikeloplossing. Daarnaast werden de helft van de controle en de helft 

van de chronisch gestresste dieren gedurende de laatste 4 dagen van het stressprotocol 

behandeld met de GR antagonist mifepristone, om te onderzoeken of deze behandeling 

de mogelijke door stress geïnduceerde effecten zou terugdraaien. We vonden dat 

chronische stress op zichzelf geen verandering teweeg bracht in spanningsafhankelijke 

calciumstromen die gemeten werden in de DG een dag na de laatste stressor. De 

amplitude van de calciumstromen was echter significant groter na chronische stress 

(t.o.v. controle) wanneer de plakken behandeld waren met een hoge dosis corticosteron 

1-4 uur eerder. In dieren die de laatste 4 dagen van het stressprotocol behandeld waren 

met de GR antagonist mifepristone was dit effect niet langer zichtbaar. Onze bevindingen 

op het niveau van spanningsafhankelijke calciumstromen waren in lijn met de eerdere 

resultaten gevonden voor VDCC α1C subunit mRNA expressie na chronische stress en 

acute toediening van corticosteron. 

Tot slot werden in hoofdstuk 5 door corticosteron geïnduceerde veranderingen in 

mRNA niveaus, eiwitniveaus en fysiologische respons in parallel bestudeerd in de 

hippocampale gebieden CA1 en DG. Eerst onderzochten we spanningsafhankelijke 

calciumstromen in beide gebieden 1-4 uur na in vitro toediening van corticosteron. De 

eerder gevonden verhoogde amplitude van calciumstromen na corticosteron toediening in 

piramidale cellen in het CA1 gebied werd in onze resultaten bevestigd. In de DG leidde 

incubatie met 100 nM corticosteron echter niet tot veranderingen in de 

spanningsafhankelijke calciumstromen. Vervolgens bestudeerden we met in situ 

hybridisatie de mRNA expressie van VDCC subunits in beide gebieden na een enkele 

injectie met corticosteron; we vonden verhoogde mRNA expressie van de β4 subunit in 

dieren die geïnjecteerd waren met corticosteron wanneer zij vergeleken werden met 

naïeve dieren. Expressie van de α1D subunit was alleen verhoogd na injectie met 

corticosteron wanneer dit vergeleken werd met dieren die een injectie met 

vehikeloplossing hadden gekregen. De gevonden veranderingen na injectie met 

corticosteron waren in alle gebieden van de hippocampus (CA1, CA3 en DG) te zien, wat 

betekent dat de verschillende effecten op de fysiologie in het CA1 gebied en de DG niet 

verklaard kunnen worden door veranderingen in mRNA expressie van de onderzochte 

genen. Tot slot bestudeerden we met behulp van de Western blot techniek eiwitexpressie 

van VDCC subunits β4 en α1C in de hippocampus 2-3 uur na incubatie met corticosteron. 

We vonden dat incubatie met corticosteron leidde tot verhoogde β4 en α1C eiwitexpressie 

in het CA1 gebied, maar niet in de DG, wat een mogelijke verklaring biedt voor het 



Samenvatting 

 110

verschillende effect dat corticosteron heeft op calciumstromen in beide gebieden. De 

resultaten van deze studie duiden er op dat door corticosteron geïnduceerde 

veranderingen op posttranscriptioneel niveau essentieel zijn voor het verschillende effect 

op spanningsafhankelijke calciumstromen in beide gebieden van de hippocampus. 

Concluderend laat het in dit proefschrift beschreven onderzoek zien dat door 

corticosteron geïnduceerde veranderingen in fysiologische parameters vaak niet direct 

gekoppeld kunnen worden aan veranderingen in mRNA expressie van voor de hand 

liggende kandidaat-genen. In sommige gevallen lijken veranderde eiwitniveaus beter dan 

mRNA niveaus te correleren met het fysiologische effect van corticosterontoediening. We 

brengen daarom de mogelijkheid naar voren dat corticosteron ook de expressie van 

eiwitten betrokken bij posttranscriptionele processen beïnvloedt, en daardoor mogelijk 

meerdere fysiologische parameters tegelijkertijd kan beïnvloeden. Mogelijke 

mechanismen die hieraan ten grondslag kunnen liggen en de experimentele opzet van 

het in dit proefschrift beschreven onderzoek worden uitgebreid bediscussieerd in 

hoofdstuk 6. 
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Dankwoord 
 

En dan nu het bestgelezen (want meest begrijpelijke) deel van dit proefschrift: het 

dankwoord. En omdat ik niet zo vaak de gelegenheid krijg om iedereen te bedanken die 

dat om wat voor reden dan ook verdient, neem ik het er nu maar even van... 

 

Ten eerste wil ik natuurlijk mijn promotor bedanken. Marian, als AIO zonder officiële 

copromotor ben ik erg blij dat je ondanks de drukte altijd ruimschoots de tijd nam voor 

mij en mijn project. Ik heb veel van je geleerd en wil je bedanken voor de goede 

samenwerking en de ruimte die er was om me binnen en buiten de wetenschap te 

ontwikkelen. 

Maar wetenschap wordt niet bedreven in je eentje achter een labtafel of computer 

met af en toe een voortgangsgesprek; het is een teamsport bij uitstek. Ik ben dan ook 

blij met alle vaste en tijdelijke bewoners van Anna’s Hoeve die dat team om me heen 

hebben gevormd. Ten eerste natuurlijk Henk, onmisbaar voor het tot stand komen van 

dit proefschrift. Zonder jouw hulp had ik geen stroompje gemeten. Bedankt voor al die 

keren dat je hoofd om het hoekje stak met de vraag “Lukt het een beetje vandaag?”. 

Maar ook de rest van de Joëls-groep: Els, rots in de branding voor materiaal, bestellingen 

en handleidingen, en niet te vergeten fervent koffiehoekbezoeker (hoewel de tweede 

verdieping toch echt te ver weg is). Dat laatste geldt ook voor Rob, die wel nog vaker 

zelf mag experimenteren op woensdag-taartdag. Edwin, een onuitputtelijke bron van 

triviale informatie, als ik een keer mee ga quizzen wil ik wel bij jou in het team. Lutz, I’m 

happy that my calcium channel in situ’s could help to shed some light on the amygdala 

as well. Pu, don’t stress yourself or your subjects too much in Nijmegen, and good luck 

with your thesis. Zhou Ming, it’s nice I could leave my setup in good hands when I went 

to Leiden and Iowa. Harm, de leuke stage die ik (alweer jáááren geleden) bij jou heb 

gelopen was een van de belangrijkste redenen voor mij om te besluiten AIO te worden. 

Henk, Harm, Paul, Marian, Deborah, Joe en Pieter, oftewel het chronische stress-team: 

bedankt voor de gezamenlijke inzet. Ook voor ons was het niet altijd even relaxed die 

weken... 

Een aantal ex-collega’s wil ik nog bedanken (hoewel ik zeker weet dat ik hier 

mensen ga vergeten): Annelies, die als geen ander wist hoe belangrijk theepauzes zijn. 

Els (van Riel), mede dankzij jou had ik een leuke start in de wetenschap. Jammer dat jij 

al zo goed als weg was toen ik mijn AIO-schap begon. Pascal, bedankt voor je hulp bij 

mijn eerste pogingen tot patchen. Qin, I’m sorry I didn’t publish anything in Nature like 

you predicted... I’m still proud of my nickname, though! 

Kamer 4.22 is al jaren een begrip. Aan alle (ex)inwoners van die kamer: bedankt 

voor de interesse in elkaars experimenten en leven buiten-het-lab, voor de afleidende 

mailtjes en sterke verhalen, voor de muziek (radio aan, radio uit) en al die andere dingen 

die kamer 4.22 tot het walhalla van de Anna’s Hoeve-AIO maken. Deborah, Solange, 

Karin: bedankt voor de gezelligheid. Mike, good luck with your PhD and I hope you’ll 
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learn to appreciate the Dutch weather. Charlotte, ik heb altijd tijd voor een foto van een 

schattig diertje (of twee). Felisa, ik laat met plezier mijn bureau-bij-het-raam voor je 

achter. Succes allebei met jullie proefschriften, en natuurlijk met de observaties en de 

kruiswoordpuzzels! José, de stimulans voor de dagelijkse conditietraining na de lunch, 

hoewel Stijn op een gegeven moment wel te zwaar werd om naar boven te sjouwen. 

Olof, ik heb je niet in kunnen halen, gelukkig kon ik daardoor de kunst van het 

promoveren nog een laatste keer afkijken. Bedankt dat je altijd klaar stond voor een 

praatje over werk of politiek. Maar wanneer word je nou eens lid van de goeie partij?  

Ook de studenten en andere gasten die kortere tijd in onze groep hebben 

rondgelopen, en natuurlijk alle mensen van de andere SILS-CNS groepen: bedankt voor 

de borrels, praatjes, het lenen van materiaal, etc. etc.  

 

Er gaat niets boven Anna’s Hoeve (ik heb er niet voor niets ruim 9 jaar rondgelopen) 

maar gelukkig werd ik ook verder van huis goed opgevangen. Onno, in mijn weken 

(maanden) in Leiden heb ik erg veel van je geleerd, en bovendien was het altijd gezellig. 

Dank voor je enthousiasme en je altijd nuchtere “De data zijn de data...”. Verder stond 

gelukkig Siem altijd voor me klaar met niets dan geduld bij al mijn domme vragen. Ook 

Peter en Servane: bedankt voor jullie hulp met de in situ’s. Maarten, ik ben blij dat mijn 

geïnjecteerde ratjes meerdere doelen hebben kunnen dienen. De rest van het Leidense 

lab bedank ik voor alle behulpzaamheid en gezelligheid. 

Even a bit further away, in the City of Iowa City, I managed to feel at home quite 

fast. Johannes, thank you for giving me, and later Diana, the opportunity to do the 

Western blot experiments in your lab and for always taking time to discuss my latest 

results. And of course many thanks to you, Mary, Hans and the boys for letting me stay 

in your house for a while. Diana, I’m very happy that you could go to Iowa to finish the 

experiments, even though you had to deal with snowstorms while you were there. 

MingXu, thank you for teaching me the Western blot technique and being very patient! 

Jason, thanks for the fridaymorning-ratheads and your Western blot-advice. I’d like to 

thank all other ‘inhabitants’ of the Hell-lab for their practical help, the discussions, and 

for making me feel welcome in that strange country. But of course it’s important to have 

some fun outside of the lab as well. Ivar, Steve and André: Danke, thanks and bedankt, 

respectively, for a great time in and around Iowa City! Baseball-games, barbecues, 

movies, and being pulled over on the highway are all a lot more fun with other people 

than alone. And thanks to you I’ve learned a valuable life-lesson: where-ever there are 

beers and some nice guys to drink them with, I will be ok. 

 

Natuurlijk wil ik hier ook een heleboel mensen van buiten het lab bedanken. Omdat de 

weg naar een doctorstitel niet altijd over rozen gaat, en er dus regelmatig afleiding en 

ontspanning nodig is. 

Als ik het druk heb, werk ik efficiënter. Veel dank voor mijn efficiëntie gaat 

daarom uit naar de Amsterdamse afdeling van de beste politieke partij van Nederland 
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(als ik al die SP’ers bij naam ga noemen, wordt m’n proefschrift veel te dik...). ROODjes, 

bedankt dat ik, ondanks de in dit boekje beschreven dierproeven, een tijdje jullie 

voorzitter mocht zijn. Gelukkig ben ik nog lang niet te oud om mee te doen. SP Noord, 

niets is zo leuk als strijden voor een betere wereld in je eigen buurt (vooral als er af en 

toe succes wordt behaald). Op naar de grootste partij in ons stadsdeel! Het Amsterdamse 

bestuur (en webteam): het is goed te weten dat er een groep mensen is die keihard 

werkt aan een geoliede SP-afdeling in een sociaal Amsterdam. Bovendien is het erg leuk 

om daar deel van uit te maken. 

Maar zelfs op een combinatie van wetenschap en politiek kan een mens niet 

leven: daar moet muziek bij. En wel in verschillende smaken. Lieve leden van het 

Particolartekoor (en Joost!), elke donderdagavond ben ik eigenlijk te moe om te zingen, 

maar een paar uur later kom ik met meer energie Crea weer uit dan ik er binnen ging. 

Bedankt voor de mooie stukken, leuke optredens en natuurlijk de koorweekenden die zo 

vol zitten met muziek (kaartenhuis!) dat ik niet eens tijd heb om aan ratjes te denken. 

Een iets ander muziekgenre trekt me jaarlijks naar Biddinghuizen, hoewel het me daar 

allang niet meer alleen om de muziek gaat. Aan alle mede-Lowlandsgangers en 

tent(enkamp)genoten door de jaren heen: als ik op een zaterdagochtend in augustus 

weer met een brak hoofd, een schorre keel en een blik lauw bier temidden van een 

kudde vrienden van onze tent naar het festivalterrein loop, ben ik domweg gelukkig in 

een modderstraat. We llov you! 

 

Dat het TBL in Oss een magische plek is, is algemeen bekend. Behalve een leuke tijd, 

een diploma en een man, heb ik er in elk geval ook vrienden aan overgehouden. 

Laurens, misschien wel een van de weinigen die iets van dit boekje zou kunnen 

begrijpen. Bedankt voor al die jaren vriendschap, en op naar jouw promotie! En als jij en 

Nienke nog eens verhuisd moeten worden, weten jullie me te vinden... RamP, natuurlijk 

kunnen we als schoon-neef-en-nicht niet meer om elkaar heen, maar ik heb zo het idee 

dat we anders ook wel vriendjes waren gebleven, wat jij? Bedankt dat je mijn paranimf 

wil zijn. En die Ramses bleek ook nog leuke zusjes te hebben. Varna de Parna (en Tom), 

als je een logeerzolder in Amsterdam nodig hebt, weet je ons te vinden. En je mag me 

altijd lastig vallen met vragen over hersenfuncties, al weet ik er veel minder van dan jij 

soms denkt. Mijntje en Remy, voor jullie is onze logeerstudeerkamer altijd gereserveerd. 

Zeker als we af en toe worden terugbetaald met een logeerstudeerkamer in Oss. 

Maar gelukkig bleek het in het grote enge Amsterdam ook goed mogelijk vriendjes 

te maken. Erna en René, er gaat niets boven Noord, en al helemaal niet als je daar af en 

toe met vrienden bij Ot en Sien kan zitten... Wat we trouwens nodig wat vaker moeten 

doen, ook al moeten jullie er tegenwoordig een stukje verder voor fietsen. Arjan en 

Marieke, ook mede-Noorderlingen, hoewel af en toe uitwaaien bij Arjan op Texel ook niet 

verkeerd is. Succes met jullie beider boekjes; van die van Marieke ga ik waarschijnlijk 

niet veel begrijpen, maar bij de modderboringen van Arjan kan ik nog een poging 

wagen... Roozz, vanaf de haai hebben we ons samen door de studie gelachen (daahaag, 
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koekoeksbloem), geroddeld, gezwommen. Ik vind het nog steeds jammer dat je 

helemaal overzees bent gaan wonen, maar natuurlijk zijn weekendjes in Cambridge met 

jou en Bart (en ...) helemaal geen straf!  

 

Omdat Daniël en ik allebei van beneden de rivieren komen, heb ik de luxe van een flinke 

voorraad familieleden. Families Van Gemert, Langeveld, Peters en Van Leeuwen, bedankt 

voor de DUC-dagen, volleybaltoernooien, feestjes, barbecues, enz., enz., enz. En 

natuurlijk voor jullie interesse in mijn werk, op familiebijeenkomsten vaak bondig 

samengevat tot “ratjes pesten”. 

Bert en Gerrie, jullie zijn de beste schoonouders die ik me kan wensen. Maar jullie 

moeten wel ophouden te denken dat iemand die biologie heeft gestudeerd opeens alles 

weet van planten, ziektes en bètawetenschappen in het algemeen. Ras, er zijn behalve 

mijn eigen familieleden maar weinig mensen die ik meer dan de helft van hun leven ken, 

een klein beetje een klein zusje ben je wel (hoewel natuurlijk veel groter dan ik...). Geert 

(zonder steert), het is wat hè, tussen die radicale Petersen met sterke meningen over 

politiek en Pearl Jam. Gelukkig lusten ze wel gewoon bier. Simone, nu je weer normale 

werktijden hebt, moeten we nog veel vaker uit eten in Amsterdam. Of wil je dan nu de 

verschillende supermarkten langs om een rapportcijfer te geven? Peter (met steert), als 

ik nog eens verlegen zit om 10 potten pindakaas, ben je de eerste die het hoort. Thom 

en Eef: vele vakanties, vele concerten, vele kroegentochten en vooral veelvuldig gewoon 

hangen op jullie bank: bedankt dat Daan en ik een tweede thuis hebben in Nijmegen. 

Eefje, ik ben blij dat jij mijn paranimf wil zijn, en niet alleen vanwege je blauwe band. 

Kleine grote zus Marike, bedankt voor al je grote-zussen-zorgen en je 

sollicitatieadviezen. En dat je nietsvermoedende mensen op mij afstuurt omdat ik “zo 

leuk over onderzoek kan vertellen”. Lobke, dat er nog maar veel gezongen mag worden 

bij kampvuren of anderszins. Grote grote zus Aafje, het is altijd leuk croissantjes - of 

Tibettaans gerstebrood - eten in den ochtend bij Aafie. Een kleine autovakantie op de 

terugweg van een congres in Wenen is trouwens ook altijd leuk. Do ist der Bahnhof! 

’s Pap en ’s mam, als iemand mij vroeger verteld had dat ik nog eens in het 

openbaar mijn proefschrift zou moeten verdedigen, had ik me vast voorgenomen nooit 

aan die hele promotie te beginnen. Dat het nu toch zo ver gaat komen, is voor een heel 

groot deel aan jullie te danken. De combinatie van “As ge nie mèr kunt, kunde alted nog 

efkes” en “Je kunt niet meer doen dan je best” heeft blijkbaar een redelijke mix 

opgeleverd. Bedankt voor... ALLES! 

 

 

Daniël, mijn man(neke), jij bent de mooiste en de leukste liefste schat van allemaal en 

als wij maar bij elkaar zijn, komt altijd alles goed. Любю тебя насколко шатёр алфа, je 

weet toch... 

 

Neeltje
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wou nog iets zeggen maar ik weet niet meer 
dan was het zeker niks 

 
Spinvis 
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