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Abstract t 

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

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

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

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

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

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

Materialss and Methods 

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

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

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

experimentall  groups. CORT levels were measured by radioimmuno assay. 

Group-II  (1 hr) 

(33 hrs) 

Group-Il(lhr) ) 

Group-Illl  (1 hr) 

Ratt ID 

II  01 

I_05 5 

II  07 

I_l l l 

I_13 3 

I J 5 5 

I_17 7 

I_09 9 

I_10 0 

II  12 

I_14 4 

II  16 

I_18 8 

120 0 

11-14 4 

11-15 5 

II-16 6 

11-20 0 

111-02 2 

111-04 4 

111-05 5 

111-06 6 

CORTT level 

(ug/dl) ) 

1.3 3 

0.6 6 

2.1 1 

1.4 4 

1.9 9 

2.0 0 

1.6 6 

1.5 5 

1.5 5 

1.0 0 

1.8 8 

1.6 6 

4.2 2 

2.3 3 

0.2 2 

0.4 4 

0.3 3 

0.3 3 

3.7 7 

0.2 2 

0.2 2 

0.1 1 

Treatmentt of left 

hippocampus s 

vehicle e 

CORT T 

CORT T 

vehicle e 

CORT T 

CORT T 

CORT T 

vehicle e 

vehicle e 

vehicle e 

vehicle e 

CORT T 

CORT T 

CORT T 

CORT T 

RU486+CORT T 

RU486+CORT T 

CORT T 

Cycloheximide+CORT T 

CORT T 

Cycc loheximide+CORT 

CORT T 

Treatmentt of right 

hippocampus s 

CORT T 

vehicle e 

vehicle e 

CORT T 

vehicle e 

vehicle e 

vehicle e 

CORT T 

CORT T 

CORT T 

CORT T 

vehicle e 

vehicle e 

vehicle e 

RU486+CORT T 

CORT T 

CORT T 

RU486+CORT RU486+CORT 

CORT T 

Cycloheximide+CORT T 

CORT T 

Cycloheximide+CORT T 

RNARNA isolation and cDNA synthesis 

Thee dissected CA1 areas from each hippocampal lobe were pooled and dissolved in 
2000 ul of Trizol reagent (Life Technologies), and homogenized by gently passing through a 
syringee needle for a few times. Total RNA was isolated according to the standard manual of 
Trizoll  reagent. The isolated RNA was dissolved into 50 ul water. The quality of isolated 
RNAA was checked on electrophoresis gel or by an Agilent 2100 bioanalyzer (Agilent 
Biotechnologies).. The RNA was further subjected to DNAase treatment in a 100 (il reaction 
bufferr (MgS04 0.5M, sodium acetate 0.1 M (pH 5.5), RNAase inhibitor 4U (Promega, The 
Netherlands),, DNAse-I (Roche 776785, 5U)) at 37° C for 10 min. Next, 80 ill of phenol was 

30 0 



Chapterr 2 

added,, mixed by vortex and centrifiiged at 14,000 rpm for 10 min. The supernatant was 
transferredd into a new tube containing 50 |il of chloroform, mixed and centrifiiged at 14,000 
rpmm for 2 min. Next, the upper phase containing RNA was collected in a new tube 
containingg 0.1 volume of 3M sodium acetate and 2.5 volumes of ethanol. The RNA was 
precipitatedd at -20° C for 30 min, was centrifiiged at 14,000 rpm for 30 min. The pellet was 
washedd twice with 70% of ethanol and air-dried. Finally, the RNA was dissolved into 50 fj.1 
water.. The integrity of RNA after DNAse treatment was checked again on an agarose gel. 

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

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

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

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

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

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

withh an amplicon between 75-125bp. 

Genes s 

MR R 

GR R 

GluRl l 

GluR2 2 

GluR3 3 

GluR4 4 

NMDAR-1 1 

NMDAR-2A A 

NMDAR-2B B 

NMDAR-2D D 

SKI I 

SK2 2 

VDCC-alA A 

VDCC-alB B 

VDCC-alC C 

VDCC-alD D 

VDCC-alG G 

VDCC-pi i 

VDCC-p2 2 

VDCC-P3 3 

VDCC-P4 4 

GAPDH H 

p-actin n 

NFL L 

NSE E 

a-tubulin n 

HPRT T 

GeneBank k 

M36074 4 

NM_012576 6 

NM031608 8 

NM_017261 1 

NM_032990 0 

NMO17263 3 

X63255 5 

NM_012573 3 

M91562 2 

L31612 2 

NMJH9313 3 

NM_019314 4 

NMM 012918 

NM_147141 1 

NM_012517 7 

NM-017298 8 

NM_031601 1 

NM_017346 6 

NM053851 1 

NM_012828 8 

XM_215742 2 

Mll  7701 

J00691 1 

NM_031783 3 

NM_139325 5 

V01227 7 

M63983 3 

Forwardd Primer 

CACGCACAGCAATATGAAAACC C 

GGGAAGGGAACTCCAGTCAGA A 

CCATTCCCTGCATGAGTCACA A 

AGCAAGGCAAGGCTGTCAATT T 

AAAACGTGGCTGCTTCAAGGA A 

AAGTTCGGGATTGGCTGTCA A 

CTCACCCCACTACCTTGTACATGA A 

GCTGCCGCGAGGTGTTA A 

CAGTGACGACTTCAAGCGAGATT T 

CTGCCACAATGACAAAATCGA A 

TTCACGGACGCTACCAGTC C 

TCCTTCAGGCCATCCATCA A 

CTGCTGGTCACACCTCACAAGT T 

TGTGGGCGCATCAGTTACAA A 

ATTCGAAAGCAAGAACAAACCAC T T 

CGCTGATGGTCGCGATGA A 

ACGCTGAGTCTCTCTGGTTTGTC C 

TGGGTCCACCTCATTCTAAACC C 

CAGAAGACTAATGCGGAAACCA A 

CCTTGCTTTCCTCATTCTTTGC C 

TGTGCCAGCATGGCTGAGT T 

TGCACCACCAACTGCTTAGC C 

GCTCCTCCTGAGCGCAAG G 

CTACTCTCAGAGCTCGCAGGTCTT T 

ACGTGGTTCCATTTCAAGATGAC C 

AGGAGGTTGGTGTGGATTCTGT T 

ATGGGAGGCCATCACATTGT T 

Reversee Primer 

CAGCGTTAACTCAGCCCCTTT T 

TTCTCAACCACCTCATGCATG TTCTCAACCACCTCATGCATG 

GGGTTTCCTGTCTGCTCCAGTTA A 

GCATGCACTGCTTTGGGAAAT T 

TGAAAGGTCATTGCACCATCAG G 

CTCAGGGCTGCGTTTCAGTC C 

TCACCACTGAATACCGGGATTAG G 

GGTTCAGTCCCCAGCTCCA A 

CGTTCCGTGTTTGAGGTGAGA A 

TGTAGAAGACACCTGCCATGTTG G 

GCAGCGACGATCCAGGAG G 

CACCTCATATGCGATGCTCTGT T 

TGCCGGTAGTACTCCATGATCAT T 

CTCGAGCCGGGCATTTCT T 

ATATCTCGTGGGACAGAAAATGC C 

AAGTGCGCTACCCTTCCAGTT T 

AGGAGGCGGACGTAGGATCT T 

CCAACACATAGAGCCTGTTCCC C 

ACATTCCCTGGCTGCTCAGT T 

AGGGAGCCCCTATCTTGCAG G 

TGATGCAGGGCCAAAACAT TGATGCAGGGCCAAAACAT 

GGCATGGACTGTGGTCATGA A 

CATCTGCTGGAAGGTGGACA A 

TCCTGGACGTGGCTGGTATAGT T 

CGAGCTTCAGTTAGTGCACCAA A 

TGTGAAAGCAGCACCTTGTGAC C 

ATGTAATCCAGCAGGTCAGCAA A 

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

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

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

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

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

ACtt (n=40) 

GAPDHH : p-actin 

GAPDHH : NSE 

GAPDHH : HPRT 

GAPDHH : NFL 

GAPDHH : a-tubulin 

p-actin:: NSE 

P-actin:: HPRT 

P-actin:: NFL 

p-actin:: a-tubulin 

NSE:HPRT T 

NSEE : NFL 

NSEE : a-tubulin 

HPRT:NFL L 

HPRT:: a-tubulin 

NFLL : a-tubulin 

Meann of ACt 

0.26 6 

-1.56 6 

-4.38 8 

-1.69 9 

-0.35 5 

-1.81 1 

-4.62 2 

-2.52 2 

-0.61 1 

-2.83 3 

-0.74 4 

1.19 9 

2.1 1 

4.04 4 

1.94 4 

SDofACt t 

0.24 4 

0.34 4 

0.33 3 

0.55 5 

0.38 8 

0.31 1 

0.41 1 

0.46 6 

0.34 4 

0.35 5 

0.55 5 

0.41 1 

0.51 1 

0.42 2 

0.43 3 

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

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

Thee second approach is based on relative expression folds (Ramakers et al., 2003). 
Byy assuming that overall transcripts for each sample are 100%, the relative expression folds 
forr each gene including GAPDH and p-actin were calculated by converting the Ct value to 
thee relative expression folds with the formula [l/2(Ct)] . Next, the relative expression folds of 
eachh gene was normalized to the reference gene, which is the averaged relative expression 
foldss of GAPDH and p-actin, with the formula of {[1/2(C,)]/ [0.5*2(Ct (GAPDH)) + 0.5*2(Ct (p' 
ACTIN))J|| w i t h t he n o r m ai i z e (i relative expression folds, the statistic significance was tested 

33 3 



byy a paired Mest in the two treatment groups. In all cases, p <0.05 was considered to be 
significant.. The significant expression changes presented in this paper were all validated 
withh both approaches mentioned above. The tables and figures, though, are based on the 
expressionn folds analysis. 

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

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

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

AA B 

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

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

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

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

CORTT treatment differentially and temporally regulated the expression of VDCCs 
subunits.. One hour after CORT application, a significant upregulation was found of the alC 
subunit,, which is involved in the long-lasting (L type) calcium current, while the alD 
subunitt -which also forms L type channels- retained expression at a similar level as the 
vehiclee group (Figure 2A). The neuronally expressed PQ type subunit oil A also maintained 
itss expression at a comparable level as the vehicle group. The expression of the VDCC alB 
subunitt was examined 1 hour after CORT application and it was found not to be significantly 
changedd in expression (vehicle: 1.00+0.145; CORT:0.90+0.10; mean  SEM). The Ct value 
forr the alB subunit, however, was close to the template control, so this subunit was not 
furtherr investigated. The alG subunit which is part of the channels conducting the transient 
T-typee calcium current, showed a strong trend towards an upregulation. With the expression 
foldss approach the p value was 0.047, but with the AACt method, the p value was 0.08 
(Figuree 2A). Three hours later, the upregulated expression of the alC subunit had declined, 
thusthus statistically there was no significant difference when compared to the vehicle group 
(p=0.237).. The rest of the subunits (alA, D and G) maintained an expression levels similar 
too that seen in the vehicle group. 
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Figuree 2 Expression of VDCC al subunits, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

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

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

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

Thee four VDCC P subunits, which modulate trafficking and biophysical properties 
off  VDCC al subunits e.g. gating and conductance, were also differentially regulated by 
CORTT treatment (Figure 3). In detail, 1 hour after CORT treatment, expression of the 04 
subunitt was significantly enhanced while the expression of the pi, (32 and p3 subunits did 
nott change significantly (Figure 3A). However, 3 hours after CORT treatment, the 
expressionn of the P4 subunit was again close to the vehicle level (Figure 3B). None of the 
otherr subunits was affected 3 hours after CORT treatment. 
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Figuree 3 Expression of VDCC beta subunits, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

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

Wee further found that SK2 expression was significantly increased in the first hour 
afterr CORT treatment but was normalized to the vehicle group 3 hours later, whereas SKI 
showedd no expression changes at both timepoints (Figure 4). 
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Figuree 4 Expression of SKs, at l (A) or 3 hours (B) after a 20 min application of lOOnM corticosterone in rat 

hippocampall  CA1 tissue. 

Byy comparison, GR activation did not significantly affect mRNA expression of GR 
itself.. The expression of MR was also comparable to that in the vehicle group, both at 1 
(Figuree 5A) and 3 (Figure 5B) hours after CORT treatment. This unchanged expression of 
corticosteroidd receptors indicates that we were unable to discern an immediate auto feedback 
regulationn of GR at the transcriptional level, at least not in the first three hours after CORT 
application. . 
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Figuree 5 Expression of corticosteroid receptors, at 1 (A) or 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

Thee expression of ionotropic glutamate receptor subunits was also not significantly 
regulatedd by GR activation. Thus, expression of all the AMPA receptor subunits was rather 
constant,, regardless of transcript abundances, at the two time points (Figure 6). 
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Figuree 6 Expression of AMPA receptor subunits, at 1 (A) and 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

Similarr effects were seen for the NMDA receptor subunits NR1, 2A, B, C and D. 
Noticeably,, the Ct value of NR2C was very close to non-template control (Ct >30), therefore 
NR2CC was excluded from subsequent analysis for reproducibility of the data. There were no 
significantt changes in gene expression for all NMDA receptor subunits 1 hour after CORT 
treatmentt (Figure 7A). Three hours after CORT treatment there were trends towards a down 
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regulationn of NR1 and upregulation of NR2B but none of these differences was statistically 
significantt (p>0.1; Figure 7B). 
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Figuree 7 Expression of NMDA receptor subunits, at 1 (A) and 3 hours (B) after a 20 min application of lOOnM 

corticosteronee in rat hippocampal CA1 tissue. 

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

ExperimentalExperimental series 2: Role ofGR and GR targets 

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

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

ratss pooled from the two experimental series. 

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

Next,, we examined if GRs directly target the alC VDCC subunit gene. If the 
VDCCC alC gene would be a direct target of GR, then new protein synthesis is not involved. 
Thus,, in the presence of a translational inhibitor the upregulation of alC should not be 
affectedd (Group III rats, see Table I). It appeared that the expression change of the VDCC 
alCC subunit after CORT treatment was not significantly affected by adding cycloheximide 
(Figuree 9). Even though here too the number of observations was limited, there seems to be 
noo indication at all that cycloheximide alters the transcription effect by GR. 
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Figuree 9 Effects of the GR antagonist RU38486 and the translational inhibitor cycloheximide on gene expression of 

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

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

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

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

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

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

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

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

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

Referencess are in the back of this thesis 
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