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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 
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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.  

 
A total current     B hva current 
 
 
 
 
 
 
 
 
 
 
 
C example trace 
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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 

vehicle 
corticosterone 

-80 -60 -40 -20 0 -80 -60 -40 -20 0 
0 

- 2.5 

-1.5 

-0.5 

-7

-5

-3

-1

h
va p

eak calciu
m

 cu
rren

t (n
A
) 

h
va p

eak calciu
m

 cu
rren

t (n
A
) 

* 



Chapter 5 

 70

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, 
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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. 
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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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