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Chapterr 4 

Abstract t 

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

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

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

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

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

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

Material ss and Methods 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

500 ms 

II I Control 

II I Control +CORT 

II Chronic Stress 

Chronicc stress 
+CORT T 

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

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

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

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

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

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

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

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

Caa lG G 
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Figuree 2. Typical gene expression profile of a single dentate granule neuron after chronic stress in combination with 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Expressionn relative to 

totall  signal per blot 

NRktotal l 

NR2A:total l 

NR2B:total l 

NR2C:total l 

AMPA-R11 :total 

AMPA-R2:total l 

GABAa-Ral:total l 

GABAa-RR a2:total 

GABAa-RR a3:total 

GABAa-RR a4:total 

GABAa-RR pi:total 

GABAa-RR |32:total 

GABAa-RR (33:total 

GABAa-RR yl:total 

GABAa-RR y2:total 

GABAa-RR y3:total 

GABAa-RR S:total 

CaalC:total l 

CaalA:total l 

CaalG:total l 

Calbindimtotal l 

Control// Vehicle 

n=13 3 

6 6 

0.511 1 

5 5 

0.6Ü0.11 1 

6 6 

0 0 

18.28Ü.67 7 

7.9Ü0.73 3 

7 7 

4 4 

8 8 

4 4 

8 8 

8 8 

11.12i0.42 2 

2 2 

6 6 

3 3 

0.45i0.10 0 

2 2 

3 3 

Controll  / CORT 

n=12 2 

12.31il.45 5 

7 7 

5 5 

0.49i0.09 9 

17.63Ü.27 7 

4 4 

15.45il.57 7 

7.53Ü.05 5 

3 3 

7 7 

9.08i0.73 3 

* * 

2 2 

1 1 

10.98i0.43 3 

1 1 

4 4 

0 0 

8 8 

1.0Ü0.19 9 

4 4 

Stresss / Vehicle 

n=7 7 

13.27il.48 8 

1 1 
: : 

0.35i0.11 1 

17.91Ü.20 0 

3 3 

21.23i3.56 6 

7.95i0.42 2 

4 4 

1 1 

9.25i0.58 8 

* * 

0.77i0.22 2 

0.5Ü0.08 8 

12.3Ü0.66 6 

0.37i0.14 4 

0.99i0.16 6 

1 1 

9 9 

0.50i0.14 4 

0.23i0.07 7 

Stresss / CORT 

n=14 4 

13.47il.21 1 

0.23i0.10 0 

7 7 

0.25^.07̂  ^ 

5 5 

8 8 

20.32il.201 1 

7.40i0.79 9 

4 4 

4 4 

11.5Ü0.99 9 

9 9 

6 6 

0.21i0.05r r 

11.62i0.61 1 

0.28i0.08 8 

0.711 0 

7.42i0.66 6 

0.17i0.06" " 

n n 

7 7 

65 5 
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Tablee II . Effects of CORT treatment and chronic stress on transcript levels, expressed relative to the signal for 

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

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

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

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

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

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

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

Expressionn relative to 

Neurofilamentt M (NF) 

NR1:NF F 

NR2A:NF F 

NR2B:NF F 

NR2C:NF F 

AMPA-R1:NF F 

AMPA-R2:NF F 

GABAa-Rccl:NF F 

GABAa-Rct2:NF F 

GABAa-Ra3:NF F 

GABAa-RR ct4:NF 

GABAa-RR pi :NF 

GABAa-RR p2:NF 

GABAa-RR p3:NF 

GABAa-RR yl:NF 

GABAa-RR y2:NF 

GABAa-RR y3:NF 

GABAa-RR 5:NF 

Caa lCNF F 

CaalA:NF F 

CaalG:NF F 

CalbindimNF F 

Controll  / Vehicle 

n=13 3 

1833.4*334.2 2 

104.8*23.5 5 

2 2 

99.0*6.8 8 

2767.9*397.0 0 

105.8*26.6 6 

2979.3*506.1 1 

989.2*102.6 6 

225.6*31.7 7 

106.9*11.6 6 

6 6 

195.0*33.0 0 

98.3*24.0 0 

100.0*21.8 8 

5 5 

119.3*20.5 5 

238.8*52.1 1 

6 6 

69.6*17.7 7 

5 5 

56.6*9.1 1 

Controll  / CORT 

n=12 2 

5 5 

7 7 

3 3 

5 5 

1868.2*425.4 4 

1 1 

2109.4*586.1 1 

3 3 

1 1 

83.6*21.2 2 

892.6  172.0 

78.0*17.8** * 

2 2 

67.7*20.7 7 

1510.9*442.9 9 

80.5*23.6 6 

92.6*16.5* * 

812.3*129.1 1 

61.6*10.2 2 

89.1*8.7 7 

81.3*16.2 2 

Stresss / Vehicle 

n=7 7 

1 1 

48.8*13.4 4 

234.2*59.0 0 

47.6*17.9 9 

2675.0*447.0 0 

6 6 

3019.7*864.3 3 

1281.9*204.2 2 

148.4*41.7 7 

78.4*30.0 0 

1436.1*238.8 8 

99.3*32.2 2 

0 0 

9 9 

182.2*276.9 9 

36.3*13.9* * 

3 3 

1199.7*152.8 8 

43.6*14.4 4 

62.3*22.0 0 

35.4*9.9 9 

Stresss / CORT 

n=14 4 

t t 

I I 

270.6*91.2 2 

62.8*14.2 2 

J J 

83.1*15.6 6 

J J 

0 0 

196.6*40.7 7 

86.7*22.1 1 

: : 

149.5*26.5 5 

80.7*20.9" " 

7 7 

1 1 

75.4*16.7 7 

5 5 

2090.7*401.1* * 

t t 

46.1*13.0* * 

69.7*13.2 2 
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Sincee the expression of specific subunits within a class of receptors or ion channels 
iss often differentially regulated (e.g. by age) and may determine the functional properties of 
thee encoded proteins, it is also of interest to analyze specific ratios. We therefore examined 
ratioss of specific pairs of transcripts within each class of subunits (i.e. within the class of NR, 
GABAa-RR and Ca channels). Transcript ratios which displayed clear effects of either 
corticosteronee treatment or chronic stress are illustrated in figure 3. For the NR it was found 
thatt the NR1/2B expression was significantly enhanced in chronic stress compared to control 
situation,, when slices had been treated in vitro with corticosterone (figure 3A). With respect 
too the GABA receptor, very marked effects were seen for the GABAa-R yl/al expression: 
neuronss from chronically stressed rats which had been perfused with corticosterone differed 
veryy strongly from untreated neurons and were also different from corticosterone perfused 
neuronss from control rats (figure 3B). As shown in figure 3C, the expression of GABAa-R a 
al/a2-44 subunits was nearly significantly enhanced after chronic stress in combination with 
inin vitro corticosterone treatment. Finally, for the calcium channel subunits a high expression 
whichh was significantly different from the expression ratio in untreated slices and in 
corticosteronee treated slices from chronically stressed rats (figure 3D). 
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Figuree 3. Specific expression ratios show marked changes after corticosterone treatment in combination with 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussion n 

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

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

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

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

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

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

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

Referencess are in the back of this thesis 
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