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Chronicc unpredictable stress causes attenuation of serotonin responses 
inn CA1 pyramidal neurons 

E.. van Riel1, O.C. Meijer2, P.J. Steenbergen2 and M. Joels1 

'Swammerdamm Institute for Life Sciences, University of Amsterdam, 2Gorlaeus 
Laboratories,, Leiden University, The Netherlands 

Abstract t 
Inn the present study, serotonin (5-HT) responses of hippocampal pyramidal CA1 

neuronss were studied in rats subjected twice daily for 21 days to unpredictable stressors. 
Inn hippocampal tissue from thus stressed rats mRNA expression of the 5-HT|A receptor 
andd mineralo- as well as glucocorticoid receptors were examined with in situ 
hybridization.. On average, stressed rats displayed increased adrenal weight and attenuated 
bodyy weight gain compared to controls, supporting that the animals had experienced 
increasedd corticosterone levels due to the stress exposure. One day after the last stressor, 
underr conditions that corticosterone levels were low (predominant mineralocorticoid 
receptorr activation), the 5-HT|A receptor mediated hyperpolarization of CA1 neurons in 
responsee to 10 uM 5-HT was significantly reduced compared to controls. Basal membrane 
propertiess of CA1 cells in stressed rats were comparable to those of controls. The 5-HT!A 

receptorr mRNA expression was not changed after chronic stress exposure, in any of the 
hippocampall  areas. A small but significant increase in mineralocorticoid receptor mRNA 
expressionn was observed after stress in the dentate gyrus, while glucocorticoid receptor 
expressionn was unchanged. The data indicate that unpredictable stress exposure for 3 
weekss results in suppression of 5-HT 1A receptor mediated responses, possibly due to 
posttranslationall  modification of the receptor. 

25 5 



ChapterChapter 2 

Introductio n n 

Stresss causes an increase in the level of circulating corticosteroid hormones 
throughh activation of the hypothalamo-pituitary-adrenal (HPA) axis. Corticosterone is 
releasedd from the adrenal glands into the blood and can subsequently enter the brain. In 
rats,, corticosterone can bind to two receptors in the brain, i.e. the high affinity 
mineralocorticoidd receptor (MR) and the lower affinity glucocorticoid receptor (GR) 
(Reull  and De Kloet, 1985). At low levels of corticosteroids, e.g. under rest at the circadian 
trough,, predominantly MRs are occupied (Reul et al., 1987a). When the levels of 
corticosteroidss rise, e.g. after activation of the HPA-axis by stress, GRs becomes 
additionallyy occupied (Reul et al., 1987b). The degree of occupation of these two 
receptorss determines the response of pyramidal CA1 neurons in the hippocampus to 
neurotransmitters,, including serotonin (5-hydroxytryptamine, 5-HT). With predominant 
occupationn of the MR, the response to 5-HT is small (Beck et al., 1996; Joels and De 
Kloet,, 1991). When MR and GR are both occupied, e.g. during stress, the response to 5-
HTT is relatively large (Hesen and Joels, 1996). 

Whilee acute rises in corticosteroid level, either by exogeneous corticosterone 
applicationn or by stress, result in large 5-HT responses, long-term administration of 
exogeneouss corticosterone to rats was associated with relatively small 5-HT responses in 
thee hippocampus (Karten et al., 1999). Concurrent measurements of mRNA expression for 
thee 5-HT|A-receptor (5-HT1A-R) revealed no changes after prolonged corticosterone 
treatment,, suggesting posttranslational modification of the 5-HT1A-receptor function 
(Kartenn et al., 1999). The experimental paradigm used in this study, i.e. subcutaneous 
administrationn of corticosterone for 3 weeks, markedly suppressed the activity of the 
HPA-axis.. Thus, it remained unresolved whether the attenuated 5-HT responses were due 
too the rise in corticosterone or linked to alterations in other components, e.g. changes of 
thee central corticotrophin-releasing hormone (CRH) system. 

Inn the present study, we therefore investigated hippocampal 5-HT responsiveness 
inn a model in which corticosterone levels as well as other components of the HPA-axis are 
elevatedd for a prolonged period of time, i.e. the chronic unpredictable stress paradigm. In 
thiss model, rats receive unpredictable stressors twice daily, for three weeks (Herman et al., 
1995).. If corticosterone rather than another HPA-axis factor plays a crucial role in the 
earlierr observed attenuation of hippocampal 5-HT responses (Karten et al., 1999), we 
expectt to see similarly reduced 5-HT responsiveness in the present paradigm. 

Too monitor 5-HT responsiveness, we here made intracellular recordings from 
identifiedd pyramidal CA1 neurons in hippocampal slices perfused with 10 (iM 5-HT. 
Restingg membrane potential, input resistance as well as the afterhyperpolarization 
followingg brief depolarization were recorded before, during and after 5-HT application. In 
addition,, mRNA expression of hippocampal 5-HT1A-R was determined, since earlier 
studiess demonstrated great sensitivity of the 5-HT1A-R for both acute and chronic stress, 
withh respect to the expression (Lopez et al., 1999a; Lopez et al., 1998) and binding 
(Mendelsonn and McEwen, 1991). In adjacent sections, MR and GR mRNA expression 
wass studied. 
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Experimentall  procedures 

Animals Animals 
Alll  animals used in this study were male Wistar rats (Harlan, The Netherlands) of 

1500  4.3 g at the beginning of the experiment. Two rats were housed together in a 
standardd cage with food and water ad libitum. All rats were kept at a 12-hour day-night 
cyclee (lights on at 8.00 a.m.). Rats were randomly assigned to the control or stress 
situation.. The experiments were approved by the Local Animal Experimentee Committee 
(projectt DED80). 

StressStress protocol 
Ratss were stressed according to a chronic unpredictable stress protocol adapted 

fromm Herman et al. (Herman et al., 1995). Briefly, rats (n=24) were subjected to different 
stressorss twice daily for 21 days as follows: day 1: cold immobilization 1 h 4 °C; forced 
swimm 30 min 25 °C; day 2: immobilization 1 h; crowding 24 h (overnight); day 3: cold 
forcedd swim 5 min; isolation 24 h (overnight); day 4: immobilization 1 h; vibration 1 h; 
dayy 5: forced swim 30 min 25 °C; cold immobilization 1 h 4 °C; day 6: cold forced swim 5 
minn 4 °C; crowding 24 h (overnight); day 7: vibration 1 h; isolation 24 h (overnight). This 
schedulee was repeated two more times, so that rats were subjected to chronic 
unpredictablee stress for 21 days. The last stressor was applied at the day before the 
electrophysiologicall  experiments, so that only chronic but not acute effects of stress were 
investigated.. To exclude effects of handling of the stressed rats, control rats (n=22) were 
handledd twice daily. On forehand, certain criteria were set for excluding animals from the 
studyy (extreme weight loss, wounds etc). Every day, the animals were weighed and 
checkedd for wounds and these findings were noted in a "welfare-diary" for each animal. 
Theree were no animals excluded from the study, because dramatic weight loss and 
woundss did not occur. 

SliceSlice preparation 
Att the day of the electrophysiological experiment, animals were taken out of their 

homee cage and rapidly decapitated (  9.30 a.m). In total, 12 stressed and 14 control rats 
weree used. Trunk blood was collected and centrifuged at 5000 rpm (1900 g) for 20 
minutess at room temperature. The plasma was stored at -20 °C until determination of the 
plasmaa corticosterone concentration by means of a radioimmunoassay (RI A; ICN 
Biomedicalss Inc., Costa Mesa, CA, USA). Both adrenals and thymus were dissected out 
off  the rat and weighed on an analytical balance (Explore, Ohaus, France). Basal 
corticosteroidd level, body weight and the weight of adrenals and thymus together could 
indicatee whether or not the animals had indeed experienced chronic stress. 

Thee brain was dissected out and put into carbonated dissection buffer (120 mM 
NaCl;; 3.5 mM KC1; 5.0 mM MgS047H20; 1.25 mM NaH2P04; 0.2 mM CaCl2H20; 10.0 
mMM glucose; 25 mM NaHCC )̂ at 4 °C. Next, the brain was placed in a vibroslicer (Leica, 
France)) and cut into 400 JIM horizontal slices. Slices were kept in carbonated artificial 
cerebrospinall  fluid (ACSF; 120 mM NaCl, 3.5 mM KC1, 1.3 mM MgS04 7H20, 1.25 mM 
NaH2P04,, 2.5 mM CaCl2 H20, 10 mM glucose and 25 mM NaHC03) at room temperature 
untill  use for intracellular recordings. After at least one hour, one slice at a time was 
transferredd to the recording chamber of the experimental setup. The slice was kept in 
placee between two nylon meshes and kept submerged at all time. The recording chamber 
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wass continuously perfused with warm ACSF (31-33 °C; pH 7.4) at a flow rate of 2-3 
mlmin"1. . 

Compounds Compounds 
Serotoninn (5-hydroxytryptamine, Sigma Aldrich Chemie, The Netherlands) was 

dissolvedd in distilled water to a concentration of 10 mM and stored at -20 °C. Just before 
use,, 5-HT was further diluted into ACSF to a final concentration of 10 JJ.M. This 
concentrationn was selected because earlier work by us and others (Joels and De Kloet, 
1991)) showed that a concentration of 10 (iM 5-HT is well above threshold but still yields 
submaximall  responses in hippocampal CA1 neurons. This allows observation of 
facilitationn as well as attenuation of responses. 

Inn a limited number of experiments, we tested the effect of in vitro corticosterone 
treatmentt on 5-HT responses. Corticosterone (Sigma Aldrich BV, The Netherlands) was 
dissolvedd in ethanol to a stock with a concentration of 1 mM. Just before in vitro 
treatment,, corticosterone was diluted in ACSF to a final concentration of 100 nM. Some 
slicess of stressed rats were treated with 100 nM corticosterone for 20 minutes at 34 °C. In 
thesee slices, 5-HT responses were recorded 1-4 hours after corticosterone treatment was 
terminated. . 

Electrophysiology Electrophysiology 
Intracellularr recordings were made from pyramidal CA1 neurons in the 

hippocampuss of stressed and non-stressed control rats. Glass microelectrodes filled with 4 
MM KAc and with an impedance of 80-130 mft were used. All signals were fed into the 
computerr and a continuous recording was registered by means of a chart recorder. 
Afterr impalement of the cell, a hyperpolarizing current was injected into the cell to help 
thee cell recover and seal the membrane. When the cell had reached a stable resting 
membranee potential, hyperpolarizing pulses of-0.1 to -0.5 nA (200 ms) were given to 
determinee input resistance. Input resistance was determined from the slope of the current-
voltagee relationship. 

Forr a pulse of-0.3 nA (200 ms duration) the inward rectification of the cell 
membranee was determined as shown in figure 2.IB. Two depolarizing pulses of 0.5 or 1.0 
nAA (50 ms) were given to determine the afterhyperpolarization (see figure 2.1C). 

Afterr establishing the basal characteristics of the cell, 5-HT was applied to the 
slicee via the perfusion medium. CA1 pyramidal cells react typically to 5-HT application 
withh a hyperpolarization of the cell membrane (Andrade and Nicoll, 1987; Colino and 
Halliwell,, 1987). Several basal cell characteristics (resting membrane potential, input 
resistance,, inward rectification, time constant of the cell membrane and 
afterhyperpolarization)) were measured by standard recording protocols before, during and 
afterr 5-HT application. During the entire recording period, resting membrane potential en 
inputt resistance (by the application of-0.3 nA pulses of 200 ms duration) were 
continuouslyy monitored. 

InIn situ hybridization 
Hippocampall  tissue was obtained from another set of animals subjected to the 

samee chronic unpredictable stress protocol (n=10 rats) or control treatment (n=10). 
Transversall  slices were prepared as described above. Directly after preparation, one slice 
perr brain, containing the hippocampus, was quickly frozen on dry ice and stored at -80 °C 
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forr later use in an in situ hybridization for 5-HT1A-R, mineralocorticoid receptor and 
glucocorticoidd receptor mRNA expression. From these rats too, body weight gain and -
uponupon decapitation- adrenal and thymus weight were determined. Since these parameters 
weree obtained under comparable conditions as values from the set of rats used for 
subsequentt electrophysiological investigations (see above), data regarding the body 
weightt gain and adrenal / thymus weight obtained in the two sets of rats were pooled. 

Coronall  sections (12 jiM ) of the hippocampus were cut on a cryostat at -20 °C 
andd thaw-mounted on Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany). 
Forr each animal, four series of the hippocampus (each two slides) were cut with 4 
hippocampall  sections on each slide. For each probe, two slides per animal were used. 
Prehybridizationn of the sections was done in 4% paraformaldehyde for 30 minutes at room 
temperature.. Sections were rinsed twice in lx phosphate-buffered saline (PBS) for 3 
minutes.. Sections were treated with 0.1 M HC1 for 10 minutes at room temperature to 
increasee permeability. To decrease background signal, an acetylation step was performed 
withh lx triethanolamine (TEA; pH 8.0) + 0.25% acetic anhydride. Subsequently, sections 
weree washed in 2 x SSC for 10 minutes at room temperature and dehydrated in an ethanol 
seriess (50%, 80%, 100%, 100%,). 

Forr MR and the 5-HT]A-R, 33P-dATP end-labelled desoxyoligonucleotide probes 
('oligo's')) were used. The 5-HTjA-R oligo sequence was: 5' 
tggagatgagaaagccaatgagccaagtgagcgagatcagcgcag.. One slide was incubated with a 5-HT]A 

mismatchh oligo sequences: 5' tgtagatgataaagcaaatgatccaagggagcgcgatcatcgcag. For MR 
mRNAA expression, an oligo directed at MR exon 2 was used (antisense: 5' 
ttcggaatagcaccggaaacgcagctgacgttgacaatct;; mismatch control sequence: 5' 
gtcggactagcaacggaaccgcagatgacggtgacactct).. 0.3 pmol of oligo was end-labelled with 6.6 
pmoll  33P-dATP (NEN) using Terminal d-Transferase (TdT; Roche), purified with a 
chloroformm extraction and ethanol-precipitated. 

Forr the oligo probes, a hybridization mix was prepared containing 50% 
formamide,, 4x SSC, 5x Denhardt's, 25 mM sodiumphosphate (pH 7.0), 1 mM 
sodiumpyrophosphate,, 20 mM DTT, 100 Hg/ml poly A, 100 fig/ml sheared salmon sperm 
DNAA and 10% Dextran S04. All radiolabelled oligo's were diluted to 1*106 cpm/100 |^1. 
Thiss mixture (100 |il) was applied to each slide, which was then covered with a coverslip. 
Thee sections were hybridized overnight in a moisturized chamber at 42 °C. The next day, 
coverslipss were carefully removed and sections were rinsed in lx SSC at room 
temperature.. Sections were washed twice for 30 minutes in lx SSC at 50 °C. Next, 
sectionss were washed in 1 x SSC for 5 minutes at room temperature. Dehydration was 
performedd in an ethanol series (50%, 80%, 100%, 100%). Sections were air-dried and 
placedd under a Kodak X-omat AR film for 3 weeks. 

Forr GR mRNA expression, a riboprobe was used. A 500 bp fragment (exon 2, 
codingg for N-terminus of the receptor -courtesy of Dr. M. Bonn) of the original full length 
GRR clone (courtesy of Dr K.R. Yamamoto) was transcribed with SP6 RNA polymerase in 
thee presence of  35S labelled UTP. Per slide, 100 u.1 of hybridization mix, containing 50% 
formamide,, 10% dextran sulphate, 10 mM DTT, 1 x Denhardt's, 3 x SSC, tRNA and 
sssDNA,, and 106 cpm of the GR probe were used to hybridize overnight at 55 °C. As a 
controll  the sense probe was used. After hybridization, sections were washed in 2 x SSC at 
roomm temperature and incubated with RNAse A in 0.1M Tris, pH= 8.0 for 15 min. 
Sectionss were washed in 2 x SSC/50% formamide at 65 °C (twice: 5 minutes and 10 
minutes),, 1 x SSC/50% formamide at 65 °C for 15 minutes, 0.5 x SSC at 65 °C for 15 
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minutes,, 0.1 x SSC at 65 °C for 15 minutes and 0.1 x SSC at room temperature for 5 
minutes.. After dehydration in an ethanol series films were put in a cassette and a Biomax-
MRR film (Kodak) was exposed for 2 weeks. 

Fromm each animal, eight hippocampal sections were analyzed per probe. Each 
sectionn was scanned and loaded into NIH Image (NIH Image 1.62). Sections were 
correctedd for background. In each section, the CAI, CA3 and dentate gyrus were analyzed 
forr grey values. The value of the stratum lacunosum/moleculare of the CA3 area was used 
ass tissue background. Gray values were averaged for all hippocampal sections of one 
animal.. In the end, all values from non-stressed control rats were averaged, and the same 
wass done for the chronically stressed rats. 

Statistics Statistics 
Alll  data represent mean  standard error of mean (SEM). Data were statistically 

testedd by an unpaired Student's t-test with a two-tailed P-value. Differences were 
consideredd significant, when the two-tailed P-value was < 0.05. When standard deviations 
weree not equally distributed between the two groups, a nonparametric Mann-Whitney-U-
testt was applied to the data. 

Results s 

BodyBody weight gain and weight of adrenals and thymus 
Att the start of the experiment, there was no difference in body weight between 

thee non-stressed and stressed group. Body weight increased gradually in both 
experimentall  groups during the three week period. Stressed rats showed a significantly 
(p<0.05)) smaller gain in body weight (68.0%; n=22) when compared to control rats 
(86.8%;; n=24, see Table 2.1). 

TableTable 2.1: Body weight, adrenal weight and thymus weight at the day of the electrophysiological experiment. 

Bodyy weight gain (g) 

Adrenall  weight (mg) 

Adrenall  weight / 100 g 
bodyy weight 
Thymuss weight (mg) 

Thymuss weight / 100 g 
bodyy weight 

control l 
(n== 24) 
127.33 6 

38.00 6 

14.22 6 

652.55 8 

244.99  10.9 

stress s 
(n== 22) 
100.77 9 

43.66  1.9 

17.66 7 

552.77 4 

222.99  7.9 

P-value e 

0.0003 3 

0.03 3 

0.001 1 

0.005 5 

0.10 0 

Thee adrenals of the stressed rats were significantly enlarged compared to non-
stressedd rats (Table 2.1). When the weight of the adrenals was corrected for body weight, 
thee difference was highly significant between stressed and non-stressed rats (see Table 
2.1).. Thymus weight was on average reduced in stressed compared to non-stressed rats, 
butt this reduction was not statistically significant when corrected for body weight (see 

30 0 



ChronicChronic stress 

Tablee 2.1). Basal corticosterone levels determined in a limited number of the animals 
weree on average slightly though not significantly elevated (control: 2.2  1.3 (xg/dl, n=4; 
chronicallyy stressed: 4.7  2.5, n=7). 

Electrophysiologic Electrophysiologic 
Inn total, intracellular recordings were made from 30 pyramidal CA1 neurons in 

thee hippocampus. Cells were characterized as being hippocampal pyramidal cells on basis 
off  their resting membrane potential, inward rectification, membrane time constant with 
hyperpolarizingg pulses of-0.5 to -0.1 nA (200 ms duration) and afterhyperpolarization 
(Joelss and De Kloet, 1991). All cells had a stable resting membrane potential between -63 
andd -75 mV. Basal cell characteristics, like resting membrane potential, input resistance, 
inwardd rectification, membrane time constant and afterhyperpolarization amplitude did 
nott differ between the chronic stress (n=13 cells) and control (n=17) groups (see Table 
2.2).. Amplitudes of afterhyperpolarization were relatively small but comparable values 
havee been reported in earlier studies which used the same experimental protocol (Joels 
andd De Kloet, 1989; Joëls and De Kloet, 1990). 

TableTable 2.2: Basal cell characteristics of identified CA1 pyramidal neurons. 

RMPP (mV) 

Rinn (mii) 

Inwardd rectification (%) 

Membranee time 
constantt (ms) 

Afterhyperpolarization n 
(mV) ) 

control l 
(n=17) ) 

-66.77  1.5 

52.99 9 

0.77  1.2 

11.8  1.2 

2.66 8 

stress s 
(n=13) ) 

-69.00  1.6 

47.77 7 

0.99 3 

12.44 1 

3.88 1 

P-value e 

0.29 9 

0.46 6 

0.23 3 

0.71 1 

0.37 7 

Fromm 17 identified cells stable intracellular recordings were obtained before, 
duringg and after the application of 10 |i.M 5-HT. In response to 10 |J.M 5-HT application, 
pyramidall  CA1 cells showed in general a hyperpolarization of the cell accompanied by a 
decreasee in input resistance (see example in figure 2.1 A), as described earlier by others 
(Andradee and Nicoll, 1987). This hyperpolarization in response to 10 |iM 5-HT was 
significantlyy decreased by approximately 44 % in slices from rats that were subjected to 
thee chronic unpredictable stress protocol for 3 weeks (n=8 cells) compared to non-stressed 
animalss (n=9 cells; p < 0.05, figure 2.1 A). Although the 5-HT-induced decrease in input 
resistancee was, on average, attenuated by a similar degree in the chronically stressed 
comparedd to the non-stressed situation (figure 2.1 A), this difference did not attain 
statisticall  difference. The latter may be explained by the larger variability observed for the 
changee in input resistance than for the hyperpolarization. 

Inn addition to a membrane hyperpolarization, 5-HT also caused a decrease in the 
afterhyperpolarizationn amplitude. In CA1 cells from chronically stressed rats, the 5-HT 

31 1 



ChapterChapter 2 

inducedd reduction of the afterhyperpolarization amplitude (34.2  12.8 %, n=6) was not 
significantlyy different from the reduction seen in cells from control rats (37.0 3 %, 
n=8).. In two cells from the stressed and one from the control rats respectively, the 5-HT 
inducedd effect on the afterhyperpolarization could not be analyzed reliably, since the AHP 
amplitudee before 5-HT amplitude amounted to less than 1.5 mV. 

]]  I 
0L L 

ARMP=l.8mV V 

OO Afterhyperpolarization 
== maximal voltage 
deflectionn (B)-* 

control l 

L_ _ ^ ^ cc ,. 

«)* * a»— — & & 

71 71 
ll) ll) 

-IS S 

-ID D 
5 5 

coniroll  stress 

FigureFigure 2.1: A. Typical traces of the change in resting membrane potential for a CA1 pyramidal cell perfused with 
100 |̂ M 5-HT of a control (above) and a stressed (below) rat. The change in resting membrane potential induced 
byy 5-HT is indicated above each trace. Basal cell characteristics, like resting membrane potential, input 
resistance,, inward rectification and afterhyperpolarization amplitude, were measured before, during and after 5-
HTT application, as indicated by the arrows. If necessary (i.e. when the membrane potential was changed by > 2 
mVV during 5-HT application), the resting membrane potential was restored temporarily to the value before 5-HT 
perfusionn to exclude voltage dependent effects on basal cell characteristics. The black bar indicates the time 
whenn the slice was perfused with 5-HT. Basal properties before 5-HT application: control cell, RMP= -67 mV, 
Rin== 41 MÜ; stressed cell, RMP= -68 mV, Rin= 43 MQ. The change in resting membrane potential (below, left) 
inn response to 10 u.M 5-HT was significantly (p<0.05) decreased in slices from rats that were subjected to 3 
weekss of chronic unpredictable stress (-2.1  0.4, n=8) compared to the controls (-4.7  7, n=9), as indicated by 
thee asterisk. The change in input resistance (below, right) was on average similarly reduced in slices from 
chronicallyy stressed rats (stressed: 8.5  6.8, n=8; control: 16.2 , n=9) but this did not attain significance 
probablyy due to the large variation. B. Inward rectification was determined for a -0.3 nA pulse of 200 ms 
durationn as shown in the example on top. Maximal voltage deflection (A) minus voltage deflection at the end of 
thee pulse (B) were divided through A and multiplied by 100 to give the value for inward rectification. Inward 
rectificationn was relatively small when using -0.3 nA current pulses and comparable for the two groups as shown 
forr two representative traces (see also Table 2.2). C. Two depolarizing pulses of 0.5 and 1.0 nA (50 ms) were 
givenn to determine afterhyperpolarization. Afterhyperpolarization (AHP) was determined by the difference 
betweenn the average value for the resting membrane potential (A) just before the pulse and the maximal voltage 
deflectionn (B) during the pulse, as shown here for a cell belonging to the control (upper trace) and stressed group 
(lowerr trace). The AHPs shown in these examples were induced by a current pulse of 0.5 nA. The AHP 
amplitudee in the control and stressed group were comparable (see also Table 2.2). 
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Inn a limited number of slices from rats subjected to the chronic stress protocol, 
corticosteronee (100 nM) was applied in vitro. The change in resting membrane potential in 
thesee cells was significantly increased when compared to cells from slices that were not 
treatedd with corticosterone (stressed: -2.1  0.4, n=8; stressed+corticosterone: -3.9  0.1, 
n=3;; P<0.05). The change in input resistance in response to 10 uM 5-HT was not 
significantlyy changed between these two groups (stressed: 8.5  6.8, n=8; 
stressed+corticosterone:: 16.0  5.3, n=3), probably due to the large variation between 
measurements. . 

InIn situ hybridization 
Inn situ hybridization was performed on hippocampal tissue from animals 

subjectedd to chronic unpredictable stress to examine 5-HTiA-R, MR and GR mRNA 
expressionn levels in different areas of the hippocampus. All probes gave the known 
hybridizationhybridization patterns (Chalmers et al., 1993; Van Eekelen et al., 1988), while mismatch 
andd sense probes showed no specific labelling signal. In all three main areas of the 
hippocampus,, i.e. CAI, CA3 and dentate gyrus, we found no significant differences in the 
expressionexpression levels of 5-HTiA-R mRNA between the experimental groups (see figure 2.2). 
Inn the CA1 and CA3 area, we could also not show significant differences in MR mRNA 
expressionn levels between the chronic stress and control group (see figure 2.3A). 
However,, in the dentate gyrus the expression of MR mRNA was significantly higher in 
thee chronic stress group compared to the non-stressed group (p < 0.05; stress n=10, 
controll  n=10). The GR mRNA expression was not significantly different between the two 
groupss in all hippocampal areas tested (see figure 2.3B). 

CAII  CA3 DG 

FigureFigure 2.2: 5-HTiA-R mRNA expression was not significantly changed in the CAI, CA3 and dentate gyrus area 
off  the hippocampus after chronic stress (n=10 rats) compared to the control situation (n=10). Examples of 5-
HTiA-RR mRNA expression in a control (left) and stressed (right) animal are shown in the inset. 
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FigureFigure 2.3: A. MR mRNA expression was examined in CAI, CA3 and dentate gyrus of the hippocampus. In the 
CA11 and CA3 area of the hippocampus, no changes were observed for MR mRNA expression after chronic 
stress.. In the dentate gyrus, an increase in MR mRNA expression was observed in the stressed compared to 
controll  rats (control 33.3  5.0, n = 10; stress 46.4  2.6, n = 10; P < 0.05). The asterisk indicates significance 
(p<< 0.05). Examples of MR mRNA expression are given in the inset. B. GR mRNA expression was not 
significantlyy different for control and stressed rats in CAI, CA3 and dentate gyrus of the hippocampus. Inset 
showss examples of GR mRNA expression in a control (left) and stressed (right) rat. 
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Discussion n 

Earlierr studies have shown that acute rises in corticosteroid level increase 
responsess of hippocampal CA1 neurons to 5-HT (Hesen and Joels, 1996), while prolonged 
elevationss of corticosteroid level following exogenous corticosterone administration for 3 
weekss result in relatively small responses to 5-HT (Karten et al., 1999). In the present 
study,, we examined if prolonged elevations of endogenous corticosterone levels are also 
associatedd with attenuated 5-HT responses. To this end, rats were exposed for 3 weeks to 
aa chronic unpredictable stress protocol. To obtain an indication about the effect of the 
stresss procedure, we investigated some hallmarks, like body weight gain during the stress 
period,, adrenal weight and thymus weight. In rats subjected to chronic unpredictable 
stresss for three weeks, we found a smaller increase in body weight gain accompanied by 
ann increase in adrenal weight and a decrease in thymus weight, although the latter did not 
reachh significance when corrected for body weight. These hallmarks support that animals 
subjectedd to this protocol indeed were exposed to elevated levels of corticosterone for a 
considerablee period of time, as described earlier by others (Akana et al., 1992; Herman et 
al.,, 1995). Interestingly, although trough levels of corticosterone were on average 
increasedd by approximately 100% in chronically stressed compared to control animals, 
thiss did not attain statistical significance. The latter is in line with an earlier study using a 
comparablee paradigm (Paskitti et al., 2000). It should be noted that these observations on 
corticosteronee level represent a single time-point measurement. Therefore, we can 
presentlyy not exclude possible differences in corticosteroid levels between the two 
experimentall  groups during the rest of the day. 

Ass hypothesized, a clear attenuation of hippocampal 5-HT responses was found, 
afterr three weeks of chronic unpredictable stress. Thus, in slices from rats subjected to 
chronicc stress, CA1 pyramidal neurons showed a significantly smaller hyperpolarization 
inn response to 10 uM 5-HT compared to neurons from non-stressed rats. The response to 
5-HTT in chronically stressed rats was decreased by approximately 45% compared to non-
stressedd rats. The 5-HT induced decrease in resistance showed a similar trend, but was 
foundd to be more variable so that no statistical significance was attained. Because we 
testedd only one concentration of 5-HT, i.e. 10 uM, the present study does not allow clear 
statementss about the specific properties of 5-HT receptor that are changed after chronic 
stress,, i.e. the maximal response or the potency. Exogenous application of high doses of 
corticosteronee for 2 weeks has previously been shown to decrease the potency as well as 
thee maximal response to 5-HT in CA1 pyramidal neurons (Mueller and Beck, 2000). The 
presentt observation that chronic stress did not change the mRNA expression level of the 
5-HTiA-receptorr in the CA1 area of the hippocampus suggests that chronic elevation of 
endogenouss corticosteroid levels might not affect the capacity (maximal response) of the 
5-HT1A-receptorr (see further discussion below), but e.g. affects the binding affinity of the 
receptor.. Differences in the response to 5-HT after chronic stress cannot be explained by 
stress-inducedd changes of the basal cell characteristics, since basal cell properties were 
comparablee for CA1 neurons in stressed and control rats. 

Applicationn of 5-HT to pyramidal CA1 neurons activates various types of 5-HT 
receptors,, including at least 5-HT1A and 5-HT4 receptors (Andrade and Chaput, 1991; 
Andradee and Nicoll, 1987). Of these, the 5-HT1A receptor causes a rapid hyperpolarization 
duee to opening of an inwardly rectifying K-channel GIRK (Andrade et al., 1986; Okuhara 
andd Beck, 1994). The presently analyzed membrane hyperpolarization and decrease in 
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resistancee probably mostly reflect activation of this receptor type. However, we cannot 
excludee that partial, slower activation of the 5-HT4 receptor linked cascade, resulting 
(amongg other things) in reduction of the afterhyperpolarization (Goaillard and Vincent, 
2002;; Torres et al., 1995; Torres et al., 1994) may have contributed to the recorded 
responses.. This is particularly relevant because others showed that 5-HT4-receptors are 
alsoo sensitive to corticosteroids (Bijak et al., 2001). Importantly though, 
afterhyperpolarizationn associated with a short depolarizing pulse and the serotonin 
inducedd suppression thereof-as established at a moment that the rapid 5-HTiA-R mediated 
responsee was already reversed- were not affected by chronic stress. This does not support 
aa major influence of the 5-HT4 receptor based on our present findings. 

AA reduction in 5-HT]A-R mediated responses could be explained by a reduced 
bindingg capacity and affinity of the receptor. Interestingly, in situ hybridization for 5-
HTiA-RR mRNA expression showed no significant changes in CAI, CA3 and dentate gyrus 
areass between the stressed and non-stressed rats. This does not support a major change in 
bindingg capacity, although it awaits further proof at the protein level. This is in agreement 
withh some (Holmes et al., 1995), but not all studies (Lopez et al., 1998) where a chronic 
stresss model was used. Exogenously applied corticosterone for three weeks did also not 
causee differences in the 5 HTIA-R in the CA1 and CA3 area (Karten et al., 1999). 
Howeverr this study did show differences in 5 HTiA-R mRNA expression in the DG. 
Interestingly,, in humans suffering from major depression, a reduction in the binding 
potentiall  of the 5-HTiA-R in limbic areas has been shown (Drevets et al., 1999; Sargent et 
al.,, 2000). A dissociation between changes in functional properties of the 5-HT1A-R and 
itss expression level was also found in earlier studies (Karten et al., 1999), although 
parallell  effects have also been reported (Van Riel et al., 2002): differences in expression 
cann lead to differences in responses, but different responses are not necessarily caused by 
changess in binding capacity and/or expression of the receptor. In addition to altered 
numberr of receptors, changed affinity or coupling of the 5-HT1A-R to G proteins could 
alsoo account for the presently observed loss of function, as was suggested earlier (Kowal 
ett al., 2002; McKittrick et al., 1995). This could involve posttranslational modification of 
thee receptor. Possible intermediate proteins are the regulators of G-protein signalling 
(RGS),, which are known to alter 5-HT1A-mediated K"-channels in heart cells. Gold et al 
(1997)) showed that several of these RGS proteins are expressed in the hippocampus (Gold 
ett al., 1997). The expression of one particular subtype, RGS4, is known to be 
downregulatedd by chronic stress (Ni et al., 1999). 

Whenn corticosterone was exogenously applied for 3 weeks, 5-HT responses were 
foundd to be attenuated under conditions that control as well as treated rats exhibited very 
highh corticosteroid levels, so that probably both MRs and GRs were extensively activated 
(Kartenn et al., 1999). It remained unresolved whether this was due to attenuation of 5-
HT|A-RR mediated responses or to a resistance in GR function. In the present study, 5-HT 
responsess were tested in rats that displayed low (2-4 ug/dl) plasma corticosterone levels at 
thee time of decapitation. These concentrations are expected to cause extensive MR 
activationn but only partial GR activation (Reul et al., 1987a), provided that the steroid 
receptorr properties are not largely changed by the chronic stress protocol. In accordance, 
inn situ hybridization of MR and GR mRNA did not reveal major changes in the CA1 area, 
althoughh a small increase in MR mRNA expression was seen in the dentate gyrus. The 
latterr is at odds with other studies (Herman et al., 1995; Karten et al., 1999; Lopez et al., 
1998).. The lack of effect on GR mRNA expression fits with an earlier study (Herman and 
Spencer,, 1998), although other studies reported a decrease of the GR mRNA expression in 
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thee hippocampus after a period of prolonged stress exposure (Kitraki et al., 1999; Paskitti 
ett al., 2000). The discrepancies between the various studies could be due to differences in 
thee stress protocol, the rat strain used and the delay after the last stressor. Although the 
effectt of chronic stress (this study) and exogeneous high corticosterone application 
(Kartenn et al., 1999) on the 5-HT response are in agreement with each other, final proof of 
thee modulatory effect of corticosterone on 5-HT responsiveness would need experiments 
withh ADX rats, which receive corticosterone replacement in several concentrations while 
subjectedd to chronic stress. 

Inn agreement with a presumed predominant MR activation, 5-HT induced 
hyperpolarizationss were around 4 mV for control animals, which is comparable to values 
recordedd earlier in rat and mouse hippocampal CA1 neurons in the absence of extensive 
GRR activation (Hesen and Joels, 1996; Karst et al, 2000). In a limited number of cells we 
testedd whether extensive activation of GRs with in vitro applied 100 nM corticosterone to 
slicess from chronically stressed rats led to larger 5-HT responses, as earlier seen in non-
stressedd rats (Hesen and Joels, 1996). Activation of GRs in addition to MRs indeed caused 
ann increase in 5-HT hyperpolarization. This suggests that when the corticosterone 
concentrationn rises, GRs are still responsive after 3 weeks of chronic unpredictable stress. 
Wee tentatively conclude that chronic stress causes an overall loss in function of the 5-
HT1A-RR mediated cascade rather than a specific loss of GR function. A corticosterone-
inducedd change in serotonin-receptor signalling rather than a generalized GR resistance 
agreess with a study in the dorsal raphe nucleus, showing desensitization of the 5-HT1A 

autoreceptorss in mice subjected to chronic ultramild stress for 8 weeks (Lanfumey et al., 
1999),, although it should be added that raphe and hippocampal receptors are regulated in 
aa different manner by acute changes in corticosterone. 

Patientss with a history of major depression are found to have a hyperactive HPA-
axiss (McAllister-Williams et al., 1998). Importantly, HPA-axis hyperactivity can be 
observedd prior to the precipitation of the disease (Stokes, 1995). This suggests that 
hyperactivityy of the HPA-axis is a risk factor for the onset of clinical symptoms. We here 
showw that chronic stress in rats, which is associated with hyperactivity of the HPA-axis, 
causess attenuation of 5-HT responsiveness in the hippocampus, an area which is critically 
involvedd in mood and memory (Eichenbaum, 1992). This attenuated function of an 
aminergicc system that plays an important role in depression may form a crucial 
intermediatee step between exposure to a prolonged period of stress and the onset of 
affectivee disorders. 

Referencess are shown in the back of this thesis. 
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