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Abstract t 
Inn this study we investigated the effects of early life stress on several aspects of 

serotoninn (5-HT) transmission in hippocampus, later on in life. Three-day old rats were 
subjectedd to 24-hour maternal deprivation or control treatment. Maternal deprivation is 
knownn to activate the hypothalamo-pituitary-adrenal axis, resulting in increased 
corticosteronee levels at a time-point in life when the axis is particularly insensitive to most 
stressfull  stimuli. When these animals had matured to 3 months of age, functional 
responsess to 5-HT as well as 5-HT1A-receptor mRNA expression were examined. Also, 
indicess for hypothalamo-pituitary-adrenal function were studied in the adult state, 
includingg hippocampal mRNA expression for the mineralocorticoid and the 
glucocorticoidd receptor. 

Restingg membrane potential of CA1 pyramidal neurons was significantly 
depolarizedd in animals earlier subjected to maternal deprivation compared to the controls. 
Despitee this depolarized resting potential, hyperpolarizing responses induced by 5-HT in 
CA11 pyramidal neurons from deprived compared to non-deprived rats were attenuated. 
Thiss attenuation in 5-HT response was not accompanied by changes in mRNA expression 
off  the 5-HT|A-receptor. Maternal deprivation was not found to change any of the 
neuroendocrinee parameters investigated once animals had matured. 

Wee conclude that maternal deprivation can alter specific aspects of hippocampal 
5-HTT transmission later on in life, possibly by post-translational modification of the 5-
HT,A-receptorr or changes in the 5-HT1A-receptor signal transduction pathway. 
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Introduction n 

Corticosteronee is released from the rat adrenal glands upon stimulation of the 
hypothalamo-pituitary-adrenall  axis (HPA-axis). Corticosterone can enter the brain and 
bindd to two receptor subtypes, i.e. the high affinity mineralocorticoid receptor (MR) and 
thee lower affinity glucocorticoid receptor (GR) (Reul and De Kloet, 1985). When the level 
off  corticosterone is low, predominantly MRs are occupied (Reul et al., 1987a). The GR 
becomess additionally occupied when the level of corticosterone rises, e.g. during stress 
(Reull  et al., 1987b). Earlier studies showed that functional properties of the hippocampal 
CA11 area, including responses to serotonin (5-hydroxytryptamine, 5-HT), depend on the 
degreee of occupation of the two receptors. When the corticosterone level is low -with 
predominantt MR occupation- the response to 5-HT is small (Beck et al., 1996; Joels and 
Dee Kloet, 1991). After an acute rise in corticosterone level, so that GRs in addition to 
MRss become occupied, the 5-HT response is enhanced (Hesen and Joels, 1996). If the 
levell  of corticosterone, however, is high for several weeks, either by exogeneous 
corticosteronee application or by chronic stress, 5-HT responses become attenuated over 
timee (Karten et al., 1999; Mueller and Beck, 2000; Van Riel et al., 2003a; Van Riel et al., 
2002).. Apparently exposure to high corticosteroid levels for a prolonged period of time 
duringg adulthood causes (mal)adaptive changes in the hippocampus, leading to altered 5-
HTT responsiveness. 

Relativelyy littl e is known about changes in cellular function of the adult 
hippocampuss caused by prolonged and severe stressors that take place at a much earlier 
timee point, in early life. For example, separation of 3-4 day old pups from their mother for 
244 hrs (maternal deprivation) is known to elicit activation of the HPA-axis and to increase 
circulatingg corticosterone levels (Levine, 1994) at a time point in life that pups normally 
doo not respond strongly to external stressors (stress hyporesponsive period; Henning, 
1978;; Meaney et al., 1985). Some studies using this paradigm reported that maternal 
deprivationn can cause long-lasting disturbances in HPA-axis function, which are apparent 
evenn in adulthood (Rots et al., 1996; Workel et al., 2001). Furthermore, it was found that 
5-HT|AA receptor mRNA expression in hippocampus is increased shortly after deprivation 
(Vazquezz et al., 2002; Vazquez et al., 2000) as well as in (part of) senescent rats 
maternallyy deprived at 3 days of age (Sibug et al., 2001). Based on other paradigms of 
maternall  separation too it has been speculated that a stressful experience early in life can 
increasee the vulnerability of an individual to stress and change functional parameters of 
thee brain later in life (Heim and Nemeroff, 2001; Koolhaas et al., 1997). 

Inn the present study, we investigated the effects of 24 hrs maternal deprivation or 
controll  treatment at postnatal day 3 on several aspects of the 5-HT transmission in the 
adultt hippocampus, including functional responses. To this end we examined the 
membranee hyperpolarization induced in hippocampal CA1 pyramidal neurons by 5-HT. In 
tissuee from the same animals 5-HT|A receptor mRNA expression was studied. As indices 
forr the hypothalamo-pituitary-adrenal function in the animals tested for their 5-HT 
transmission,, we determined body weight, weight of the adrenals and thymus, basal 
corticosteronee level and mRNA expression for the MR and GR in the hippocampus. 
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Materialss and Methods 

Animals Animals 
Alll  rats used for these experiments were bred in our own laboratory. The breeder 

adultt rats (8 female, 2 male Wistar rats of 16 weeks of age) were supplied by Harlan 
(Harlan,, Horst, The Netherlands) and were used for the breeding of 96 pups, of which 30 
weree used later on for electrophysiological investigation. Two nulliparous females were 
housedd together with one male for seven days. After seven days, the male was removed 
fromm the cage and from that moment onwards, females were weighed every day at 9.00 
a.m.. When pregnancy became visible, females were single-housed in standard cages with 
foodd and water ad libitum. Every day at 9.00 a.m., cages were checked for pups. Pups 
foundd at 9.00 a.m. were said to be born the day before. Day of birth was denoted postnatal 
dayy 0 (PND0) and pups were left undisturbed on this day. On PND1, gender was 
determinedd and litters were culled to 4 male and 4 female pups to prevent differences in 
maternall  care towards male and female pups (Moore and Morelli, 1979; Cirulli et al., 
1997). . 

MaternalMaternal deprivation procedure 
Forr maternal deprivation, we used the so-called 'half-litter' procedure (Workel et 

al.,, 1997). This means that half of the pups (2 males, 2 females) were separated from the 
damm for 24 h, while the other half of the litter was left undisturbed and were used as non-
deprivedd controls. In this way, the hormonal state of the dam and the maternal care 
behaviourr were left undisturbed as much as possible. Also, both control and deprived 
animalss were nurtured by the same dam, which excludes dam-specific differences 
betweenn deprived and non-deprived control animals. 

Onn PND3, 2 male and 2 female pups were taken out of the home cage and placed 
inn a plexiglas box with sawdust and placed on top of a heating platform (33 °C) in an 
adjacentt room. The other pups stayed in their home cage with the dam. Twenty-four hours 
later,, at 9.00 a.m. on PND4, maternally deprived pups were marked by toe-clipping and 
placedd back in the home cage with the rest of the litter. From that point on until the day of 
weaning,, pups were left undisturbed, except for replacement of a small part of the sawdust 
oncee during this period. After weaning at PND21, only male rats were used for further 
experiments.. Two rats were housed together in standard cages with food and water ad 
libitum.. One week before electrophysiological recordings, rats were housed individually. 
Al ll  experiments were done in rats of 3 months of age. In total, data from 15 deprived and 
155 control rats were included in the present study. All experiments were approved by the 
locall  animal committee (DEC, protocol DED82) and all efforts were made to limit the 
numberr and amount of suffering of the animals. 

SliceSlice preparation 
Att the day of the experiment, the rat was rapidly decapitated and trunk blood was 

collectedd and centrifuged at 5000 rpm for 20 minutes at room temperature. Since we 
aimedd to examine functional properties when circulating corticosterone level is low, 
animalss were decapitated in the morning, under rest. Plasma was stored at -20 °C until use 
inn a radioimmunoassay (RIA; ICN Biomedicals Inc., Costa Mesa, CA, USA) to determine 
basall  corticosterone levels. Both adrenals and thymus were removed from the body and 
weighedd on an analytical balance (Explore, Ohaus, France). Basal corticosteroid level, 
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bodyy weight, adrenal weight and thymus weight were measured as parameters for chronic 
exposuree to high corticosteroid levels (Akana et al., 1992). 

Thee brain was removed from the skull, the hemispheres were separated and one 
hemispheree was immediately placed in ice-cold carbonated artificial cerebrospinal fluid 
(ACSF;; 120 mM NaCl, 3.5 mM KC1, 1.3 mM MgS047H20, 1.25 mM NaH2P04, 2.5 mM 
CaCl22 H20, 10 mM glucose and 25 mM NaHC03). The other hemisphere was quickly 
frozenn on dry ice and stored at -80 °C until use for an in situ hybridization of MR, GR and 
5HT1A-RR mRNA expression. After 5-10 minutes, the other hemisphere was taken out of 
thee ice-cold ACSF and the hippocampus was dissected out rapidly. Slices (400 \xM) were 
madee by means of a manual tissue slicer (Stoelting Company, Illinois, USA). Slices were 
keptt for at least one hour in carbonated ACSF at room temperature until use in the 
electrophysiologicall  experiment. 

Slicess were transferred one at a time to the experimental set-up where they were 
keptt in place between two nylon meshes and perfused with warm (31-33 °C) ACSF (pH 
7.4)) at a flow rate of 2-3 ml min"1. 

Compounds Compounds 
Serotoninn (5-HT; 5-hydroxytryptamine creatine sulphate; Sigma Aldrich Chemie, 

Zwijndrecht,, The Netherlands) was dissolved in distilled water to a concentration of 10 
mMM and stored at -20 °C. Just before use, 5-HT was further diluted into ACSF to a final 
concentrationn of 10 JIM. Other studies (Andrade and Nicoll, 1987; Ghadimi et al., 1994; 
Joelss and De Kloet, 1991; Piguet and Galvan, 1994) showed that a concentration of 10 
\xM\xM 5-HT is well above threshold but still yields submaximal responses in hippocampal 
CA11 neurons, which allows observation of facilitation as well as attenuation of responses. 

Somee of the slices from maternally deprived animals were treated in vitro with 
1000 nM of corticosterone to examine glucocorticoid responsiveness. Corticosterone 
(Sigmaa Aldrich BV, Zwijndrecht, The Netherlands) was dissolved in ethanol, in a stock of 
11 mM. Just before the in vitro treatment, corticosterone was dissolved in ACSF to a final 
concentrationn of 100 nM. Slices were treated with 100 nM corticosterone for 20 minutes 
att 34 °C. After corticosterone treatment, slices were transferred to normal ACSF at room 
temperaturee and left to rest for at least one hour. 

Electrophysiology Electrophysiology 
Intracellularr recordings were made in hippocampal pyramidal CA1 cells of 

controll  animals and animals that were subjected to 24 h of maternal deprivation at PND 3. 
Glasss microelectrodes, filled with 4 M KAc, with an impedance of approximately 70 mti, 
weree used to impale CA1 pyramidal cells of the hippocampus. When the microelectrode 
penetratedd the cell, current was injected to help the cell recover and to improve sealing of 
thee cell membrane. When the cell reached a stable resting membrane potential, basal cell 
characteristicss like resting membrane potential, input resistance, membrane time constant, 
inwardd rectification, spike frequency accommodation and afterhyperpolarization, were 
determinedd by use of standardized protocols. Thus, input resistance was determined by 
hyperpolarizingg pulses of-0.1 to -0.5 nA, of 200 ms duration. Input resistance was 
calculatedd from the slope of the current-voltage relationship. Inward rectification was 
determinedd for a 200 ms pulse of-0.3 nA as shown in figure 3.IB. Two depolarizing 
pulsess (0.5 and 1.0 nA; 50 ms) were given to determine afterhyperpolarization (see figure 
3.1C).. The impedance of the recording electrodes was lower than the impedance used in 
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earlierr studies (see Joëls et al., 1991), indicating that the tip of the electrode was relatively 
big.. This introduced a bias towards successful impalement of pyramidal cells with large 
somata.. In agreement, the input resistance was on average lower than reported before; 
also,, positive current pulses depolarized the neurons to a lesser degree, resulting in a more 
restrictedd activation of calcium-dependent K+-conductances (and hence frequency 
accommodationn and afterhyperpolarization) than reported before (Joels and De Kloet, 
1990;; Van Riel et al., 2003a). Finally, the bias towards relatively large pyramidal cells 
alsoo caused quite large 5-HT responses. Since cell characteristics in both experimental 
groupss were equally affected by the rather low electrode impedance, the outcome of the 
presentt study was not influenced by the properties of the recording electrodes. However, 
thesee properties do hamper comparison of absolute responses between the present and 
earlierr studies. 

Basall  cell characteristics like resting membrane potential, input resistance, 
membranee time constant, inward rectification and afterhyperpolarization were determined 
before,, during and after 5-HT application. If the membrane was hyperpolarized by more 
thann 1.5 mV due to 5-HT application, current injection was used to bring the membrane 
potentiall  temporarily back to its resting level, to exclude confounding influences 
introducedd by the rectification of membrane properties upon hyperpolarization. All signals 
weree fed into the computer and a continuous recording was made by means of a chart 
recorder. . 

InIn situ hybridization 
Afterr decapitation, one hemisphere was frozen on dry ice and stored at -80 °C. 

Thiss hemisphere was used to perform in situ hybridization with probes for the MR, GR 
andd 5HT1A-receptor in the hippocampus. Coronal sections (12 (iM) of the hippocampus 
weree cut on a cryostat at -20 °C and thaw-mounted on Superfrost slides (Menzel-Glaser, 
Braunschweig,, Germany). For each animal, three series of two slides were cut, with on 
eachh slide 4 hippocampal sections. For each probe, two slides per animal were used. Pre-
hybridizationhybridization 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 1 x 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 5HT]A-R, 33P-dATP end-labelled desoxyoligonucleotide probes 
('oligo's')) were used. The 5HT1A-R oligo sequence was: 5' 
tggagatgagaaagccaatgagccaagtgagcgagatcagcgcag.. One slide was incubated with a 5HT!A 

mismatchh oligo sequence: 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 the oligo was end-labelled with 
6.66 pmol P-dATP (NEN, Boston, MA, USA) using Terminal d-Transferase (TdT; 
Roche,, Woerden, The Netherlands), purified with a chloroform 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 
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sodiumpyrophosphate,, 20 mM DTT, 100 Jig/ml poly A, 100 |ig/ml sheared salmon sperm 
DNAA and 10% Dextran S04. All radiolabelled oligos were diluted to 1*106 cpm/100 pi 
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 lx 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. Bohn) 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 pil of hybridization mix, containing 25 
mMM Tris-HCl, 1.2 mM EDTA, 350 mM NaCl, 50% formamide, 10% dextran sulphate, 
1000 mM DTT, 1 x Denhardt's, tRNA and hsDNA, 106 cpm of the GR probe, 10% 
nathiosulphatee and 10% SDS were used to hybridize overnight in a moisturized chamber 
att 55 °C. As a control the sense probe was used. After hybridization, coverslips were 
carefullyy removed and sections were rinsed in 2 x SSC at room temperature. Sections 
weree washed in 2 x SSC for 10 minutes at 55 °C. Sections were incubated with RNAse A 
inn 0.5 M NaCl / 0.1 M Tris solution, pH= 8.0 for 15 min. Sections were consequently 
washedd in 2 x SSC at 55 °C for 10 minutes, 1 x SSC at 55 °C for 10 minutes, 0.1 x SSC 
twicee 30 minutes at 55 °C and 0.1 x SSC for 5 minutes at room temperature. After 
dehydrationn in an ethanol series (70%, 80%, 96%, 100%) sections were air-dried and 
exposedd to a Kodak Biomax-MR film 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. Grey values were averaged for all hippocampal sections of one animal. In 
thee end, all values from non-deprived controls were compared with the averaged values of 
thee deprived rats. 

Statistics Statistics 
Alll  data are represented as average +/- standard error of mean (SEM). Data were 

statisticallyy tested by means of an unpaired, Student's t-test. When standard deviations 
weree not equal between the experimental groups tested, a non-parametric MannWhitney-
U-testt was applied to the data. 

Results s 

BodyBody weight and neuroendocrine parameters 
Animalss were weighed prior to decapitation. No differences were found between 

maternallyy deprived and control animals in body weight at the day of the experiment 
(Tablee 3.1). Adrenal weight and thymus weight - absolute values as well as values 
correctedd for body weight - were both not changed in maternally deprived animals when 
comparedd to control animals, at 3 months of age (see Table 3.1). Similarly, basal 
corticosteronee levels were not different for control and deprived animals (Table 3.1). 
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TableTable 3.1: Body weight, adrenal weight, thymus weight and basal corticosterone concentration in control and 
maternallyy deprived rats (DEP), at 3 months of age. The 'n' indicates the number of rats on which the average
SEMM is based. 

Bodyy weight (g) 

Adrenall  weight (mg) 

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

Thymuss weight / 100 g 
bodyy weight 
Basall  corticosterone 
concentration n 
[CORT]]  (ug/dl) 

control l 
372.88 7 
n=15 n=15 
24.33 0 
n=15 5 
6.55 3 
n=15 5 
636.88  19.2 
n=14 4 
170.99 0 
n=14 4 
2.33 5 
n=12 2 

DEP P 
369.99 5 
n=15 5 
23.99 2 
n=15 5 
6.44  0.3 
n=15 5 
618.88 9 
n=15 n=15 
166.22 5 
n=15 n=15 
2.44 3 
n=12 2 

P-value e 
0.74 4 

0.70 0 

0.72 2 

0.62 2 

0.65 5 

0.81 1 

5-HT5-HT responses and receptor properties 

BasalBasal cell characteristics 
Restingg membrane potential (RMP) was significantly more depolarized in 

deprivedd animals compared to control animals (see Table 3.2). No significant changes 
weree found for input resistance between the deprived and control animals (see Table 3.2). 
Also,, no significant changes were seen with respect to inward rectification, membrane 
timee constant, spike frequency accommodation or afterhyperpolarization, although the 
latterr showed a tendency to be increased in maternally deprived rats (Table 3.2). 

TableTable 3.2. Basal cell characteristics of CA1 pyramidal cells in slices from control and maternally deprived rats. 
Thee 'n' indicates the number of cells on which the average  SEM is based. 

Restingg membrane 
potentiall  (mV) 
Inputt resistance (mil) 

Inwardd rectification 
(mV) ) 
Membranee time 
constantt (ms) 
Afterhyperpolarization n 
(+0.55 nA) (mV) 
Afterhyperpolarization n 
(+1.0nA)(mV) ) 

control l 
-72.99  1.0 
n=14 4 
17.99 1 
n=14 4 
0.66 1 
n=15 n=15 

4 4 
n=15 n=15 
1.44 2 
n=15 5 
2.00 5 
n=14 4 

DEP P 
-65.99 0 
n=16 6 
22.00 7 
n=16 6 
0.44  0.2 
n=17 7 
12.88  1.7 
n=17 7 
2.44 4 
n=17 7 
4.44 9 
n=17 7 

P-value e 
0.01 1 

0.36 6 

0.59 9 

0.71 1 

0.13 3 

0.07 7 
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FigureFigure 3.1: A. Typical example of the change in resting membrane potential of a CA1 pyramidal neuron from a 
controll  animal to 10 uM 5-HT. At the moments indicated by the arrows, basal cell characteristics like resting 
membranee potential, input resistance, inward rectification, spike frequency accommodation and 
afterhyperpolarizationn were measured, i.e. before, during and after 5-HT application. For the measurement of 
basall  cell characteristics during 5-HT application, resting membrane potential was corrected manually to the 
valuee before 5-HT perfusion when the change in RMP in response to 10 uM 5-HT was more then 1.5 mV to 
correctt for voltage-dependent effects on basal cell characteristics. Time of 5-HT application is indicated by the 
blackk bar. B. Inward rectification was determined for a pulse of-0.3 nA (200 ms duration). More specifically, 
inwardd rectification was determined by maximal deflection (A) minus the deflection just before the end of the 
pulsee (B), divided by the maximal deflection multiplied by 100 (see below, left). C. Afterhyperpolarization was 
determinedd for two depolarizing pulses (0.5 nA and 1.0 nA, 50 ms duration). An example is given of a pulse of 
0.55 nA (50 ms). Afterhyperpolarization was calculated by substraction of the maximal deflection after the pulse 
minuss the average resting membrane potential just before stimulation (below, right). 

SerotoninSerotonin application 
Inn response to 10 uM 5-HT, CA1 pyramidal neurons typically responded with a 

hyperpolarizationn of the cell membrane and a decrease in the input resistance, as described 
earlierr (Andrade and Nicoll, 1987). Control animals showed on average a 5-HT induced 
hyperpolarizationn of-10.8  1.8 mV (n=14) (figure 3.2). Cells from maternally deprived 
animalss (n=10) exhibited a significantly (PO.05) smaller change in resting membrane 
potentiall  (figure 3.2). In slices from maternally deprived animals, treated for 20 min. in 
vitrovitro with a high concentration of corticosterone (100 nM) 1-4 hrs before recording of the 
cellss -presumably sufficient to occupy both MR and GR (Reul and De Kloet, 1985)-, the 
hyperpolarizationn induced by 10 (J.M 5-HT was significantly increased compared to the 
responsess observed in slices not subjected to in vitro corticosterone treatment (deprived 
(n=10):: -6.0  0.9 mV; deprived + CORT (n=4): -13.8  0.7 mV; P < 0.05). In CA1 
neurons,, not treated in vitro with corticosterone, the decrease in input resistance in 
responsee to 10 ^M 5-HT was on average smaller in deprived (7.7  1.2%, n=10) 

48 8 



EarlyEarly life stress 

comparedd to control animals (9.7  3.3%, n=14), but this difference did not reach the level 
off  significance, partly due to the relatively large variation in this parameter. 

Ass described above, the change in resting membrane potential after application of 
5-HTT was significantly decreased in maternally deprived compared to control animals. 
Becausee the average basal resting membrane potential was also significantly different 
betweenn the two groups, we calculated the change in resting membrane potential as a 
percentagee of the basal value of the resting membrane potential. The percent change in 
restingg membrane potential induced by 5-HT was on average significantly lower in 
maternallyy deprived (-7.9%  1.3; n=10) animals than control (-16.3%  3.5; n=10) 
animalss (P=0.04). In conclusion, the hyperpolarization induced by 10 uM 5-HT was found 
too be attenuated in adult animals that were exposed to maternal deprivation for 24 hours at 
PND3. . 

Basall  cell characteristics, like inward rectification and membrane time constant 
weree not differently affected by 5-HT application. Application of 5-HT caused a decrease 
inn the amplitude of afterhyperpolarization in both experimental groups. However, this 
decreasee was not different between the control and deprived group (P=0.13). 
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FigureFigure 3.2: On average, 5-HT-induced hyperpolarization was significantly lower in cells from deprived animals 
comparedd to control animals. 

InIn situ hybridization 
5-HTIA-RR mRNA expression was examined in three subregions of the 

hippocampus,, i.e. the CAI, CA3 and DG, in animals subjected to maternal deprivation 
andd in non-deprived controls. No significant changes were observed between the two 
experimentall  groups in all three subregions of the hippocampus (see figure 3.3). 

MRR and GR mRNA expression was examined in the same three subregions of the 
hippocampus.. In all three regions, no significant change was detected due to maternal 
deprivationn in the mRNA expression for the MR as well as the GR (figure 3.4A and B). 
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FigureFigure 3.3: 5-HTiA-recepior mRNA expression was not significantly changed in CAI, CA3 and DG of the 
hippocampuss of control (n=10) and deprived (n=10) animals. Examples of the control (left) and deprived (right) 
situationn are shown in the inset. 

Discussion n 

Stressfull  events early in life might change several functional parameters of the 
brainn and increase vulnerability to stress later in life (Heim and Nemeroff, 2001; Koolhaas 
ett al., 1997). In this study, we investigated the effect of 24 hours maternal deprivation at 
PND33 on serotonergic responses of CA1 neurons, mRNA expression of 5HT1A-receptors 
andd mRNA expression of MR and GR in the hippocampus. We found that maternal 
deprivationn at postnatal day 3 has long-term effects on the serotonergic responsiveness of 
CA11 pyramidal neurons in the hippocampus of the rat. Cells from 3-months old rats 
deprivedd from maternal care at PND3 showed a significant attenuation of the 5-HT 
responsee compared to their non-deprived littermates. 

Bodyy weight, adrenal weight, thymus weight and basal corticosterone levels were 
nott changed in 3-months old rats subjected to maternal deprivation at PND3. Workel et al. 
(2001)) found that basal corticosterone concentrations were higher in 3-months old rats 
whichh were subjected to maternal deprivation at PND3. However, this was not found in all 
studiess (Lehmann et al., 2002). Since various rat strains and deprivation protocols were 
usedd in the present (Wistar) and earlier studies (Brown-Norway, Long-Evans, Wistar; see 
Rotss et al., 1996; Van Oers et al., 1998; Workel et al., 1997), the findings underline that 
generalizationn of results over different strains should be done with great care. We also did 
nott find differences in mRNA expression for the MR and GR. This agrees with previous 
studiess (Rots et al., 1996; Workel et al., 1997). Lack of changes in basal corticosterone 
concentration,, body weight, adrenal weight and thymus weight suggests that rats 
subjectedd to maternal deprivation at PND3 do not develop chronic hypercorticism that 
lastss into adulthood. Despite the lack of differences between deprived and control rats at 
thee adult state, the deprived animals examined in the present study may still have been 
exposedd to different corticosteroid levels during their life than non-deprived controls. 
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FigureFigure 3.4: A. MR mRNA expression was not significantly different between control (n=10) and deprived 
(n=10)) animals in the CAI, CA3 and DG of the hippocampus. Insets show an example of a control (left) and a 
deprivedd (right) animal. B. Similarly, GR mRNA expression was not significantly changed in the CAI, CA3 and 
DGG of control (n=10) and deprived (n=10) animals. Examples of a control (left) and deprived (right) situation is 
givenn in the insets. 

First,, stress-induced, as opposed to basal, corticosterone secretion may have been 
elevated;; we did not examine this condition, since it was incompatible with our 
experimentall  design. Second, it is very likely that HPA-activity was enhanced at earlier 
timee points, e.g. 24 hrs after maternal deprivation, as demonstrated in earlier studies 
(Vazquezz et al., 2002; Vazquez et al, 1996). However, neither of these two phenomena -
iff  existing- was strong enough to cause increased adrenal weight, increased basal 
corticosteronee level, decreased body and thymus weight (Van Riel et al., 2003a) and 
decreasedd hippocampal MR and GR mRNA expression as e.g. seen after chronic stress 
(Hermann et al., 1995; Mizoguchi et al., 2001; Van Riel et al., 2003a). 
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Despitee the lack of hallmarks for chronic hypercorticism, we found that C A1 
hippocampall  cells from maternally deprived compared to non-deprived rats display 
attenuatedd responsiveness to 5-HT. This attenuation is very similar to that earlier 
describedd for adult rats subjected to high doses of exogenously administered 
corticosteronee (Karten et al., 1999; Mueller and Beck, 2000) or to chronic stress (Van Riel 
ett al., 2003a) and in genetically selected mice with a highly reactive HPA-axis (Van Riel 
ett al., 2002). The comparison with earlier studies, though, should be done with some care. 
Thus,, in the present study, the recorded 5-HT responses were somewhat larger than 
describedd in previous studies (Karten et al., 1999; Van Riel et al., 2003a; Van Riel et al., 
2002).. This can be explained by a bias towards larger neurons due to the recording 
electrodee properties (see also Materials and Methods). This bias however, was present in 
bothh experimental groups; therefore it is unlikely that this technical issue qualitatively 
influencess the observed differences between the two groups. Importantly, resting 
membranee potentials were stable and within the normal range (Schwartzkroin, 1975), 
indicatingg that neurons were not severed by the recording electrodes. Although the resting 
membranee potentials in both groups were stable and on average well within the normal 
rangee reported for CA1 pyramidal neurons (Joels et al., 1991; Schwartzkroin, 1975) -
indicatingg that neurons were not severed by the recording electrodes- a significantly less 
negativee potential was observed in the maternally deprived rats. Consequently, the driving 
forcee for K+-ions (involved in the 5-HT1A receptor-mediated responses) was larger in 
neuronss from maternally deprived rats. This could in fact have masked rather than 
contributedd to the presently observed attenuation of 5-HT responses after maternal 
deprivation.. The change in input resistance was more variable than the change in RMP, as 
wass also seen in earlier studies (Van Riel et al., 2003a; Van Riel et al., 2002). Apparently, 
thee change in input resistance is a less powerful indicator of the changes in serotonergic 
responsivenesss after experimental treatment. 

Inn response to in vitro high corticosterone treatment, the 5-HT induced 
hyperpolarizationn in CA1 cells from maternally deprived rats still increased, similar to 
whatt has been earlier observed in control animals (Joels et al., 1991). This indicates that 
thee GR is still responsive to high corticosteroid concentrations, which suggests that there 
iss no GR resistance in these animals. This is not surprising in view of the apparent lack of 
developmentt of chronic hypercorticism. It has been speculated that early life stress, like 
maternall  deprivation, increases the vulnerability to stress (Heim and Nemeroff, 2001; 
Koolhaass et al., 1997). In this respect, it would be interesting to expose maternally 
deprivedd animals at adult age to stressors. Our results show that the GR is still responsive 
too high levels of corticosteroids in vitro; we therefore predict that the response to stress 
mightt not be so different between deprived and non-deprived control rats. 

Thee early phase of the 5-HT induced hyperpolarization is most likely caused 
exclusivelyy by 5-HT1A receptors (Andrade and Nicoll, 1987; Gasparini and DiFrancesco, 
1999).. The attenuated responses to 5-HT in maternally deprived rats occurred in the 
absencee of any change in 5-HT1A receptor mRNA expression or binding properties. A 
similarr dissociation between changes in function and expression of the receptor was also 
observedd after long-term corticosterone administration or chronic stress in adult rats 
(Kartenn et al., 1999; Van Riel et al., 2003a). Several mechanisms could explain this 
dissociationn between changes in the functional response and mRNA expression. First, the 
strongg neuroendocrine responses seen after maternal deprivation might affect the 
developmentt of the 5-HT1A-receptor, which could have lasting effects into adulthood. The 
5-HT1A-receptorr first appears at embryonic day 17. It gradually inclines and reaches adult 
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levelss at PND15 (Gross et al., 2002). So, during the stress-hyporesponsive period (SHRP), 
thee 5-HT1A-receptor is in full development. Gross et al. (2002) showed by means of an 
induciblee knock out for this receptor, that the presence of the 5-HT1A-R is necessary to 
obtainn normal serotonergic responsiveness of the receptor later in life. It is possible that 
thee high corticosteroid levels during the SHRP, caused by maternal deprivation, interfere 
withh the development of the receptor, which leads to attenuated responses in adulthood. 

Second,, next to changes in the 5-HT]A-receptor itself, high corticosteroid levels 
duringg the SHRP, might affect the development of different parts of the 5-HTiA signal 
transductionn cascade, such as the G-protein, the potassium channel or other components of 
thee signal transduction cascade of the 5-HT1A-R. The 5-HT,A-R is coupled to a G protein 
inwardlyy rectifying potassium channel (GIRK), that appears at embryonic day 15 and 
increasess gradually until it reaches adult levels at PND20 (Chen et al., 1997). Thus, the 
GIRKK too is developing during the SHRP, which may be hampered due to the maternal 
deprivationn procedure. Early life events were also shown to interfere with the 
(in)activationn of genes by means of DNA methylation (Meaney and Aitken, 1985; Weaver 
ett al., 2001). For example, methylation of exon 17 of the GR gene is shown to be sensitive 
too manipulations early in life, postnatal handling or prenatal exposure to glucocorticoids 
(McCormickk et al., 2000). Such processes could contribute to early "programming" 
effectss (Robertson and Wolffe, 2000), causing effects that are still apparent in adult life. 

Inn summary, this study shows that stressful events early in life can alter the 
responsivenesss of the serotonergic system in adulthood. The serotonergic system is 
involvedd in several neuropsychiatric disorders, like major depression. Clinical studies 
suggestt that stressful life events, particularly in individuals who were exposed to trauma 
earlyy in life, contribute to the development of major depression (Heim and Nemeroff, 
2001;; McAllister-Williams et al, 1998; Modell et al., 1998; Stokes, 1995). Of course, 
vulnerabilityy to stress is determined by multiple factors, for example genetically 
determinedd predisposition, but the importance of adverse early life events in regulating 
brainn function later on is underscored by this study. 

Fromm a clinical point of view, it would be interesting to see if some 
manipulationss could prevent the maternal deprivation-induced changes. Environmental 
enrichmentt does increase the mRNA expression and binding to the 5-HT]A-receptor 
(Rasmusonn et al., 1998), with no effect on GR mRNA expression (Francis et al., 2002). 
Althoughh we find no changes in mRNA expression, they may nevertheless help to 
increasee serotonin responsiveness. Also, chronic antidepressant treatment of rats which 
weree separated for 3 hours from the mother daily during PND2-14 partially reversed the 
effectt of maternal separation (Ladd et al., 2000). Future studies should explore these and 
otherr possibilities to normalize the attenuated serotonin responses seen in adult animals 
exposedd to maternal deprivation. 

Referencess are shown in the back of this thesis. 
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