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Chapterr I 

INTRODUCTION N 

Inn this thesis experiments are discussed which aim to disclose how acute and long-term 

fluctuationss in corticosteroid level affect y-amino butyric acid (GABA) mediated input to the rat 

paraventricularr nucleus of the hypothalamus. 

1.11 HYPOTHALAMO-PITUITARY-ADRENA L AXI S 

Normallyy our body is in physiological balance or homeostasis. Disturbances of this homeostasis lead 

too a stress response, meant to adapt to the situation and restore homeostasis. The stress response 

(amongstt other things) involves activation of the hypothalamus, pituitary and adrenal glands, 

collectivelyy called the HPA-axis (see Box 1 and fig 1). Thus, upon a stressor, signals from external 

sourcess reach the central nervous system. From different brain areas signals converge on the 

hypothalamus,, more specifically on parvocellular neurons of the paraventricular nucleus (PVN). 

Fromm terminals of these cells located in the median eminence, the peptide hormone corticotropin 

releasingg hormone (CRH) and its co-secretagogue vasopressin (VP) are released into the portal 

vessels,, which reach the anterior pituitary. From the pituitary adrenocorticotropin hormone (ACTH) 

iss released, which subsequently causes the secretion of corticosteroids (Cortisol in man and 

corticosteronee in most rodents) from the adrenal cortex (Dallman, 1993; Aguilera & Rabadan-

Diehl,, 2000; Feldman & Weidenfeld, 1995; Holsboer & Barden, 1996; Lightman et al., 2002; 

Sawchenkoo et al., 1996; Swanson, 1991). The HPA-axis follows a circadian rhythm, initiated by the 

'biologicall  clock', the suprachiasmatic nucleus. Just before the active period, i.e. the evening in 

nocturnall  animals such as rats and the morning in 'day animals' like humans, corticosterone levels 

rise.. Towards the end of the active period corticosterone returns to basal levels, and remains low 

duringg the inactive period (Bradbury et al., 1994; Kalsbeek et al., 1996). 

Itt is of importance that the HPA-axis is properly controlled. Under resting conditions 

corticosteronee levels should remain low. Also, after a rise in corticosterone level e.g. after stress 

exposure,, hormone levels should quickly return to their initial value. Indeed, under physiological 

conditions,, the different phases of the HPA axis -the basal level, the rise, and the return to basal 

level-- each are under tight control. Key players in this control are a) the hormones of the HPA-axis 

themselves,, and b) neural pathways controlling the PVN and their neurotransmitters. In this thesis 

wee will focus on the role of two factors important for HPA-axis control: the hormone corticosterone 

andd the neurotransmitter GABA. We will pay special attention to the interactions between these two 

regulatorss of the HPA axis. 
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stilll  affects the stress response 10 days after the first stressor (Jansen et al., 2003; Schmidt et 

1996;; Schmidt et al., 1995). Some suggest that the VP co-expressing CRH neurons are a specific 

subtypee of neurons, which are under control of (nor) adrenergic innervations (Whitnall et al., 1993; 

Whitnall,, 1989). After chronic immobilization stress, the effects of stress on parvocellular neurons 

shiftedd from a response of CRH hnRN A to a response of VP hnRN A (Pinnock & Herbert, 2001; Ma 

ett al., 1997). Fixation of corticosterone level by corticosterone replacement in ADX rats prevented 

thee blunting of the CRH response and the gradual shift to a VP driven ACTH response as seen with 

repeatedd immobilization (Pinnock & Herbert, 2001). 

Differencess in transcriptional regulation may underlie the different responses of CRH and 

VPP to stress and corticosterone, as was concluded from study of the timecourse of transcriptional 

changess (Kovacs, 1998; Kovacs et al., 2000). The phosphorylation of CREB was associated with 

CRHH transcription, whereas c-fos transcription and translation was associated with changes in VP 

transcriptionn (Kovacs & Sawchenko, 1996; Kovacs et al., 1998). 

Kyy J^X ^rain «—1 
^^ " neurotransmitters^ *L I 

S ~ ^ = ^ - JJ hypothalamus 
(PVN)) I — 

___ - - - " "V CRHandVP\ 

pituitaryy t-— 
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adrenalss — I 

CORT CORT 

^ ^ ^^ inhibition 
—  activation 

trans-synapticc inhibition 

ee PVN, 

figurel l 
Ass described in the text, a stressor leads to activation of the HPA axis. Neuronal input to the PVN activates the 1 

causingg subsequent release of corticotropin releasing hormone and vasopressin (CRH and VP), leading to activation 

off  the pituitary. From the pituitary adrenocorticotropin hormone (ACTH) is released, causing the release of 

corticosteronee (CORT) from the adrenals. On the left a schematic representation of the brain and the adrenals. 

Arrowss indicate the route of activation in response to a stressor. On the right a flow chart of the activation is 

epicted,, in which different components and actors are indicated. 
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1.22 CONTROL OF HPA-AXIS ACTIVITY BY CORTICOSTERONE 

Corticosteronee is the main negative feedback signal of the HPA-axis. Corticosterone exerts its action 

byy binding to intracellular receptors in die brain and pituitary. There are two receptor-types to which 

corticosteronee can bind: The mineralocorticoid receptor (MR) with a high affinity for corticosterone 

(Kdd 0.2-0.5 nM) and the glucocorticoid receptor (GR) with a much lower affinity for corticosterone 

(Kdd 3-5 nM) (Reul & de Kloet, 1985; Reul et al., 1987). Immunohistochemistry and in situ 

hybridizationn as well as binding studies showed a typical distribution of these receptors in pituitary 

andd brain. GRs are highly expressed in the pituitary. Throughout the brain, GR is found both in 

neuronss and in glial cells. This receptor type is highly present in the cortex, limbic structures such as 

thee hippocampus, amygdala and septum, and in parvocellular neurons of the PVN. The MR expression 

iss moree restricted. MR is highly expressed in the lateral septum, some of the amygdala nuclei and the 

hippocampus,, where it is found co-localized with GR (Morimoto et al., 1996; Cintra et al., 1994)3. 

Pharmacologicall  studies clearly demonstrated the importance of corticosterone and its two 

receptor-typess in the control of the HPA-axis, throughout circadian rhythmicity. Depleting animals 

off  their endogenous corticosterone by removing the adrenals (adrenalectomy or ADX) leads to an 

increasedd expression of peptide hormones in the PVN. The parvocellular neurons produce more 

CRHH and more of these cells co-produce VP. Moreover, the number of parvocellular neurons involved 

inn the HPA axis increases, since more parvocellular neurons produce CRH after ADX (Bradbury et 

al.,, 1994; de Goeij et al., 1993; Sawchenko, 1987). These phenomena can be suppressed by 

reintroducingg corticosterone into the ADX animal (Bradbury et al., 1994). For this effect activation 

off  GRs in the PVN seems crucial (Kovacs et al., 1986). 

Thee two receptor subtypes for corticosterone seem to be involved in different aspects of 

HPA-axiss control. Thus, specific occupation of the MR is sufficient to downregulate HPA activity in 

thee morning at the trough of the circadian rhythm of corticosterone. In accordance, MR antagonists 

givenn intracerebroventricularly to intact rats resulted in elevated levels of ACTH and corticosterone 

(vann Haarst et al., 1997; Ratka et al., 1989); subcutaneous administration of MR antagonists 

(RU28318)) did not affect circulating corticosterone levels (van Haarst et al., 1997; van Haarst et al., 

19%;; Ratka et al., 1989). Blocking the GR with an antagonists (RU38486) given either subcutaneously 

(mostlyy affecting the GR in the pituitary) or intracerebroventricularly (affecting receptors in the 

brain)) did not result in changes of plasma corticosterone levels. On the other hand, activation of the 

HPAA axis as seen after a stressor can be completely suppressed by injection of corticosterone (activating 

GR)) shortly before the stressor (van Haarst et al., 1996). When MR- or GR- antagonists were given 

beforee a stressor, they could both prolong the elevation in corticosteroid level. Furthermore, GR (in 

additionn to MR) occupation is required to downregulate HPA-axis activity in the evening at the 
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circadiann peak (Bradbury et al., 1994). In agreement, the rise of corticosterone due to the circadian 

rhythmm was increased by intracerebroventricular injection of anti-glucocorticoids (van Haarst et al., 

1996;; van Haarst et al., 1997). Carefully localized injections of the agonist into the hippocampus 

suppressedd the corticosterone peak (van Haarst et al., 1997). From these last studies it was concluded 

thatt the PVN and the pituitary represent the main feedback sites for corticosterone, acting through 

thee GR. The GR in the hippocampus has a modulatory role. The MR in the hippocampus is important 

forr the control of basal corticosterone levels. 

Thiss was further substantiated in recent years, using animals in which MR and GR function 

iss altered through genetic modification. Complete knockout of the GR in every cell of the body leads 

too a high mortality rate (>90%) in the homozygotic offspring. Due to impaired lung development 

mostt of these mice die of respiratory failure. Those that survive, however, have the expected increased 

ACTHH and corticosterone levels (Cole et al., 1995). Next, by makingg use of brain specific promoters 

(thee Nestin promoter), a line of brain specific GR knock-out mice was generated (Tranche et al., 

1999).. Loss off  function of the GR was accomplished by deleting the complete DNA binding domain. 

Notably,, since the anterior pituitary is of neuroectoderm origin, the GR was still expressed there, 

allowingg feedback at the level of the pituitary. In these animals increased basal CRH mRNA was 

observed,, but VP expression was unchanged. Under basal conditions the increased CRH activity 

seemedd to be compensated by lower ACTH levels. Basal corticosterone levels in the brain-specific 

GRR knockouts were still increased, because of increased sensitivity of the adrenals to ACTH. Peculiarly 

enough,, the peak of the circadian rhythm was greatly enhanced, while in response to stress it was 

comparablee to the littermate controls (Tranche et al., 1999). Suppressing mRNA for the GR in 

neuronss using antisense RNA to GR under control of a brain-specific neurofilament promoter (Pepin 

ett al., 1992) resulted in normal basal ACTH and corticosterone levels. Some studies in these mice 

showedd elevated corticosterone levels in response to a stressor (Pepin et al., 1992), while others 

showedd no difference with control littermates (Dijkstra et al., 1998; Karanth et al., 1997), probably 

dependingg on the type and strength of stressor used. The CRH and VP contribution to the HPA-axis 

wass much less prominent; the transgenic mice showed reduced CRH protein in the parvocellular 

neuronss and reduced stores of CRH and VP in de median eminence (Dijkstra et al., 1998). Reduced 

hypothalamicc drive was compensated by an increased sensitivity of ACTH secretion to CRH, leading 

too an enhanced ACTH response to a stressor (Karanth et al., 1997). 

Introductionn throughout the body of a specific point mutation in the DNA binding domain of 

thee GR preventing homodimerization (GRdim/dim), was found to be not lethal (Reichardt et al., 

1998).. Introduction of this mutation almost completely abolished DNA binding of the GR while 

protein-proteinn interactions were still possible. Apparently, long-term development is not dependent 
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onn homodimerization and DNA binding of the GR. In contrast to the Nestin-driven knockout, this 

pointt mutation is also present in GR in the pituitary. GRdim/dim mice had normal mRNA levels for 

CRH,, which brought the authors to conclude that GR regulation of CRH transcription does not 

dependd on DNA-binding of GR homodimers. They proposed that the GR might interact with CREB 

orr Nurr77, for which binding sites are present on the promoter of the CRH gene. The ACTH levels 

seemedd normal, if anything they were only slightly increased. POMC expression however was greatly 

enhanced.. Basal corticosterone levels in these mice were also high (Reichardt et al., 1998). 

Nextt to these lines of transgenic mice with loss-of-function, gain-of-function mice were 

madee by introducing two extra copies of the GR gene. These additional copies indeed affected the 

HPAA axis in the opposite direction as seen with the GR knockouts. Under basal conditions the HPA 

axiss activity was set at a lower level, i.e. CRH, ACTH and circulating corticosterone levels were 

decreased.. In response to a stressor corticosterone reached lower peak levels of secretion. However, 

ACTHH regulation seemed to escape the increased GR expression, since levels of ACTH after stress 

weree higher than seen in the control littermates (Reichardt et al., 2000). 

Muchh less information is available from animals with a genetically modified MR. MR 

knockoutss have been generated, but all homozygotes die within 10 days of dehydration (Berger et 

al.,, 1998). Reported effects such as elevated corticosterone levels are probably obscured by the 

stresss response evoked to restore the physiological homeostasis. Detailed analysis of MR function 

withh transgenic mice awaits the development of a brain/hippocampus specific MR knockout. 

Overall,, genetic modification of the GR in mice gives a complicated picture, in which the 

HPA-axiss adjusts to the modification by differently setting CRH, ACTH and corticosteroid levels. 

Generallyy these genetically engineered mice with loss-of-function show impaired feedback control 

resultingg in increased corticosterone levels, in agreement with the pharmacological experiments. 

Enhancingg GR function had opposite effects on corticosterone levels. As yet, the genetic approach 

too study corticosterone receptor function and HPA-axis control still suffers from the drawback mat 

thee changed GR function is present from early development onwards. Results of this approach 

thereforee show how the HPA system readjusts to long-term impairment and may therefore give 

insightt in genetically inherited GR dysfunction such as associated with depression (see below). 

1.33 LOSS OF CONTROL BY CORTICOSTERONE IN DISEASE 

Thee importance of proper HPA-axis control becomes apparent when the HPA axis is dysfunctional. 

Suchh dysfunctions of the HPA-axis have been noticed in association with several diseases, amongst 

whichh Alzheimer's disease and major depression. 
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Inn patients with depression, HPA-axis dysregulation is present at several levels of the HPA system. 

AA high percentage of patients suffering from depression have increased basal Cortisol levels (Holsboer 

&&  Barden, 1996). In postmortem brain tissue of depressed patients an increased expression of CRH 

wass found; also, more CRH producing cells in the PVN turned out to be positive for VP (Raadsheer 

ett al., 1993; Purba et al., 1996). Functional testing of the HPA-axis in depressed patients also showed 

dysregulation:: Bolus injections of CRH caused a blunted ACTH response compared to normal 

controls,, both at the peak and trough of the circadian rhythm, suggesting desensitized CRH receptors 

inn the pituitary (Holsboer, 1999). Oral administration of the GR agonist dexamethasone at the trough 

off  the circadian corticosteroid rhythm (in the evening for humans) resulted in non-suppression of die 

HPA-axiss the next day in a subgroup of depressed patients. While in normal controls Cortisol levels 

aree lowered by the dexamethasone injection, part of the patients suffering from depression do not 

showw this lowered Cortisol secretion. Giving dexamethasone the night before a CRH challenge test 

demonstratedd higher ACTH and Cortisol secretion in depressed patients than in matched controls. 

Aboutt 80% of the patients responded with hypersecretion to the combined test (Heuser et al., 1994; 

Holsboer,, 2000). These researchers also showed that unaffected first-degree relatives of the patients, 

withh a high risk of also acquiring depression, responded to the dexamethasone/CRH test with higher 

corticosoll  levels than the control group, although not as profound as the patients themselves. This 

mayy point to a causal role of HPA-axis dysregulation in the precipitation of the disease. Moreover, 

thee dexamethasone/CRH test seems to have predictive value. When depressed patients who were 

dismissedd from the hospital still responded to the dexamethasone/CRH test with an increased Cortisol 

secretionn they were at high risk of relapsing into a depression; by contrast, a normalized response to 

thee test was a predictor of full recovery. 

Inn summary, the data presently indicate that dysregulation of the HPA-axis may impose an 

importantt risk factor in the etiology of several diseases including major depression. The dysregulation 

att least involves impaired GR-mediated feedback function, increased CRH and VP production, blunted 

ACTHH response and elevated basal Cortisol levels. 

1.44 NEURONAL CONTROL OF HPA-AXIS FUNCTION 

Althoughh corticosterone and its receptors are important for HPA-axis control, inputs to the PVN 

fromm various brain areas also have a great impact on HPA function (fig 2). The PVN integrates both 

thee humoral signal (corticosterone) and neuronal signals (see Box 2). The latter can be either excitatory 

orr inhibitory. Both the neuronal and humoral inputs are necessary for proper HPA-function. 

Onee way to look at the innervations of the PVN is by categorizing the afferent brain areas 

basedd on the type of stressor they facilitate. This view has been promoted by several researchers, 
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figur ee 2 

Schematicc sagittal view of the rat brain showing the different brain areas that project to the PVN. Abbreviations: 

ARC:: arcuate nucleus; BNST: bed nucleus of the stria terminalis; DMH: dorsomedial hypothalamic area; 1. coeruleus: 

locuss coeruleus; 1. septum: lateral septum; PVN: paraventricular nucleus of the hypothalamus; n.: nucleus; NTS: 

nucleuss of the solitary tract; SCN: suprachiasmatic nucleus. 

amongg which Herman (Emmert & Herman, 1999; Herman & Cullinan, 1997), van de Kar (Van de 

Karr & Blair, 1999), Swanson (Swanson, 1991), and Sawchenko (Ericsson et al., 1994; Li et al., 

1996;; Sawchenko et al., 1996). Based on cellular activation throughout the brain, as measured by c-

foss expression, areas known to innervate the PVN were found to be activated by specific sets of 

stressors.. The distinction appears to be based on how the stressor is processed by the brain, i.e. 

whetherr higher brain areas are needed to perceive the stressor or not (Herman & Cullinan, 1997; 

Sawchenkoo etal., 1996; Van de Kar & Blair, 1999;Lietal., 1996; Emmert & Herman, 1999). Direct 

(acute)) physical stressors -e.g. a cytokine (IL-1) injection, haemorrhage or ether- wil l activate lower 

brainn areas such as the nucleus of the solitary tract (NTS), raphe nucleus, locus coeruleus, reticular 

nucleuss and the parabrachial nucleus (Herman & Cullinan, 1997). Stressors that have an emotional 

orr memory component, such as conditioned fear or restraint stress, usually involve processing by 

higherr brain areas including the limbic structures (Herman & Cullinan, 1997). Some brain areas, like 

thee lateral septum, the bed nucleus of the stria terminalis (BNST) and the amygdala, are activated by 

bothh types of stressors (Herman & Cullinan, 1997), although subnuclei of these areas can be specifically 

activatedd by different types of stressors. For instance, the central nucleus of the amgygdala is activated 

byy cytokine injection, while the basolateral nucleus of the amygdala is activated by footshock 

(Sawchenkoo et al., 1996). One can imagine that even an acute physiological stressor such as a 
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cytokinee injection will finally lead to activation of higher brain areas, to mentally process what has 

happened.. Swim stress, for instance activates both limbic structures and lower brain areas (Herman 

&&  Cullinan, 1997). Swimming is a physical stressor, but higher brain areas such as the hippocampus 

viaa the ventral subiculum are needed to find the way out of the water. The opposite is also seen, i.e. 

situationss where first higher brain areas are activated, followed by activation of lower brain areas. 

Lesioningg of the innervation from the NTS to the PVN at one side of the brainstem abolished 

activationn of the PVN on the ipsilateral side in response to a cytokine injection. In response to a 

footshockk the PVN was activated; the contralateral NTS, but not the NTS on the ipsilateral side of 

thee lesion was also activated. In this case, NTS activation in response to footshock occurs secondarily 

too that of limbic regions like the amgydala (Li et al., 1996). 

AA second way to look at the innervations of the PVN is by dividing diem into excitatory 

versuss inhibitory. Important in this view is not only what type of neurotransmitter is being used but 

alsoo where the innervation terminates. Retrograde labeling of the afferent projections to the PVN 

implicatedd a number of nuclei involved in PVN regulation (Tribollet & Dreifuss, 1981). Subsequent 

anterogradee labeling showed that innervations from the lateral septum, the amygdala and ventral 

subiculumm terminated not in the PVN itself but in an area surrounding the PVN (Silverman & Oldfield, 

1984).. The anterograde tracer formed "a halo in the perinuclear, cell-poor zone around the PVN" 

(peri-PVN)) (Silverman & Oldfield, 1984). Though the majority of axons terminated around the 

PVN,, electron microscopic studies revealed that some of the axons do penetrate into the PVN 

wheree they make synaptic contacts (Oldfield et al., 1985). For instance, while fibers containing 

serotoninn preferentially terminate in the peri-PVN, noradrenargic projections terminate in the PVN 

itselff  (Sawchenko et al., 1983). 

Thee concept of the peri-PVN is of importance for understanding PVN regulation, since the 

peri-PVNN contains many GABAergic interneurons (Roland & Sawchenko, 1993; Boudaba et al., 

1996;; Bowers et al., 1998). Glutamatergic innervations e.g. from the ventral subiculum terminating 

ontoo GABAergic interneurons will have opposite effects from glutamatergic terminals on PVN neurons 

themselvess (fig 3). Illustrative are experiments in which a glutamate antagonist was injected directly 

intoo the PVN, thus reducing excitation: This slightly decreased stress-induced corticosterone secretion. 

Inn contrast, injections outside of the PVN, reducing the excitation of the interneurons and consequendy 

enhancingg the excitation of PVN neurons, increaseddie corticosterone secretion (Ziegler & Herman, 

2000).. Such a "switch of sign" also occurs with brain areas that multi-synaptically innervate the 

PVNN via the BNST, such as the hippocampus. Output of the hippocampus via die ventral subiculum 

reachess die BNST via the fimbria-formix or hippocampal-amygdala connections, from where 

subsequentt GABAergic interneurons project to the PVN (Cullinan et al., 1993). 
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Catecholaminergicc projections from the brainstem form an example of inputs that stimulate 

thee PVN. The amygdala also stimulates the PVN, and is thought to have both direct and indirect (via 

thee BNST) projections to the PVN (see (Whitnall, 1993; Herman & Cullman, 1997)). The PVN also 

receivess stimulatory projections from local hypothalamic brain areas, amongst which the dorsomedial 

hypothalamuss (Bell et al., 2000), the arcuate nucleus and the suprachiasmatic nucleus. Projections 

arisingg from the arcuate nucleus are stimulatory, involving an NPY-mediated input which reduces 

GABAergicc input (Cowley et al., 1999). However this nucleus can also be inhibitory via POMC 

projectionss enhancing GABAergic input (Cowley et al, 1999). From the suprachiasmatic nucleus 

tooo both stimulatory and inhibitory inputs arise (Hermes et al., 1996a; Hermes et al., 1996b). 

Hippocampus s 

Locall Hypothalamic area 

figurefigure 3 

Schematicc representation of the PVN and the peri-PVN. Excitatory input (+) can "switch sign" by terminating on 

GABAergicc interneurons (-) in the peri-PVN or in local hypothalamic areas that project to the PVN. (in = third 

ventricle) ) 
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ii  the Schematicc representation of the PVN showing the different subdivisions (in various gray shades), based on I 

mainn peptide produced and the efferent projections. On the right is indicated which gray shade represents the 

differentt cell types of the PVN. Also listed here are the peptides found to be produced in the specific subdivision. 

Abbreviationss III : third ventricle; for abbreviations of the peptides see text. Figure is based on (Kiss, 1988; 

Swanson,, 1991) 

^B B 
at,, 2000; Luther et al., 2002; Stern, 2001; Cowley et al., 1999). These potentials can either be 

evokedd by depolarizing steps from hyperpolarizing membrane potentials (fig 5) or at the overshoot 

afterr hyperpolarizing pulses. Magnocellular neurons lack such low-threshold spikes. Parvocellular 

neuronss can generate low-threshold potentials with one to two spikes, whereas autonomic neurons 

reactt with robust low-threshold spikes, generating a burst of spikes (Luther et al., 2002; Tasker & 

Dudek,, 1991; Hoffman et al., 1991). The small low-threshold potential of the parvocellular cell 

correspondss with a small T-type calcium current amplitude in comparison to autonomic neurons 

(Lutherr & Tasker, 2000; Luther et al., 2002). PVN cells can furthermore be distinguished on the 

basiss of the presence / absence of a transient outward rectification generated by an A-type potassium 

currentt (Tasker & Dudek, 1991; Luther et al., 2000). Magnocellular cells have a strong transient 

outwardd rectification, which is not present in parvocellular neurons (Tasker & Dudek, 1991; Luther 

ett al., 2000). The action potential itself also differs between the PVN cells. Magnocellular cells have 

broadd spikes; they have a so-called shoulder in the falling phase of their action potential (Tasker & 

Dudek,, 1991), which is probably produced by high voltage calcium currents (fig 5). 
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figurefigure 5 
Onn the left (Al , Bl and CI), typical responses to current injections are shown of A) parvocellular neurons, B) 

magnocellularr neurons and C) autonomic neurons. In the middle (A2 ,B2 and C2), responses of the cells are shown 

whenn stepping back to resting membrane potential from hyperpolarizing membrane potentials. For comparison also 

thee responses of the cells to a small depolarizing current injection are shown. Notice that the parvocellular neuron 

responsee (A2) to deep hyperpolarization generates a low threshold spike with several action potentials, whereas the 

autonomicc neuron (C3) generates a burst of action potentials. On the right (A3, B3 and C3), typical action potentials 

aree given. The action potential of the magnocellular neuron has a shoulder in the falling phase (B3), the action 

potentiall  of the autonomic neuron (C3) is considerably smaller than the action potential of parvo- (A3) and 

magnocellularr neuron. Traces from own data, analysis based on (Hoffman et al., 1991; Tasker & Dudek, 1991; 

Hermess et al., 1996b). 
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1.55 CONTROL OF HPA-AXIS FUNCTION BY GABA 

Thee PVN possesses a high number of GABAergic terminals. About 50% of the synapses within the 

PVNN is GABAergic (Decavel & Van den Pol, 1990). PVN neurons express many different subunits 

off  the GABAA receptor complex (see Box 3) (Wisden et al., 1992; Fritschy & Mohler, 1995; Pirker 

ett al., 2000). In the parvocellular neurons positive for CRH at least a l, a2 and (31-3 subunits have 

beenn demonstrated (Cullinan, 2000). 

Directt evidence for GABAergic control of HPA activity comes from pharmacological 

experiments.. Injection of the GAB AA receptor antagonist bicuculline close to the PVN caused an 

increasedd cellular activity as measured by c-fos expression. Bicuculline also increased CRH and 

vasopressinn mRNA in the parvocellular subregion of the PVN, which led to an increase in 

corticosteronee levels (Cole & Sawchenko, 2002). Potentiating the GABAergic input by injection of 

benzodiazepiness prior to a stressor decreased stress-induced cellular activity and the rise in CRH 

hnRNAA and mRNA (Imaki & Vale, 1993; Imaki et al., 1995), and resulted in an attenuated rise in 

ACTHH level (Imaki et al., 1995; Stotz-Potter et al., 1996). 

Partt of the evidence that GABA is involved in the control of HPA-axis activity comes from 

dataa correlating changed GABA functioning with HPA-dysfunction related diseases. For instance, 

subgroupss of patients suffering from depression -a disease in which HPA dysfunction is thought to 

bee involved- show a reduced GABA concentration in the cerebrospinal fluid. Such reduction was 

alsoo found in blood plasma and even in measurements of GABA concentration in the cerebral cortex 

(Tunniclifff  & Malatynska, 2003). Furthermore, specific genomic loci for GABAA receptor subunits 

havee been linked with depression. While the al and ~3 subunit loci are not associated (Serretti et 

al.,, 1998; Papadimitriou et al., 2001), the a5 subunit showed clear association (Papadimitriou et al., 

1998;; Papadimitriou et al., 2001). Although these data imply a more global dysfunction of GABA 

transmissionn in the brain, they establish GABA as a target for further investigation. Indeed in animal 

modelss mimicking depression by chronic exposure to stress, expression of p 1 and [52 GABAA receptor 
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subunitss was found to be reduced in parvocellular neurons, while at least one other subunit, the p3, 

remainedd unaffected (Cullinan & Wolfe, 2000). This effect was very specific for PVN neurons involved 

inn HPA function directly, since in magnocellular PVN neurons no changes in these subunits were 

detected. . 

1.66 EFFECTS OF STEROIDS ON GABA FUNCTION IN HYPOTHALAMUS 

Inn general, steroids are known for their interaction with GABAergic transmission, in particular the 

GABAAA receptor complex. Interaction of steroids with the GABAA receptor has especially been 

describedd for so-called neurosteroids. These neurosteroids are thought to be produced in glial cells. 

Particularlyy allopregnanolone (3a-hydroxy-5a-pregnan-20-one or THPROG), a 5a-reduced 

metabolitee of progesterone, but also 3a,21-dihydroxy-5a-pregnan-20-l (THDOC), a 21-

hydroxyprogesteronee (deoxycorticosterone) metabolite, have acute effects on the GAB AA receptor 

function.. Both THPROG and THDOC allosterically potentiate the GABAA receptor mediated currents, 

increasingg the decay constant of the IPSC and miniature (m)IPSC. The effects depend on 

phosphorylationn of the receptor through PKC (Fancsik et al., 2000; Brussaard et al., 2000; 

Leidenheimerr & Chapell, 1997)]. The potentiation of the currents occurs in the absence of any 

effectss on rise time or amplitude of the GABAA receptor mediated currents (Cooper et al., 1999; 

Fancsikk et al., 2000; Brussaard et al., 2000; Haage & Johansson, 1999). Additional effects on mJPSC 

frequencyy have been reported with very high concentrations of THPROG (Haage & Johansson, 

1999)) in the hypothalamic medial preoptic nucleus, but not in the hypothalamic supraoptic nucleus 

(Fancsikk et al., 2000). 

Gonadall  hormones too can affect GABAergic transmission. Outside the hypothalamus, in 

thee hippocampus, estrogens decreased the evoked IPSC amplitude through decreasing mlPSC 

frequency,, which correlated with a decrease of the GABA producing enzyme (Rudick & Woolley, 

2001).. In the arcuate nucleus of the hypothalamus the number of GABAergic synaptic contacts 

changedd during the reproductive cycle. Controlled pharmacological experiments further defined the 

rolee of specific gonadal hormones in this phenomenon. Injection of estrogens in ovariectomized 

femalee rats reduced the number of GABAergic synapses, an effect blocked by additional injection of 

progesterone.. The effect of estrogens was apparent within hours and turned out to be reversible. 

Thee observation that thin glial processes were located in-between the neuronal cell soma and the 

synapsee in estrogen injected ovariectomized female rats, suggested an active role of glial cells in 

synapsee control (Garcia-Segura et al., 1994); a phenomenon also observed with dehydration (Tweedle 

&&  Hatton, 1984) and during lactation (Hussy, 2002; Oliet et al., 2001) in the supraoptic nucleus. 
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Interestingly,, in the PVN long-term ADX could also induce the retraction of glial processes from the 

neuronall  somata. Synaptic contacts on the soma, though, were not studied (Liposits & Paull, 1985). 

Bindingg studies indicate that corticosteroids can also affect the GAB AA receptor complex in 

thee hypothalamus. Removal of corticosteroids by ADX led to increased binding of the GABAA 

receptorr agonist benzodiazepine in whole-hypothalamus preparations of the rat. This effect was 

reversedd by corticosteroid substitution (Majewska et al., 1985; De Souza et al., 1986; Goeders et 

al.,, 1986; Smith et al., 1992). Similar findings were done in mice (Miller et al., 1988). In mice, 

benzodiazepinee binding was also changed after stress. The nature of the change depended on the 

strainn and stressor used. Social stress increased whereas single or repeated forced swim decreased 

benzodiazepinee binding (Miller etal., 1987;Weizmanetal., 1989;Weizmanetal., 1990). The decreased 

bindingg caused by forced swim was prevented by ADX. 

Clearly,, studies so far have demonstrated that corticosteroids (like other steroid hormones) 

cann affect aspects of GABAergic innervation in the PVN. At the start of this project, however, it was 

unknownn whether corticosterone also changes the GABAergic input to parvocellular neurons of the 

PVNN at a functional level. Particularly if such changes would occur with physiological and pathological 

fluctuationss in corticosteroid level, this could have considerable consequences for the excitability of 

PVNN parvocellular neurons and hence also for the regulation of the HPA-axis. 
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1.77 AIMS AND RESEARCH QUESTIONS 

Fromm the literature presented above it is clear that a) the GABAergic input to the PVN is important 

forr HPA-axis control and b) the GABAergic input to the PVN as well as the brain areas projecting to 

thee PVN via these GABAergic neurons, such as the hippocampus, are sensitive to corticosterone. 

Att the time this project was started, it was unclear how the humoral and GABAergic input to the 

PVNN influence each other. The aim of this thesis was to resolve how acute and long-term 

fluctuationsfluctuations in corticosteroid level affect the GABAergic innervation of parvocellular  neurons 

inn the PVN. In this research we focused on the synaptic component of the GABAergic 

innervationn of the PVN. 
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Alll  experiments were performed in transversal rat slices containing the PVN and adjacent 

hypothalamicc areas. Parvocellular neurons were selected under visual control. In Chapter II we 

describee how intracellular staining of individual neurons indeed confirmed the typefying of the cells 

ass done during the electrophysiological recording session. GABAergic responses were recorded 

withh whole cell voltage clamp recording (see Box 4). In all thus typified neurons we established the 

propertiess of miniature inhibitory postsynaptic currents (mlPSCs), which reflect the spontaneous 

releasee of GABA containing vesicles. In addition, in most neurons (Chapters III and IV) we also 

determinedd the characteristics of the evoked (e)IPSC, which is an index for the releasable pool of 

GABAA containing vesicles. 

Too investigate the effect of fluctuations in corticosterone level on GABAA receptor mediated 

inputt to the PVN, we chose the strategy of eitherr decreasing or increasing corticosteroid levels and 

recordd the GABAA receptor mediated responses in neurons of the PVN. As a first approach we 

drasticallyy decreased the corticosterone levels, making use of the ADX model. To examine if putative 

changess in GABAergic transmission were indeed caused by depletion of corticosterone we tried to 

restoree altered transmission by implantation of corticosterone-releasing subcutaneous pellets (Chapter 

II) .. Next we asked whether increased levels of corticosterone such as seen in association with a 

stressorr can affect the GAB AA mediated responses in the PVN (Chapter HI). Specific attention was 

paidd to the timecourse over which changes take place and the exact location at which corticosterone 

cann affect GABAergic transmission, i.e. in the PVN itself or via extrahypothalamic sites. Finally, we 

examinedd whether dysfunction of the HPA-axis as seen after chronic stress is accompanied by changes 

inn the GABAA receptor mediated responses of PVN neurons (Chapter IV). As described above, 

chronicc stress and diseased states such as major depression are generally associated with glucocorticoid 

feedbackk resistance, attenuated normalization of stress-induced rises in corticosteroid level and 

increasedd basal corticosteroid levels. We examined whether such abnormal HPA function is 

accompaniedd by changes in the GABAergic transmission. Since corticosteroid hormones are known 

too act as transcription factors we also examined gene expression profiles of electrophysiologically 

characterizedd parvocellular neurons. 
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INN SUMMARY, THE FOLLOWING RESEARCH QUESTIONS WERE FORMULATED: 

 Can we distinguish different cell types of the PVN on the basis of their GABAA receptor 

mediatedd responses? (Chapter II) 

 What are the consequences of three days of corticosterone depletion, by means of ADX, on 

thee GABAA receptor mediated synaptic responses of the different cell types in the PVN? 

(Chapterr LT) 

 Do increased corticosterone levels affect the GAB AA receptor mediated synaptic responses 

off  PVN neurons, and if so at which time scale does this occur? (Chapter III ) 

 Can a rise in corticosterone level induced by a stressor affect the GAB AA receptor mediated 

synapticc responses of PVN cells? (Chapter LÏÏ) 

 Is the effect of corticosterone on GAB Aergic transmission of the PVN a local effect, or the 

resultt of corticosteroid actions in brain areas projecting to the PVN? (Chapter III ) 

 What are the consequences of chronic stress for the GABAA receptor mediated synaptic 

responsess of PVN cells? (Chapter IV) 

 What are the consequences of chronic stress for gene expression in parvocellular neurons in 

thee PVN, shown to have an altered GABAergic response? (Chapter IV). 

Thee data reported in this thesis are discussed in-depth in Chapter V. 
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ABSTRACT T 

Withinn the rat paraventricular nucleus of the hypothalamus two types of neurons have been 

distinguishedd based on morphological appearance, i.e. parvocellular and magnocellular neurons. 

Thee parvocellular neurons play a key role in regulating the activity of the hypothalamo-pituitary-

adrenall  axis, which is activated e.g. after stress exposure. These neurons receive humoral negative 

feedbackk via the adrenal hormone corticosterone but also neuronal inhibitory input, either directly 

orr transsynaptically relayed via GAB Aergic interneurons. In the present study we examined to what 

extentt the neuronal GABAergic input is influenced by the humoral signal. To this end, miniature 

inhibitoryy postsynaptic currents (mlPSCs) were recorded in parvo- and magnocellular neurons of 

adrenalectomizedd rats, which lack corticosterone, and in sham operated controls. Under visual control 

neuronss in coronal slices containing the paraventricular nucleus were designated as putative 

parvocellularr or magnocellular neurons: The former were located in the medial part of the nucleus 

andd displayed a small fusiform soma; the latter were mostly located in the lateral part and were 

recognizedd by their large round soma. Compared to putative magnocellular neurons, parvocellular 

neuronss generally exhibited a lower membrane capacitance, lower mlPSC frequency and smaller 

mlPSCC amplitude. Following adrenalectomy, the mlPSC frequency was significantly enhanced in 

parvo-- but not magnocellular neurons. Other properties of the cells were not affected. In a second 

seriess of experiments we examined whether the increase in mlPSC frequency was due to the absence 

off  corticosterone or caused by other effects related to adrenalectomy. The data support the former 

explanationn since implantation of a corticosterone releasing pellet after adrenalectomy fully prevented 

thee change in mlPSC frequency. We conclude that in the absence of humoral negative feedback, 

locall  GABAergic input of parvocellular neurons in the paraventricular nucleus is enhanced. This 

mayy provide a compensatory mechanism necessary for maintaining controllable network activity. 
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INTRODUCTION N 

Withinn the rat paraventricular nucleus of the hypothalamus (PVN) two types of neurons have been 

distinguishedd based on morphological appearance, i.e. parvocellular and magnocellular neurons. 

Parvocellularr neurons are key regulators of the hypothalamus-pituitary-adrenal (HPA) activity. Thus, 

HPA-activityy is driven by corticotropin-releasing hormone (CRH) and co-secretagogues released 

fromm the parvocellular neurons. CRH causes the release of adrenocorticotropin hormone from the 

pituitary,, which in turn stimulates the secretion of corticosterone from the adrenal cortex (see (Whitnall, 

1993).. Corticosterone induces peripheral effects but also feeds back to the PVN to inhibit, via 

glucocorticoidd receptors, CRH synthesis and release, thus indirectly downregulating its own secretion 

(Swansonn & Simmons, 1989). In addition to affecting the PVN, corticosteroids also influence other 

brainn areas such as the hippocampus and amygdala (De Kloet et al., 1998). 

Thee setpoint of HPA activity is not only determined by the humoral feedback via corticosterone 

butt also by neuronal signals integrated in the PVN. The PVN receives excitatory inputs from several 

brainn areas, such as the amygdala (Feldman & Weidenfeld, 1998), the dorsomedial hypothalamus 

(Morinn et al., 2001), and several brainstem areas (see (Herman & Cullinan, 1997). However, the 

PVNN also receives a dense inhibitory input. About 50% of the hypothalamic synapses are GABAergic 

(Decavell  & Van den Pol, 1990). Part of these involve direct GABAergic projections to the PVN, 

originatingg e.g. in the suprachiasmatic nucleus (Hermes & Renaud, 1993) and arcuate nucleus (Cowley 

ett al., 1999). Other areas like the cingulate cortex (Diorio et al., 1993) and hippocampus (Herman et 

al.,, 1994) -also enriched in corticosteroid receptors- transsynaptically inhibit the PVN via hypothalamic 

interneuronss located amongst others in the bed nucleus stria terminalis and peri-PVN regions (Roland 

&&  Sawchenko, 1993; Boudaba et al., 1996; Tasker & Dudek, 1993). Nearly all CRH parvocellular 

neuronss express GAB A receptors (Cullinan, 2000), underpinning the importance of neuronal input 

inn suppressing PVN and thus HPA activity (Herman & Cullinan, 1997; Herman et al., 2002b). 

Sincee parvocellular neurons in the PVN receive humoral as well as neuronal feedback signals, 

itt is conceivable that these two pathways do not work independently. This is supported by 

pharmacologicall  studies in which either the humoral or neuronal feedback signal was blocked. For 

instance,, injection of the GABAA receptor antagonist bicuculline close to the PVN caused an increase 

off  CRH, vasopressin and c-FOS expression in the parvocellular subregion of the PVN, and increased 

circulatingg corticosterone levels (Cole & Sawchenko, 2002). Conversely, removal of the humoral 

feedbackk by adrenalectomy led to increased benzodiazepine binding as measured in whole 

hypothalamuss preparations of the rat. This effect was reversed by corticosteroid substitution 

(Majewskaa et al., 1985; De Souza et al., 1986; Goeders et al., 1986). 

33 3 



Chapterr II 

Wee here addressed the question to what extent the local GABAergic network in the PVN 

adaptss if the humoral feedback signal, i.e. glucocorticoid input, is dysfunctional. To this end rats 

weree adrenalectomized (ADX), allowing the investigation of neuronal feedback in the absence of 

corticosteroids.. To monitor neuronal feedback at the synaptic level, miniature inhibitory postsynaptic 

currentss (mlPSCs) were recorded with the whole cell patch clamp technique. Frequency, peak 

amplitudee ?nd kinetic properties of mlPSCs in PVN neurons were compared in tissue from ADX 

andd sham operated control rats. Reintroduction of corticosterone in ADX rats was used to show 

steroidd dependence of changes after ADX. 

METHODS S 

SurgerySurgery and slice preparation 

Thirty-eightt male Wistar rats (Harlan CPB, the Netherlands) of 90-190 grams were group housed 

underr standard conditions and received food, water and saline (ADX) ad libitum. Day/night 

fluctuationss of hormones of interest were standardized by a constant light/dark cycle (08:00-20:00/ 

20:00-08:000 hrs). All experiments were approved by the local Animal-Experiment-Committee (DEC 

projectt #DED43). Three days before the experiment at 09:30 hrs, rats were bilaterally 

adrenalectomizedd (N= 12) or sham operated (N= 14) under halothane (Sanofi Sante, the Netherlands) 

anesthesiaa as described earlier (Ratka et al., 1989). In a second series of experiments, ADX rats 

(N=8)) received a subcutaneous 25 mg corticosterone pellet (Innovative Research of America, USA), 

whichh is known to result in moderately high circulating levels of corticosterone (Ratka et al., 1989). 

Controll  ADX rats (N=4) received a placebo pellet. 

Onn the day of the experiment at 09:00 hrs, rats were placed in a novel environment (clean 

cage)) for 30 minutes after which they were quickly decapitated. Trunk blood was collected for 

determinationn of plasma corticosterone by radio-immunoassay. The brain was quickly removed from 

thee skull and placed in ice-cold carbogenated (95% 02,5% C02) artificial cerebrospinal fluid (ACSF) 

containingg (in mM) 124 NaCl, 3.5 KC1, 1.25 NaH2P04, 1.5 MgS04, 2 CaCl2, 25 NaHC03 and 10 

glucosee (all from Sigma, the Netherlands); pH was set at 7.4, osmolality was -300 mOsm. Coronal 

slicess (400 |i.m) at the level of the paraventricular nucleus of the hypothalamus were cut on a 

Vibroslicerr (Campden Instruments Ltd., UK). Under a binocular, one slice containing the PVN was 

selectedd for recording. After an equilibration period of > 1 hr at room temperature this slice was 

transferredd to the recording chamber mounted on an upright microscope, submerged and continuously 

superfusedd with carbogenated ACSF. To isolate GAB AA receptor mediated synaptic currents, AMPA 

-- and NMDA -receptors were blocked with 10 \iM CNQX (Sigma, the Netherlands) and 10 [iM  D-
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AP-55 (Sigma, the Netherlands) respectively; action potentials were blocked with 0.5 \iM TTX 

(Latoxan,, France). 

RecordingsRecordings and analysis 

Ann upright microscope with a 40x water immersion objective and lOx ocular was used to identify 

PVNN neuron subtypes based on their location and the shape of their cellbody. Whole cell voltage 

clampp recordings were made using an Axonpatch 200B amplifier (Axon Instruments, USA). Patch 

pipettess were pulled from borosilicate glass (Science Products, Germany) on a horizontal puller 

(Sutterr Instruments Co, USA). The pipettes were filled with an intracellular buffer containing (in 

mM):: 140 CsCl, 10 HEPES, 10 EGTA, 2 MgATP, 0.1 NaGTP (all from Sigma, the Netherlands); 

pHH adjusted with CsOH (Acros Organics, Belgium) to 7.2; 280 mOsm; pipette resistance 4-7 MQ. 

Forr later off line visualization a limited number of cells was filled with either Lucifer Yellow (4 mg/ 

ml;; Molecular Probes, the Netherlands) or Alexa Hydrozin 488 (1.75 mM; Molecular Probes, the 

Netherlands).. Series resistance and capacitance were monitored during the whole recording using 

pCLAMP7(Axonn Instruments, USA). Recordings with an uncompensated series resistance of less 

thenn 2.5 times the pipette resistance were accepted for analysis. 

Tracess of 5 minutes were recorded using the gap-free acquisition mode of pCLAMP7 at 

10kHzz sampling rate. mlPSCs were detected off-line using CDR and WCP analysis software (J. 

Dempster,, University of Strathclyde, Glasgow, UK, http://www.stram.ac.uk/Departments/PhysPharm/ 

ses.htm.. [2002, Feb. 23]), which uses a threshold-based event detection algorithm. Of all mlPSCs 

thee inter-mlPSC interval, rise time, peak amplitude and tau of decay were determined. The decay of 

eachh mlPSC was fitted with a mono- and bi-exponential curve in WCP. This program uses the 

Levenberg-Marquardtt algorithm to iteratively minimize the sum of the squared differences between 

thee theoretical curve and data curve. WCP indicates the goodness of fit  with the standard deviation 

off  the residuals between the fitted curve and the data points (residual standard deviation) for each 

mlPSCC fitted. As criterion for the goodness of the fit  the residual standard deviation should be less 

thann 0.2. Fitting with a bi-exponential instead of a mono-exponential curve did not increase goodness 

off  the fit  since it did not decrease the residual standard deviation as tested in a substantial number of 

cells.. Also there was no significant change in the variance of the residual of the mono-exponential 

comparedd to the variance of the residual of the bi-exponential, as tested with a Student's Mest for a 

randomm sample of individual mlPSCs of both putative parvocellular and magnocellular neurons 

(n=17).. We chose to fit  with the function using the least number of parameters, i.e. the mono-

exponential. . 
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Microsoftt Excel was used to select individual mlPSCs of each cell with the following criteria: 

1)) peak amplitude should be larger than 10 pA; 2) rise time, taken as 10% to 90% of peak amplitude 

shouldd be less than 5 ms; 3) the tau of the decay time based on a mono-exponential fit should be 

betweenn 4 and 50 ms. These criteria are based on earlier studies, describing mlPSC properties in 

otherr hypothalamic nuclei or other brain areas (Brussaard et al., 1997; Wierenga & Wadman, 1999). 

Basedd on these criteria about 14% of all initially mlPSC detected events were discarded, equally 

distributedd over the different treatment groups. After this analysis, averages of the mlPSC parameters 

weree determined per cell. Also, mlPSC frequency was calculated by dividing the number of events 

byy the recording time in seconds. In addition to averaging the mlPSC parameters per cell, we also 

analysedd the distribution of mlPSC interval, peak amplitude and tau of decay in all cells. Frequency 

distributionn per cell for the inter-mlPSC interval was fitted with a exponential curve y=A0 exp(-rt), 

withh r representing the mean of the intervals. The log of the peak amplitude (Borst et al., 1994) and 

tauu of decay distributions were fitted with a Gaussian curve y=A0 exp(-(t-^i)/a)2, where \i represents 

thee mean and a the standard deviation. The frequency distribution for the capacitance was also fitted 

withh a Gaussian. 

Duee to seasonal fluctuations in (uncontrolled) room temperature the second series of 

experimentss had to be corrected for temperature using the Q10 method. The Q10 was experimentally 

determinedd by comparing the ADX groups of the two series. The Q10 for the frequency was found 

too be 1.92, for peak amplitude 1.32 and for the fitted tau of decay 0.86. The rise time was not 

temperaturee dependent. 

Statisticall  analysis was performed with a two-tailed unpaired Student's Mest. Differences in 

variancee were tested with a F test. Differences were considered significant if p<0.05. 

RESULTS S 

IdentificationIdentification of paraventricular neurons 

Individuall  PVN neurons (n=89) were identified based on shape and location of their somata. In the 

inin situ (live, unstained) slice preparation of the hypothalamus, subdivisions of the PVN were clearly 

distinguishedd (fig 1 A, B). A medial part could be discerned, located between the third ventricle and 

aa lateral cluster of large neurons. Using 400x magnification, small and usually fusiform neurons were 

observedd within the medial part of the PVN, with large neurons scattered in between. The latter 

displayedd usually large round cellbodies, similar to the cells in the lateral cluster. A limited number of 

cellss were stained with the intracellular dyes Lucifer Yellow (n=5) or Alexa Hydrozin 488 (n=7). 

Postt hoc histological analysis of these cells confirmed the location and shape of the cellbody as 

establishedd during the recording session (see examples in figure 1A-D). Since the intracellular dyes 
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figurefigure 1 

PVNN neurons were characterized on basis of location within 

thee PVN and the shape and size of their somata. 

A)) and B) Bright field photographs of unstained slice 

preparationss of the PVN with overlaying fluorescent 

micrograph.. Dotted lines indicate the borders of the 

parvocellularr (medial) and magnocellular (lateral) 

subregions.. Asterisks indicate the third ventricle. 

A)) arrow indicates a Lucifer Yellow filled small fusiform 

neuronn within the medial part of the PVN. This particular 

neuronn had a capacitance of 21.6 pF. In 

B)) arrow points to an Alexa filled large round neuron within 

thee lateral part of the PVN. This neuron had a capacitance 

off  33.0 pF. Scale bar 100 um. 

C)) and D) are higher magnifications of fluorescent 

micrographess of A and B respectively. 

C)) Lucifer Yellow filled putative parvocellular neuron. 

D)) Alexa filled putative magnocellular neuron. Note the 

differencee in cell soma size. Scale bar 100 um. 

E)) Distribution of capacitance of all neurons measured in 

thee PVN. Filled bars represent the putative parvocellular 

neurons,, open bars the putative magnocellular neurons. 

Eachh of the two distributions could be fitted with a single 

Gaussiann (r2= 0.81 for putative parvocellular neurons and 

ii 22==  0.89 for putative magnocellular neurons). 

B B 
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weree found to influence the physiological properties of the cells, staining was only performed in a 

limitedd number of cells and not routinely applied. Only those neurons that could be identified during 

thee recording session as being either 1) medially located as well as small and/or fusiform or 2) 

locatedd in the lateral cluster with a large and round cellbody were included in the present study. 

Basedd on these criteria 9 cells were excluded from further analysis. Further subdivisions as described 

inn the literature for stained sections (Kiss et al., 1991) could not be made in the unstained slice 

preparation.. In view of the location and shape of the somata, the medially located small and fusiform 

neuronss wil l be referred to as putative parvocellular neurons; large neurons located in the lateral 

clusterr wil l be referred to as putative magnocellular neurons (Kiss et al., 1991). 
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Thesee two groups of neurons differed in their basic properties. Putative parvocellular neurons 

hadd a significantly smaller capacitance than putative magnocellular neurons (fig IE and Table I), 

confirmingg the visual identification based on cell size. In this analysis of the two cell groups, data 

fromm all hormonal treatment groups (see below) were pooled since none of the treatments affected 

membranee capacitance significantly (data not shown). Interestingly, of the 45 recorded putative 

parvocellularr neurons 5 exhibited a large capacitance (fig IE), although they were visually identified 

ass a small neuron in the medial part of the PVN. The capacitance of these putative parvocellular 

neurons,, i.e. 35,40,42,43 and 43 pF, was roughly two standard deviations removed from the mean 

off  this group. The capacitance of these cells was even larger than the mean capacitance of the 

putativee magnocellular neurons. Except for their large capacitance, however, these cells did not 

differr from the other putative parvocellular neurons, with respect to their mlPSC characteristics and 

thee effect of adrenalectomy (see below); they were therefore included in the putative parvocellular 

neuronss group. 

MiniatureMiniature inhibitory postsynaptic currents 

Off  both groups of neurons whole cell patch clamp recordings at -65 mV were made to study miniature 

inhibitoryy postsynaptic currents (mlPSCs). Since these recordings were made with approximately 

equimolarr concentrations of chloride ions inside and outside, currents reversed at 0 mV (n=3) (fig 

2A,B).. These currents could be fully blocked with bicuculline (n=3) confirming that they were 

indeedd generated via activation of GAB AA receptors (fig 2C). 

tablee I 
Forr all visually identified PVN neurons the capacitance differed greatly between putative parvocellular and putative 

magnocellularr neurons. Within the SHAM operated rats the two groups of PVN neurons also differed in mlPSC 

characteristics,, such as frequency peak amplitude, but not in fitted tau of decay. 

Capacitancee (pF) 

Frequencyy (Hz) 

Peakk (pA) 

Tauu (ms) 

parvocellular r 

**  (n=45) 

33 (n=8) 

93.1+16.00 (use) 

88 (n=8) 

magnocellular r 

99 (n=35) 

77 (D*11) 

10&$i^77 <B»Ü) 

BM mm ^ i i ) 

Two-tailedd Student-tP< 

0.0001 1 

0.0001 1 

0.001 1 

0.06 6 

*Dataa are represented as mean +SEM, n is number of identified cells. 
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figurefigure 2 
Originall  traces recorded from typical 

parvocellularr neurons showing that mlPSCs 

aree carried by chloride ions and generated 

byy GABAA receptors. 

A)Recordingss were made with equimolar 

concentrationss of chloride ions inside and 

outsidee the cell. Therefore the currents 

reversee at 0 mV and are inward at negative 

holdingg potentials. 

B)) IV plot of traces shown in A. 

C)) Currents were completely blocked by 10 

uMM bicuculline (BIC). 
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Thee basal mlPSC characteristics of the two neuron groups were studied in SHAM operated 

controll  rats. With respect to mlPSC characteristics the two groups of PVN neurons differed greatly. 

Thee mlPSC frequency of putative parvocellular neurons was significantly lower than that of putative 

magnocellularr neurons (fig 3A,B and Table I). Moreover, mlPSCs of putative parvocellular neurons 

displayedd a smaller peak current than mlPSCs of putative magnocellular neurons (fig 3A,B and 

Tablee I). The decay of the mlPSCs in putative parvocellular neurons tended to be slower than seen 

inn magnocellular cells, as shown for a typical example in figure 3C. On average this difference did 

notnot attain statistical significance (Table I). 
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figurefigure 3 

Visuallyy identified PVN neurons differed in their mlPSC 

characteristics. . 

A)) Original trace recorded from PVN neurons. The two 

tracess on the left were recorded from visually identified 

putativee parvocellular neurons; traces on the right were 

obtainedd from putative magnocellular neurons. Note the 

differencee in peak amplitude and frequency. For more 

detailedd comparison 

B)) shows a blow up of the original trace of a putative 

parvocellularr (left) and magnocellular neuron (right). 

C)) Averaged mlPSCs of typical putative parvocellular 

(solidd black line) and putative magnocellular neuron 

(dashedd line). For comparison of the tau of decay, the 

peakk IPSC amplitude of the putative parvocellular 

neuronn was scaled to that of the magnocellular neuron 

(grayy line). 

40 0 



Effectt of ADX 

HormonalHormonal influences on mlPSC characteristics 

Inn the first series of experiments we studied the effect of ADX on mlPSC characteristics in the PVN 

forr both groups of neurons. Based on the averaged numbers per cell, ADX significantly increased 

thee mlPSC frequency by 68% in the putative parvocellular neurons (fig 4A,C). In addition to averaged 

mlPSCC frequency per cell, the distribution of mlPSC intervals was also analysed for all parvocellular 

cellss in the ADX and SHAM groups, as shown for representative examples in figure 4D. In all cases 

thee interval distribution per cell could be fitted with an exponential curve, indicating that the mlPSCs 

occurredd independently from each other. Moreover, the largely increased values for the constants in 

thee exponential fits (see examples in fig 4D) confirm the considerable increase in mlPSC frequency 

afterr ADX. 

Inn the group of putative parvocellular neurons, no significant effects were observed after 

ADXX on either peak amplitude or tau of decay, as calculated from the averages per cell (fig 5 A,C). 

Thee lack of effect was confirmed when the distribution of mlPSCs within individual cells was taken 

intoo account. Thus, in all cells except one, the distribution of die lognormal of the peak amplitude 

andd tau of decay could be described with a single Gaussian curve (for peak amplitude, SHAM: 

averagee r2=0.80 + 0.03; ADX: 0.87+ 0.02; for tau of decay, SHAM: average r ^ . 91 + 0.03; for 

ADX:: 0.89+ 0.03; typical examples shown in fig 5B,D). In one cell from the ADX group, a better fit 

off  the distribution of lognormal of the peak amplitude was obtained with a double Gaussian. 

Importantly,, after ADX there was no change in the mean as well as the variances of the distributions 

(ass tested with an F test), indicating that the distributions of the peak amplitude and the fitted tau of 

decayy were in all respects comparable for the ADX and SHAM groups. 

Withinn the putative magnocellular neurons, ADX resulted in a small but non-significant increase 

off  the mlPSC frequency, based on the averaged numbers per cell (p=0.27; fig 4B,D). Similar to what 

wass seen in the putative parvocellular neurons, ADX did not affect peak amplitude or tau of decay 

inn putative magnocellular neurons (fig 5A,C). Also, the frequency distributions of mlPSC interval in 

putativee magnocellular neurons (representative examples in fig 4F) as well as the distribution of the 

lognormall  of peak amplitude and tau of decay (fig 5B,D) were fully comparable for the ADX and 

SHAMM groups. 

Inn the second series of experiments we investigated whether the effects as seen in putative 

parvocellularr neurons after ADX were caused by the absence of corticosteroids. If so, restoring 

corticosteronee level to that of the SHAM operated controls should normalize the mlPSC 

characteristics.. To this end, 6 ADX rats received a subcutaneous corticosterone pellet (25 mg). 

Pellett implantation indeed resulted in comparable corticosterone levels (9.63  0.39 Hg/dl; n=8) as 

observedd in SHAM operated controls (9.95 + 2.50 Hg/dl; n=14). In this second experimental series, 
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figuree 4 
Effectt of ADX on PVN neurons. 

A)) Original traces of putative parvocellular neurons. The traces on the left were obtained from SHAM rats, traces 

onn the right from ADX rats. Note the increases in mlPSC frequency. 

B)) Original traces of putative magnocellular neurons. The two traces on the left are from SHAM rats, traces on the 

rightright from ADX rats. 

C)) Histogram showing increased mlPSC frequency in putative parvocellular neurons from ADX rats. The black bar 

representss the averaged (+SEM) mlPSC frequency of putative parvocellular neurons from SHAM rats; the gray bar 

thee averaged mlPSC frequency of putative parvocellular neurons from ADX rats. Asterisk indicates statistical 

significancee at p<0.01 (unpaired two-tail Student's f-test). 

D)) Typical examples of distribution of the mlPSC interval (bin size 1 ms) from a putative parvocellular neuron of a 

SHAMM rat (left) and of an ADX rat (right). The distributions were fitted with an exponential curve (solid line). Note 

higherr constants for the cell of the ADX rat. 

E)) Adrenalectomy did not affect (p=0.27) mlPSC frequency of magnocellular neurons. Open bar: averaged (+SEM) 

mlPSCC frequency of putative magnocellular neurons from SHAM rats. Light gray bar: averaged mlPSC frequency 

off  magnocellular parvocellular neurons from ADX rats. 

F)) Typical examples of distribution of the mlPSC interval (note smaller bin size of 0.25 ms) from a putative 

magnocellularr neuron of a SHAM rat (left) and of an ADX rat (right). Both curves were fitted with an exponential 

curve.. Note comparable constants for both groups. 

controll  ADX rats received a placebo pellet. As predicted, the mlPSC frequency of putative 

parvocellularr neurons in the corticosterone replaced ADX rats was indeed decreased compared to 

thee frequency in rats receiving a placebo pellet (p<0.002; fig 6). The temperature corrected mlPSC 

frequencyy of ADX rats receiving corticosterone replacement was comparable to that of SHAM rats. 

Comparedd to the placebo treated ADX group, corticosterone replacement also changed the averaged 

tauu of decay (20%, p<0.05) and peak amplitude (42%, not significant) but these changes were 

substantiallyy less pronounced than the >150% change in mlPSC frequency. 

DISCUSSION N 

CharacterizationCharacterization of PVN neurons 

Inn this study we investigated to what extent absence of a humoral inhibitory feedback signal influences 

thee local properties of the neuronal inhibitory input to the PVN. To this end, mlPSC characteristics 

off  PVN neurons were compared between SHAM and ADX rats. This influence is particularly relevant 

forr parvocellular PVN neurons, given their key role in the HPA axis activity. As a first step we 

thereforee attempted to distinguish parvocellular from magnocellular neurons, based on the location 

andd morphology of their somata, a criterion also used in earlier immunohistological studies performed 

inn the PVN. Morphological distinction was more straightforward man using electrophysiological 

criteriaa earlier found with sharp electrodes (Tasker & Dudek, 1991), since the presently used whole 

celll  recording configuration and pipette solution precluded a meaningful comparison. 
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figurefigure 5 
Adrenalectomyy did not affect peak amplitude (A and B) or tau of decay (C and D) for both the putative parvocellular 

neuronss and magnocellular neurons. 

A)) Histogram showing average (+SEM) peak amplitude of putative parvocellular neurons in SHAM (black bars) 

andd ADX rats (gray bars) and putative magnocellular neurons in SHAM (white bars) and ADX (light gray) bars. 

B)) Typical example of distribution of the mlPSC peak amplitude for a single putative parvocellular neuron in a 

SHAMM rat (upper left) and ADX rat (upper right). Representative examples for putative magnocellular are given 

below. . 

C)) Histogram showing average (+SEM) tau of decay of putative parvocellular cell in SHAM (black bars) and ADX 

ratss (gray bars), and of putative magnocellular neurons in SHAM (white bars) and ADX rats (light gray bars). 

D)) Typical example of distribution of the mlPSC tau of decay for a single putative parvocellular neurons in a SHAM 

(upperr left) and ADX rat (upper right). Similarly, examples of putative magnocellular neurons are given below. 

44 4 



Effectt of ADX 

ADX-255 mg CORT 

TT-r r r 

Parvocellula rr  Neuron s 

n=133 * n=7 

11 -

N N 
I I 

&& 0.6 
c c 
O" " 
££ 0.4 

U_ _ 

0.2 2 

0 0 
ADX-25mgg ADX-pla 

CORT T 

B B 
ADX-pla a 

W W I W ^ T T W ^ I ] ^^  ffiffrw^pppniii n TV TV 

i"!"| || ' ll'|Tl|l  !l||l 'Wtti W W 11 I'll w w PI I fp* * * ip p 
2000 pA 

1" " iff f 

3s s 

figurefigure 6 

Subcutaneouss placement of a corticosterone releasing pellet in ADX 

ratss -thus restoring the corticosterone level to that in SHAM operated 

controls-- decreased the mlPSC frequency of putative parvocellular 

neurons,, compared to values seen in ADX rats receiving a placebo 

pellet. . 

A)) Original traces of putative parvocellular neurons from ADX rats 

receivingg a 25 mg corticosterone pellet. 

B)) Original traces of putative parvocellular neurons of ADX rats 

receivingg a placebo pellet. 

C)) Histogram showing the averaged mlPSC frequency of putative 

parvocellularr neurons from ADX rats receiving a 25 mg 

corticosteronee pellet (striped bar) and ADX rats receiving a placebo 

pellett (gray striped bar). Asterisk indicates statistical significance at 

p== 0.002 with an unpaired two-tail Student's Mest . 

Thee distinction on basis of morphological characteristics appeared to be a reliable approach 

sincee putative parvocellular and magnocellular neurons in the PVN on average differed from each 

otherr with respect to their basic membrane capacitance and mlPSC properties, in a way that is 

accordancee with other findings. Thus, in general parvocellular neurons displayed a lower membrane 

capacitancee than magnocellular neurons, which agrees with the difference in their somatic surface. 

Interestingly,, a limited number of cells within the parvocellular cell group that were visually identified 

ass having a small cell soma and were located in the medial part of the PVN had a very large capacitance. 

Exceptt for their large capacitance, however, these cells do not differ from the other putative 

parvocellularr neurons in their mlPSC characteristics or the effect of adrenalectomy. The large 

capacitancee but small cell soma could indicate that the dendrites, particularly large diameter first 

orderr branches, also contribute to the capacitance measurement. We can presently not exclude that 

thiss small group of neurons represents a subset of parvocellular neurons that is morphologically 

differentt from the majority of cells. 
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Magno-- and parvocellular neurons also differed from each other with respect to the mlPSC 

characteristics.. While mlPSCs in magnocellular neurons displayed a high frequency, large peak 

amplitudee and fast decay, parvocellular neuron mlPSCs were low in frequency, had a small peak 

amplitudee and were more slowly decaying. The mlPSC characteristics for magnocellular neurons as 

foundd in this study closely resemble those described for magnocellular neurons in the SON (Brussaard 

ett al., 1997). The higher frequency of mlPSCs in magnocellular neurons may be related to the fact 

thatt the percentage of inhibitory synapses making contact with the soma is higher in the magnocellular 

thann the parvocellular region, as established with electronmicroscopy (Decavel & Van den Pol, 

1990).. Since the present recordings mostly reflect somatic currents, the high mlPSC frequency of 

thee magnocellular neurons may be caused by the high number of somatic GAB Aergic synapses on 

thesee cells. The difference in peak amplitude or quantal amplitude could point to a difference in the 

numberr of postsynaptic GABAA receptors (Nusser et al., 1997). Indications for higher levels of 

GABB Aergic receptors in magnocellular than parvocellular neurons come from in situ hybridization 

studies,, showing that the magnocellular section of the PVN consistently exhibits a higher expression 

off  GABAA receptor subunits than the parvocellular section (Cullinan & Wolfe, 2000). The small 

differencee in mlPSC tau of decay between parvo- and magnocellular neurons may represent differences 

inn synaptic parameters such as subunit composition, transmitter uptake or diffusion of GAB A in the 

synapticc cleft (Cherubini and Conti, 2001). 

EffectEffect ofADX 

Inn the HPA system corticosteroids feed back primarily on the PVN, to downregulate HPA activity. 

Thiss is done in concert with direct or transsynaptic inhibitory inputs to the PVN from higher brain 

areass and local hypothalamic areas. To investigate to what extent absence of a humoral inhibitory 

feedbackk signal in the PVN influences the local properties of the neuronal inhibitory input to the 

PVNN the ADX model was selected. 

Thee data show that corticosteroids and the GABAergic innervation indeed do not work 

independently.. Reducing corticosteroids levels by ADX increased the mlPSC frequency of 

parvocellularr neurons; mlPSC frequency of magnocellular neurons -which are not directly involved 

inn the HPA system- was not altered, indicating a specific effect on the GABAergic system involved 

inn stress. Restoring corticosteroid levels in ADX rats reduced mlPSC frequency of parvocellular 

neuronss to SHAM level, emphasizing that the effect of ADX is indeed due to the absence of 

corticosterone.. Tau of decay was also slightly but significantly changed when comparing ADX rats 

receivingg corticosterone to ADX rats receiving a placebo. Perhaps this difference can be explained 
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byy the fluctuating corticosterone levels seen in SHAM rats versus the rather constant andd moderately 

highh levels of corticosterone in ADX rats receiving corticosterone via a pellet. 

Thee increase in local GABAergic transmission after ADX is supported by earlier pharmalogical 

studies.. In whole hypothalamus preparations several groups showed increased agonist binding to 

thee benzodiazepine receptor complex after ADX. This effect could be reversed by corticosteroid 

substitutionn (Majewska et al., 1985; De Souza et al., 1986; Goeders et al., 1986). Recently, Miklós 

andd Kovacs (2002) (Miklós & Kovacs, 2002) found that 7 days after ADX the number of GABAergic 

terminalss specifically onto CRH positive neurons was significantly increased, as established with 

electronn microscopy. The latter observation indicates that the increased mlPSC frequency seen in 

ourr study most likely reflects an increase in the number of GABAergic terminals, rather than an 

increasee in release probability. This change in synaptic innervation after ADX could take place in 

severall  ways. Thus, corticosterone could affect synaptic contacts directly in the PVN. Corticosterone 

mayy also act at the level of the limbic structures projecting to the PVN, thus indirectly affecting 

synapticc contacts in the hypothalamus. 

Whatt could be the functional meaning of the ADX-induced increase in GABAergic 

transmissionn locally in the PVN? In the ADX model, the corticosteroid feedback signal -which 

normallyy downregulates HPA activity- is no longer present. It was shown that the lack of feedback 

leadss to increased levels of ACTH secretagogues, in particular CRH and vasopressin (de Goeij et 

al.,, 1993; Sawchenko, 1987). In brain slices, (Kasai & Yamashita, 1988) found that the spontaneous 

firingfiring rate of neurons in the parvocellular region from ADX rats was higher than that of intact rats. 

Inn that study, synaptic inputs from other areas were near-absent. Apparently, the intrinsic firing rate 

off  parvocellular neurons is increased after ADX. We here show that the local synaptic inhibition, 

however,, is increased. Generally, GABAergic innervations are thought of as being important for 

synchronizingg neuronal activity. The increased mlPSC frequency might therefore provide a 

compensatoryy mechanism necessary for maintaining controllable network activity. 
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ABSTRACT T 

Parvocellularr neurons in the hypothalamic paraventricular nucleus receive a hormonal input mediated 

byy corticosterone as well as neuronal inputs, of which the GAB Aergic inhibitory projection is very 

important.. In the present study we examined the functional properties of this GAB Aergic innervation 

whenn corticosteroid levels fluctuate. To this end the frequency, amplitude and kinetic properties of 

miniaturee inhibitory postsynaptic currents (mlPSCs), mediated by GAB A, were examined with whole 

celll  recording in parvocellular neurons. Injection of a high dose of corticosterone in vivo suppressed 

thee frequency but did not change the amplitude nor kinetic properties of mlPSCs recorded 1-5 hrs 

laterr in vitro. Comparable effects were observed with increased endogenous corticosteroid levels, 

afterr a restraint stress. These corticosteroid actions do not critically depend on the involvement of 

peripherall  organs or extrahypothalamic brain regions, since in vitro administration of 100 nM 

corticosteronee for 20 min. to a hypothalamic slice similarly suppressed the frequency of mlPSCs 

recordedd several hours later. No rapid effects of corticosterone on mlPSC properties were observed, 

ass opposed to the rapid actions earlier reported for neurosteroids. These results support that rises in 

glucocorticoidd level due to stress can slowly but persistently inhibit the GABAergic tone on 

parvocellularr hypothalamic neurons, by a hitherto unknown local mechanism independent from limbic 

projections. . 
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INTRODUCTION N 

Thee hypothalamus-pituitary-adrenal (HPA) axis is important for the control of homeostasis. Potential 

disturbancess of homeostasis or stress will lead to HPA-axis activation. Parvocellular neurons in the 

hypothalamicc paraventricular nucleus (PVN) release corticotropin releasing hormone (CRH), causing 

thee release of adrenal corticotropin hormone, which leads to the secretion of adrenal glucocorticoids 

(corticosteronee in rat). Corticosteroids in turn are able to down-regulate their own release. Part of 

thiss negative feedback occurs via glucocorticoid receptors in the pituitary and PVN. However, 

higherr brain areas -such as the hippocampus- which project to the PVN also exert control over 

HPA-axiss activity (De Kloet et al., 1998; Herman & Cullinan, 1997). These limbic projections are 

relayedd via GABAergic interneurons. Indeed, the GABAergic innervation of CRH producing cells 

wass shown to be particularly important for the control of HPA axis activity (Cole & Sawchenko, 

2002). . 

Recently,, it was observed that neuronal and humoral inputs to the PVN do not act 

independently.. Electrophysiological analysis of GABAergic synapses revealed that GABAergic 

functionn in the PVN is increased after adrenalectomy (Verkuyl & Joels, 2003). By monitoring miniature 

postsynapticc inhibitory currents (mlPSCs), individual synaptic responses to the release of GAB A-

containingg vesicles can be analyzed. Without apparent change in receptor characteristics such as the 

amplitudee or decay of mlPSCs, the release of GABAergic vesicles was increased several days after 

adrenalectomy.. Counts of GABA positive terminals onto CRH producing neurons with electron 

microscopyy indicated that the functional changes are due to an increase in the number of GABAergic 

synapsess (Miklós & Kovacs, 2002). Restoring corticosteroid levels in the 3 days period after 

adrenalectomyy normalized vesicle release to control levels, supporting that the changes were indeed 

mediatedd by corticosteroids. 

Althoughh the presence of corticosterone is apparently essential for control of GABAergic 

activityy in the PVN, it is presently not known whether these hormonal effects are caused by slow 

adaptationall  changes in brain or take place in the PVN over the course of hours. If the latter is true, 

physiologicall  fluctuations in corticosteroid level (e.g. after stress) could profoundly alter GABAergic 

controll  of HPA-axis activity. 

Too address these issues, we compared mlPSC properties in control rats with low circulating 

levelss of corticosterone (at the circadian trough, under rest) to mlPSC characteristics in rats which 

receivedd a high dose of corticosterone by injection (10 mg/150 g body weight), 1 hr before PVN 

slicee preparation. These experiments can reveal whether corticosteroid actions take place over the 

coursee of hours or require slow adaptational changes over days. We also studied the effect of 

physiologicall  fluctuations in corticosteroid level, caused by restraint stress, on mlPSC characteristics 
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inn PVN. Furthermore miPSC properties in the PVN were studied after in vitro incubation of the 

PVNN slice with 100 nM corticosterone. Comparison between the latter and former series can show 

whetherr corticosteroid effects on mlPSCs in the PVN critically depend on the involvement of 

extrahypothalamicc regions or are accomplished within the hypothalamus. 

METHODS S 

AnimalAnimal procedures and slice preparation 

Alll  experiments were approved by the local Animal-Experiment-Committee (DEC project #DED84). 

Uponn arrival, male Wistar rats (n=41 in total; Harlan CPB, The Netherlands) of 75-100 grams (final 

weightt at day of experiment 140-180 gram) were singly housed under standard conditions and 

receivedd food and water ad libitum. Rats were handled during a week before the experiment. Rats 

designatedd to receive an injection were accustomed to the injection procedure by giving a needle 

prickk during the handling procedure. On the day of the experiment, at 9:00 hrs, one of group of rats 

(n=6)) received a subcutaneous injection of 10 mg corticosterone (Sigma, the Netherlands) in 400 (il 

sunflowerr oil and were then placed back in their home cage for one hour. Rats belonging to the 

restraintt group (n=8) were placed in a restrainer tube, one hour before decapitation. Control rats 

weree only handled (n=20) and directly taken from their home cage for decapitation at 10:00 hrs, or 

receivedd an injection of 400 ̂ 1 sunflower oil (n=7) 1 hr before decapitation. 

Afterr decapitation (10.00 hrs), trunk blood was collected for determination of plasma 

corticosteronee by a radio-immunoassay. The brain was quickly removed from the skull and placed in 

ice-coldd carbogenated (95% 02,5% C02) artificial cerebrospinal fluid (ACSF) containing (in mM) 

1244 NaCl, 3.5 KC1, 1.25 NaH2P04, 1.5 MgS04, 2 CaCl2, 25 NaHC03 and 10 glucose (all from 

Sigma,, the Netherlands); pH was set at 7.4, osmolality was -300 mOsm. Coronal slices (400 Jim) at 

thee level of the paraventricular nucleus of the hypothalamus were cut on a Vibroslicer (Campden 

Instrumentss Ltd., UK). Extrahypothalamic regions were removed. The PVN has a higher density of 

celll  somata passing more light than surrounding tissue, which makes it distinguishable under a 

binocular.. Of each animal, one hypothalamic slice containing the PVN was selected for recording. 

Afterr an equilibration period of 1 hr at room temperature this slice was transferred to the recording 

chamberr mounted on an upright microscope, submerged and continuously superfused with 

carbogenatedd ACSF. Part of the PVN slices from handled control rats were incubated at 32°C with 

1000 nM corticosterone (Sigma, the Netherlands) in ethanol (< 0.001 %); some slices (n=4) were 

incubatedd in ethanol only. After incubation these slices were stored for 1 hr before being transferred 

too the recording chamber. Unless stated otherwise, all recordings were performed at 24°C. 
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RecordingRecording and analysis 

Too isolate GABAA receptor mediated currents from fast synaptic currents through AMPA- and 

NMDA-receptors,, the latter were blocked with 10 \xM CNQX (Sigma, the Netherlands) and 10 uM 

D-AP-55 (Sigma, the Netherlands) respectively during all measurements. Action potentials were 

blockedd with 0.5 .̂M TTX (Latoxan, France). An upright microscope with a 40x water immersion 

objectivee and lOx ocular was used to identify PVN neuron subtypes based on their location and the 

shapee of their cell body (see for details (Verkuyl & Joels, 2003)). Whole cell voltage clamp recordings 

weree made using an Axonpatch 200B amplifier (Axon Instruments, USA). Patch pipettes were 

pulledd from borosilicate glass (Science Products, Germany) on a horizontal puller (Sutter Instruments 

Co,, USA). The pipettes were filled with an intracellular buffer containing (in mM): 141 CsCl, 10 

HEPES,, 10 EGTA, 2 MgATP, 0.1 NaGTP (all from Sigma, the Netherlands) and QX314 (Alomone, 

Israel);; pH was adjusted with CsOH (Acros Organics, Belgium) to 7.2; 280 mOsm; pipette resistance 

4-77 Mil. Series resistance and capacitance were monitored during the whole recording using 

pCLAMP77 (Axon Instruments, USA). Recordings with an uncompensated series resistance of less 

thann 2.5 times the pipette resistance were accepted for analysis. 

Tracess of 5 minutes were recorded using the gap-free acquisition mode of pCLAMP7 at 10 

kHzz sampling rate, at a holding potential of-65 mV. The mlPSCs were detected off-line using CDR 

andd WCP analysis software (J. Dempster, University of Strathclyde, Glasgow, UK, http:// 

www.strath.ac.uk/Departments/PhysPharm/ses.htm.. [2002, Feb. 23]), which uses a threshold-based 

eventt detection algorithm. Of all cells measured, the following mlPSC characteristics were determined: 

inter-mlPSCC interval, rise time, peak amplitude and tau of decay. The decay of each mlPSC was 

fittedd with a mono- and bi-exponential curve in WCP. This program uses the Levenberg-Marquardt 

algorithmm to iteratively minimize the sum of the squared differences between the theoreticall  curve 

andd data curve. As criterion for the goodness of the fit the residual standard deviation should be less 

thann 0.3. Fitting with a bi-exponential instead of a mono-exponential curve did not increase goodness 

off  the fit (Verkuyl & Joels, 2003). 

Inn Microsoft Excel individual mlPSCs of each cell were selected with me following criteria: 

1)) rise time, taken as 10% to 90% of peak amplitude, should be less than 5 ms; 2) the tau of the 

decayy time based on a mono-exponential fit should be between 2 and 50 ms. These criteria are based 

onn earlier studies, describing mlPSC properties in other hypothalamic nuclei or other brain areas 

(Brussaardd et al., 1997; Wierenga & Wadman, 1999). Based on these criteria about 20% of all 

initiallyy mTPSCs detected were discarded, equally distributed over the different treatment groups. 

Afterr this analysis, averages of the mlPSC parameters were determined per cell. The mlPSC frequency 

wass calculated by dividing the number of events by the recording time in seconds. In addition to 
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averagingg the mlPSC parameters per cell, we also analyzed the distribution of mlPSC interval, peak 

amplitudee and tau of decay in all cells. Frequency distribution per cell for the inter-mlPSC interval 

wass fitted with an exponential curve y=A0 exp(-rt), where r is the mean frequency at which the 

mlPSCss occur. The log of the peak amplitude (Borst et al., 1994) and tau of decay distributions 

weree fitted with a Gaussian curve y=A0 exp(-(t-u,)/G)2, where \i represents the mean and o the 

standardd deviation. 

Stimulationn with a bipolar stainless steel electrode placed directly adjacent to the PVN evoked 

IPSCss in parvocellular PVN neurons. Biphasic stimuli (stimulus width 0.2 ms) were generated with 

aa Neurolog isolated stimulator NL800 (Digitimer, England) controlled by pCLAMP7. Input-output 

curvess of evoked IPSCs (0-840 uA) were made in PVN neurons held at -65 mV. During the 

measurements,, the half-maximal stimulus intensity was estimated from the raw data. For further off-

linee analysis, input-output curves were fit with a Boltzmann equation R(i)= Rmax/((l + exp(/ - i'H)/ 

i'Q),, in which Rmax is the maximal evoked current, i'H the half-maximal stimulus intensity, and iC 

proportionall  to the slope. 

StatisticStatistic analysis 

Statisticall  analysis of the averaged data in the control and three treatment groups (in vivo 

corticosterone;; restraint stress; in vitro corticosterone) was performed with analysis of variance 

followedd by post-hoc multiple comparison of the means. Statistical differences between group averages 

mentionedd in the text are based on this approach, unless stated otherwise. For reasons of clarity, we 

presentt the comparison between each experimental treatment group and the control group separately, 

inn the Result section. 

Inn the case where dependent variables were compared a MANOVA test was used. Differences 

inn variance were tested with an F test. Differences were considered significant if p<0.05. 

RESULTS S 

Putativee parvocellular neurons were visually identified based on the shape of their soma and location 

withinn the PVN. Small fusiform neurons located in the medial part of the PVN were considered to be 

parvocellularr neurons, as opposed to the large magnocellular neurons found in a lateral cluster of 

neurons.. The nature of thus identified cells was earlier confirmed by intracellular staining (Verkuyl & 

Joels,, 2003). Scattered magnocellular neurons in the medial part of the PVN were excluded from the 

presentt study. Miniature IPSCs of parvocellular neurons were recorded in the presence of the NMDA 

andd AMPA receptor blockers D-AP-5 and CNQX, respectively, and in the presence of TTX. Earlier 

experimentss (Verkuyl & Joels, 2003) showed that thus recorded mlPSCs in parvocellular neurons 
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aree blocked by bicuculline and reverse around 0 mV, indicating that these currents are mediated by 

GABB AA receptors and carried by chloride ions. From each neuron the capacitance and input resistance 

wass registered. No statistical differences between the various experimental groups in the present 

studyy were observed with regard to these two parameters (see Table I). 

InIn vivo corticosterone injections 

Too compare GABAergic transmission in the PVN of rats subjected to low or high corticosterone 

levels,, rats were injected with corticosterone (10 mg / 150 g body weight), one hour before 

decapitation.. All rats were handled for one week before the experiment, so that corticosterone levels 

inn the control group were indeed low (2.6  0.3 ug / dl, n=17, including animals used for the in vitro 

experimentt (see below); in 3 animals, no reliable corticosterone levels were obtained). Corticosterone 

injectionn resulted in very high circulating levels of corticosterone, as established at 60 min. after the 

injectionn (67.0  14.0 ug / dl, n=6). Vehicle injection did not show a significant rise in circulating 

corticosteronee level one hour after the injection (2.1  0.4 u,g / dl, n=7). 

Ass a result of the injection with corticosterone, mlPSC frequency recorded 1-5 hrs later in 

identifiedd parvocellular neurons was significantly (p=0.04; Student's t-test) reduced, with 47% (form 

1,422 + 0.29 to 0.74 + 0.12), compared to the control handled group (Fig. 1A-C). In all parvocellular 

neuronss from both the handled controls and the rats receiving a corticosterone injection, the distribution 

off  the rrdPSC intervals could be fitted witii a single exponential function (typical examples in Fig. 

ID),, indicating that mlPSC occurred independently from each other. The change in frequency occurred 

inn the absence of changes in the peak amplitude (typical example in Fig. IB; averaged data in Fig. 

tablee I. 
Celll  properties (in 'n' cells), as established after the various treatments. Data were tested with analysis of variance 

followedd by a posthoc multiple comparison of the means. No significant differences were observed for either the 

capacitancee {in pF) or input resistance (R in M£l). 

capacitancee R 

pFF mOhm 

handledd control 

vehiclee injection 

EtOHH in vitro 

CORTT injection 

restraintt stress 

inin vitro CORT (1-5 hrs) 

n n 

WSÊÊË#ÊÊk WSÊÊË#ÊÊk 

ÊÊÈÊSÈ ÊÊÈÊSÈ 

inin vitro CORT (20 min) 
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IE).. Similarly, the timeconstant (tau) of decay was on average comparable for the corticosterone 

injectedd and control groups. For both the peak amplitude and tau of decay no difference between the 

groupss was found for the variance, as tested with an F-test (p=l and p=0.7, respectively). The 

lognormall  of the peak amplitude as well as the tau of decay could be fitted with a single Gaussian 

functionn (typical examples in Fig. IF), further supporting that the postsynaptic response of 

parvocellularr PVN neurons in rats injected in vivo with corticosterone is similar to the response of 

parvocellularr neurons in handled controls. Vehicle injection alone (n=6 cells) did not significantly 

(p=0.2)) affect the mlPSC frequency. 

Overall,, the data show that exogenous administration of corticosterone in vivo by injection 

suppressess mlPSC frequency of parvocellular neurons within 1-5 hrs after slice preparation, but 

doess not affect the mlPSC peak amplitude or tau of decay. 

RestraintRestraint stress 

Thee possible functional relevance of corticosteroid effects on mlPSC properties in parvocellular 

PVNN neurons was next examined by exposing rats to restraint stress for 1 hr before slice preparation. 

Restraintt stress resulted in corticosterone levels that were significantly higher than in handled controls, 

butt lower than in corticosterone injected rats (38.3  2.7 |ig / dl, n=8). 

Restraintt stress significantly (p=0.02) decreased mlPSC frequency, with 55% (form 1,42 + 

0.299 to 0.64 + 0.08; Fig. 2A-C). The mlPSC frequency in parvocellular neurons from restraint rats 

figur ee 1 
Injectionn of corticosterone suppresses mlPSC frequency of parvocellular neurons, without affecting peak amplitude 

orr tau of decay. 

A)) Typical trace of mlPSC recordings in a parvocellular neuron from a handled control rat (top) and a rat receiving 

aa corticosterone injection in vivo (bottom). Corticosterone treatment is associated with a lower mlPSC frequency. 

B)) Typical averaged mTPSCs from a parvocellular neuron in a handled control rat (black) and a rat receiving 

corticosteronee by injection (grey). Peak amplitude: handled control 88.5  6.7 pA; corticosterone injection 81.7

5.66 pA. Tau of decay: handled control 14.6  0.6 ms; corticosterone injection 15.9  0.7 ms. 

C)) Histogram of averaged mlPSC frequency in parvocellular neurons from handled control rats (black, n=12 cells) 

andd rats receiving a corticosterone in injection (white, n=l 1). The asterisk indicates statistical significance (p<0.05). 

D)) Typical examples of the mlPSC interval distribution (bin size 0.5 ms) in a parvocellular neuron from a control rat 

(left)) and a rat receiving corticosterone in vivo (right). In both cases, the curve was fit by a mono-exponential 

function.. Control: y=1049*exp(1.49t), r=0.99; corticosterone: y=225*exp(-0.78t), r=0.99. 

E)) Histogram of averaged mlPSC tau of decay (left) and peak amplitude (right) in parvocellular neurons from 

controll  rats (black) and rats receiving a corticosterone in injection (white). Corticosterone treatment did not affect 

thesee parameters. 

F)) Frequency distribution of a typical recording in a control rat (black bars, left) and a rat receiving corticosterone 

inin vivo (white bars, right), for the lognormal of the peak amplitudes (above) and for the tau of decay (below). In all 

casess the distribution could be described with a single Gaussian (peak amplitude: control r=0.97, corticosterone 

r=0.98;; tau of decay: control r=0.95, corticosterone r=0.96). 
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wass comparable to the frequency observed in rats receiving a corticosterone injection in vivo: no 

significantt differences existed between the mlPSC frequency after restraint stress and corticosterone 

injectionn (p=0.5). Comparable to what was seen after in vivo corticosterone injection, restraint 

stresss did not affect mlPSC peak amplitude, nor tau of decay (Fig. 2B,D). 

Inn conclusion, restraint stress suppresses mlPSC frequency of parvocellular in the PVN over 

aa time span of hours, without affecting peak amplitude or tau of decay. 

InIn vitro corticosterone incubation 

Risess in circulating corticosterone level from exogenous or endogenous sources not only affect the 

functionn of many peripheral organs but also the activity of extrahypothalamic brain regions (in addition 

thee PVN), which could indirectly affect the GABAergic innervation of the PVN. To examine if 

corticosteroidd modulation of mlPSCs in the PVN critically depends on and requires the involvement 

off  extrahypothalamic areas, we applied corticosterone to our hypothalamic slices containing the 

PVN.. Notably, this slice preparation also lacks most of the local hypothalamic nuclei that innervate 

thee PVN. If the effect of peripherally secreted corticosterone in the PVN requires the involvement of 

higherr brain areas projectingg to the PVN we expect to see no effect of corticosterone directly applied 

too the hypothalamic slice. 

Hypothalamicc slices containing the PVN were incubated for 20 min with 100 nM 

corticosteronee at 32° C and then transferred back to the control medium; mlPSC characteristics 

fromm parvocellular neurons were recorded 1-5 hrs later. Slices were made from handled control rats, 

withh low endogenous corticosterone levels (see above). Incubating the hypothalamic slices with 

corticosteronee 1-5 hrs before recording significantly reduced rnTPSC frequency with 50% as compared 

too the control group (form 1,42 + 0.29 to 0.72 ; Fig. 3A-C). Noticeably, there was no statistical 

differencee between mlPSC frequency after in vivo corticosterone injection and in vitro corticosterone 

incubationn (p=0.6), nor when in vitro corticosterone effects were compared with restraint stress 

(p=0.9).. Similar to the data obtained after in vivo corticosterone treatment and restraint stress, 

reductionn of mlPSC frequency after in vitro corticosterone administration occurred without altering 

thee postsynaptic properties of the GABAergic response. Both the peak amplitude and tau of decay 

weree not altered with respect to their mean (fig 3B,D), variance and distribution (not shown) after in 

vitrovitro corticosterone incubation. 

Sincee EtOH can affect GABAergic transmission quickly and reversibly -depending on the 

celll  type and its expression of GABAergic receptors (Weiner et al., 1997; Sapp & Yeh, 1998)-

controll  slices were incubated for 20 min. with EtOH, at the concentration (0.001 %) in which in vitro 

administeredd corticosterone was dissolved. Importantly, all recordings were done when corticosterone 
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figurefigure 2 
Restraintt stress suppresses mlPSC frequency of parvocellular neurons without affecting peak amplitude or tau of 

decay. . 

A)) Typical traces showing mlPSC recordings in a parvocellular neuron from a handled control rats (top) and a rat 

receivingg a restraint stress (bottom). Note the decrease in mlPSC frequency. 

B)) Averaged mlPSCs based on a recording from a parvocellular neuron in a handled control rat (black) and a rat 

receivingg a restraint stress (grey). 

C)) Histogram of average mlPSC frequency based on parvocellular neurons from handled control rats (black, n=12 

cells)) and rats receiving a restraint stress (white, n=10 cells). On average, the mlPSC frequency was lower in the 

restraintt stress group than in the controls. * indicates statistical significance, p<0.05. 

D)) Histogram of averaged mlPSC tau of decay (left) and peak amplitude (right) in parvocellular neurons from 

controll  rats (black) and rats exposed to restraint stress (white). Restraint stress did not significantly affect these 

parameters. . 
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figurefigure 3 

Afterr in vitro corticosterone incubation the mlPSC frequency of parvocellular neurons is decreased without affecting 

thee peak amplitude or tau of decay. 

A)) Typical trace of mlPSC recordings from a parvocellular neuron in a control slice (top) and in a slice treated for 

200 min with 100 nM corticosterone at least 1 hour before recording (bottom). Note the decrease in mlPSC frequency. 

B)) Averaged mlPSC based on a recording from a parvocellular neuron in a control slice (black) and in a slice treated 

forr 20 min. with corticosterone, 1-5 hrs before the recording (grey). 

C)) Histogram of average mlPSC frequency based on parvocellular neurons recorded in control slices (black, n=12 

cells)) and slices treated with 100 nM corticosterone for 20 min., 1-5 hrs before recording (white, n=9 cells). On 

average,, the mlPSC frequency was lower in the corticosterone treated group than in the controls. * indicates statistical 

significance,, p<0.05. 

D)) Histogram of averaged mlPSC tau of decay (left) and peak amplitude (right) in parvocellular neurons from 

controll  slices (black) and slices treated briefly with 100 nM corticosterone, 1-5 hrs before recording (white). 

Corticosteronee treatment did not significantly affect these parameters. 
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orr vehicle were no longer present. EtOH did not alter the mlPSC characteristics in any respect. 

Comparedd to neurons recorded in slices not treated with EtOH (n=l 2) the mlPSC frequency 1-5 hrs 

afterr brief EtOH incubation (n=4) was not significantly changed (1.42  0.29 versus 1.03  0.26 Hz 

respectively,, p=0.3; Student's t-test). Similarly, the peak amplitude (control: 88.5  6.74 pA; EtOH: 

79.77  10.3 pA, p=0.3) and tau of decay (control: 14.6  0.63 ms; EtOH: 13.0  1.28 ms, p=0.5) 

weree comparable. 

Althoughh typically PVN cells were recorded 1-5 hrs after a brief in vitro administration of 

corticosterone,, it cannot be excluded that corticosterone induced fast changes in mlPSC properties 

whichh lasted until parvocellular neurons were recorded several hours later. Such direct effects of 

steroids,, particularly on tau of decay, have indeed been described in the hypothalamus, e.g. for 

pregnanolonee (Koksma et al., 2003; Fancsik et al., 2000; Uchida et al., 2002). To examine this 

possibility,, a separate series of experiments was done in which corticosterone was applied while 

recordingg mlPSCs. A pilot study in which corticosterone was applied while the slices were kept at 

24C°° (i.e. the temperature at which all mlPSC recordings were performed) did not show any effect 

figurefigure 4 

Corticosteronee has no acute effect on mlPSC 

frequency,, peak amplitude or tau of decay. 

A)) shows the effect of 100 nM corticosterone 

applicationn (indicated by black line on top) on mlPSC 

frequencyy over time (X-axis, in sec). The mlPSC 

frequencyy is here expressed as the number of mlPSCs 

perr 25 second interval, averaged for 5 cells (  SEM). 

B)) shows putative direct effects of corticosterone on 

thee mlPSC amplitude, over time. Here, for each cell 

thee average mlPSC amplitude was determined over 

255 sec intervals. The picture shows values based on 

thee average of 5 cells . 

C)) A similar approach was used to depict putative 

directt effects of corticosterone on the mlPSC tau of 

decay. . 
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(dataa not shown). Next, corticosterone and mlPSC recording (n=5) were carried out at 32°C, i.e. the 

temperaturee at which corticosterone was incubated in the experiments described above. After baseline 

measurementt during 5 min., corticosterone was bath applied to the slice for approximately 20 mins 

(seee Fig. 4). The mlPSC properties recorded during the final 300 seconds of the corticosterone 

wash-inn period were tested against the properties recorded in a time-window of 300 seconds before 

corticosteronee wash-in. Bath application of corticosterone (100 nM) to the slice did not induce 

significantt changes in mlPSC frequency, peak amplitude or tau of decay (Fig. 4; MANOVA: frequency 

p=0.9;; peak amplitude p=0.4; tau of decay p=0.6). 

Collectively,, these data show that high levels of corticosterone in vitro suppress mlPSC 

frequencyy of parvocellular neurons locally, at the level of the PVN, without affecting peak amplitude 

orr tau of decay. The corticosterone induced changes in mlPSC frequency are not discernable within 

minutess but, rather, seem to develop over the course of several hours. 

ChangesChanges in release probability 

Corticosteronee consistently suppressed mlPSC frequency, without affecting rrdPSC amplitude or 

tauu of decay. This indicates that corticosterone affects presynaptic aspects of GABAergic synapses, 

eitherr by changing the release probability of GABA filled vesicles or by altering the number of 

GABAergicc synapses. To distinguish between these two possibilities, we studied paired pulse responses 

off  evoked (e)IPSCs in parvocellular neurons. Paired pulse responses were generated by applying 

twoo electrical stimuli to the PVN with a 100 ms interstimulus interval (example in Fig. 5A). These 

experimentss were performed in the presence of AVP, CNQX but in the absence of TTX. 

Inn all treatment groups (in vivo corticosterone injection, in vitro corticosterone incubation 

andd restraint stress) the paired pulse ratio -determined by the ratio of the second to the first response-

wass always greater than in control groups. However, none of these differences reached statistical 

significancee (data not shown). Since mlPSC properties were completely comparable after in vivo 

corticosteronee injection, in vitro corticosterone incubation and restraint stress (see above) data were 

alsoo tested when pooled for all treatment groups. In that case, the paired pulse ratio at half-maximal 

stimuluss intensity was significantly (p=0.02; Student's t-test) increased in the pooled treatment groups 

comparedd to the control group (Fig. 5B). Also at maximum stimulus intensity the paired pulse ratio 

off  the pooled treatment group was increased compared to control group. The increased paired pulse 

ratioo in the combined treatment groups occurred in the absence of changes in the input-output 

relationship.. Thus, the maximal evoked response in the pooled control versus treatment group was 

nott significantly altered (p=0.08). This was also the case for the half-maximal stimulus intensity 

(p=0.9)) and iC, i.e. a factor proportional to the slope of the input-output curve (p=0.6). 
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figurefigure 5 
Corticosteronee treatment (in vivo as well as in vitro) 

increasess the paired pulse response ratio in parvocellular 

neurons. . 

A)) Typical example of a paired pulse response evoked in a 

controll  (black) parvocellular neuron by local stimulation 

off  afferent fibers and in a cell exposed 1 -5 hrs earlier to 

corticosteronee (grey). In control situations the second 

responsee is typically smaller than the first response, 

resultingg in a ratio <1. After corticosterone treatment, in 

particularr the second response is increased, increasing the 

pairedd pulse ratio. 

B)) Averaged paired pulse ratio (i.e. the amplitude of the 

secondd response divided by the amplitude of the first 

response)) in neurons belonging to the pooled control 

groupss (n=13 cells) or neurons belonging to one of the 

corticosteronee treated groups (corticosterone in vivo, 

restraintt stress or corticosterone in vitro, n=21). Both with 

halff  maximal and with maximal stimulation, paired pulse 

ratioss were significantly increased in the treatment (grey 

bars)) compared to control group (black bars). 

DISCUSSION N 

Recentt studies have shown that the GABAergic innervation of the PVN does not act independently 

fromm the humoral, corticosterone-mediated feedback signal to this area. It was found that removal 

off  the humoral negative feedback input leads to a stronger GABAergic innervation of CRH-producing 

parvocellularr neurons (De Souza et al., 1986; Goeders et al., 1986; Majewska et al., 1985; Miklós & 

Kovacs,, 2002; Verkuyl & Joels, 2003). This was interpreted as a compensatory GABAergic control 

off  HPA axis activity, exerted particularly when the humoral input is absent for several days. 

Replacementt with moderately high amounts of corticosterone, resulting in circulating corticosterone 

levelss of 10-15 |xg / dl, was found to normalize inhibitory input to parvocellular PVN neurons 

(Verkuyll  & Joels, 2003). In the present study, we show that corticosterone does not require 3 days 

too alter mlPSC frequency in parvocellular PVN neurons. The hormone can act within hours, at the 

levell  of the PVN, in a mode different from neurosteroids. These corticosterone-induced changes in 

GABAergicc innervation of the PVN also occur with natural fluctuations in hormone level due to 

stresss exposure. 

Ass a first step, corticosterone was injected into adrenally intact rats, 1 hr before slice 

preparationn and approximately 1-5 hrs before recording. Although the underlying mechanism may 

bee different from the effects found with corticosterone substitution in 3 days adrenalectomized rat, 

thee net effect was comparable: moderate to high levels of corticosterone reduce the mlPSC frequency, 

controll | treatment control | treatment 

half-maximall maximal 

controll j treatment 

maximal l 
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withh no effect on amplitude or tau of decay. Clearly, reduction of mlPSC frequency does not require 

33 days exposure to the hormone but can already be accomplished over the course of hours. 

Thee effect of corticosterone injection results from a combination of the exogenous hormone 

andd -to some extent- endogenously released corticosterone due to the stress caused by the injection. 

Thee influence of the latter was probably limited, though, since animals were habituated to the injection 

procedure.. In accordance, corticosterone levels 1 hr after vehicle injection were not elevated and 

mlPSCC frequency after vehicle injection alone was not significantly reduced compared to the frequency 

seenn in non-injected controls. Exposure to a severe stressor, restraint stress, did evoke a considerable 

risee in the endogenous corticosteroid level, though not reaching the level seen after corticosterone 

injection.. The reduction of the mlPSC frequency after corticosterone injection and after restraint 

stresss were quite comparable, supporting that stress-induced effects on GABAergic innervation of 

PVNN neurons are indeed due to the physiological rises in corticosterone and substantial GR activation 

(forr the latter see (Reul & de Kloet, 1985)). 

Iff  corticosterone is administered peripherally or released from the adrenal glands, effects in 

thee PVN could develop secondary to peripheral hormone actions or via extrahypothalamic areas like 

thee hippocampus. In the present study we applied corticosterone to a reduced (slice) preparation, 

fromm which limbic regions and most of the local hypothalamic nuclei were removed. Since 

corticosteronee in this reduced preparation also selectively reduced mlPSC frequency, we conclude 

thatt effects of peripherally administered or endogenously released corticosterone on PVN neurons 

doo not require (though to some extent may comprise) the involvement of extrahypothalamic areas. 

Importantly,, these in vitro experiments also indicate that corticosterone alone is sufficient to reduce 

GABAergicc inhibition of the PVN, supporting that the role of other compounds putatively involved 

inn stress-induced reduction of mlPSC frequency is probably limited. 

Locall  effects of corticosterone differed from the effects reported for neurosteroids, in particular 

5a-reducedd metabolites (Majewska, 1992; Brussaard et al., 2000; Fancsik et al., 2000; Lambert et 

al.,2001;Puiaetal.,, 1990; Turneretal., 1989). We found that, in contrast to these steroids, 100 nM 

off  corticosterone does not induce rapid changes in mlPSC properties, confirm the findings of (Zaki 

&&  Barrett-Jolley, 2002). The slow development and persistent nature of the corticosterone effects 

supportt a gene-mediated pathway. Earlier studies demonstrated that in hippocampus similar long-

lastingg effects induced by a brief exposure to 100 nM corticosterone involve DNA-binding of 

glucocorticoidd receptor homodimers (Karst et al., 2000). A prominent role of glucocorticoid receptors 

inn the present hypothalamic study is also indicated. First, we used adrenally intact rats with trough 

levelss of corticosterone, in which most of the mineralocorticoid receptors but only 10% of the 

glucocorticoidd receptors are activated (Reul & de Kloet, 1985). Application of high doses of 
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corticosteronee thus mostly causes activation of the remaining glucocorticoid receptors. Secondly, 

glucocorticoidd (but not mineralocorticoid) receptors are highly abundant in parvocellular neurons of 

thee PVN and likely also in the interneurons surrounding the PVN (Morimoto et al., 1996) as well as 

inn glia cells (Cintra et al., 1994). In the hypothalamus glia has been implicated in control of GABAA 

synapsess by the humoral steroid oestradiol (Garcia-Segura et al., 1994; Murphy et al., 1998). A 

similarr mode of action by corticosterone cannot be excluded. 

Thee involvement of one corticosteroid receptor subtype -i.e. the glucocorticoid receptor- is 

supportedd by the inverse relationship between circulating corticosteroid levels and mlPSC frequency: 

Inn the absence of corticosterone (Verkuyl & Joels, 2003) and with trough levels (present study), 

mlPSCC frequency was comparable and relatively high; by contrast, high doses of the hormone resulting 

inn substantial GR activation were associated with suppression of mlPSC frequency. This is quite 

differentt from the U-shaped dose-dependency observed earlier in the hippocampus, which was ascribed 

too coordinated actions mediated by glucocorticoid as well as mineralocorticoid receptors (Joels et 

al.,, 1994). 

Thee fact that corticosterone only altered the mlPSC frequency but not amplitude or tau of 

decayy supports that the hormone specifically affects presynaptic aspectss of the GAB Aergic input to 

thee PVN. This furthers distinguishes corticosterone effects on rnJPSCs from the action of neurosteroids 

whichh have a strong postsynaptic effect (Koksma et al., 2003; Fancsik et al., 2000; Brussaard et al., 

2000).. The present study suggests that corticosterone reduces the release probability of GABA 

containingg vesicles, although it should be noted that differences in paired pulse responsiveness were 

onlyy significant when the data of all three treatment groups were pooled. The lack of effect when 

comparingg smaller samples was mostly caused by a high degree of variability, particularly when 

stimulatingg with half maximal intensity. While mlPSC properties in the three corticosterone treated 

groupss were highly comparable, pooling should nevertheless be done with great caution. Electron 

microscopicall  survey may in future resolve this issue. For instance, earlier studies revealed that 3 

dayss of adrenalectomy causes an increase in the number of GAB Aergic synapses onto CRH producing 

cellss (Miklós & Kovacs, 2002). The data so far suggest that short-term effects of corticosterone 

(overr the course of hours) may involve changed release probability, while long-term effects (over the 

coursee of days) involve changes in the number of synapses. 

Parvocellularr neurons in the PVN receive a humoral feedback signal as well as neuronal 

inputt mediated by a number of neurotransmitters. It was shown that in particular the GAB Aergic 

innervationn is important for the control of HPA axis activity (Cole & Sawchenko, 2002). Other 

neurotransmitterss such as the excitatory transmitter glutamate seem to contribute less to the control 

off  HPA axis activity (Cole & Sawchenko, 2002). The strength of the GABAergic innervation is 
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underr control of limbic inputs (De Kloet et al., 1998; Herman & Cullinan, 1997) but also of local 

hypothalamicc networks. Thus, recent studies revealed that neuropeptide Y reduces the presynaptic 

releasee of GABA onto (amongst others) CRH producing cells in the PVN (Cowley et al., 1999), a 

processs that is stimulated by ghrelin (Cowley et al., 2003). The present study supports that 

corticosteronee via hypothalamic GRs may either influence these projections or act independently, to 

reducee GABAergic control of parvocellular PVN neurons. This discloses a hitherto unknown mode 

off  action by which corticosteroids control the activity of parvocellular neurons in the PVN. If this 

modee of action also concerns GABAergic projections to CRH-producing cells, the activity of the 

latterr by corticosterone is controlled by three systems: 1) the transsynaptic control by limbic inputs, 

2)) the presently shown mechanism acting via hypothalamic GRs and 3) the humoral feedback directly 

onn CRH producing cells. We propose that an inbalance in HPA activity may occur if the efficacy of 

corticosteronee via any of these routes is changed (e.g. after chronic stress). This will need to be 

testedd in future studies. 
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ABSTRACT T 

Chronicc stress causes disinhibition of the hypothalamus-pituitary-adrenal axis. Consequently, the 

brainn is overexposed to glucocorticoids which may precipitate stress-related disorders, including 

depression.. Hypothalamus-pituitary-adrenal activity is strongly regulated by GABAergic input to 

parvocellularr neurons in the hypothalamic paraventricular nucleus. We here report a reduced frequency 

off  miniature inhibitory postsynaptic potentials (mlPSCs) in parvocellular neurons of rats exposed to 

33 weeks of unpredictable stress. The mlPSC amplitude and kinetic properties were unchanged, 

pointingg to a presynaptic effect of chronic stress. Since paired pulse inhibition was unaffected by 

chronicc stress, the number of GABAergic synaptic contacts rather than the release probability seem 

reducedd after chronic stress. Linearly amplified RNA from recorded cells, hybridized with 96 cDN A 

clones,, revealed that in addition to mlPSC characteristics, gene expression was also largely altered 

afterr chronic stress, including expression of the GABAA receptor oc5 subunit, earlier linked to 

depressionn in humans. 
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INTRODUCTION N 

Stresss activates the hypothalamus-pituitary-adrenal (HPA) system (Dallman, 1993; De Kloet et al., 

1998;; Sawchenko et al., 1996). Upon stress exposure, parvocellular neurons in the hypothalamic 

paraventricularr nucleus (PVN) release corticotropin releasing hormone (CRH). Via the portal blood 

vessels,, this leads to release of adrenocorticotropin, which subsequently induces secretion of 

corticosteroidd hormones (corticosterone in rodents, Cortisol in humans) from the adrenal cortex. 

Thesee stress-induced rises occur on top of a diurnal rhythm. Corticosterone exerts a negative feedback 

controll  on the HPA-axis, particularly at the level of the PVN. In addition to this humoral feedback 

signal,, parvocellular neurons in the PVN also receive neuronal input from the brainstem and limbic 

areass (Herman & Cullinan, 1997; Sawchenko et al., 1996). The latter inputs are relayed via a shell of 

GABAergicc interneurons surrounding the PVN (Herman et al., 2002a; Herman et al., 2002b; Roland 

&&  Sawchenko, 1993). Pharmacologically, it was shown that in particular the GABAergic input is a 

strongg determinant of HPA activity (Cole & Sawchenko, 2002) 

Chronicc stress leads to disinhibition of the HPA axis: Increased expression of CRH and its 

co-secretagoguee vasopressin (Bartanusz et al., 1993; Herman et al., 1995; Aguilera & Rabadan-

Diehl,, 2000; Ma & Aguilera, 1999), elevated corticosteroid levels at die circadian trough and 

attenuatedd negative feedback function (Herman et al., 1989; Ma & Aguilera, 1999). Consequently, 

thee brain is overexposed to corticosteroid hormones, which is thought to precipitate clinical symptoms 

off  several disorders, including majorr depression (Holsboer & Barden, 1996; De Kloet et al., 1998). 

Inn agreement, a substantial proportion of depressed patients show elevated basal corticosteroid 

levelss and insufficient negative feedback function (Heuser et al., 1994). This is seen already prior to 

thee onset of clinical symptoms, supporting a causal role of glucocorticoids in the disease onset 

(Modelll  et al., 1998). In agreement, recent studies showed that anti-glucocorticoid treatment 

effectivelyy alleviates symptoms of (psychotic) depression (Belanoff et al., 2002; Belanoff et al., 

2001). . 

Thee mechanism underlying disinhibition of the HPA-axis is not yet resolved, although 

dysfunctionall  glucocorticoid receptors (GRs) may contribute to reduced feedback function (De 

Kloett et al., 1998). However, mutations in GRs are rare (Ikeda et al., 2001). Also, -due to their low 

affinity-- GRs are only occupied to a very limited extent at the circadian trough (Reul & de Kloet, 

1985),, so that dysfunctional GRs cannot explain the elevated basal corticosteroid levels seen in 

associationn with chronic stress and disease. Changes in neuronal input could also play a role. A 

reducedd GABAergic tone was suggested by in situ hybridization, showing a significant decrease in 

thee expression of beta-1 and -2 subunits of the GABAA receptor in parvocellular PVN neurons after 

chronicc stress (Cullinan & Wolfe, 2000). 
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Inn the present study, we exaimnedfunctional properties of GABAergic input to parvocellular 

neuronss in the PVN, in rats subjected to 3 weeks of unpredictable stress twice daily or to control 

treatment.. Slices containing the PVN were prepared one day after the last stressor, under basal 

corticosteroidd level conditions (circadian trough, unstressed). Properties of spontaneous and evoked 

inhibitoryy events (mlPSC and elPSC respectively) were recorded in parvocellular neurons of the 

PVNN with whole cell patch clamp recording. Molecular processes accompanying functional changes 

weree studied by monitoring the gene expression of recorded cells, performing hybridization of linearly 

amplifiedd RNA with 30 clones of interest, including most of the GABAA receptor subunits. 

METHODS S 

AnimalAnimal procedures and slice preparation 

Al ll  animals used in this study were male Wistar rats (Harlan, The Netherlands; n=72) of 137  8.6 g 

att the beginning of the experiment. Two rats were housed together in a standard cage with food and 

waterr ad libitum. Al l rats were kept at a 12-hour day-night cycle (lights on at 8.00 a.m.). Rats were 

randomlyy assigned to the control or stress situation. Al l experiments were approved by the Local 

Animall  Experiment Committee (project #DED80). For the electrophysiological measurements in 

thee present study, data were obtained from 11 of the stressed and 12 of the control rats. 

StressStress protocol 

Ratss were stressed according to a chronic unpredictable stress protocol adapted from Herman et al 

(Hermann et al., 1995). Briefly, rats were subjected to different stressors twice daily for 21 days as 

follows:: day 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 4 °C; day 

6:: cold forced swim 5 min 4 °C; crowding 24 h (overnight); day 7: vibration 1 h; isolation 24 h 

(overnight).. This schedule was repeated three times, so that rats received chronic unpredictable 

stresss for 21 days. To exclude effects of handling of the stressed rats, control rats were handled twice 

daily. . 

Afterr decapitation (10.00 hrs), trunk blood was collected for determination of plasma 

corticosteronee by radio-immunoassay. The brain was quickly removed from the skull and placed in 

ice-coldd carbogenated (95% 02,5% C02) artificial cerebrospinal fluid (ACSF) containing (in mM) 

1244 NaCl, 3.5 KC1, 1.25 NaH2P04, 1.5 MgS04, 2 CaCl2, 25 NaHC03 and 10 glucose (all from 

Sigma,, the Netherlands); pH was set at 7.4, osmolality was -300 mOsm. Coronal slices (400 (xm) at 

thee level of the paraventricular nucleus of the hypothalamus were cut on a Vibroslicer (Campden 
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Instrumentss Ltd., UK). Of each animal, one hypothalamic slice containing the PVN was selected for 

recordingg (see (Verkuyl & Joels, 2003). After an equilibration period of > 1 hr at room temperature 

thiss slice was transferred to the recording chamber mounted on an upright microscope, submerged 

andd continuously superfused with carbogenated ACSF. 

RecordingRecording and analysis 

Too isolate GABAA receptor mediated currents from fast synaptic currents through AMPA- and 

NMDA-receptors,, the latter were blocked with 10 ^M CNQX (Sigma, the Netherlands) and 10 uM 

D-AP-55 (Sigma, the Netherlands) respectively during all measurements. Action potentials were 

blockedd with 0.5 (iM TTX (Latoxan, France). An upright microscope with a 40x water immersion 

objectivee and lOx ocular was used to identify PVN neuron subtypes based on their location and the 

shapee of their cellbody (see for details Verkuyl and Joels, 2003). Whole cell voltage clamp recordings 

weree made using an Axonpatch 200B amplifier (Axon Instruments, USA). Patch pipettes were 

pulledd from borosilicate glass (Science Products, Germany) on a horizontal puller (Sutter Instruments 

Co,, USA). The pipettes were filled with an intracellular buffer containing (in raM): 140 CsCl, 10 

HEPES,, 10 EGTA, 2 MgATP, 0.1 NaGTP (all from Sigma, the Netherlands) and QX314 (Alomone, 

Jerusalem,, Israel); pH was adjusted with CsOH (Acros Organics, Belgium) to 7.2; 280 mOsm; 

pipettee resistance 4-7 MQ. Series resistance and capacitance were monitored during the whole 

recordingg using pCLAMP? (Axon Instruments, USA). Recordings with an uncompensated series 

resistancee of less than 2.5 times the pipette resistance were accepted for analysis. 

Tracess of 5 minutes were recorded using the gap-free acquisition mode of pCLAMP7 at 

10kHzz sampling rate, at a holding potential of -65 mV. The mJPSCs were detected off-line using 

CDRR and WCP analysis software (J. Dempster, University of Strathclyde, Glasgow, UK, http:// 

www.strath.ac.uk/Departments/PhysPharm/ses.htm.. [2002, Feb. 23]), which uses a threshold-based 

eventt detection algorithm. Of all cells measured, the following mJPSC characteristics were determined: 

inter-mlPSCC interval, rise time, peak amplitude and tau of decay. The decay of each mlPSC was 

fittedd with a mono- and bi-exponential curve in WCP. This program uses the Levenberg-Marquardt 

algorithmm to iteratively minimize the sum of the squared differences between the theoretical curve 

andd data curve. As criterion for the goodness of the fit the residual standard deviation should be less 

thann 0.3. Fitting with a bi-exponential instead of a mono-exponential curve did not increase goodness 

off  the fit  (Verkuyl & Joels, 2003). 

Inn Microsoft Excel individual mlPSCs of each cell were selected with the following criteria: 

1)) rise time, taken as 10% to 90% of peak amplitude, should be less than 5 ms; 2) the tau of the 

decayy time based on a mono-exponential fit should be between 2 and 50 ms. These criteria are based 
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onn earlier studies, describing mlPSC properties in other hypothalamic nuclei or other brain areas 

(Brussaardd et al., 1997; Wierenga & Wadman, 1999). Based on these criteria about 20% of all 

initiallyy mlPSCs detected were discarded, equally distributed over the different treatment groups. 

Afterr this analysis, averages of the mlPSC parameters were determined per cell. The mlPSC frequency 

wass calculated by dividing the number of events by the recording time in seconds. In addition to 

averagingg the mlPSC parameters per cell, we also analyzed the distribution of mlPSC interval, peak 

amplitudee and tau of decay in all cells. Frequency distribution per cell for the inter-mlPSC interval 

wass fitted with an exponential curve y=A0 exp(-rt), where r is the mean frequency at which the 

mlPSCss occur. The log of the peak amplitude (Borst et al, 1994) and tau of decay distributions were 

fittedd with a Gaussian curve y=A0 exp(-(t-|i)/a)2, where [i  represents the mean and a the standard 

deviation. . 

Stimulationn with a bipolar stainless steel electrode placed directly adjacent to the PVN evoked 

IPSCss in parvocellular PVN neurons. Biphasic stimuli (stimulus width 0.2 ms) were generated with 

aa Neurolog isolated stimulator NL800 (Digitimer, England) controlled by pCLAMP7. Input-output 

curvess of evoked IPSCs (0 to 100 \iA) were made in PVN neurons held at -65 mV. During the 

measurements,, the half-maximal stimulus intensity was estimated from the raw data. For further off-

linee analysis, input-output curves were fit  with a Boltzmann equation R(i)= 7?max/(( 1 + exp(/ - iH)/ 

iC)),, in which /?max is the maximal evoked current, iH the half-maximal stimulus intensity, and C 

proportionall  to the slope. In about half of cases (11 out of the 19 cells), elPSC properties were 

assessedd prior to the recording of mlPSCs. 

RNARNA amplification and hybridization of recorded neurons 

Afterr recording the cell content was aspirated. Cells were selected for RNA expression analysis if 

they:: 1) displayed a high giga seal and low series resistance during patch clamp recording; 2) were 

stilll  attached to the electrode during harvesting (no surrounding debris). The aRNA amplification 

wass performed as described in (Eberwine et al., 1992). In brief, reverse transcription with oligo dT 

primerr containing the T7 promoter was performed on single cells with Superscript II (Life 

Technologies).. In the same tube the second-strand cDNA was synthesized by replacement reaction. 

Double-strandedd cDNA was amplified by in vitro transcription with T7 RNA polymerase (500U/ 

reaction)) for 4 hours. After this first amplification cDNA was made from antisense RNA (aRNA). 

Forr the reverse transcription a random primer was used; the oligo dT-T7 primer was used to synthesize 

double-strandedd cDNA with T4 DNA polymerase. The probe for the reversed Northern blot (see 

below)) was made by amplification of the double-stranded cDNA with T7 RNA polymerase (1000 
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U/reactionn for 8 hours) in the presence of [oc-P32] CTP. After prehybridization of 2-4 hours with 

ULTAhybee (Ambion), denatured [oc-P32] CTP aRNA probe was hybridized overnight. After two 

washess of 01% SDS and 2x SSC and one wash of 0.1% SDS and 0.1% SSC blots were exposed to 

aa phosphorscreen overnight. Blots were subsequently stripped, washing with 0.4 NaOH for 45 min 

att 45°C, and twice with 0.2M TrisHCl, pH 7.2,0.1 % SDS and 0.1 % SSC (Tang et al., 2003; Hemby 

ett al., 2002) 

PreparationPreparation of slot blots 

Cloness for Northern blots were obtained with PCR from a cDNA UI-R-E1 library. Clones for the 

followingg genes were selected and (when included in the analysis, see below) verified: The n, and oc2 

GABAaa receptor subunits; GAB A transporter protein; the glutamine transporter ; a-1 A- and 1B-

adrenergicc receptor; A2b-adenosine receptor; neuropeptide Y and its receptor Yl ; preproenkephalin 

2;; galanin; somatostatin; cannabinoid receptor 1; cholecystokinin precursor; V1 a arginine vasopressin 

receptor;; oxytocin/neurophysin; gephyrin; leptin receptor; nuclear receptor coactivator 1,2 and 3; 

estrogenn receptor 1; mineralocorticoid receptor; glucocorticoid receptor; corticosteroid-induced 

protein;; voltage-dependent calcium channel oclA, alD, T-type a subunit, al l, beta 2, beta3 and 

brainn beta subunit; 5HT3 receptor; glutamate receptor subunits 2,3 and 5; N-methyl-D-aspartate 

receptorr subunit; AMPA receptor binding protein; the G-protein as, a, a0 subunits; protein kinase 

C;; protein-kinase A y isoform; adenylyl cyclase type IE, IV, V and VI; protein phosphatase catalytic 

subunitt 1 (complete), la, 1 yand 2A-p catalytic subunit; MAP kinase kinase; Ca/calmodulin-

dependentt protein kinase II delta subunit; Ca/calmodulin-dependent protein kinase kinase a; 

phospholipasee A2 precursor; phospholipase D; protein-tyrosine phosphatase-zeta/beta; Fyn proto-

oncogene;; calcineurin A alpha; inositol 1,4,5-triphosphate receptor 3; regulator of G-protein signaling 

4,, 7 and 14; ESTs, highly similar to regulator of G-protein signaling 3 and 5; MAP kinase kinase 

kinasee 1; EST, highly similar to C-fos proto-oncogene protein; EST, highly similar to Jun-D; PSD-

95/SAP90-associatedd protein-1; synaptobrevin 2; synaptophysin; and brain derived neurothrophic 

factor.. Additionally, GABAa receptor subunit al ,3-6, pi-3, yl-3 and 5 were kindly provided by Dr 

A.. Brooks-Kayal. CART, CRF, CRF-R1, CREB, Gaz, Gail, Gai3, GFAR GAD65 and GAD67 

weree obtained through PCR from our own cDNA library. The denatured PCR fragments were 

transferredd on 10XSSC wetted nylon membranes (Hybond Amersham). The nylon membrane was 

driedd and UV cross-linked. 
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SlotSlot Blot analysis 

Phosphorr screens were scanned on an ImageStorm scanner (Molecular Dynamics, USA). All signals 

weree within linear range of the phosphoscreen (Y. Qin, personal communications). Using a macro, 

dataa was loaded in Object Image, which is an extended version of NIH image (courtesy N. Fischer). 

Fromm each spot the median gray value was determined. Average spot intensity was calculated from 

aa bandwidth of 10% surrounding the median, background was subtracted. Only cDNA clones yielding 

signalss that on average amounted to at least 133% the background value were included in further 

analyses.. Average data was further analyzed in Microsoft Excel. 

StatisticStatistic analysis 

Statisticall  analysis was performed with a two-tailed unpaired Student's Mest or Mann-Whitney-U-

test,, if variances of the two experimental groups differed significantly. Differences were considered 

too be significant if p<0.05. Correlation between pairs of transcript ratios was performed with a 

Pearsonn test. 

RESULTS S 

Malee rats (n=72) were subjected for 21 days to unpredictable stress, twice daily according to a 

protocoll  described by Herman et al. (Herman et al., 1995). Control rats (n=36) were only handled 

andd weighed twice daily. The last stress or handling session was applied at the day before the 

electrophysiologicall  experiment, so that only chronic but not acute effects of stress were investigated. 

Off  these animals only part was used for the present electrophysiological investigations (n= 11 and 12 

forr the chronic stress and control group respectively). 

Inn the total group of animals used, the chronic stress procedure caused significant hypertrophy 

off  the adrenal glands (38.1  1.6 to 43.6 + 2.0 g;p<0.05), a significant reduction in body weight gain 

(MANOVA,, [F, 7]=30.0; p<0.001]) and non-significantly diminished thymus weight (645 + 27 to 

5522  20 mg; p>.05)(see also Fig. 1 a-c). Basal (morning) corticosterone levels at the end of the 

stresss period were significantly increased (Fig. Id). The shifts in these parameters after chronic 

stresss showed the same trend in the subgroup of rats used for electrophysiological recording in the 

PVN.. The adrenal weight was increased from 36.7 + 2.5 to 44.5 + 2.7 g. Body weight gain was 

significantlyy reduced (MANOVA, [Fl,23=9.40: p<0.01]) over the 3 weeks period in stressed rats. 

Thymuss weight was reduced from 615  41 to 548  37 g, but this difference did not reach statistical 

significancee (p=0.2). Control corticosterone level (1.76 + 0.54 LLg/dl) was very comparable to the 

averagee based on the larger group shown in figure Id. Although the chronically stressed rats used 
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figurefigure 1 
Changess in body weight and neuroendocrine 

parameterss after chronic stress. 

A)) Gain in body weight was significantly 

attenuatedd over the 3 weeks period of stress 

comparedd to control handled rats (MANOVA; 

[F171=30.0;p<0.001]) ) 

B)) Chronic stress increased the adrenal weight 

significantlyy (expressed as adrenal weight in g 

perr 100 g body weight). 

C)) Thymus weight was non-significantly 

decreasedd after chronic stress (expressed as 

thymuss weight per 100 g body weight). 

D)) Chronic stress was associated with a 

significantlyy increased plasma corticosterone 

level.. Corticosterone levels were determined 

withh a radio-immuno assay in plasma samples 

obtainedd directly after a tail nick on the 20th 

dayy of the stress (n=21) (or control (n=31)) 

proceduree and from trunk blood at the moment 

off  decapitation. The values shown in the figure 

aree based on an average value of these two 

sampless for each animal. 

**  : significant (p<0.05) difference between the 

chronicallyy stressed and control group. 

forr the present study on average showed a clear rise in corticosterone level (153%), this difference 

(inn contrast to the data shown in fig. Id, based on a larger group size) did not attain statistical 

significance,, due to the variation. 

PropertiesProperties oflPSCs after chronic stress 

Onee day after the last stress or handling session, brain slices containing the paraventricular nucleus 

(PVN)) of the hypothalamus were prepared in the morning. Only neurons located in the medial part 

off  the PVN -enriched in parvocellular neurons (Kiss et al., 1991)- were approached for recording. 

Withinn the medial part, the prevailing parvocellular neurons were distinguished from scattered 

magnocellularr neurons based on the shape of their soma, relatively low capacitance and small mlPSC 

amplitude.. Staining in combination with electrophysiology earlier confirmed the validity of these 

criteriaa (Verkuyl & Joels, 2003). 

Basicc properties of the parvocellular neurons, such as input resistance and capacitance, were 

unaffectedd by chronic stress (p=0.3 and p=0.6 respectively). All mlPSCs in parvocellular neurons 

weree recorded at -65 mV in the presence of NMDA-, AMPA- and Na+-current blockers. Previously 
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figurefigure 2 
Characteristicss of the mlPSCs recorded in parvocellular neurons of chronically stressed and control rats. 

A)) typical example showing mlPSC traces from a control (top) and chronically stressed (bottom) rat. 

B)) The averaged mlPSC frequency (+SEM) in parvocellular PVN neurons was significantly decreased in cells 

(n=16)) from chronically stressed rats compared to control cells (n=15). 

C)) The interval distribution of the mlPSCs could be fitted with a single exponential function, both in parvocellular 

PVNN neurons from control and chronically stressed rats as shown for typical examples. 

D)) The mlPSC amplitude for each cell was averaged. The averaged mlPSC amplitude in cells from chronically 

stressedd rats was comparable to the amplitude seen in the control rats. 

E)) The lognormal frequency distribution of the mlPSC amplitude could be fitted with a single Gaussian function, in 

cellss from chronically stressed as well as control rats, as shown for typical examples. 

F)) The tau of decay for the mlPSC was averaged over all observations, for each cell. The averaged mlPSC tau of 

decayy in cells from chronically stressed rats was comparable to the tau of decay seen in the control rats. 

G)) The frequency distribution of the mlPSC tau of decay could be fitted with a single Gaussian function, in cells 

fromm chronically stressed as well as control rats, as shown for typical examples. 

itt was shown that currents thus isolated are completely antagonized by bicuculline and thus exclusively 

mediatedd by GABAA receptors (Verkuyl & Joels, 2003). 

Ass shown in figure 2a,b, chronic stress reduced the average mlPSC frequency of parvocellular 

neuronss significantly. The interval distribution could be fitted with a single exponential, both per cell 

andd per treatment group. This was found in the handled control as well as the chronically stressed 

groupp (Fig. 2c). The effect of chronic stress was confined to the mlPSC frequency since no change 

wass observed with respect to the peak amplitude or the tau of decay (Fig. 2d,f). Careful analysis of 

thee distribution of the peak amplitude did not show any differences between cells from the control 

andd the chronic stress group: For cells from both groups, the lognormal frequency distribution of the 

mlPSCC amplitude could be fitted with a single Gaussian function (Fig. 2e). No change was found in 

thee variances of the two groups as tested with a one-tailed F-test (p=0.8). Also, for the tau of decay 

theree was no change in distribution or variance of the mean (p=0.3; Fig. 2g). Thus, chronic stress 

reducess mlPSC frequency of parvocellular neurons without affecting postsynaptic parameters such 

ass peak amplitude or tau of decay. This points to a presynaptic change in GAB Aergic function of 

afterr chronic stress, either by a decrease in release probability or a decrease of the number of 

GABB Aergic synapses terminating onto the parvocellular neurons. 

Too further distinguish between the latter presynaptic mechanisms by electrophysiological 

means,, evoked IPSCs (elPSC) and paired pulse responses were studied, generated by a bipolar 

stimulationn electrode placed adjacent to the PVN. All recordings were performed in the presence of 

NMDA-- and AMPA-receptor blockers (holding potential at -65 mV), but in the absence of TTX. 

Thuss evoked IPSCs were completely blocked by the GABAA receptor antagonist bicuculline (Fig 

77 7 



Chapterr IV 

B B 

C C o e e 
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

stimulu ss intensit y (mA ) 

D D 1.20 0 

1.00 0 
o o 
22 0.80 
<D D 

a.a. 0.60 
CD D 

'S.. 0.40 

0.20 0 

0.00 0 

-control l stressed d 

PP50HMM PP50M PP100HM PP100M 

figurefigure 3 
Evokedd (e)IPSC properties in parvocellular PVN neurons. 

A)) Typical example showing elPSCs in response to stimulation of GABAergic afferents (top). Traces obtained with 

increasingg stimulation intensity are superimposed. Lower example shows the traces in the presence of bicuculline. 

B)) Input-ouput relationship of the elPSC responses. The drawn line represents the Boltzmann fit of the observed 

responses. . 

C)) The averaged maximal amplitude of the elPSC was significantly decreased after chronic stress. Data is based on 

99 cells in the control and 10 cells in the chronically stressed group. 

D)) When using a paired-pulse stimulation paradigm, no changes between control (filled cicrles) and chronically 

stressedd (open squares) rats were observed with respect to the paired-pulse response ratio, here defined as the 

responsee obtained to the second stimulus divided by the response to the first stimulus. The absence of an effect was 

seenn for intervals of 50 and 100 ms and for stimulation with half-maximal (HM) and maximal (M) intensity. 

3a).. The stimulus-response relation was examined by constructing input/output (I/O) curves. For 

eachh cell, the I/O curve was fitted with a Boltzmann equation /?(/)= i?max/(( 1 + expO' - /H)/('C)), 

i?maxx being the maximal evoked current, «H the half-maximal stimulus intensity, and iC proportional 

too the slope (see example in Fig. 3b). The averaged maximal evoked response was found to be 

significantlyy reduced after chronic stress compared to the control group (control: 1.70+ 0.36 nA, 

n=99 cells; chronic stress: 0.89 + 0.13 nA, n=8; p<0.05). The reduction in amplitude based on the 

Boltzmannn fit was confirmed when analyzing the averaged first response observed in the paired 
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pulsee protocol, using a fixed (maximal) stimulus intensity (Fig. 3c, p<0.05). The other parameters of 

thee I/O curve, i.e. the half-maximal stimulus intensity iH and *C, were not significantly changed after 

chronicc stress (p=0.3 and p=1.0 respectively). 

Next,, paired pulse responses were generated at inter-stimulus intervals of 50 or 100 ms. 

Responsess were tested at maximal and at half-maximal stimulus intensity. In nearly all cells, double 

pulsee stimulation resulted in depression of the second response. As shown in figure 3d, chronic 

stresss did not change the paired pulse ratio significantly for any of the stimulation paradigms. No 

statisticall  differences were observed between the stress and control groups when stimulating at a 50 

mss inter-stimuluss interval, neither with half-maximal nor with maximal stimulus intensity (both cases 

p=0.7).. Similar results were obtained for an inter-stimulus interval of 100 ms (p=0.2 and p=0.8 

respectively).. We conclude that chronic stress does not significantly alter the paired pulse ratio, 

suggestingg that there is no change in the release probability. 

MolecularMolecular profile of parvocellular neurons after chronic stress 

Inn addition to functional properties of GABAergic transmission in parvocellular PVN cells after 

chronicc stress, we also examined molecular changes in recorded cells, accompanying the functional 

changes.. Although the electrophysiological data above indicates that the changes in GABAergic 

inhibitionn of parvocellular neurons after chronic stress are probably presynaptic, there could also be 

changess in the function of GAB A receptors which are not detected by recording mlPSC and elPSC, 

e.g.. regarding the responsiveness to pharmacological agents such as alcohol (Sundstrom-Poromaa 

ett al., 2002), hormones (Porcello et al., 2003) or barbiturates (Mehta & Ticku, 1999). While screening 

forr changes in expression of subunits of the GAB AA receptor complex, we took the opportunity to 

searchh for genes that are susceptible to chronic stress. RNA was collected from parvocellular neurons 

afterr whole cell recording, linearly amplified (Eberwine et al., 1992; Eberwine et al., 2001) and 

hybridizedd with clones of interest. This approach has several advantages: first, it allows correlation 

off  physiological data with molecular observations in a restricted set of cells; secondly, large numbers 

off  transcripts can be studied for each cell, allowing identification of clusters of genes responding in 

aa comparable manner to a stimulus. In total, 96 different cDNA clones were used for hybridization. 

Thee blots were subjected to an in-house developed algorithm for Object Image, which is an extended 

versionn of NIH image (courtesy N. Fischer). This algorithm allowed detection of the spot intensity 

whilee ignoring occasional small background spikes. Only cDNA clones yielding signals that on average 

amountedd to at least 133% the background value were included in further analyses. This restricted 

analysiss to 30 cDNA clones. The cDNA clones from which analyzable signals could be obtained 

comprisedd the GABAA receptor subunits ocl-6, fil-3, yl-3, 5 and n (fig. 4a,b) and the GABA 
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figurefigure 4 
Genee expression in single parvocellular neurons of the PVN. 

A)) Blot showing typical hybridization signals of RNA obtained from a single parvocellular PVN neurons with 96 

cDNAA clones of interest. Only signals which were on average at least 133% of the background value were included 

inn further analysis. This was restricted to about 30 of the clones. Clones with a strong hybridization signal included: 

GABApp receptor subunit (a, 01), the putative PTP (b,05), putative 5HT3a receptor (c,04), PPD (d,05), CART (g,01) 

andd the GABAA receptor subunits al (g,12), a5 (h,03), pi (h,05) and v2 (h,09). 

B)) Typical hybridization pattern for the cDNA clones of GAB Aa receptor subunits indicated on top. The drawn line 

representss the signal obtained with a line scan over the spots shown in the blot on top (expressed as gray values, 

shownn in right Y-axis). The bars indicate the averaged values (+SEM) for the various subunits, based on all control 

cellss (expressed relative to all genes included in the analysis, shown in left Y-axis). 

C)) When expressing the hybridization signal for the GABAa receptor ot5 subunit relative to the total signal in each 

blot,, a significant enhancement was observed after chronic stress (n=9 cells) compared to the control situation (n=8 

cells;; left). The difference between stress and control situation was even more obvious when the GABAa receptor a5 

subunitt signal was expressed relative to other signals, as mentioned at the bottom. 

D)) Similarly, when expressing the hybridization signal for the GABAa receptor 8 subunit relative to the total signal 

forr each blot, a significant decrease was observed after chronic stress (n=9 cells) compared to the control situation 

(n=88 cells; left). The difference between stress and control situation was more obvious when the GABAa receptor 5 

subunitt signal was expressed relative to other signals, mentioned at the bottom. 
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synthesizingg enzyme GAD65. In addition, the following cDNA clones led to reliable hybridization 

signals:: nuclear co-activator 1 (NCOA1 or SRC-1); adenalyte cyclase III (ACHI), phospholipase D 

(PPD),, CREB and Fyn; the immediate early gene cFOS; CRH, the CRH receptor 1 and the oclB 

adrenoceptor;; cocaine- and amphetamine-related transcript (CART); synaptobrevin; and 

synaptophysin.. Unfortunaly the GR is not among the genes that could be analyzed. All cDNA 

sequencess were verified again after hybridization. Three cDNA turned out to encode a different 

genee than originally stated in the gene bank. The cDNA encoding a beta subunit of the calcium 

channell  according to the gene bank, turned out to encode for a neuron specific sodium dependent 

transporterr for the precursor of glutamate and GAB A (Varoqui et al., 2000), called glutamine 

transporterr (GlnT). A cDNA that was selected since the gene bank stated it would encode vasopressin/ 

oxytocin/neurophesinn had actually high homology to a phosphatase involved in neurite outgrowth 

(Maurell  et al., 1994), i.e. the protein-tyrosine phosphatase-zeta/beta (FTP); this is not unequivocal, 

though,, since there was also homology with other genes. A third gene selected since it would encode 

somatostatinn actually had high homology with the serotonin 3a receptor (5HT3aR). We consider the 

sequencee as revealed by our sequencing as the correct identity of the cDNA. 

Hybridizationn signals for the GAB A n receptor subunit, the putative 5HT3aR, putative PTP, 

PPD,, CART and the GAB AA receptor subunits a l, a5, (51 and "f2 were very strong (typical example 

inn Fig. 4a,b). THe CRH signal was low to moderate but present in each cell. In total, expression 

patternss were studied in 9 cells from the chronically stressed rats and 8 cells from the control group; 

eachh blot was carried out in duplicate, data were averaged. 

Whenn expressing the signal of each transcript relative to the summated hybridization signal 

off  all cDNAs tested per blot, a significantly elevated expression was observed after chronic stress 

forr the GAB AA receptor a5 subunit (p=0.01) and a decreased expression for the 8 subunit (p=0.02). 

Whenn the signal for the GABAA receptor oc5 or 8 subunit was expressed relative to that of other 

transcripts,, the effect of chronic stress became even more apparent for some ratios (see Fig. 4c,d for 

significantt changes). The averaged expression of the GABAcc3 relative to the total signal was just 

nott significantly altered after chronic stress (p=0.08) as was the case for the relative expression of 

thee GABAyl subunit (p=0.06), the CRF-R1 (p=0.06), a lB adrenoceptor (p=0.08) and synaptobrevin 

(p=0.07).. All other transcripts showed no change at all (p>0.1) in averaged expression (relative to 

thee total signal per blot) after chronic stress. 

Byy averaging the data per experimental group, correlations between sets of genes within 

eachh group cannot be examined. Therefore, we next determined the correlation between signals for 

eachh single transcript (expressed as a ratio of the total signal) and the other transcripts using a 

Pearsonn test (see Table I). This correlation analysis was done for all cells (from the chronic stress 
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andd the control group together) and for cells of the control and chronic stress group separately. 

Geness could be classified into three categories: I) those that have no correlation with other genes 

investigatedd (no correlation is here defined as having a Pearson correlation less than 0.5 when analyzing 

alll  cells together); II) those that have a correlation with other genes investigated and this correlation 

doess not change in response to chronic stress; III ) those that have a correlation with other genes 

investigatedd and this correlation changes in response to chronic stress (changed correlation is defined 

ass a change in Pearson correlation greater than 0.5 in the control versus stress group). In table I, the 

firstt column indicates the different categories. The last category is of particular interest since these 

aree genes that display a strong correlation with other gene transcript signals under control conditions 

butt not after chronic stress (or vice versa). These genes are thus potentially subject to altered expression 

inn response to chronic stress. 

Inn Table I all correlations between genes are summarized. Correlations between transcripts 

largerr than 0.5 are indicated in gray. Two clusters of genes could be discerned with a high degree of 

correlationn within the cluster (Table I, upper left corner, lower right corner; names of the associated 

geness are indicated in bold), but virtually no correlation between genes belonging to the other cluster. 

Thiss suggests that in parvocellular neurons -that are indistinguishable from each other based on 

electrophysiologicall  and morphological criteria- two sets of genes are coherently regulated, by one 

orr more experimental conditions. Furthermore, those genes that show a clear change in correlation 

whenn comparing the control and stress condition are indicated in black. In the second column of 

Tablee I the number of changed correlations after stress is indicated for each gene. Note that, except 

forr PTP, the correlations of genes within the two clusters usually do not change after stress. If genes 

off  the two clusters do have a changed correlation, it often involves a correlation with genes of the 

otherr cluster (e.g. synaptobrevin and synaptophysin). Of the genes and functional properties that do 

nott belong to either of the two clusters four particularly stand out: ACIII , NCOA1, CREB and the 

mlPSCC frequency have a high number of correlations that change in response to chronic stress. This 

suggestss that these genes and properties are most affected by the experimental condition. The 

observationn that the mlPSC frequency is among these properties strengthens the credibility of this 

approachh to identify factors that are regulated by chronic stress. 

DISCUSSION N 

Severall  disorders, including major depression, are associated with a disinhibited HPA system in a 

considerablee subpopulation of patients (Nemeroff, 2002; Holsboer & Barden, 1996), as reflected by 

elevatedd basal Cortisol levels, inefficient normalization of stress-induced rises in corticosteroid 

hormoness as well as abnormal responses in the combined dexamethasone-CRH test. A causal role 
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forr disturbed HPA axis function in the etiology of the disease is supported by three facts. First, 

relapsee probability after pharmacotherapy is inversely related to normalization of HPA-axis function 

(Holsboerr & Barden, 1996). Second, abnormal dexamethasone-CRH test results were already seen 

inn high risk proband of depressed patients prior to any clinical symptoms (Heuser et al., 1994). 

Finally,, short-term treatment with a GR-antagonist was recently found to rapidly treat symptoms of 

(psychotic)) depression (Belanoff et al., 2001; Belanoff et al., 2002). This has led to the hypothesis 

thatt chronic over-exposure of the brain to corticosteroids, e.g. brought on by prolonged periods of 

stress,, is a considerable risk factor for the onset of depressive illness. Presently, however, it is not 

clearr how periods of stress can lead to disinhibition of the HPA-axis and which genes may impose a 

particularr risk. In the present study we used an animal model to approach this issue and applied 

wholee cell patch clamp recording in combination with single cell RNA expression profiling to study 

cellularr and molecular changes taking place in the PVN after chronic stress. Animals were exposed 

too unpredictable stressors twice daily for 21 days, a paradigm that was earlier shown to result in mild 

disinhibitionn of the HPA-axis (Herman et al., 1995). In agreement, we found that the adrenal glands 

off  stressed rats exhibited hypertrophy, the thymus weight was reduced and that gain in body weight 

overr the 3-week period was attenuated. Basal plasma corticosterone levels (circadian trough, under 

rest)) measured at the end of the 21 day period were significantly increased in stressed compared to 

controll  rats. Collectively, these observations generally validate the choice of our experimental model 

forr chronic stress. 

Inn this model, we first studied the properties of GABAergic transmission after chronic stress. 

Itt appeared that the frequency, but not amplitude or decay time, of mlPSCs was significantly decreased 

afterr chronic stress. Earlier we have shown that corticosterone can, within several hours, specifically 

reducee mlPSC frequency, acting at the level of the hypothalamus (Verkuyl and Joels, submitted). 

Thiss action became apperent at moderate amounts of corticosterone (10 u.g/dl) and saturated at high 

levelss (30 H-g/dl), e.g. as seen after an acute stress exposure. Therefore, it seems unlikely that the 

increasee in basal corticosterone level observed after chronic stress (from approximately 1.6 to 4.5 

|ag/dl)) can account for the decreased mlPSC frequency. Also, in contrast to previous data following 

acutee stress, the present data suggests that decreased mlPSC frequency after chronic stress is due to 

aa decreased GABAergic synaptic innervation rather than a decreased release probability of vesicles. 

Thiss is based on the observation that paired pulse responsiveness (amongst others determined by the 

releasee probability of GAB A containing vesicles) was not affected by chronic stress. Moreover, the 

maximall  elPSC amplitude was significantly depressed after chronic stress, while the mlPSC amplitude 

wass unchanged, in line with a decrease in the number of synaptic contacts. In summary, the data 
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supportt that following a prolonged period of stress GAB Aergic innervation of parvocellular neurons 

inn the PVN is reduced, probably by synaptic reorganization. Interestingly, all cells used for gene 

expressionn profiling exhibited low but clearly discernable mRNA signal of CRH. Although we did 

nott determine the peptide content of the recorded neurons (which is incompatible with subsequent 

RNAA collection), there is no reason to believe that the reduced GABAergic innervation does not 

pertainn to CRH-producing cells. If so, the presently observed reduction in GABAergic innervation 

mayy be one of the mechanisms by which basal corticosteroid levels become raised after chronic 

stress. . 

Wee also examined the molecular profile of the recorded neurons in association with the 

functionall  properties. Although in total 96 different cDNA clones were tested, only a third of these 

yieldedd consistent and reliable signals. This could point to the absence of certain transcripts in this 

sett of neurons but may also be a consequence of the bias of the aRN A amplification for the 3' -end of 

mRNA.. The frequent absence of reliable hybridization signals prevented investigation of entire 

signalingg pathways but nevertheless allowed investigation of gene expression patterns (see below). 

Interestingly,, the hybridization signals observed for the various GAB AA receptor subunits observed 

inn parvocellular PVN neurons was strikingly different from the pattern earlier reported for hippocampal 

dentatee granule cells, using the same cDNA probes (Brooks-Kayal et al., 2001; Brooks-Kayal et al., 

1999;; Brooks-Kayal et al., 1998). The relative abundance, however, agreed quite well with an 

immunohistochemicall  survey of GAB AA receptor subunits in the medial PVN (Cullinan, 2000; Pirker 

ett al., 2000; Fritschy & Mohler, 1995). This underlines the cell specific pattern of GABAA receptor 

subunitt expression. 

Sincee the mlPSC amplitude and kinetic properties were unchanged after chronic stress, we 

didd not expect conspicuous changes in GAB AA receptor subunit expression to occur after chronic 

stress,, although properties that are not directly translated into the parameters that we measured may 

neverthelesss have been altered. Interestingly, earlier in situ hybridization studies demonstrated a 

decreasee in the |J 1 and (32 subunits after a comparable stress paradigm (Cullinan & Wolfe, 2000). In 

thee present study, the percentual decrease of the summated beta subunits amounted only to a non-

significantt 5% (p=0.2). We cannot exclude that different populations of neurons were studied in the 

earlierr and present study. 

Wee only observed a significant increase in the relative expression of the a5 subunit and 

decreasee of the 8 subunit. Earlier studies in cerebellum have shown that 5 subunits promote the 

formationn of y2 subunit-containing GABAA receptors (Korpi et al., 2002; Tretter et al., 2001). 

Furthermore,, 8 subunits are essential for potentiation of GAB AA receptor currents by neurosteroids 

(Zhuu et al., 1996; Wohlfarth et al., 2002; Porcello et al., 2003). The presently observed reduction in 
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88 subunit expression after chronic stress (if translated to the protein level) suggests that reduced 

sensitivityy to neurosteroids after chronic stress may be an additional mechanism by which parvocellular 

neuronss in the PVN get disinhibited. The a5 subunit has been implicated in several processes: The 

abundancee of mis subunit in cortex was demonstrated to alter in an age-dependent manner. In oc5 

knock-outt mice, decreased GABAergic transmission was correlated with improved learning and 

memoryy performance (Collinson et al., 2002). This trait was also seen in mice bearing a point mutation 

inn the GABAa a5 receptor subunit along with enhanced fear conditioning (Crestani et al., 2002). 

Interestingly,, the GAB AA receptor oc5 subunit gene locus was reported to be associated with bipolar 

affectivee disorder (Papadimitriou et al., 1998; Papadimitriou et al., 2001), whereas other subunits of 

thee GABAa receptor complex such as the al and [33 did not show association (Serretti et al., 1998; 

Papadimitriouu et al., 2001). 

Althoughh the parvocellular PVN neurons from which RNA was collected were quite 

homogeneouss with respect to the shape and location of their somata and the mlPSC properties, gene 

expressionn patterns showed clear variation. Interestingly, such a high degree of variation in single 

celll  gene expression was even seen in the hippocampus, which is generally considered to be a 

homogeneouss structure (Kamme et al., 2003). The small numbers of neurons used in the present 

studyy prevents further subdivision of the experimental groups based on their expression pattern. Yet, 

thee variation in expression pattern was exploited to identify sets of genes that appear to be regulated 

inn a comparable fashion. Two clusters of genes were distinguished which showed a high degree of 

correlationn within each cluster but an extremely low occurrence of correlation between clusters. 

Thesee clusters of genes may represent multiple biological pathways triggered by a single stimulus or 

clusterss of genes that are each regulated by a particular condition. It seems unlikely that the two 

clusterss of genes were each linked to a specific subtype of cells since some transcripts (e.g. FTP) 

belongedd to one set in the control group but to another set after chronic stress. For most transcripts, 

correlationn within the cluster was high both under control and chronic stress conditions. However, 

forr several transcripts correlation characteristics were clearly different under control conditions and 

afterr chronic stress. We reasoned that these transcripts potentially represent a subset of genes that is 

sensitivee to chronic stress. Theoretically, identification of this subset does not depend on the absolute 

expressionn values and is not hampered by the degree of variation of a transcript, two factors that are 

importantt when averaging the data per treatment group. The fact that mlPSC frequency was also 

identifiedd by this approach as a stress-sensitive factor lends credibility to this approach. Interestingly 

severall  genes involved in regulation of glucocorticoid receptor (NCOA1 (Meijer et al., 1997)) and 

CRHH message (CREB (Kovacs, 1998)) are among the genes specifically affected by chronic stress. 
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Inn conclusion, our study indicates that chronic stress profoundly decreases GABAergic 

synapticc innervation of parvocellular PVN neurons. If this also pertains to CRH-producing cells this 

changee could contribute to the disinhibiton of the HPA-axis seen after chronic stress and may be one 

off  the mechanisms underlying neuroendocrine defects seen in association with several disorders, 

includingg major depression. By combining functional studies with gene expression investigation, we 

weree able to show stress-induced changes in expression-correlation patterns in a subset of genes as 

welll  as the mlPSC frequency. 
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Chapterr V 

SUMMARYY OF FINDINGS 

Inn answer to the questions formulated in the Introduction (Chapter I) of this thesis, we found the 

following: : 

 In the rat PVN, parvocellular neurons can be distinguished from magnocellular neurons on 

thee basis of their GABAa receptor mediated responses (Chapter II). 

 Three days absence of corticosterone by ADX leads to an increased mTPSC frequency of 

parvocellularr neurons in the PVN. ADX does not change the peak amplitude or tau of decay 

off  mlPSCs. Restoring corticosterone level to that of SHAM control animals normalizes the 

mlPSCC frequency. The effect of ADX on mTPSC frequency does not occur in magnocellular 

neuronss and may thus be specific for cells involved in HPA control (Chapter II). 

 Subcutaneous injection of corticosterone in vivo, leading to high circulating levels of the 

hormone,, decreases mlPSC frequency 1-4 hrs later in situ but does not change the peak 

amplitudee or tau of decay, in comparison to handled controls (Chapter III) . 

 One hour of restraint stress has comparable effects on the mlPSC frequency recorded 1-4 

hrss later in situ as corticosterone administered via an injection (Chapter III) . 

 Incubation of the hypothalamic slice preparation for 20 min. with corticosterone is sufficient 

too generate comparable effects as seen after corticosterone injection and restraint stress in 

vivo,vivo, with a delay of 1-4 hrs but not at earlier timepoints. Pooled data of evoked IPSC 

responsess from the three treatment groups shows that there is an increase in paired pulse 

ratioo (Chapter III) . 

 Exposure to 21 days of chronic stress -resulting in elevated basal corticosterone levels, reduced 

bodyy weight gain and increased adrenal weight- causes a reduced mlPSC frequency in 

parvocellularr neurons from animals that are at the trough of the circadian corticosterone 

releasee cycle. The amplitude and tau of decay are not affected. The maximal evoked response 

iss increased, while paired pulse ratios remain unchanged (Chapter IV). 

 Single cell mRNA profiling from parvocellular PVN neurons shows that changes in the 

relativee expression of the GABAa5 and 8 subunit take place after chronic stress. Detailed 

analysiss revealed the behavior of groups of genes in response to chronic stress. 

Inn the following sections we will discuss these findings, particularly with respect to i) the experimental 

approachh of the study, ii) the functional implications of our findings and iii ) the underlying mechanism. 
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Summaryy and Discussion 

EXPERIMENTA LL  APPROACH 

DistinctionDistinction of parvocellular PVN neurons 

Withinn the PVN two main cell types have been distinguished, i.e. the large magnocellular neurons 

whichh are enriched in the lateral part of the PVN and the smaller parvocellular neurons which are 

locatedd in the medial part of the PVN. In literature, a further distinction between subtypes has been 

madee based on cell location, cell size and shape, inputs, projections, electrophysiological characteristics 

andd peptide content (see Introduction). In our study using an in situ (live, unstained) slice preparation, 

wee made a distinction between parvo- and magnocellular neurons based on location, shape (both 

determinedd microscopically, in the slice), capacitance and mlPSC properties. How reliable is this 

approach? ? 

AA number of neurons, designated as parvo- or magnocellular based on their location and the 

shapee of their soma, were filled with a dye through the recording pipette and morphologically 

characterizedd after fixation of thee slices (Chapter II). In all cases, the presumed cell type (based on 

locationn and shape of the soma) was confirmed in later morphological characterization. 

Electrophysiologicall  characterization as described in the literature was incompatible with our method 

off  recording mlPSCs: Characteristic current-voltage responses of the different PVN cell types will 

bee distorted by the presence of both '1'1'X and Cs2+ ion. Instead, in our study two electrophysiological 

parameterss were examined for each cell, i.e. the membrane capacitance and the mlPSC characteristics. 

Onn average, presumed magnocellular neurons displayed a higher membrane capacitance than presumed 

parvocellularr neurons, which is in line with the larger soma size of the former than of the latter. 

However,, this criterion alone was not conclusive, since there was overlap between the two groups 

andd in particular since some of the parvocellular neurons (which otherwise were indistinguishable 

fromm the remaining cells) exhibited a very high membrane capacitance. The mlPSC properties also 

differedd between the presumed magno- and parvocellular neurons. Thus, magnocellular compared 

too parvocellular neurons displayed a high frequency and large amplitude of the mlPSC. Although 

somee overlap in the distribution of these parameters occurred between the two cell types, the 

differencess were quite considerable. 

Notee that we were not able to identify the third PVN cell type, autonomic neurons specifically. 

Inn the characterization made in Chapter II we observed a few cells that had a comparable mlPSC 

profilee as parvocellular neurons, yet there capacitance was larger than that of magnocellular neurons. 

Thesee neurons may be the autonomic cells of the PVN, although we do not have sufficient data to 

makee a full characterization. Since these neurons had a similar mlPSC profile and responded similarly 

too ADX as did parvocellular neurons we included them in the parvocellular cell group. 
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Iff  one uses the capacitance and mlPSC properties to distinguish parvo- from magnocellular 

neurons,, an important consideration is to what extent ADX, acute rises in corticosterone or chronic 

stresss influenced these properties in the two cell types. We observed, similar to what has been 

previouslyy found in the hippocampus, that the different treatments did not affect the capacitance of 

thee cells (Karst et al., 1997). Also the peak amplitude and the decay of the mlPSCs were unaffected 

andd remained comparable throughout the different experimental treatments described in the chapters. 

Howeverr this clearly does not hold for the mlPSC frequency. The influence of corticosterone appeared 

too be specific for parvocellular neurons, when investigated (Chapter II). This may have hampered 

thee distinction between parvo- and magnocellular neurons after ADX, where mlPSC frequency was 

enhancedd in parvocellular neurons only, thus reducing the difference between mlPSC frequency in 

parvo-- versus magnocellular neurons. Conversely, the difference in mlPSC frequency between 

parvocellularr and magnocellular in SHAM operated rats as described in Chapter II may have been an 

overestimationn since the novelty stressor given to these animals could have reduced the mlPSC 

frequencyy of parvocellular neurons specifically. Note that this holds for nearly all experimental 

conditionss described in this thesis (novelty stress in the control group of Chapter II, corticosterone 

injectionn and restraint stress in Chapter III and chronic stress in Chapter IV), as all of these conditions 

resultedd in a reduced mlPSC frequency of parvocellular neurons, so that the difference between the 

twoo cell types -if anything- was accentuated. 

Collectively,, we conclude that identification of PVN neurons based on the combined 

parameterss of location and shape of their soma and membrane capacitance, together with the mlPSC 

amplitudee and mlPSC frequency is reliable and forms a solid base to discriminate parvocellular 

neuronss from magnocellular neurons. 

IdentificationIdentification ofCRH neurons by their aRNA expression profile 

Att the start of this project it was the intention to make a further distinction in subtypes of parvocellular 

neuronss based on their peptide content, specifically CRH and vasopressin. The idea was to make a 

molecularr finger print of the PVN neurons, so that with the use of a peptide expression pattern those 

parvocellularr neurons directly involved in HPA function could be identified; next to peptides also 

otherr transcripts of e.g. the glucocorticoid receptor and subunits of the GABAA receptor complex 

couldd be studied. We selected the aRNA amplification technique to obtain such molecular finger 

printss since this technique allows screening of multiple genes of a single cell that has also been been 

functionallyy characterized with whole cell patch clamp recording (Eberwine et al., 1992). 
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Thee aRNA amplification has been found to give a reliable representation of the mRNA pool 

fromm a single cell: Relative differences in mRNA abundance are preserved during the amplification 

(Madisonn & Robinson, 1998). Although specific genes may give differences in efficiency when 

comparingg amplified mRNA with unamplified mRNA, large-scale comparison using microarrays 

showedd high fidelity between amplified and unamplified mRNA expression (Wang et al., 2000). 

Theree are however, considerable difficulties when combining aRNA amplification with whole 

calll  patch clamp recording. Obviously, it is of importance to reduce contamination, foremost of 

mRNAA from the surrounding cells or the bath solution in which the slice is submerged. Therefore we 

definedd criteria to ensure minimal contamination. 1) Only cells with a tight seal and low leak current 

duringg recording should be selected. 2) Harvesting of the RNA should be done under visual control, 

assuringg that the cell stays attached to the recording electrode. 3) It is of importance to aspirate as 

muchh cell content into the recording electrode as possible by applying negative pressure. 4) When 

thee cell is pulled from the slice there should be no debris attached to the electrode. An important 

advantagee of the aRNA amplification is its linear nature (Madison & Robinson, 1998; Baugh et al., 

2001)) (as opposed to PCR), which ensures that potential contamination will stay proportional to the 

celll  sample during amplification. In a series of experiments not described in this thesis, we tried to 

gett an estimate of the amount of mRNA picked from the bath. Taking incorporation of radioactive 

CTPP (P32-CTP) as measure using non-saturating reaction conditions, we found that there is a more 

thann 4-fold difference between signals from bath and cell samples. Probably the difference between 

bathh and cell samples is much larger because a) smaller amounts of starting mRNA reach a higher 

amplificationn fold than larger quantities of starting sample (Madison & Robinson, 1998) resulting in 

moree incorporation; b) the T7 RNA polymerase seems to able to produce a high molecular weight 

productt in the absence of template (Baugh et al., 2001), probably due to interaction with the primer. 

Thiss could confound measurement of amplified mRNA when using incorporation as measure. 

Identificationn of the CRH- and VP-content by aRNA amplification presented additional 

difficulties.. It appeared to be very difficult to generate a reliable signal for VP due to its very high 

homologyy with oxytocin. If we used a specific cDNA sequence for VP, this appeared to be too short 

too yield an analyzable signal. In general, identification of single transcripts was hampered by the 

specificc requirements of the cDNA for the blots (see also Chapter IV). Due to the 3'end bias of the 

aRNAA amplification technique, cDNAs used for the blot should contain at least the 3' end of the 

untranslatedd region. Such specific requirements might explain why only -35% of the signals were 

highh enough for analysis (Chapter IV). Interestingly, this number is very comparable to the percentage 

off  clones that can be analyzed on cDNA micro-arrays (Feldker, personal communication). 
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Inn conclusion, the aRNA amplification method combined with whole cell patch clamp 

recordingg provides the opportunity to analyze changes in expression pattern of large groups of 

geness from physiologically studied single cells. This can be a powerful approach, as shown in Chapter 

IV.. In our experience this technique seems perhaps more suitable for analyzing large expression 

patternss than for identification of one specific transcript. If the aim is to investigate a single transcript 

e.g.. for identification of CRH producing neurons, one might in future consider using transgenic mice 

expressingg green fluorescent protein (GFP) driven by the CRH promoter. Another option is to fil l 

thee recorded cells with biocytin. Post hoc localization of stained neurons can then be combined with 

eitherr in situ hybridization or immunohistochemistry for selected peptides such as CRH. This option, 

though,, is not compatible with aRNA amplification, since for both in situ hybridization and 

immunohistochemistryy the soma should remain in the slice. 

StudyStudy ofGABAergic innervation by recording miniature and evoked IPSCs 

Inn this thesis we chose to study the GABAergic synapses onto PVN neurons at the level of the 

hypothalamus.. The GABAergic innervation of the PVN comes from many different brain areas, 

usingg many different neuronal pathways. However the GABAergic innervation controlling HPA 

activityy converges on the parvocellular neurons. Studying the effects of corticosterone on the 

GABAergicc input at this level will give insight in how the final step of inhibitory input to the PVN is 

affectedd by the steroid. Such studies have not been done before. 

Inn order to study GABAergic synapses specifically we recorded miniature (m)IPSCs and 

evokedd (e)IPSCs in combination with single cell gene expression profiling. The recording of mTPSCs 

allowss investigation of quantal responses to GAB A. Frequency of quantal responses is considered 

too be determined by presynaptic properties of the GABAergic synapse, e.g. release probability or 

numberr of synaptic contacts. Other parameters like the peak amplitude, rise time and tau of decay 

aree determined by both presynaptic and postsynaptic properties, involving e.g. fillin g of vesicles, 

saturationn and number or subunit composition of receptors (Hajos et al., 2000; Frerking et al., 1995; 

Cherubinii  & Conti, 2001; Edwards et al., 1990). We demonstrated that corticosterone specifically 

affectss presynaptic properties of quantal responses. 

Too further study the properties of GABAergic terminals we carried out elPSC recordings. 

Withh the use of paired pulse stimulation protocols, release probability of the GABAergic terminal 

wass investigated. The data supports that the response to the second stimulation relative to the first 

responsee is increased after acute stress or corticosterone treatment, pointing to a decreased release 

probability.. No indications for a change in release probability were found after chronic stress. This 
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observation,, in combination with a decreased maximal amplitude of the elPSC and a reduced mlPSC 

frequency,, points to a decreased number of synaptic contacts after chronic stress. 

Wee realize that with the selected approach we cannot study the consequences of changes in 

thee GABAergic innervation for the activity of parvocellular neurons. The final interpretation of the 

presentlyy obtained findings will depend on whether or not mere are also changes in the excitatory 

inputt to parvocellular neurons and on the firing mode of these neurons (see below). Study of the 

excitatoryy input to and activity of the parvocellular neurons as a function of corticosterone will be 

necessaryy to get insight in the functional role of corticosteroid-mediated changes in GABAergic 

controll  of the HPA axis. 

Withh the choice of studying the GABAergic synapses in a hypothalamic slice we focused on 

projectionss from interneurons within or surrounding the PVN. The experiment in which we incubated 

thee slices with corticosterone showed that these local inhibitory projections are sufficient to accomplish 

hormonall  effects. However we cannot exclude additional effects of the hormone in other brain 

regions.. As described in Chapter I, interneurons in the PVN and peri-PVN are under control of 

manyy projections, most of which originate in areas no longer present in the reduced slice preparation. 

Inn any of these areas (chronic) stress and/or corticosterone induced changes could occur and indeed 

havee been described (Joels et al., 1994; Karst & Joels, 2003; Karst et al., 2000; Alfarez et al., 2002; 

Alfarezz et al., 2003). Steroid induced modulation of activity in these areas could then indirectly lead 

too a changed GABAergic innervation of the PVN. The similarity between local effects of corticosterone 

inn the PVN and acute effects caused by stress or corticosterone injection in vivo suggests that these 

extrahypothalamicc modulatory effects may not be crucial. However, particularly after prolonged 

disturbancess of the HPA-axis, such as ADX or chronic stress, it seems probable that changed function 

off  higher brain structures, which could alter input to interneurons in the (peri-)PVN, is involved in 

thee observed phenomena. 

Inn conclusion the selected approach, i.e. studying the GABAergic synapse in the PVN, revealed 

thatt corticosterone is able to change the synaptic components of the (local) GABAergic inhibition. 

Thee observation that corticosterone is able to suppress GABAergic input to the PVN indicates that 

thee GABAergic control of the HPA axis may be more complex than assumed. 

FUNCTIONALL RELEVANCE 

CorticosteroneCorticosterone and GABAergic transmission in the PVN 

Inn this thesis we showed that variations in corticosteroid levels influence the GABAergic transmission 

inn the PVN, probably by a local genomic mechanism of action. An inverse relationship was observed 
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betweenn circulating corticosterone level and mlPSC frequency: When corticosterone levels are very 

low,, the mlPSC frequency is high; when corticosterone levels are high, the mlPSC frequency drops. 

Thiss inverse relationship is illustrated in figure 1, in which data from Chapter II-I V are combined. 

Thee latter should be done with caution, since the temperature used in Chapter II differed from that 

usedd in Chapters II I and IV. Since mlPSC frequency is temperature dependent, correction of the 

dataa from Chapter II was performed based on an estimated Q10-value. 

AA relatively high mlPSC frequency was observed with low levels of corticosterone (~2 \ig/ 

dl;; control groups in Chapter II I  and IV). This frequency was in fact very comparable to that seen in 

thee (near) absence of corticosterone (ADX group in Chapter II) , even though the latter condition is 

associatedd with many aberrations in addition to a 3 days depletion of corticosterone. With moderate 
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figur ee 1 

Relationn between plasma corticosterone level and mlPSC frequency, based on all experiments described in this 

thesis.. On the x-axis, the different treatment groups are indicated, ranged by their increasing plasma corticosterone 

level.. With increasing plasma corticosterone level the mlPSc frequency decreases. The right y-axis indicates the 

plasmaa corticosterone level of the different groups given as a log scale. The left y-axis gives the mlPSC frequency. 

Onn the right, separated by a vertical line, the ADX group receiving corticosterone and the chronic stress group are 

represented.. Note that for the chronic stress group, the plasma corticosterone level is in-between the control group 

off  Chapter III and the SHAM of Chapter II, while the mlPSC frequency is comparable to the groups with high 

plasmaa corticosterone level due to restraint stress or corticosterone injection (chapter III) . 

Thee comparison between different sets of data should be done with great care. As explained in Chapter II, 

thee temperature has considerable impact on mlPSC frequency. In Chapter II we had to correct for these temperature 

effectss scaling the temperature in the ADX replacement experiments to that during recording of the ADX and 

SHAMM groups. In this figure we chose instead to scale the temperature of the SHAM and ADX groups to thatt of the 

ADX-replacedd group, since the temperature used in the latter experiment was comparable to the temperature used in 

thee Chapters III and IV. Obviously, for correct comparison all experiments should be repeated at the same temperature. 

96 6 



Summaryy and Discussion 

levelss of corticosterone (-10 ug/dl; novelty stress group in Chapter II), mlPSC frequency started to 

drop.. This drop became even stronger when the corticosterone level increased up to 30 ug/dl (restraint 

stresss group in Chapter HI). A further rise in corticosteroid level (70 Ug/dl; corticosterone injection, 

Chapterr EI) did not result in more depression of the mlPSC frequency. These characteristics -i.e. a) 

littl ee difference between <1 and 2 ug/dl, b) effects that become apparent with 10 ug/dl and c) clear 

effectss with >30 ug/dl corticosterone- are compatible with a GR-mediated event. With 30 ug/dl, 

occupationn of GRs is probably -75%, while approximately 90% occupation is reached with 70 ug/ 

dll  (Reul et al., 1987; Reul & de Kloet, 1985). Apparently, near the asymptote of GR occupation a 

higherr degree of occupation will not generate a stronger effect. Conclusive proof of the involvement 

off  the GR, however, awaits further experiments, in which the effects of GR antagonists and agonists 

aree tested in vivo and in vitro. 

Twoo groups were placed in a separate compartment in figure 1 since they cannott be directly 

comparedd with the other groups: The ADX group, which received corticosterone for 3 days by a 

subcutaneouss pellet and the chronically stressed group. The former group may differ from the novelty 

stresss SHAM group in many respects, even though they displayed comparable corticosterone levels 

onn the day of the experiment. First and foremost, corticosterone blood levels in the ADX-replaced 

groupp were clamped at -10 ug/dl with the use of a subcutaneous corticosterone-releasing pellet, so 

thatt the natural diurnal rhythm did not occur. Thus, where the GABAergic inhibition presumably 

wass chronically suppressed by corticosterone substitution in ADX rats, the observed frequency in 

thee SHAM is likely to be a consequence of more acute suppression. Even more so, the ADX-

substitutionn group may have had higher initial corticosterone levels. Earlier studies revealed a rapid 

declinee in corticosterone release from subcutaneous pellets (Karst et al., 1999). Finally, ADX induces 

effectss in addition to depletion of corticosterone, which may not be reversed when substituting the 

corticosteroid.. All of these factors may have influenced the mlPSC frequency in PVN neurons. 

Thee comparison shown in figure 1 emphasizes the atypical response found after chronic 

stress:: The mlPSC frequency is comparable to that found after an injection with a high dose of 

corticosteronee or a strong stressor in vivo, but the corticosterone level is quite low, i.e. in-between 

thatt found during rest and after a mild novelty stress. This suggests that repeated exposure to an 

elevatedd level of corticosterone and prolonged activation of GRs permanently changes GABAergic 

transmissionn in the PVN, such that changes in inhibition normally only seen after severe stress are 

'fixed'' and are apparent even when corticosteroid levels are low. Although the effects seen after 

chronicc stress may find their origin in the local hypothalamic effects as seen after acute stress, one 

cannott exclude that with chronic stress brain areas innervating the PVN are altered in function, 

indirectlyy leading to changed GABAergic innervation of the PVN (see also above). Probably, the 
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effectss after chronic stress are not a mere extrapolation of the acute effects of corticosterone. For 

instance,, we found that the reduced mlPSC frequency after acute stress is most likely caused by a 

changedd release probability, while we have indications that the reduced mlPSC frequency after 

chronicc stress is caused by a decreased number of GABAergic synapses onto parvocellular neurons. 

Pinpointingg the exact site of action of corticosterone and the contribution of the hormone itself as 

donee with the in vitro incubations in Chapter in will be more difficult for the chronic stress condition. 

Onee might think of using repeated corticosterone injections to show the involvement of corticosterone, 

peripherallyy or intracerebroventricularly. Alternatively, the GR-antagonist RU 38486 could be 

administeredd during the chronic stress procedure. With both approaches, however, not only 

corticosteroidd levels and actions but also other components of the HPA-axis will be inevitably altered. 

Also,, these experiments will still not give insight in the brain regions involved in the actions of the 

hormone. . 

ConsequencesConsequences of reduced mlPSC frequency 

Thee most conspicuous effect of changes in corticosteroid level is an alteration in mlPSC frequency, 

ratherr than the amplitude or the kinetic properties of the signals. Parvocellular neurons in the PVN, 

includingg those involved in the HPA-axis, of course receive numerous inputs, all mediated by specific 

transmitters.. Clearly, the present observations cannot be interpreted in isolation, without taking into 

accountt the possibility that corticosterone may also affect these other inputs. Selective effects on the 

GABAergicc inputs would lead to neuronal disinhibition, but a more general effect of corticosterone 

onn both the neuronal inhibition and excitation could have a balanced net effect. Indeed, there are 

indicationss that corticosterone also suppresses glutamatergic input to the PVN (Di et al., 2003). 

althoughh this was seen with extremely high corticosterone concentrations. This issue would need 

furtherr investigation, using more physiologically relevant fluctuations in corticosterone level. 

Irrespectivee of how the GABAergic input is changed or whether the excitatory inputs are 

alsoo changed in response to corticosterone, changed GABAergic inhibition will affect the excitability 

off  the parvocellular neurons. Changed inhibition might alter parvocellular action potential firing, 

whichh could affect the release of CRH and VP. 

Inn the PVN, most studies relating firing patterns to hormonal secretion focused on 

magnocellularr neurons; even more of such studies have been done for magnocellular neurons of the 

SON.. It was found that different patterns of firing, either continuously or in bursts of action potentials, 

wil ll  have specific consequences for release. Secretion was found to be higher when neurons fire in 

burstss than continuously, even when their mean firing frequency is the same. Also, the amount of 

peptidee released at the beginning of a burst is larger than at the end. Silent periods in-between bursts 
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resultt in enhanced release. There seems to be an optimal inter-burst interval (Cazalis et al., 1985). 

GABB A innervation can play a very clear role in the control of bursting activity. For instance, during 

lactationn GABAergic innervation of the SON is markedly increased. During this period, magnocellular 

neuronss display typical synchronous bursting behavior. While GAB Aa receptor agonists decrease 

firingg and antagonists increase firing when neurons are in a continuous firing mode, both the GAB Aa 

receptorr agonists and antagonists disrupt burst firing (Voisin et al., 1995). Apparently, precise 

GABAergicc inhibition is necessary to maintain this bursting behavior of magnocellular neurons. 

Att present, it is hard to predict how changes in GABAergic innervation will affect firing 

patternss of parvocellular neurons in vivo: No information on changes in firing pattern with fluctuating 

corticosteronee levels, with a time-course comparable to our findings on mlPSCs, is presently available, 

neitherr in vitro nor in vivo (Kasai & Yamashita, 1988; Saphier & Feldman, 1988; Saphier & Feldman, 

1990;; Ramade et al., 1981). It might be of interest therefore to study in future the firing behavior of 

parvocellularr neurons both in vitro and in vivo before, during and after a stressor. 

RoleRole ofGABA transmission in termination ofHPA activity 

Beforee we started the experiments described in this thesis we hypothesized that the neuronal, 

GABAergicc input in concert with humoral input to parvocellular neurons is responsible for tonic 

inhibitionn of the HPA-axis under rest and normalization of the stress-induced rise in HPA-axis activity. 

Inn this line of reasoning, stress-induced elevations in corticosterone level together with the GABAergic 

innervationn would decrease parvocellular activity. However, our data actually point to the opposite: 

stress-inducedd rises in corticosterone level decrease the GABAergic pressure at the level of the 

hypothalamuss (figure 2). 

Earlierr pharmacological experiments strongly indicated a role of GAB A as inhibitor of HPA 

activity.. Thus, blocking GABAergic input to the PVN by local application of an antagonist resulted 

inn activation of the HPA axis (Cole & Sawchenko, 2002). Apparently, GAB A is an effective inhibitor 

off  the HPA activity prior to the rise in corticosterone. Potentiating the GABAergic input to the PVN 

byy injection of benzodiazepines decreased HPA activity in response to a stressor (Imaki & Vale, 

1993;; Imaki et al., 1995; Stotz-Potter et al., 1996). These agonists were given prior to (up to 1 hr 

before)) the stressor. Thus, potentiating GABAergic input before the stressor reduces the activation 

off  the HPA axis. Collectively, these data support that GAB A is an important inhibitory factor at least 

beforebefore or during the activation of the HPA-axis (figure 2). It could also be important at later time-

pointss (during the decay-phase of the stress-induced rise in hormones), but this possibility has not 

beenn addressed. 
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Thee timing of the GAB Aergic effects after acute stress described in this thesis (Chapter III ) 

iss entirely different. For understanding the effects found, the time sequence of the events during HPA 

activationn is critical. A study in pigeons showed an increased electrophysiological activity measured 

byy unit activity in the first 10 minutes after a stressor, while during the next 90 min. the activity 

returnedd to baseline (Ramade et al., 1981). At the transcriptional level hnCRH expression peaks at 

55 minutes after stress exposure, while corticosterone rises and peaks much later, at 30 minutes. By 

contrast,, hnVP levels slowly rise and eventually peak at 120 minutes after stress, when hnCRH and 
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Floww chart of HPA-axis during different activation states. 

A).. During basal rest conditions extrahypothalamic sites exert a strong inhibitory influence on the PVN. From the 

PVNN there is only low output to the pituitary. From the pituitary there is also low output. Basal corticosterone levels, 

duee to the small adrenal output occupy only the MR, which can be found in high amounts in several extrahypothalamic 

brainn areas but is not abundant in the PVN nor in the pituitary. 

Bl) .. A stressor causes activation of the brain, leading to activation of the PVN. Subsequent high output from the 

PVNN activates the pituitary, which in turn activates the adrenals. 

B2).. The activated HPA-axis causes high circulating corticosterone levels, which reach the brain. Sufficiently high 

levelss of corticosterone will activate the GR outside of the PVN, within the PVN and in the pituitary. As described 

inn this thesis high levels of corticosterone will cause a suppression of the inhibition of the PVN. 

C)) As a consequence of chronic stress the basal rest condition of the HPA axis is substantially altered. The output 

signall  of the PVN is stronger; this also holds for the pituitary and the adrenals. As described in this thesis, the 

inhibitoryy input to the PVN is decreased. 
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corticosteronee have already returned to baseline level (Kovacs et al., 2000; Kovacs, 1998; Kovacs & 

Sawchenko,, 1996). The decrease in mlPSC frequency by corticosterone which we observed requires 

moree than 20 minutes to develop and is present 1-4 hours after corticosterone application. Adrenally 

intactt rats, which received a novelty stressor 30 minutes before decapitation, also exhibited reduced 

mlPSCC frequency l-4hrs later. The suppression of GABAergic input to parvocellular neurons thus 

takess place with a considerable delay, probably during the decay phase of die stress-induced rise in 

ACTH,, hnCRH and corticosterone or even when the stress-induced rise in these hormone levels has 

beenn normalized again. Interestingly, die suppression of GABAergic innervation coincides with the 

risee in hnVP. 

Thee effects we find merefore take place after HPA activation and do not seem to be involved 

inn determining the peak of the hormone levels after stress exposure (figure 2). Precisely timed 

pharmacologicall  interference with the GABAergic input could be a way to test the relevance of 

GABAergicc transmission at these late phases of the stress response. Instead of administering 

benzodiazepiness before a stressor, these GAB A potentiating agents should be delivered after a stressor, 

whilee corticosterone is rising. It would be of interest to see whether counteracting the suppression 

off  GABA input by corticosterone does or does not lead to a faster normalization of stress-induced 

risess in hormone level. 

Thee functional role of changes in GABAergic innervation with prolonged perturbations of 

thee endogenous steroid levels, such as after ADX (Chapter II) or chronic stress (Chapter IV) seems 

easierr to understand. In ADX animals, the humoral feedback signal is no longer present. Increased 

GABAergicc tone can then be interpreted as a compensatory mechanism, to restrain parvocellular 

firingg activity within functional limits. In chronically stressed rats, recording under basal rest conditions 

(whenn corticosterone is low) revealed a reduced GABAergic innervation. The basal corticosterone 

levels,, though elevated compared to non-stressed control animals, were relatively low (<5 ug/dl), 

i.e.. within the range normally associated widi much higher mlPSC frequency (see figure 1). The rise 

inn basal corticosterone levels after chronic stress can therefore not easily explain the change in 

GABAergicc transmission. Rather, the opposite may be true: Reduced GABAergic innervation may 

contributee to the elevated basal corticosterone levels, in line with the pharmacological experiments 

withh bicuculline (Cole & Sawchenko, 2002). The experiments in Chapter II and IV support the 

importancee of tonic inhibition of die HPA-axis by GABA under basal conditions. 

InvolvementInvolvement of GABAergic transmission in other functions? 

Thee effect of corticosterone on mlPSC frequency seems to be a general effect for all parvocellular 

neurons:: in our research no distinction could be made between parvocellular neurons producing 
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CRH,, CRH and VP, TRH or other peptides. Corticosterone might thus also act on other endocrine 

systemss in which the PVN is involved. One interesting possibility is that corticosterone targets 

neuronss involved in food intake and energy balance. This would provide an interaction between the 

adaptationn to stress and the regulation of energy balance (Bell et al., 2000), which is particularly 

intriguingg in the light of the well documented but poorly understood association between clinical 

depressionn and pronounced changes of food intake and body weight (Schwartz & Gelling, 2002) 

Foodd intake and energy use, two sides of the energy balance, are controlled by an intricate 

hypothalamicc neuroendocrine system. Humoral peptide hormones, which can enter the brain, and 

neurotransmitterss optimize the difference between energy intake and energy expenditure. Peripheral 

hormoness from the intestines, fat tissue (adipose tissue) and the pancreas signal the state of food 

intakee and energy stores to the brain. Within the brain these signals are weighed and generate the 

appropriatee output, both in behavior and energy usage or storage. The key brain structure involved 

inn this system is the arcuate nucleus (ARC), which is able to sense the peripheral hormones either by 

itss projections through the blood-brain barrier (BBB), or via peripheral hormones that are able to 

reachh the ARC through the local thin BBB. Within the ARC two types of neurons have opposite 

functionss in controlling the energy balance. While NPY/AgRP expressing neurons promote food 

intake,, increase and body weight and decrease energy expenditure (orexigenic actions), another 

groupp of neurons expressing POMC/CART inhibit food intake, decrease body weight and increase 

energyy expenditure (anorexigenic actions). Projections from these ARC neurons control activity of 

otherr hypothalamic areas, among which the PVN. The inhibition of parvocellular neurons in the 

PVNN seems to be a specific target of ARC projections. Thus, POMC-producing ARC neurons using 

thee transmitter a-MSH (a cleavage product of POMC) enhance GABAergic inhibition in the PVN, 

whilee projections from the NPY-producing neurons suppress elPSC amplitude in the PVN, through 

aa presynaptic mechanism of action (see below). These agents do not affect the excitatory input to the 

PVNN (Cowley et al., 1999; Pronchuk et al., 2002). Manipulation of the a-MSH and NPY receptors 

inn the PVN in vivo resulted in direct regulation of food intake and energy consumption (Cowley et 

al.,, 1999). 

Recently,, it was found that there is a network of neurons overlying this complex ARC-PVN 

control,, controlling both ARC and PVN activity. This network of neurons is situated in-between 

mostt of the hypothalamic nuclei including ARC and PVN and makes use of the neurotransmitter 

ghrelin,, a peptide originally found in the stomach and known for its orexigenic actions. Similar to 

NPY,, ghrelin reduces the inhibition of the PVN presynaptically (Cowley et al., 2003). Given the role 

off  the ARC in energy balance and the PVN in the response to stress, the ARC-PVN network might 

veryy well be the site within the CNS where overlap of the two functions could occur. Lesion 
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experimentss indicate that indeed the interaction projections within the ARC and PVN might be a 

commonn denominator in the regulation of both energy balance and the response to stress. Destruction 

off  the ARC-PVN connection resulted both in increased food intake, body weight gain, and reducted 

ACTHH responsiveness (Bell et al., 2000). Perhaps this overlap in function provides clues to the 

functionall  role of the presently reported changes in GABAergic transmission induced by stress and 

corticosterone.. The cellular integration of the energy balance at the level of the PVN may form a 

targett for corticosterone, especially at the short time interval used in the acute stress experiments 

(Chapterr III) . In this view, corticosterone could directly regulate ARC synapses terminating onto 

GABAergicc terminals of die parvocellular neurons. In addition, corticosterone could increase ghrelin 

secretion,, resulting in decreased GABAergic function in the PVN. 

Thesee hypotheses could be translated into experiments, to test the proposed mechanism of 

actionn of corticosterone. One could test the ability of NPY/ghrelin to suppress GABAergic input to 

parvocellularr neurons as a function of corticosterone incubation, using the brain preparation as 

describedd in Chapter III . Furthermore, one could test whether the NPY/ghrelin suppression of 

GABAergicc inhibition is affected by ADX and/or chronic stress. 

MECHANISMM OF ACTION 

AreAre the effects gene-mediated? 

Thee time course of the corticosteroid effects described in Chapter III suggests that they are 

accomplishedd through a genomic rather than non-genomic pathway. Fast effects of corticosteroids 

havee been described in literature, including studies performed on PVN neurons (Kasai & Yamashita, 

1988;; Saphier & Feldman, 1988; Saphier & Feldman, 1990). Thus, acute iontophoretic application 

off  glucocorticoids predominantly had a dose-dependent inhibitory effect on parvocellular neurons, 

thoughh some parvocellular neurons were excited (Saphier & Feldman, 1988). Others found that the 

spontaneouss frequency of most parvocellular neurons was not affected by corticosterone and that 

onlyy very few neurons responded to corticosterone either with an increase of a decrease in firing 

frequencyy (Kasai & Yamashita, 1988). In vitro experiments showed that corticosterone at a very 

highh dose acutely increases spontaneous firing frequency of parvocellular neurons; an effect probably 

mediatedd by inhibition of potassium currents (Zaki & Barrett-Jolley, 2002). 

Wee did not observe any fast (within 20 min) effects of 100 nM corticosterone or acute stress 

onn mlPSC properties of parvocellular PVN neurons, unlike the fast effects described earlier by 

neurosteroidss (Majewska, 1992; Lambert et al., 2001). Instead, mlPSC properties were clearly 

affectedd with a delay of 1-4 hrs, comparable to corticosteroid actions on synaptic and non-synaptic 

currentss earlier described in the hippocampus (Karten et al., 1999; Hesen et al., 1998; Karst et al., 
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1994).. The latter required protein synthesis and DNA-binding of GR homodimers, in line with a 

mechanismm involving transcriptional regulation of responsive genes (Karst et al., 2000). 

Notwithstandingg the similarity between the corticosterone-mediated effects observed in this thesis 

andd in earlier studies performed in the hippocampus, the signaling pathway through which 

corticosteroidd effects in the PVN are accomplished would need further attention. Future studies will 

needd to prove that GRs mediate the presently described effects and that transcription as well as 

translationn are involved in their accomplishment. 

Transcriptionall  regulation is most likely also involved in the changes observed after ADX 

andd chronic stress, but this will be more difficult to prove. The expression profiling described in 

Chapterr IV supports that transcriptional regulation of specific genes takes place after chronic stress. 

Interestingly,, single cell analysis comparing expression ratios from controls and chronically stressed 

ratss indicated changes in NCOA1 expression. This nuclear receptor coregulator, also named steroid 

receptorr coactivatorl (SCR1), could largely affect GR function in the PVN (Meijer et al., 1997). 

Alsoo changes in CREB message were observed. CREB has been directly associated with the control 

off  CRH expression (Kovacs, 1998). 

WhatWhat is the site of action of corticosterone? 

Directt application of corticosterone to the reduced hypothalamic preparation used in this thesis 

alreadyy resulted in a decrease of mlPSC frequency, indicating that the involvement of 

extrahypothalamicc sites is not necessary to accomplish corticosteroid actions in the PVN over the 

coursee of several hours. As summarized in figure 3, corticosterone may directly affect gene expression 

inn interneurons of the PVN, thus changing properties of GAB A vesicle release or synapse formation 

(seee below). The latter could also be due to corticosteroid actions on the postsynaptic parvocellular 

neurons,, e.g. involving cell-adhesion factors. 

However,, other hypothalamic regions projecting to the PVN may also form the primary 

targett site for corticosterone actions. This was already discussed above with respect to NPY- or 

aMSH-producingg cells outside the PVN. Cowley et al, 1999 (Cowley et al., 1999) proposed that 

thee site of action of these projections on the PVN is presynaptic, terminating on the GAB Aergic 

synapsess of parvocellular neurons (figure 3). Both the receptors for NPY and a-MSH regulate the 

releasee probability of GAB A by controlling calcium influx into the GABA synapse, presumably 

throughh adenylyl cyclase and cAMP (Cowley et al., 1999). Such control of GAB Aergic input would 

directlyy affect firing of PVN neurons (Fong & Van der Ploeg, 2000). As argued above, ghrelin-

producingg cells could potentially also form a target for GR actions. This can be extended to other 
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figurefigure 3 
Schematicc representation of a parvocellular neuron with its inputs, showing possible sites where effects of corticosterone 

mayy be accomplished. 

Thee left part of the figure depicts possible sites where corticosterone might act during chronic stress. Corticosterone 

mightt interfere with the glial-neuron control of synapses (1). Chronic stress or corticosterone might also affect the 

activityy of interneurons or neurons projecting the the PVN, thereby altering the input to the parvocellular neurons 

(2).. Alternatively, corticosterone effects may involve synapse formation, either by acting at a pre- or postsynaptic 

sitee (3) 

Thee right part of the figure shows the possible sites where the effect of corticosterone can take place when 

corticosteroidd levels are raised such as found after restraint stress, corticosterone injection or incubation with the 

steroid.. Corticosterone might have its effect through control of release probability acting at GABAB receptors, either 

byy affecting the reuptake by the synapse (4) or glial cells (5), or by GR-mediated effects on components of the 

GABABB signaling pathway (6). Alternatively, corticosterone might have its effect through the NPY/ghrelin presynaptic 

controll  of the GABAergic synapse. This could be accomplished either through effects on the the release NPY/ 

ghrelinn (7), the receptors for NPY/ghrelin (8) or their intercellular pathway (9). Via the GR corticosterone might 

alsoo have an effect on ghrelin expression (10). Note that chronic stress might also affect NPY/ghrelin control of the 

GABAergicc synapse onto parvocellular neurons. The interneuron with the gray nucleus depicts a ghrelin-producing 

neuron,, the opposite synapse depicts a NPY secreting synapse. Finally, corticosterone might have an effect on the 

productionn (11) or release of GABA (uptake, release machinery; 12). 

Nott explicitly mentioned in the figure is the possibility that corticosterone acts on parvocellular neurons to 

changee the production of messenger which retrogradely changes the GABAergic transmission. 
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categoriess of hypothalamic neurons, directly or indirectly projecting the parvocellular neurons in the 

PVN. . 

Itt should be noted that although we observe similarity between the effects of acute stress, in 

vivoo corticosterone injection and local corticosterone application on mlPSC frequency in the PVN 

wee cannot exclude that the effects are accomplished through different pathways. In the in vivo 

situationn innervations from brain regions enriched with GRs, such as limbic areas, could play a role. 

Inn the case of acute stress, the involvement of factors other than corticosterone can also not be 

excluded.. This is of special importance for the more prolonged changes in corticosterone and HPA-

axiss function in ADX rats and chronically stressed animals. Both are known to have profound effects 

att least in the hippocampus (Joels et al., 1994; Karst & Joels, 2003; Karst et al., 2000; Alfarez et al., 

2002;; Alfarez et al., 2003), which transsynaptically inhibits the PVN. 

ActionsActions of corticosterone through GABAB receptors? 

Inn Chapter III we proposed that the corticosterone-mediated reduction in inhibition of parvocellular 

neuronss is the consequence of a decreased release probability of vesicles. We here discuss the possibility 

thatt changes in GABAg receptor function are involved in this presynaptic event. 

Inn the PVN, like in the rest of the brain, GABAg receptors are located postsynaptically as 

welll  as presynaptically (Wang et al., 2003). Postsynaptic GABAg receptors are known to affect 

potassiumm currents. However, presynaptically GAB Ag receptors are able to regulate release through 

aa G-protein dependent (Takahashi et al., 1998) calcium sensitive (Chen & van den Pol, 1998) or 

insensitivee mechanism (Jarolimek & Misgeld, 1997). Especially the presynaptic receptors could 

havee an impact on the release probability. Pharmacological blockade of presynaptic GABAg receptors 

inn the PVN, at a concentration that did not affect postsynaptic GABAg receptors, reduced the elPSC 

amplitudee without changing the kinetics. Such blockade also reduced the mlPSC frequency, without 

changingg the mlPSC amplitude. Using paired pulse stimulation protocols it was shown that these 

effectss could be attributed to a decrease in release probability (Wang et al., 2003). 

Changess in GABAg receptor function could be achieved by regulating the different components 

off  GABAB receptor signaling, such as the receptor itself, the G-proteins or the calcium channels. 

Possibly,, altered extracellular levels of GAB A might also affect the contribution of GABAB receptors 

too the release. Corticosterone could transcriptionally regulate any component of GABAB receptor 

signalingg or even regulate extracellular GABA concentrations by affecting GABA reuptake via 

GABAergicc terminals or glial cells (see figure 3). To investigate these possibilities one could e.g. 

blockk the GABAg receptor, target the different components of the GABAg signaling or interfere 

withh GABA reuptake e.g. by blocking the GABA transporter. 
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ActionsActions of corticosterone through glial cells 

Withinn the hypothalamus a remarkable plasticity of synapse number has been observed. Thus, in 

responsee to dehydration, during lactation and changes in gonadal hormone level synapse numbers 

cann change dramatically. These changes are accompanied by altered glial covering of neurons, and 

alsoo by changes in soma-soma contacts (Tweedle & Hatton, 1984; Liposits & Paull, 1985; Langle et 

al.,, 2002; Hussy, 2002; Garcia-Segura et alM 1994). In the arcuate (ARC) nucleus, estrogen seems 

too specifically target GABAergic neurons. It was found that in ovariectomized female rats estrogen 

decreasess GABAergic synapse number; additional progesterone treatment restored synapse number. 

Parallell  to the estrogen-induced decrease in synapse number, an increased glial covering of the soma 

off  the ARC neurons was demonstrated (Garcia-Segura et al., 1994). Adhesion molecules seem to be 

necessaryy for the estrogen effect on ARC GABAergic terminals, as the reduction of GABAergic 

synapsess in ARC by estrogen was found to be reduced by blockade off  PSA-NCAM function (Hoyk 

ett al., 2001). The structural changes are observed within 24 hours after the injection of estrogen and 

aree reversible (Garcia-Segura et alM 1994). Direct electrophysiological evidence of changed 

GABAergicc input to the ARC cells has not yet been provided. 

Thee supraoptic nucleus (SON) of the hypothalamus also displays such plasticity. GABAergic 

ass well as glutamatergic synapse numbers were shown to be increased in response to oxytocin, both 

inin vivo as in vitro; this was paralleled by a decrease in glial coverage of the neurons (Langle et al., 

2002).. In this nucleus, the consequences for synaptic transmission have been investigated. Especially 

thee amount of glial coverage appeared to affect transmission. Glial cells, besides having a role in 

feedingg and structurally supporting neurons, contribute to neuronal communication by influencing 

intracellularr ion and neurotransmitter concentration. Reduced glial coverage could leads to increased 

extracellularr K+ concentrations during high frequency firing. Elevated K+ concentration could result 

inn depolarization of the neurons, leading to more action potential firing (Langle et al., 2002). Reduced 

gliall  coverage will also lead to increased glutamate concentrations in the synaptic cleft, affecting the 

releasee probability of vesicles through activation of the presynaptic metabotropic glutamate receptor 

(Oliett et al., 2001). The release probability for GABAergic vesicles seemed unaffected. Reduced 

gliall  coverage and thus increased synapse number after oxytocin stimulation in vitro causes increased 

IPSCC frequency (Jur Koksma, ENPmeeting, Doorwerth, 2003). 

Couldd similar effects explain our results seen after long term changes in HPA function (Chapter 

III  and IV)? The PVN does seem to be capable of glial-neuronal structural interactions at the long-

term.. After long-term ADX increased soma-soma contacts were observed, accompanied by retraction 

off  glial processes (Liposits & Paull, 1985). Miklós and Kovacs (Miklós & Kovacs, 2002) showed a 

reducedd number of GABAergic synapses after seven days of ADX. Together these studies indicate 
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thatt indeed corticosterone could regulate glial-neuronal interactions leading to reduced synapse 

numberr with fluctuating corticosterone levels. The increased synapse number after ADX could underlie 

thee increased mlPSC frequency that we observed (fig 3) (Chapter II). Additional assessment of 

releasee probability with paired pulse stimulation would strengthen such conclusion. 

Ass a consequence of chronic stress we observed a decreased mlPSC frequency. Together 

withh the paired-pulse stimulation and elPSC measurement as described in Chapter IV, we hypothesized 

thatt this effect is a reflection of reduced synapse number. If we can conclude from the ADX study 

thatt GAB Aergic synapse number is sensitive to corticosterone, it is tempting to hypothesize that the 

repeatedlyy increased corticosterone secretion in response to repetitive stressors in these rats resulted 

inn decreased synapse number. While a single stressor does not seem to have a large effect on synapse 

numberr (see Chapter IH), stressor upon stressor and thus increased corticosterone level upon increased 

corticosteronee level might have a cumulative effect. This hypothesis raises a number of questions. 

Aree the synapse numbers indeed changed after chronic stress? Are these changes accompanied by 

alteredd glial coverage of the parvocellular neurons? Are there any changes in adhesion molecules 

afterr both chronic stress and ADX? It should be kept in mind that all of these effects may occur 

directlyy by corticosterone acting at the level of the PVN but also as an indirect result of corticosteroid 

actionss elsewhere in the brain; an issue that unfortunately will remain difficult to resolve. 

CONCLUSIONS S 

Inn conclusion, the main finding of this thesis is that corticosterone suppresses GAB Aergic inhibition 

off  parvocellular neurons in the PVN, through a presynaptic action. After an acute rise in corticosterone, 

e.g.. due to an acute stressor, the GAB Aergic synaptic input to these neurons is decreased through a 

locall  action, probably by changing the release probability. After chronic stress the reduced GAB Aergic 

inputt is already seen with basal corticosteroid levels and appears to be accomplished through a 

reductionn in the number of synapses. 

Thee results described in Chapter HI show that the regulation of the HPA-axis by neuronal 

inputt is much more complex than previously thought. In contrast to what has been put forward in the 

literature,, the GAB Aergic input of the HPA axis is not reinforced by corticosterone at the level of 

thee hypothalamus, to facilitate down-regulation of the HPA-axis activity. Our results rather show 

thatt corticosterone suppresses the inhibitory input by a local mechanism. Further research is needed 

too understand the consequences of a suppressed GAB Aergic input for the activity of the parvocellular 

neuronss and their role in HPA-axis regulation. Our data in Chapter IV indicate that functional 

consequencess may become very important when reduced inhibition is already seen at basal 
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corticosteronee levels and then may contribute to the disinhibition of the HPA-axis as seen after 

chronicc stress. 

Futuree studies will need to focus on open issues regarding the functional role and mechanism 

off  action of these novel corticosteroid effects. More specifically, it needs to be investigated whether 

thesee corticosteroid effects in the hypothalamus are gene-mediated and involve the GR. And if so, 

whetherr GRs affect GABAergic synapses directly or accomplish their action via other systems 

controlingg the GABAergic input such as the GABAg receptor signaling pathway, glial cells or 

peptidergicc systems such as the NPY/ghrelin system. The role of GR effects on extrahypothalamic 

sitess and non-GABAergic inputs to the PVN also requires further investigation. 

Speciall  attention should be paid to the functional consequences of suppression of the 

GABAergicc input to the PVN. Does reduced GABAergic input automatically lead to disinhibition of 

parvocellularr neurons? If so, what is the role of GABAergic inhibition in the termination of a stress 

response?? Is the firing or bursting pattern of the parvocellular neurons changed, leading to a different 

rolee of GABAergic input? Do such changes contribute to the reduced GABAergic input as observed 

afterr chronic stress? And what aree the consequences of the reduced GABAergic input after chronic 

stress?? We hypothesized that the reduced GABAergic input contributes to the higher basal HPA-axis 

activityy and increased basal corticosterone levels seen after chronic stress. Are the parvocellular 

neuronss more easily excited after chronic stress, is the threshold for a stress response reduced? 

Whenn the HPA axis is activated during chronic stress will corticosterone then still suppress the 

GABAergicc input? And to what extent does the reduced GABAergic input contribute to the prolonged 

corticosteronee surge seen after chronic stress? 

Answerss to these questions will be all indispensable to fully understand the HPA control by 

neuronall  input and with this knowledge prevent or mend dysregulation of the HPA axis as seen e.g. 

afterr chronic stress. 
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Inn dit proefschrift beschrijven we experimenten die zijn gedaan om de interactie te onderzoeken 

tussenn het stresshormoon corticosteron en de communicatie van neuronen in de paraventriculair 

kernn van de hypothalamus. 

Inn reactie op een stressvolle gebeurtenis wordt (onder meer) de hypothalamus-hypofyse-

bijnierr as (HHB-as) geactiveerd. Vanuit verschillende gebieden in de hersenen convergeren signalen 

overr de stressvolle gebeurtenis op de hypothalamus. Vervolgens worden er vanuit de hypothalamus, 

off  specifieker de paraventriculaire kern (PVN) in de hypothalamus, peptide hormonen vrijgemaakt. 

Dezee peptide hormonen, genaamd corticotropine releasing hormoon (CRH) en vasopressine (VP), 

activerenn cellen in de hypofyse. CRH en VP zorgen voor afgifte van het hypofyse hormoon 

adrenocorticotropinn hormoon (ACTH). Via de bloedbaan bereikt ACTH de bijnieren, waar het de 

afgiftee van het stress hormoon corticosteron in ratten (Cortisol in mensen) stimuleert (zie figuur 1 in 

hoofdstukk 1). 

Hett is van belang dat de HHB-as goed "afgesteld" is. Onder rust condities (in de ochtend bij 

rattenn en in de avond bij mensen) behoort het corticosteron/cortisol niveau laag te zijn. Vlak voor de 

actievee periode (in de avond bij ratten, in de ochtend bij mensen) en in reactie op een stressor stijgt 

hett corticosteron/cortisol niveau. Na zo'n stijging behoort de concentratie corticosteron/cortisol in 

hett bloed weer terug te keren op het niveau van de rust periode. Wanneer dit niet gebeurt, omdat de 

HHB-ass ontregeld is, wordt het organisme (en de hersenen in het bijzonder) blootgesteld aan 

verhoogdee corticosteroid nivo's, hetgeen op termijn een schadelijk effect kan hebben. Ontregeling 

vann de HHB-as is geassocieerd met ziekten als Alzheimer en depressie. 

Inn de PVN komen twee soorten signalen binnen die de activiteit van de HHB-as reguleren: 

eenn hormonaal en een neuronaal signaal. Het hormonale signaal, corticosteron vrijgekomen uit de 

bijnieren,, bereikt de PVN via de bloedbaan en onderdrukt de activiteit van de HHB-as. Corticosteron 

fungeertt dus als een terugkoppel signaal. Het neuronale signaal dat de PVN bereikt vanuit 

verscheidendee hersengebieden, kan zowel stimulerend als onderdrukkend (inhiberend) werken op 

dee activiteit van de HHB-as. In dit onderzoek hebben we voornamelijk gekeken naar de neuronale 

inhibitie.. We hebben speciaal onderzocht of en hoe deze neuronale inhibitie beïnvloed wordt door 

corticosteron. . 

Dee neuronal inhibitie worden gecommuniceerd via contacten tussen neuronen (synapsen 

genaamd),, die gebruik maken van de neurotransmitter y-aminoboterzuur (GABA). Het zenderdeel 

vann de synaps geeft ten gevolge van een actiepotentiaal GABA af. Aan de ontvangende zijde van de 

synapss zorgt GABA voor het openen van eiwit kanaaltjes in het celmembraan. Door deze 

eiwitkanaaltjess of GABAA receptoren kunnen vervolgens chloride ionen de cel instromen. De 
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veranderingg in voltage als gevolg van het instromen van de chloride ionen zorgt voor een verlaagde 

elektrischee activiteit van de cellen. Deze gebeurtenis wordt GAB Aerge inhibitie genoemd. 

Hett hersenpreparaat dat wij gebruikten om de GABAerge inhibitie van de PVN te meten, 

heeftt de unieke eigenschap dat in afwezigheid van actiepotentialen spontaan GABA wordt afgegeven. 

Dee stroompjes tengevolge van deze spontane GABA afgifte hebben we voor dit proefschrift gemeten. 

Dezee stroompjes "miniature inhibitory postsynaptic currents" (mlPSC) genaamd, kunnen ons 

informatiee verschaffen over veranderingen in o.a. de bereidheid voor afgifte van GABA of het aantal 

synapsenn dat gebruik maakt van GABA. Deze grootheden hebben beide effect op de frequentie van 

hett optreden van mlPSC's. Ook verschaffen deze mïPSC's informatie over de grootte van de synaps 

enn karakteristieken van de receptoren voor GABA, welke sterk bepalend zijn voor de vorm van de 

mlPSC. . 

Inn hoofdstuk 2 laten we zien dat de twee beschreven hoofdtypes van cellen in de PVN van 

elkaarr verschillen wat betreft hun karakteristieken van de GABAerge input. Het was voor vervolg 

proevenn van belang dat we dit onderscheid konden maken omdat slechts één van de twee type 

cellen,, de parvocellulair neuronen, direct betrokken zijn bij de HHB-as. Het ander type cellen, de 

magnocellulairee neuronen, zijn niet direct betrokken bij de regulatie van de HHB-as. 

Inn hoofdstuk 2 laten we vervolgens zien dat de GABAerge inhibitie van parvocellulaire 

neuronenn gevoelig is voor corticosteron. Door middel van het wegnemen van de bijnier 

(adrenalectomiee of ADX) hebben we het corticosteron niveau in de rat verlaagd. Drie dagen na 

ADXX vonden we dat de frequentie van nüTSC's was verhoogd. De verandering van afgifte ging niet 

gepaardd met veranderingen in de respons op de afgifte. Dus de karakteristieken van het ontvangende 

deell  van de synaps veranderen blijkbaar niet ten gevolge van veranderingen in corticosteron niveaus. 

Substitutiee van corticosteron in de ADX rat met behulp van een onderhuids depot van corticosteron 

brachtt de frequentie weer terug op het niveau van controle ratten. 

Inn hoofdstuk 3 beschrijven we proeven waarmee we hebben onderzocht of een kortstondige 

verhogingg van corticosteron gevolgen heeft voor de GABAerge inhibitie van de PVN. Deze 

experimentenn werden gedaan om te onderzoeken of verhoging van corticosteron onder fysiologische 

omstandighedenn ook in staat is de GABAerge inhibitie van de PVN te veranderen. In intacte dieren 

werdd de verhoging van corticosteron op twee manieren bereikt. Ten eerste door middel van een 

corticosteronn injectie, om direct aanwijzing te verkrijgen of corticosteron in staat is GABAerge 

inhibitiee te veranderen. Ten tweede door dieren bloot te stellen aan een restraint stress. De resultaten 

latenn zien dat zowel de corticosteron injectie als de stressor effect hebben op de GABAerge inhibitie: 

inn beide gevallen was de mlPSC frequentie verlaagd ten opzicht van de controle. Door middel van 

hett stimuleren van alle synapsen op de gemeten cel en de relatie tussen twee opeenvolgende stimulaties 
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kondenn we onderzoeken hoe de verlaagde frequentie werd bewerkstelligd. Deze additionele proeven 

gavenn aanwijzingen dat de verlaagde frequentie waarschijnlijk het gevolg is van een verlaagde afgifte 

bereidheidd per synaps, en niet zo zeer een verlaging van het aantal synapsen. Net als bij de ADX 

proevenn veranderde de respons van het ontvangende deel van de synapse op GAB A niet. 

Parallell  aan deze proeven hebben we experimenten gedaan om uit te zoeken op welk niveau 

dee GABAerge inhibitie verandert. De vraag was of de verandering die we na een corticosteron 

injectiee of na een stressor zien het gevolg is van veranderingen in de hogere hersengebieden, vanwaar 

dee GABAerge inhibitie verzorgd wordt, of dat het een locale verandering betreft op het niveau van 

dee hypothalamus. Deze vraag is van belang omdat vele hogere hersengebieden die de activiteit van 

dee PVN onderdrukken niet rechtstreeks de PVN beïnvloeden, maar via interneuronen, die gelegen 

zijnn in de hypothalamus. Om dit te onderzoeken hebben we corticosteron toegediend aan het 

hersenpreparaatt dat wel de PVN en zijn interneuronen bevat maar niet de hogere hersengebieden die 

projecterenn naar de PVN. De resultaten laten zien dat na corticosteron toediening aan het gereduceerde 

hersenpreparaatt het nog enige tijd duurt (minimaal 1 uur) voordat de mlPSC frequentie wordt 

onderdrukt.. Concluderend kunnen we dus zeggen dat verhoging van corticosteron ten gevolge van 

eenn stressor de GABAerge inhibitie van de HHB-as onderdrukt, en dat een locale actie van 

corticosteronn voldoende is om effect te bewerkstelligen. Het feit dat het effect enige tijd nodig heeft 

omm te ontstaan doet vermoeden dat het via gen transcriptie verloopt, vermoedelijk via de glucocorticoid 

receptor. . 

Tenslottee hebben we in hoofdstuk 4 onderzocht of en hoe de GABAerge inhibitie verandert 

tenn gevolge van chronische stress. Deze proeven werden gedaan met het oog op de parallelen tussen 

afwijkingenn in de HHB-as zoals gevonden in patiënten met dementie of depressie en veranderingen 

inn de HHB-as na chronische of veelvuldige stress. Wij vonden na 21 dagen stress een verlaging van 

dee mlPSC frequentie. Waar we in hoofdstuk 3 aantoonden dat in 'normale' dieren de GABAerge 

inhibitiee alleen onderdrukt wordt tijdens hoge corticosteron niveaus, vinden we na chronische stress 

datt deze situatie zich al voordoet tijdens rust, wanneer de corticosteron niveaus laag zijn. Net als in 

hoofdstukk 3 hebben we additionele proeven gedaan om uit te vinden of deze frequentie verlaging 

veroorzaaktt wordt door een verandering in het aantal synapsen of door afgifte bereidheid van de 

synapsen.. Uit deze proeven concludeerden we dat het aantal synapsen verminderd is en niet zo zeer 

dee afgifte bereidheid. Deze verlaging van inhiberende innervatie zou mogelijk verband kunnen houden 

mett een verhoogde corticosteron afgifte gedurende rust, een fenomeen vaak gevonden bij patiënten 

mett depressie. 
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Omm inzicht te verkrijgen in de onderliggende moleculaire veranderingen in parvocellulaire 

neuronenn ten gevolge van chronische stress hebben we van de gemeten cellen het mRNA profiel 

bepaald.. Een mRNA profiel geeft inzicht in de activiteit van genen. Genen die voor ons onderzoek 

vann belang waren zijn onder andere de genen die coderen voor de subunits van de GAB AA receptor 

enn genen die betrokken zijn bij de signaal route die onder invloed staat van de glucocorticoid receptor. 

Ondankss het feit dat de electrofysiologische respons op GABA van de cel niet veranderd was na 

chronischee stress vonden we met behulp van de gen analyse toch veranderingen in de samenstelling 

vann de GABAA receptor. De veranderde receptor samenstelling zou op een veranderde 

farmacologischee gevoeligheid van de receptor kunnen duiden. Uit de gen profiel analyse kwam ook 

naarr voren dat groepen van genen verschillend op de chronische stress reageerden. Eén groep van 

genenn had onderling geen correlatie noch in controle noch in de chronisch gestresste dieren, één 

groepp genen had een onderlinge correlatie die onveranderd bleef na chronische stress. Een derde 

groepp genen had interessant genoeg een onderlinge correlatie in ofwel de controle ofwel de chronische 

stresss groep maar deze correlatie veranderde ten gevolge van de chronische stress. Dit zijn mogelijk 

genenn die gevoelig zijn voor chronische stress. 

Samenvattendd laat dit proefschrift zien dat de GAB Aerge inhiberende input van de PVN onderdrukt 

kann worden door corticosteron en stress. Voor dit effect is een actie van corticosteron op locaal 

hypothalamischh niveau voldoende. Langdurige (chronische) stress leidt al tot een verlaagde GAB Aerge 

inhibitiee onder rust condities. 

Zoalss vaak bij onderzoek levert het hier beschreven onderzoek naast inzichten ook veel 

vragenn op. Via welk mechanisme bewerkstelligt corticosteron zijn effect? Is corticosteron ook 

verantwoordelijkk voor de veranderde GABAerge inhibitie wanneer de HHB-as langdurig veranderd 

is,, zoals bij ADX? Een belangrijke vraag is ook wat de functionele consequentie is van een onderdrukte 

GABAergee input naar de PVN voor de HHB-as. Onderzoek in de toekomst zal deze vragen moeten 

beantwoorden. . 
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forr my first paper, the chronic stress wil l give a lot of discussion. Arjen Brussaard, die mij als student 
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voorstelde.. Michel, Eric, Wendy, Katrin, Leah, Maney, Lesie and Scott, I truly enjoyed my stay at 
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