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Abbreviations
ACSF artificial cerebrospinal fluid
ACTH adrenocorticotrophin hormone
AMPA a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
ANOVA analysis of variance
Ca2+ calcium
CORT corticosterone
CRH corticosteroid releasing hormone
fEPSP field excitatory post-synaptic potential
GR glucocorticoid receptor
HPA hypothalamus-pituitary-adrenal axis
Th half maximum stimulus intensity
LA lateral amygdala
LTP long-term potentiation
MANOVA  analysis of variance for repeated measure
MR mineralocorticoid receptor
NMDA N-methyl-D-aspartate
PBS primed-burst stimulation
PSA population spike amplitude
PSD postsynaptic density
PTSD posttraumatic stress disorder
sfEPSP slope of the field excitatory postsynaptic potential
VTA ventral tegmental area
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General introduction
The aim of this thesis was to examine how acute and prolonged exposure to stress and the stress hor-
mone corticosterone affects synaptic plasticity (part I) and neuronal morphology (part II) in the rodent
hippocampal formation.

I THE STRESS SYSTEM, CORTICOSTERONE AND ITS RECEPTORS

Stress and the hypothalamic-pituitary-adrenal axis

Coping with the everyday hassle of modern life is a prerequisite for individuals to survive. Anyone who
feels that he or she is sometimes experiencing something strenuous and wearing is probably familiar with
the term “stress”. The original term “stress” was first used by Hans Selye when he described the process
of adaptation to the “stresses and strains” of everyday existence (for a short overview on the work and
ideas of Hans Selye see the intermezzo on page 183).

If the body experiences a challenging situation that in one way or another leads to disruption of home-
ostasis, animals react to this threat with a general discharge of the sympathetic nervous system, described
by Walter Cannon in the 1920s as the flight-or-fight response. This response was later recognized as the
first stage of coping with stressful situations resulting in a final common pathway in the stress response:
the hypothalamic-pituitary-adrenal (HPA)-axis (see box 1). Adrenaline and noradrenaline are released
from the adrenal medulla and corticosterone from the adrenal cortex which both in turn increase heart
rate, respiration, blood pressure and gluconeogenesis. In this thesis the effects of corticosterone, being
the main effector of the HPA axis, are studied on synaptic strengthening as well as neuronal morpholo-
gy of the hippocampus.

Under non stress conditions, secretion of adrenocorticotropin hormone (ACTH) and corticosterone
exhibits a circadian rhythm, with peak levels just before the active period (early morning in humans and
late afternoon in nocturnal animals like rats) and a trough towards the end of the active period, giving
the characteristic rhythm where mean plasma ACTH and corticosteroid concentrations during the active
period exceed plasma concentrations during the inactive period by approximately 2 fold (Bradbury et al.,
1994; Kalsbeek et al., 1996). In addition to the production of corticosteroids, the adrenal cortex pro-
duces mineralocorticoid hormones (aldosterone) for regulating the salt and water balance and androgen
hormones involved in the maturation and maintenance of the reproductive organs. In response to stress,
adrenal production of corticosterone may rise as much as 10 fold. Physiologically, corticosterone medi-
ates an adaptive response to stress. Corticosteroids act as an “antagonist” of insulin by promoting break-
down of proteins into carbohydrates so mobilizing energy reserves, while enhancing glycogen storage in
the liver for future energy resources. This adaptive response favors survival: metabolic energy is reserved
in order to endure the stressful situation. At the same time, stress is also known to inhibit the response
of immune cells and pro-inflammatory mediators, thus lowering the immune response which in the long
run can lower the chances of survival of the organism.

Mineralocorticoid receptors and Glucocorticoid receptors

After secretion into the circulation, steroid hormones are bound to transporter proteins; in the case of
corticosterone 90% is bound to corticosteroid-binding globulin (CBG or transcortin) when circulating
levels are low (e.g. during the trough of the circadian cycle or under non stressful conditions). Work by
Seckl and others has shown that another determinant for the level of circulating corticosterone is the
enzyme 112-hydroxysteroid dehydrogenase (118-HSD). Type 1 of 11£-HSD converts inactive corticos-
terone to the active state, while type II oxidizes active corticosterone to the inactive form (Seckl, 1997).

——
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BOX 1

Hypothalamic-pituitary-adrenal (HPA) axis

When an organism is exposed to a stressful or aversive event the hypothalamic-pituitary-adrenal (HPA) axis is activated.
The HPA axis maintains its own homeostatic set point unless driven by environmental signals (i.e. stress) received by the
nervous system. Central control of glucocorticoid secretion is regulated by a select population of neurosecretory neurons
in the hypothalamic paraventricular nucleus (PVN). Upon stimulation by stress, these neurons secrete corticotrophin-
releasing hormone (CRH) and vasopressin (VP) into the pituitary-hypophyseal portal circulation. VP acts synergistically
with CRH and potentiates the CRH induced release of ACTH. The anterior lobe of the pituitary responds by secreting
adrenocorticotrophin hormone (ACTH) which is released into the blood and subsequently drives the synthesis and secre-
tion of glucocorticoids by the adrenal cortex.

The glucocorticoid hormone (cortisol in man and corticosterone in most rodents) inhibits synthesis and secretion of CRH
within the hypothalamus and suppresses ACTH synthesis in the pituitary. Circulating via the blood stream, corticosterone
is delivered widely over the body, including the central nervous system (Dallman et al., 1994). In this thesis the effects of
corticosterone, as being the main effector of the HPA axis, are studied upon learning, memory and morphology of a lim-

bic structure, the hippocampus.

O Hippocampus

@ Hypothalamus

O Pituitary

@ Adrenal Cortex

/A
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The rhythm of free corticosterone in the brain can be assessed via microdialysis since the extracellular
space of the brain is devoid of CBG. Mice brains show low corticosterone levels in the morning (0-0.2
nM), which increase toward the dark period (0.75-1.0 nM). Exposure to a rat increases corticosterone
levels significantly (1.50-2.00 nM) for approximately 60 minutes after which it returns to baseline levels
(Linthorst et al., 2000). Recovery of corticosterone via the microdialysis probe used in this study is
~12.5-15%, so that in reality the concentrations are probably at least 6 to 8-fold higher (Linthorst, per-
sonal communication).

Glucocorticoids bind to two different receptors in the brain, the mineralocorticoid receptor (MR) and the
glucocorticoid receptor (GR) (Reul and de Kloet, 1985). GR density is highest in the parvocellular par-
aventricular nucleus (PVN)(Herman et al., 2003). MR and GR appear to be co-localised in abundance in
the limbic system which is responsible for emotional function and the formation of memory (see further
paragraph II The Hippocampal Formation). Using immunocytochemistry, in situ hybridisation and more
recently confocal microscopy, the precise co-localisation of MR and GR in the hippocampal CA1 area
and dentate gyrus, amygdala and medial prefrontal cortex has been shown (Han et al., 2005; Marlier et
al., 1996; Rosenfeld et al., 1988; Van Eekelen and De Kloet, 1992; van Steensel et al., 1995).

MRs and GRs belong to the family of nuclear receptors, which are ligand-activated transcription factors
(Carson-Jurica et al., 1990). Alternative transcription of the gene sequence coding for the MR and GR
generates different isoforms of these receptors. In addition, variation in the translation initiation sites and
post-translational modifications give rise to many receptor variants. In particular the latter will largely
affect the possibilities for protein-protein interactions, which may partly explain the mechanism via
which the diverse biological functions of these receptors are mediated (Pascual-Le Tallec and Lombes,
2005; Zhou and Cidlowski, 2005). The MR displays a high affinity to corticosterone (Kd = 0.5 nM),
which is about 10 fold higher than the affinity of the GR to corticosterone (Kd = 5.0 nM)(Reul and de
Kloet, 1985). This means that the MR is occupied for up to 90% with basal levels of corticosterone that
are circulating during the circadian trough, while the low affinity GR is particularly activated during the
peak of the circadian rhythm or after exposure to and during stress (de Kloet et al., 1990; Reul and de
Kloet, 19835).

Corticosteroid receptor action

The classical view is that steroid hormones enter the cell and bind to the MR and GR that are present in
the cytoplasm. Upon binding, the receptor-ligand complex is translocated to the nucleus, where it acts as
a transcription factor and modifies transcription by activation of the so called glucocorticoid response
elements (GREs) in the promoter region of target genes or by interacting with other transcription factors
such as AP1 or NFkB (Beato et al., 1995; Diamond et al., 1990; McKay and Cidlowski, 1998; Reichardt
and Schutz, 1998; Schoneveld et al., 2004). Activation of gene transcription can occur through homod-
imerization but also via heterodimerization. Repression of GR function is usually mediated through
monomers via protein-protein interactions with other transcription factors (Liu et al., 1995; Reichardt et
al., 2000; Trapp et al., 1994). Recent advances in gene expression profiling have boosted the knowledge
concerning genes that are regulated by corticosterone and MR and GR activation (Datson et al., 2001;
Vreugdenhil et al., 2001; Wintermantel et al., 2004). Gene profiling of mouse lines, genetically selected
for aggressive behavior, that display differences in the HPA axis, show differential expression of
cytoskeleton and signal transduction genes that may be related to differences in the hippocampus of these
mice (Feldker et al., 2003).

Recently, new ideas have emerged proposing membrane bound steroid receptors (Falkenstein and
Wehling, 2000; Losel and Wehling, 2003). For estrogen it has been established that rapid actions of estro-
gen are mediated (amongst others) through a membrane bound receptor (Levin, 2001; Revankar et al.,
2005). A membrane receptor that mediates glucocorticoid action has been found in the amphibian brain

——
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(Evans et al., 1998; Evans et al., 2000; Orchinik et al., 1991) as well as in the avian brain (Breuner and
Orchinik, 2001). In addition, using electron microscopy, it was shown that principal neurons and
GABAergic interneurons in the lateral nucleus of the amygdala contain GRs located in the membrane of
postsynaptic densities (Johnson et al., 2005). Indications for rapid, non-genomic effects by corticosterone
involving a membrane receptor have recently been supplied for the PVN (Di et al., 2005) and hippocam-
pal CA1 area (Karst et al., 20085).

The MR is implicated in the appraisal process and the onset of the stress response. Activation of the GR
terminates the stress response, mobilizes the energy resources required for this purpose and facilitates
recovery. GRs regulate the activity of the HPA axis directly via the PVN, but also indirectly via stimula-
tory pathways originating in the amygdala and neuronal inhibitory pathways, for instance coming from
the hippocampus (Herman et al., 1989; Jacobson and Sapolsky, 1991; Sapolsky et al., 1991) and the pre-
frontal cortex (Diorio et al., 1993).

Balance in the expression of the two receptors is important and disparity can cause disruption of home-
ostasis (De Kloet and Derijk, 2004). A naturally occurring form of altered MR/GR expression is shown
in aging where an exaggerated HPA response to stress is linked to a decrease in GR mRNA and binding
capacity (Bodnoff et al., 1995a; De Kloet et al., 1991; Morano et al., 1994; Murphy et al., 2002; van
Eekelen et al., 1991b). Also maternal deprivation during the first post-natal week can permanently influ-
ence stress regulation and GR expression untill senescence (de Kloet et al., 1990; Vazquez et al., 1996).
Changes in MR/GR balance are also prevalent in depressive disorders and seems to be coupled to
enhanced stress response (Holsboer, 2000; Meyer et al., 2001).

IT THE HIPPOCAMPAL FORMATION

Hippocampal formation

The hippocampus, one of the major targets for corticosterone in the brain, is a structure involved in
memory storage. The hippocampus is a large banana shaped structure between the thalamus and the
cerebral cortex. A major axon tract, the fornix, links the hippocampus with the hypothalamus. The hip-
pocampus is formed by two interlocking sheets of cortex and in cross-section has defined laminar struc-
ture with layers visible where rows of pyramidal cells are arranged. The formation comprises of six
cytoarchitectonically distinct regions: the dentate gyrus (DG), the hippocampus proper, subdivided into
area CA3, CA2, and CA1, the subicular complex (subiculum, presubiculum, parasubiculum), and the
enthorinal cortex (Amaral and Witter, 1989; Lopes da Silva et al., 1990; Scharfman et al., 2000). More
details about the hippocampal formation and neuronal connections are given in box 2.

The hippocampus and memory

Brenda Milner - using the case study of patient H.M.- showed that the hippocampus is essential for
declarative memory (Milner, 1959). In addition to the hypothesis that the hippocampus is critical for
declarative memory (Squire, 1992), animal studies have shown that the hippocampus is important for
spatial memory (Olton et al., 1978; Winson, 1978). In humans the spatial component of hippocampal
functioning became for instance clear in a study using PET scans on London taxi drivers. They showed
a heightened hippocampal activity when answering questions regarding routes through the city (Maguire
et al., 1997). In rats, hippocampal damage impairs performance on the Morris water maze, a task in
which a rat must swim through murky water to find a rest platform that is just under the surface. A rat
with hippocampal damage finds the platform, but unlike the control rats, it has trouble remembering the

——
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Chapter 1
BOX 2
The Hippocampal Formation
The connections within the hippocampus generally follow the tri-synaptic pathway: a well-characterized loop that origi-
nates mainly in the adjacent entorhinal cortex. The different cell layers and sections are defined by the series of connec-
tions made. The main principal cell layers are encountered in the CA1-3 regions and the dentate gyrus. The perforant path
is the major input to the hippocampus arising from the entorhinal cortex. Axons from layers II project to dentate gyrus
neurons and CA3 pyramidal cells via the Lateral Perforant Path (LPP) and Medial Perforant Path (MPP). Projections from
layer 111 and indirectly from deeper layers of the entorhinal cortex project to the pyramidal cells of the CAt1 and subicu-
lum (Sb). CA3 pyramidal cells also receive input from the DG via the mossy fibers (MF). CA3 axons project to the CA1
pyramidal cells via the Schaffer Collaterals (SC) and to CAr cells in the contralateral hippocampus via the Associational
Commisural pathway (AC). The SC pathway is utilized very extensively to study NMDA receptor-dependent LTP and LTD
(see paragraph II Hippocampal long-term potentiation and long-term depression). CA1 pyramidal cells send axons to the
subiculum, which project back to the lateral and medial entorbinal cortex, thus forming a loop.
Lateral Entorhinal Cortex: LEC
Medial Entorhinal Cortex: MEC
Lateral Perforant Path: LPP
Medial Perforant Path: MPP
Dentate Gyrus: DG
CA3 pyramidal neurons: CA3
Mossy Fibers: MF
Schaffer Collateral pathway: SC
Assocational Commisural
Pathway: AC
\ CA1 pyramidal neurons: CAx
\\Subiculum: Sb
\
14
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location from one trial to the next and therefore does not improve the latency of finding the platform
(Morris et al., 1982). Of all the hippocampal areas, the CA1 region, forming connections with the adja-
cent cortical regions (entorhinal cortex) appears to be crucial in the consolidation of spatial memory
(Eichenbaum, 2000; Morris et al., 1982; Remondes and Schuman, 2004).

Hippocampal long-term potentiation and long-term depression

Before I will discuss the effects of exposure to stress and corticosteroid hormones on hippocampal synap-
tic plasticity, I will highlight two phenomena that may represent cellular changes underlying mechanisms
of learning and memory (Bliss and Collingridge, 1993; Bliss and Lomo, 1973) i.e. long-term potentiation
(LTP) and long-term depression (LTD).

Hebbian plasticity

Donald Hebb proposed in 1949 that connections between neurons increase in efficacy in proportion to
the degree of correlation between pre- and postsynaptic activity (D.O. Hebb, 1949 “The organization of
behavior”). Such alterations in synaptic efficacy like LTP and LTD are believed to underlie learning and
memory processes. Since the seminal work of Bliss and Lomo it is now standard to define LTP as an
experimental phenomenon which can be used to demonstrate modifications of synaptic strength. LTP can
be induced by high-frequency stimulation. It reflects a strengthened or potentiated connection between a
presynaptic and postsynaptic neuron (See also box 3).

Characteristics of LTP

LTP reveals characteristics that make it an interesting candidate mechanism for aspects of learning and
memory. First, it is long-lasting: hippocampal in vivo recordings show potentiation lasting hours until a
year (Abraham, 2003; Abraham et al., 2002; Staubli and Lynch, 1987). Second, it can be induced by
physiologically relevant patterns (Larson and Lynch, 1986) and third, it is specific for activated synaps-
es (Engert and Bonhoeffer, 1999; Schiller et al., 1998). LTP can be dissociated in two phases: early-LTP
(lasting tens of minutes) and late-LTP (persisting for hours to weeks); the latter requires protein synthe-
sis and heterosynaptic activity during its induction (Deadwyler et al., 1987; Frey et al., 1988; Krug et al.,
1984; Stanton and Sarvey, 1984). Furthermore, an important functional relevance was shown by studies
where early-LTP could be transformed protein synthesis-dependently into late-LTP by subjecting rats to
arousing novel environmental stimuli prior to LTP induction (Straube et al., 2003) or during the consol-
idation of spatial memory (Uzakov et al., 2005). Also, disruption of LTP can lead to impairments in spa-
tial working memory (Reisel et al., 2002; Schmitt et al., 2005), while manipulations that facilitate or
enhance LTP can lead to improved performance (Bach et al., 1995; Morris et al., 1986; Tang et al., 1999;
Uzakov et al., 2005).

Mechanisms underlying synaptic plasticity

The initial observation that the NMDA receptor antagonist AP-5 prevents the induction of LTP in hip-
pocampal slices was a crucial step towards the unraveling of the mechanisms behind LTP (Harris et al.,
1984). Seminal work by Richard Morris provided the first evidence that NMDA receptors are required
for the formation of memories. Rats, that received the NMDA receptor blocker APV intraventricularly,
had impaired ability in the Morris water maze. Moreover, when slices of the hippocampus were taken
from APV-receiving and control rats, LTP could not be induced in APV-treated rats in contrast to the con-
trol group (Morris et al., 1986).

Although different stimulation patterns can be used, a high-frequency tetanus is most commonly used to
elicit LTP. At rest, the NMDA receptor calcium channel is blocked by magnesium; the blockade is
relieved only after high-frequency stimulation which induces strong postsynaptic depolarization. Calcium

——
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BOX 3

Long Term Potentiation

The most studied and understood form of LTP is NMDA-receptor dependent LTP (occurring after high frequency stimu-
lation of the Schaffer collaterals in the CA1 area). During postsynaptic depolarization the Mg2+ block of voltage-depend-
ent NMDA receptors is removed, which leads to the influx of Caz+ through the NMDA receptor channel and a rise in
Caz+ within the dendritic spine. The influx of Caz+ leads to activation of calcium/calmodulin-dependent protein kinase
II (CaMKI]I), linking calcium signals to neuronal plasticity. One way in which CaMKII increases the synaptic sensitivity
to glutamate is via phosphorylation of the GluR1 subunit of AMPA receptors that are already resident at the post synap-
tic surface, resulting in an increase in the single channel conductance of AMPA receptors (figure 3A). Other signaling cas-
cades activated by induction of LTP include cAMP which leads to activation of transcription factors such as CREB, acti-
vation of several kinases such as PKC, PKA and tyrosine kinase and the MAPK/ERK pathway which is linked to activa-
tion of phosphatidylinositol 3-kinase (PI 3-kinase). Induction of the late phase of LTP also involves activation of imme-
diate early genes and protein synthesis. Another mechanism related to the induction of LTP is the trafficking of AMPA
receptors to the postsynaptic site, occurring in about one third of instances of LTP (figure 3B). The appearance of AMPA

receptors occurs via insertion of AMPA receptors into the postsynaptic membrane.
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Box 3, Figure 3
Schematic overview of Long-term Potentiation

A
During low-frequency synaptic transmission,
glutamate binds to both AMPA and NMDA

receptors. If the postsynaptic neuron is at
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LTP

figuur 4

Bienenstock, Cooper and Munro (BCM) model for activi-
ty-dependent variation in the threshold for LTP. Relation
between postsynaptic cell firing and changes in synaptic

weight at the active synapses is described by the function E.

Om Activity above the modification threshold (©m) leads to

LTP, while activity below results in LTD.

Change in synaptic weight (®)
o

Postsynaptic response

signals the beginning of long-term potentiation (Chittajallu et al., 1998; Dunwiddie and Lynch, 1979;
Melchers et al., 1988), and the rise in intracellular calcium leads to downstream molecular events result-
ing in the expression and maintenance of LTP.

There is considerable evidence that LTP induction depends on the activity of several protein kinases,
including calcium/calmodulin-dependent protein kinase II (CaMKII) (Lisman et al., 2002; Malinow et al.,
1988), protein kinase C (PKC)(Lovinger et al., 1987; Matthies and Reymann, 1993; Muller et al., 1991),
protein kinase A (PKA)(Matthies and Reymann, 1993), mitogen-activated protein kinase (MAPK)(English
and Sweatt, 1997; Thomas and Huganir, 2004), and tyrosine kinases (O’Dell et al., 1991). Studies in
transgenic mice have been frequently used to elucidate the role of the hippocampus in learning and mem-
ory focussing on the role of NMDA receptors and calcium influx and the activity of several protein kinas-
es. The group of Alcino Silva using transgenic mice mutants proposed a relationship of autophosphory-
lation of CaMKII in the hippocampal formation to obtain adequate hippocampal LTP and spatial learn-
ing (Giese et al., 1998). Autophosphorylation of CaMKII has been proposed to be the key event in mem-
ory storage. However, recently this hypothesis was tested using the passive avoidance task and fear con-
ditioning in transgenic mice lacking autophosphorylation of CaMKII. They showed impaired learning
but extended training enabled normal memory (Irvine et al., 20035) suggesting that for long term memo-
ry CaMKII might be dispensable.

Next to mechanisms involved in the strengthening of synaptic strength by high frequency stimulation,
prolonged inhibition of synaptic transmission (LTD) could be evoked by low frequency stimulation (Ito,
1989; Sejnowski, 1991). The successful search for a mechanism which could induce ‘depression of synap-
tic strength’ started with the observation that in the juvenile visual cortex synaptic depression could
occur after a period of monocular deprivation. This led to the theory published by Bienenstock, Cooper,
and Munro (BCM theory, see next paragraph). Although differences in the method of LTD induction
exist (Kerr and Abraham, 1996), a typical protocol for inducing LTD in the CA1 involves prolonged low
frequency stimulation at 0.5-5 Hz. LTD requires activation of NMDA receptors (Dudek and Bear, 1992),
a rise in postsynaptic calcium concentration (Mulkey and Malenka, 1992), activation of a serine-threo-
nine protein phosphatase cascade (Mulkey et al., 1993) but which can result in internalization of AMPA
receptors (Man et al., 2000).

——
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The Bienenstock, Cooper and Munro (BCM) theory made several assumptions about how synapses mod-
ify plasticity. Bienenstock, Cooper and Munro designed a model of experience-dependent synaptic plas-
ticity, to account for the plasticity of visual cortex synapses during development (Bienenstock et al.,
1982). This model has two main features. First, synaptic modification varies as a non-linear function of
postsynaptic activity: low levels of afferent activity result in LTD, while higher levels of activity lead to
LTP. The point when LTD is changing into LTP is called the modification threshold, ©m. A second fea-
ture of the model is that ©Om is not fixed, but changes according to prior postsynaptic activation, dub-
bing ©Om a “sliding” modification threshold (Bear et al., 1987). Candidate mechanisms underlying meta-
plasticity range from changes in NMDA receptor mediated synaptic transmission, CaMKII activation to
protein synthesis (Abraham and Bear, 1996). (see figure 4).

“AMPAfication”

The identification of “silent synapses” leads to the suggestion that insertion of receptors is involved in
synaptic plasticity (Malinow and Malenka, 2002). (see box 3, figure 3B).

Synapses are postsynaptically silent if they show an NMDA but no AMPA receptor response.
Immunogold labeling of AMPA and NMDA receptors supported that these synapses exist (Nusser et al.,
1998). Strong synaptic stimuli lead to NMDA receptor activation and an increase in calcium which trig-
gers the synaptic insertion of AMPA receptors into the postsynaptic site (Isaac et al., 1995; Liao et al.,
19935; Luscher et al., 2000; Malinow and Malenka, 2002). Another component next to the trafficking is
the phosphorylation of subunits of the AMPA receptor, GluR1 and GluR4 (Boehm and Malinow, 2003).
GluR1 undergoes a regulated phosphorylation by CaMKII during LTP (Barria et al., 1997) which leads
to an increase in conductance. Next to changes in conductance also AMPA receptor surface expression
and synaptic clustering are found to be linked with CaMKII and PKC activity which interacts via the pro-
tein stargazin (Chen et al., 2000; Schnell et al., 2002; Turetsky et al., 2005). So during LTP phosphory-
lation of GluR1 by CaMKII enhances its conductance, while phosphorylation of stargazin controls traf-
ficking to the synapse. Lateral mobility for the AMPA receptor is activity dependent: increasing neuronal
activity increased AMPA receptors lateral diffusion (Groc et al., 2004; Tardin et al., 2003).

Although the evidence for AMPA receptor insertion during LTP is vast, some questions still remain. First,
in adult animals 75% of the synapses show colocalization of NMDA and AMPA receptors, only relative-
ly small synapses are silent as shown by immunogold labeling (Nusser et al., 1998; Takumi et al., 1999).
The low number of synapses lacking AMPA receptors could not possibly account for the large number
of silent synapses found with electrophysiological recordings. Also, the temporal pattern of AMPA recep-
tor insertion (several minutes) does not match with the time course of LTP induction which takes place
over a few seconds (Hayashi et al., 2000; Shi et al., 1999).

In conclusion, LTP (and LTD) are attractive mechanisms to represent changes in synaptic weight which
can be involved in learning and memory processes. In addition to the activation of protein kinases also
trafficking or functional modifications of AMPA receptors in the postsynaptic membrane are believed to
be involved.

IIT STRESS AND THE HIPPOCAMPAL FORMATION

Neurons of the hippocampal formation are very sensitive to the effects of stress, due to the high amount
of MRs and GRs. The effects on learning and memory processes range from being facilitating (retaining
memories for stressful events very well (Debiec et al., 2002; Milekic and Alberini, 2002)) to inhibiting
(hampering the retrieval of learned information (de Quervain et al., 1998; de Quervain et al., 2000)). In
this chapter I will review effects of stress on hippocampal-dependent memory, synaptic functioning (LTP
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and LTD) and neuronal morphology.

Stress, hippocampus and memory

The present view is that glucocorticoids, released within the context of a task, promote long-term consol-
idation of information (Akirav et al., 2004; Bartolomucci et al., 2002; Conrad et al., 1999; de Kloet et al.,
1999; Lupien and Lepage, 2001b; McGaugh and Roozendaal, 2002; Oitzl and de Kloet, 1992;
Roozendaal, 2002; Wolf, 2003). Thus, in various species, including man, and in different training para-
digms, acute post-training administration of corticosterone (enough to activate the GR) enhances memo-
ry consolidation, whereas administration of selective GR antagonists impairs consolidation. Accordingly,
a point mutation in the mouse GR, which selectively prevents dimerization and DNA-binding of the GR,
impaired spatial memory performance (Qitzl et al., 2001). By contrast, exogenous corticosteroids, GR
activation or additional stressors applied before and out of the context of acquisition training or retention
testing, impair acquisition and retrieval of spatial information respectively (de Quervain et al., 1998;
Diamond et al., 1996; Diamond et al., 1999; Kim and Diamond, 2002; Kuhlmann et al., 2005). Taken
together, these studies indicate that exposure to stress affects different stages of learning and memory
processes; effects that critically depend on the moment of corticosterone release in concert with the learn-
ing process. Moreover, prolonged exposure to elevated corticosterone levels hampers the acquisition and
storage of spatial information (Bodnoff et al., 1995a; Conrad et al., 1996; Krugers et al., 1997).

Stress, hippocampus and synaptic plasticity

Electrophysiology

The activity of hippocampal cells largely depends on amino acid-mediated transmission. Since Pfaff
showed in 1971 that cortisol suppresses single unit firing of hippocampal cells in vivo, major develop-
ments in electrophysiological recording techniques have taken place. These have allowed a more in-depth
investigation of corticosteroid actions on hippocampal neuronal function (Joéls et al., 2002).
Electrophysiological recordings in adrenalectomized animals indicates that the presence of adrenal
steroids- and particularly MR activation- is critical for synaptic stability (Diamond et al., 1992; Pavlides
et al., 1996; Rey et al., 1987; Shors et al., 1990b). Also rises in corticosterone levels after stress, leading
to the activation of GR in addition to MR, can affect synaptic functioning (Foy, 1987; Shors et al.,
1990a; Shors et al., 1989); for an overview see (Joéls, 2001; Joéls et al., 1997). One of the most persist-
ent findings is that GR activation enhances calcium current amplitude (and thus influx) through voltage-
activated calcium channels (Karst, 2000; Karst, 1994; Kerr et al., 1992).

The relation between corticosteroid hormones and their effect shows a U-shaped or inverted U-shaped
dose dependency. For instance, calcium currents are low in amplitude with predominant MR activation
compared to the situation where hormones are absent; additional GR activation (plus MR) increases cal-
cium influx (Karst, 1994). Similar to the effects found on the calcium currents, Rey et al. (1987) found
that activation of MRs causes an increase in population spike amplitude compared to when MRs (and
GRs) are unoccupied, while higher concentrations of corticosterone result in a decrease of the popula-
tion spike amplitude (Rey et al., 1987).

Corticosteroids and stress also affect the AMPA/NMDA ratio as is shown by patch-clamp studies.
Focusing on the slow gene-mediated effects of corticosterone (as in experiments when signals are record-
ed 1-4 hours after exposing hippocampal slices to high corticosterone levels), CA1 neurons showed an
increase in amplitude of AMPA currents (Karst and Joéls, 2005). In the dentate gyrus, AMPA and NMDA
receptor currents turned out to be unaltered by application of corticosterone to the slice. Yet, in tissue
from chronically stressed rats, AMPA -but not NMDA- mediated currents were increased by corticos-
terone (Karst and Joéls, 2003). In contrast, CA3 pyramidal neurons of chronically stressed rats showed
an increase in NMDA receptor-mediated currents that was dependent upon phosphorylation of the
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NMDA receptor (Kole et al., 2002b). The onset latency was shortened while input resistance increased
(Kole et al., 2004). Studies in another area, i.e. the ventral tegmental area (VTA), confirm that elevation
of corticosterone levels, in this case by a swim stress, slowly increases the AMPA/NMDA ratio. This
effect is mediated via GRs and involves the GluR1 receptor subunit (Dong et al., 2004; Saal et al., 2003).

Corticosterone and LTP or LTD

Corticosteroid hormones have profound modulatory effects on synaptic plasticity in the hippocampal
formation. Since the orginal paper by Foy et al. where rats exposed for 30 minutes to restraint stress
showed impaired hippocampal LTP, numerous different stress paradigms and their influence on hip-
pocampal LTP and LTD have been examined (Foy, 1987). In order to show that the effect of corticos-
terone on hippocampal synaptic plasticity is due to direct activation of steroid receptors in the hippocam-
pal formation (e.g. without any influence from other brain areas), hippocampal slices were exposed in
vitro to high levels of corticosterone. Slices from intact mice treated in vitro with corticosterone showed
reduced potentiation of the population spike amplitude in the CA1 area after high frequency afferent
stimulation (Rey et al., 1994). Although very high doses of corticosterone were used in this study (5 mM)
the effect of corticosterone could be blocked by a GR antagonist suggesting that corticosterone inhibits
synaptic plasticity via activation of GR. In addition, the authors showed that treatment of slices with low
levels of corticosterone (0.5 nM) or aldosterone enhanced LTP. The conclusion was that activation of
GRs appears to result in inhibition of hippocampal synaptic plasticity, while activation of MRs promotes
synaptic plasticity. Work by David Diamond (1992) showed that in rats with controlled corticosterone
levels (adrenalectomized rats with corticosterone pellets) the balance between MR and GR occupation
exerts a concentration-dependent biphasic influence on the expression of hippocampal plasticity (the
aforementioned inverted U-shape relationship). Primed burst potentiation showed a positive correlation
with low levels of corticosterone (0-10 pg/dl), a peak response at intermediate levels (11-20 pg/dl), and
a negative correlation at high levels (21-93 pg/dl) of corticosterone (Diamond et al., 1992). The negative
correlation between high levels of corticosterone and potentiation in the CA1 was also found after GR
activation in vitro of hippocampal slices (Rey et al., 1994; Zhou et al., 2000), elevated corticosteroid lev-
els during neonatal life (Domenici et al., 1996), GR activation in vivo during 1 day or 1 week (Karten et
al., 1999) or application of a GR agonist (Pavlides et al., 1996).

Studies using in vivo recordings of field potentials revealed similar effects of corticosteroids on hip-
pocampal synaptic plasticity: both acute and prolonged exposure to elevated corticosteroid levels impair
primed burst potentiation in the CA1 area (Bodnoff et al., 1995a) and LTP in the dentate gyrus (Pavlides
et al., 1993; Smriga et al., 1996). Moreover, activation of the MR can promote synaptic transmission
both in the dentate gyrus and CA3 area (Pavlides et al., 1995a; Pavlides and McEwen, 1999; Pavlides et
al., 1995b). In addition to the suppressive effect of corticosteroid hormones on long-term potentiation,
corticosterone has been reported to promote LTD in the dentate gyrus (Pavlides et al., 1995a; Pavlides et
al., 1995b) as well as LTD in the CA1 area using a GR agonist (Coussens et al., 1997).

Stress and LTP or LTD

A large number of studies has demonstrated that exposure to stressful events impairs subsequent induc-
tion of hippocampal LTP in the CA1 area of hippocampal slices (Foy, 1987; Garcia, 1997; Kim et al.,
1996; Shors et al., 1990b; Shors et al., 1990c¢; Shors and Thompson, 1992). In addition, Mesches et al.
(1999) demonstrated that psychosocial stress impairs primed burst potentiation in vitro, while LTP was
not affected. The authors suggested that psychosocial stress influences hippocampal plasticity only when
threshold level, physiologically patterned stimulation is used (Mesches et al., 1999).

The effects of stressful events on synaptic plasticity in vitro are supported by studies in vivo. Relatively
mild stressful events impair hippocampal LTP (Korz and Frey, 2003; Xu et al., 1998a). More severe
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Table 1. Effects of learning, LTP and LTD on hippocampal morphology

reference

method

brain area

animal

result

learning paradigm
learning in vivo
Wenzel 1980 brightness discrimination  Golgi hippocampus CA1! adult rat 1 spine density
Moser 1994 water maze Golgi hippocampus CA1"! adult rat 1 spine density
Kleim, 1996 motor learning Golgi motor cortex adult rat (fem) 1 spine density
Kleim 1997 motor learning Golgi cerebellar cortex adult rat 1 spine density
Leuner 2003 eye blink Golgi hippocampus CA1"! adult rat 1 spine density
Van Reempts 1992  avoidance task EM hippocampus DG adult rat synaptic remodelling Tlength PSD
Bourgeois 1994 development EM prefrontal cortex rhesus monkey | spine density in adulthood
Rusakov 1997 water maze EM hippocampus CA1* DG adult rat nc spine density & ultrastructure
Geinisman 2000 eye blink EM hippocampus CA1w! adult rabbit nc spine density & T PSD area
LTP in vivo
Desmond 1986 LTP EM hippocampus DG adult rat nc spine density, change spine type ratio
Desmond 1990 LTP EM hippocampus DG adult rat change in ultrastructure
Geinisman 1991 LTP EM hippocampus DG adult rat change spine type ratio & T PSDs
Geinisman 1996 L-LTP EM hippocampus DG adult rat change spine type ratio
Trommald 1996 LTP EM hippocampus DG adult rat 1spine density
Rusakov 1997 LTP Golgi hippocampus DG adult rat | spine density
Sorra 1998 L-LTP EM hippocampus CA1w! adult rat nc spine density & spine type ratio
Popov 2004 L-LTP EM hippocampus DG adult rat 1PSD & change spine type ratio
LTP in vitro
Hosokawa 1995 LTP confocal acute slice CA1*' PND 21-30 rat | spine length
Buchs 1996 LTP EM organotypic CA1w<! - 1 PSD length & number
Engert 1999 LTP confocal organotypic CA1w«! - no change spine density
Toni 1999 LTP EM organotypic CA1w<! - change spine type ratio & T MSB
Ostroff 2002 LTP EM acute slice CA1 PND 15 rat 1 polyribosomes & Tsynapse size
Zhou 2004 LTD 2-photon acute slices CA1*! PND 14-18 rat | spine volume
Stewart 2005b LTP EM acute slice CATw! adult mouse 1PSD & ultrastructure change

T = increase; | = decrease; nc = no change
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stressful paradigms also impair synaptic plasticity in the dentate gyrus (Shors and Dryver, 1994). In addi-
tion, stressful experiences not only suppress LTP but also facilitate the induction of LTD (Kim et al.,
1996; Manahan-Vaughan, 2000; Manahan-Vaughan and Braunewell, 1999; Xu et al., 1997; Xu et al.,
1998b).

In line with a suppression of synaptic efficacy by stressful events it has been reported that placing ani-
mals in a novel cage (novelty stress) prevents the induction of primed burst potentiation in the CA1 area
(Diamond et al., 1994). Interestingly, exposure to novel (stressful) conditions was even found to reverse
once established LTP in the CA1 area (Xu et al., 1998a). Moreover, Xu et al., (1998b) reported that the
GR antagonist RU486 prevents the effects of novelty on LTP and LTD, in a protein-synthesis-dependent
and RNA-dependent way. In addition to the suppressive effects of stressful experiences and elevated cor-
ticosterone levels on hippocampal synaptic plasticity, some recent studies have reported that exposure to
novelty or stressful experience can also facilitate hippocampal synaptic plasticity, depending on the tim-
ing of stress, novelty and LTP induction. Thus when high frequency stimulation and exposure (in the con-
text of the event) to novelty (Li et al., 2003) or swim stress (Korz and Frey, 2003) are closely linked in
time facilitation of LTP is reported, shifting short-term plasticity into long-term synaptic plasticity. In
addition, several lines of evidence indicate that the amygdala is involved in mediating stress effects on
hippocampal LTP and memory. More specifically, amygdala lesions or inactivation have been shown to
block or attenuate stress-induced impairments in hippocampal long-term potentiation and spatial mem-
ory (Akirav, 1999; Kim et al., 2005; Kim, 2001; Korz and Frey, 2005). At the time that studies of this
thesis were started it was not clear however, to what extent stress and corticosterone can still change hip-
pocampal function regardless of the connections with the amygdala (see further chapter 2).

The number of studies addressing the effects of chronic exposure to stress or corticosterone on synaptic
plasticity is limited. It was shown that prolonged treatment with elevated corticosteroid levels impairs
LTP in the dentate gyrus (Smriga et al., 1996) and that chronic stress impairs LTP measured in vivo in
the CA3 area and dentate gyrus (Pavlides, 2002). When the experiment for this thesis were started it was
not known if LTP in the CA1 area is modulated by chronic stress, under basal corticosterone conditions
or after short exposure to high levels of corticosterone (see chapter 3).

IV NEURONAL AND SYNAPTIC MORPHOLOGY

Synaptic morphology

Remodelling of synaptic networks through an activity-dependent formation or elimination of synaptic
connections or a remodelling of spine shape is believed to contribute to synaptic plasticity as well as long-
term memory (Geinisman, 2000; Segal, 2005; Yuste and Bonhoeffer, 2001). The belief that spines are the
main sites of excitatory synaptic transmission stimulated research to investigate the role of spine number
and morphology in learning and memory processes or more cellular mechanisms like LTP. This field of
research has produced interesting observations but also conflicting results.

Early studies using electron microscopy or Golgi staining reported an increased spine density after expos-
ing animals to behavioural learning tasks (Kleim et al., 1996; Kleim et al., 1997; Leuner et al., 2003;
Moser et al., 1994; Wenzel et al., 1980). In contrast, other electron microscopic studies, some using the
serial sectioning technique, did not replicate these findings (Bourgeois et al., 1994; Geinisman, 2000;
Rusakov et al., 1997a; Van Reempts et al., 1992). Studies examining the structure of synaptic contacts
associated with behavioral learning have found more consistent results. These studies reported for
instance increased enlargement of the postsynaptic density (PSD) (Geinisman et al., 2000) or clustering
of synaptic active zones (Rusakov et al., 1997a) after learning.
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Similar discrepant results came from groups reporting that spine density is stable after LTP in vivo, in
animals (Desmond and Levy, 1986; Desmond and Levy, 1990; Geinisman et al., 1991; Geinisman et al.,
1996; Rusakov et al., 1997b; Sorra and Harris, 1998) or in vitro, in hippocampal slices (Engert and
Bonhoeffer, 1999; Hosokawa et al., 1995). However, some groups did find LTP-associated increases in
synapse density in vivo (Andersen and Soleng, 1998; Trommald et al., 1996). Yet, the reshaping of spine
shape and structure after LTP has been replicated in numerous studies (Buchs and Muller, 1996;
Geinisman et al., 1991; Ostroff et al., 2002; Popov et al., 2004; Stewart et al., 2005b; Toni et al., 1999;
Toni et al., 2001; Zhou et al., 2004). Time-lapse video confocal microscopy provided the first evidence
that activation of glutamate receptors modulates spine motility (Fischer et al., 1998; Fischer et al., 2000).
For an overview of data concerning the effects of behavioral learning and LTP on synaptic morphology
see table 1.

To address the question if these processes are associated with changes in experience-dependent plastici-
ty, two groups repeatedly imaged individual pyramidal neurons in the mouse barrel cortex in vivo
(Grutzendler et al., 2002; Trachtenberg et al., 2002). In order to investigate the influence of sensory expe-
rience, some whiskers of these animals were trimmed. Even though roughly the same approach was used,
the authors reached different conclusions about the stability of spines in adult animals. Trachtenberg
found that among the different classes of spines, most spines disappeared after 3 months. Grutzendler et
al. on the other hand found that 96% of spines were stable. Moreover they showed a half-life of more
than 13 months.

Although there are discrepancies, it is clear from these studies that changes in spine density, spine shape
ratio and ultrastructural changes of the synapse are associated with different forms of learning and may
contribute to synaptic plasticity.

Stress, hippocampus and neuronal morphology

Changes in hippocampal neuronal structure have been implicated in synaptic plasticity. Changes in
synaptic and dendritic structure after exposure to stressful events and corticosteroid hormones could
therefore have implications for hippocampal function. Such changes have to some extent been described
for stress and corticosterone treatment, particularly in the CA3 hippocampal region. For a overview of
the most relevant data concerning the effects of stress on dendritic remodeling see table 2.

Effects of brief exposure to stress or corticosterone are barely investigated. One study investigating the
effects of two days subordination stress in rats found an increase in basal dendrites of CA3 pyramidal
cells with a concomittant decrease in the apical tree, when studied 3 weeks after the stressor (Kole et al.,
2004). Much more is known about the effects of prolonged stress exposure. Rats treated with supra-
physiological doses of corticosterone for 3 weeks show shrinkage of the apical tree of hippocampal CA3
neurons (Fuchs et al., 2001b; Magarinos and McEwen, 1995a; Magarinos et al., 1996; Watanabe et al.,
1992c¢), and altered synaptic terminal structure in mossy fibres (Magarinos and McEwen, 1995a).
Exposure of rats and tree shrews to prolonged stress induced similar morphological alterations
(Magarinos and McEwen, 1995a; Magarinos and McEwen, 1995b; Magarinos et al., 1996; Magarinos
et al., 1997). The observation that cyanoketone, which prevents the stress-induced rise in plasma corti-
costerone levels, blocked the stress-induced atrophy, suggests that corticosterone released during stress
mediates the stress-induced atrophy (Magarinos and McEwen, 1995a). In addition, excitatory amino
acids may be involved in the stress-induced atrophy since phenytoin (Magarinos and McEwen, 1995a)
and a NMDA receptor antagonist (Magarinos et al., 1997) both blocked CA3 shrinkage. The stress-
induced dendritic atrophy in apical dendrites of CA3 neurons seems to be a reversible phenomenon
(Sousa et al., 2000). No morphological changes are found in the basal dendritic tree. More detailed stud-
ies indicated that rats stressed for 3-4 weeks display synaptic changes in the CA3 area, including alter-
ations in mossy fibre terminals (Magarinos et al., 1997; Sandi et al., 2003), a loss of synapses and a
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reduction in the surface area of postsynaptic densities (Stewart et al., 2005a), as well as a loss of simple
perforated synapses in stratum lucidum of CA3 (Kole et al., 2004) and retraction of thorny excrescences
(Stewart et al., 2005a). Exposure of rats and primates to even longer periods of high levels of corticos-
terone and prolonged stress may reduce CA3 volume and induce loss of hippocampal cells (Sapolsky et
al., 1985; Sapolsky et al., 1990).

Studies on the effects of exposure to (prolonged) stress and elevated corticosteroid hormone levels on
dendritic structure and spine number in the hippocampal CA1 area are relatively sparse. Shors et al.
(2000) reported that exposure to stress increases spine density in male, but reduces spine density in
female rats after brief exposure to stress, when examined 24 hours after the stressor. No effect was
observed immediately after the stressor (Sousa et al., 2000). In contrast, evidence for a putatively more
rapid action of corticosterone on dendritic spines comes from a study using acute hippocampal slices
exposed to dexamethasone, a specific agonist of the GR. In this study spinogenesis was observed in CA1
pyramidal neurons within one hour after application (Komatsuzaki et al., 2005). The only study describ-
ing effects of chronic stress on adult hippocampal CA1 dendritic morphology is by Sousa et al. (2000)
who reported a 13-20% reduction in apical dendritic length (which did not reach statistical significance),
together with a reduction in mean length of terminal dendritic segments. Taken together, the structural
changes in the hippocampal CA3 area are consistently investigated while not much is known about
effects of the acute or chronic stress in the CA1 area, an essential brain structure for the process of mem-
ory formation and consolidation (see further chapter 4 and 35).

V OUTLINE OF THIS THESIS

Stress and corticosteroid hormones are strong modulators of learning and memory processes. Stress can
be beneficial for successful consolidation of memory but can also hamper this process when the stressful
event occurs prior to and out of the learning context. Chronic stressors are thought to interfere with suc-
cesful learning. This relationship becomes apparent in human studies where hypersecretion of corticos-
teroids or depressive illness is associated with impaired memory function and shrinkage of the hippocam-
pal formation.

Animal studies have shown that there is an intricate relationship between the level of corticosteroids and
synaptic plasticity supporting the notion of an inverted U-shaped function between these two parame-
ters. In this thesis, the effects of brief and chronic stress on a cellular model for learning and memory are
examined in the CA1 area of the hippocampal formation (part I). I next focused on the morphological
changes in the same area after brief exposure to corticosteroids in vitro or exposure to chronic unpre-
dictable stress (part 2).

Research Questions

PART I

Both in vivo and in vitro recordings have demonstrated that elevations of corticosteroid hormone levels
or stress can modulate hippocampal LTP and LTD. However, it is much debated whether the modulation
of stress is primarily caused by effects of corticosterone via hippocampal MRs and GRs, or that other
brain areas are critically involved. To address this issue, in chapter 2, the effect of in vitro corticosterone
application is investigated on synaptic potentiation in a reduced preparation, i.e. mouse hippocampal
slices. Synaptic potentiation, evoked by two different stimulation protocols, was studied in both the
pyramidal cell layer as well as the dendritic layer. We compared these effects with effects seen after expos-
ing mice to a brief psychological stressor which in addition to activation of hippocampal GRs also acti-
vates GRs in other brain areas and elevates non-steroid stress-related factors.
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Table 2. Effects of stress on hippocampal morphology

Magarinos & McEwen, 1995
Sousa et al., 2000

CA1l:
Shors et al., 2001

Vyas et al., 2002-2004

Kole et al., 2004

Stewart et al., 2005

Stressor

21 days restraint

chronic unpredictable stress paradigm
& chronic corticosterone injections

24 hours after 30 sec restraint tail shock
10 days immobilization stress &

10 days unpredictable stress

22 days after 1 hours social defeat

or 21 days

21 days restraint stress

Finding

CA3c: | length apical dendrites

DG: | total dendritic length;

CA3: | total dendritic length, ? length terminal segments;
1l length terminal segments

CA1: 1 spine density apical dendrites
CA3:| total dendritic length and branching points by
immobilization; in lesser extent after unpredictable stress.

A 21 day recovery period did reverse CA3 atrophy

2 days CA3: | apical dendritic length and ? length basal den
drites 21 days: CA3: | apical dendritic length

whole hippocampus lower volume; CA3: retraction thorny
excrescences, 1 perforated PSDs
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Exposing rats for 3 weeks to unpredictable stressful events is believed to induce HPA-axis disturbances
and can serve as an animal model for depression. Changes in HPA-axis associated with depressive disor-
ders have been implicated in the cognitive symptoms prevalent in depression. In chapter 3 of this thesis,
the effects of prolonged stress on hippocampal synaptic function under controlled corticosteroid levels
were examined. We first recorded, after chronic stress, hippocampal synaptic plasticity in vitro in the
CA1 and dentate gyrus hippocampal subfields, when plasma corticosterone levels are low. Second, we
studied the effect of an additional challenge, i.e. elevated corticosteroid hormone levels which activate
GRs in addition to MRs, on synaptic plasticity.

PART 11

In part II the putative role of stress was examined on hippocampal CA1 dendritic morphology and spine
density, in two different substrates.

As discussed in paragraph IV, remodelling of synaptic networks and changes in spine shape and density
are involved in synaptic plasticity. In order to assess putative changes on hippocampal CA1 morpholo-
gyfr brief in vitro elevation of corticosteroid levels, we examined CA1 pyramidal neuronal morphology
in hippocampal organotypic slice cultures (chapter 4). In these experiments, we examined the effect of
two doses of corticosterone, on dendritic morphology and complexity as well as on spine density after
reconstructing neurons that were filled with the fluorescent dye Alexa. Also, in order to establish the role
of the glucocorticoid receptor in this process, RU486, a glucocorticoid receptor antagonist, was used to
see if the corticosterone induced morphological changes could be prevented.

Several studies using magnetic resonance imaging have reported reduced hippocampal volume in patients
with depression or other stress-related disorders (Bremner et al., 2000; Sapolsky, 2000; Sheline et al.,
1996). Interestingly, cognitive impairments seem to occur in parallel with this structural damage (O’Brien
et al., 2004; Starkman et al., 1992; Steffens et al., 2000; Vermetten et al., 2003). Animal studies have
shown that one of the most consistent effects of chronic stress on morphology is a reduction in the
branching and length of CA3 pyramidal apical dendrites. Since the CA1 area plays an important role in
the consolidation of memory processes, we therefore questioned in chapter 5, whether chronic stress
could also induce effects on CA1 pyramidal neuronal morphology. To this end, CA1 pyramidal neurons
were reconstructed, using confocal microscopy, in slices from control and chronically stressed animals.
In order to mimic acute stress exposure against a background of chronic stress or control treatment, neu-
rons were examined under basal low and raised corticosteroid levels. Also, in order to assess whether GR
blockade could normalize the effects of chronic stress, animals were treated with the GR antagonist
RU486 during a 4 day period, similar to that reported to successfully suppress symptoms of depression
(Belanoff et al., 2001).
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CHAPTER 2

Corticosterone and stress reduce synaptic
potentiation in mouse hippocampal slices with
mild stimulation

D.N. Alfarez, O. Wiegert, M. Joéls, H. J. Krugers

Neuroscience, 2002 Vol. 115 (4): 1119-1126
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Abstract

Elevation of circulating corticosterone levels, either through exogenous administration of the hormone
or following stress exposure, is known to reduce hippocampal synaptic potentiation in rodents. It is
presently debated whether this reduction is due to activation of hippocampal glucocorticoid receptors or
is primarily caused in other brain structures projecting to the hippocampus. To address this issue, we
examined whether synaptic potentiation in hippocampal slices from mice with low basal corticosterone
levels was altered 1-4 hrs after a brief in vitro administration of 100 nM corticosterone. Population spike
and field EPSP were recorded in the cell and dendritic layers respectively of the CA1 area, in response to
Schaffer-commissural fiber stimulation. Basal characteristics of the stimulus-response relationship were
not affected by corticosterone treatment, except that after corticosterone treatment the maximal field
EPSP slope was reduced while the excitability ratio was increased. For studies on potentiation of the field
EPSP and population spike, stimulus intensities were chosen to evoke half maximal responses before
potentiation; this intensity was significantly lower for the field EPSP than for the population spike.
Primed burst potentiation of the field EPSP but not population spike was significantly attenuated after
corticosterone treatment. When using a more rigorous stimulation paradigm, i.e. theta burst potentia-
tion; synaptic potentiation was not affected by corticosterone. Raising corticosterone levels in mice by
exposure to a psychosocial stressor led to comparable results in subsequent in vitro experiments; stress
reduced primed burst potentiation only of the field EPSP. These data support that corticosterone affects
synaptic potentiation in the mouse via direct activation of hippocampal glucocorticoid receptors but only
when using mild stimulation conditions.

Introduction

Corticosteroid hormones are released from the adrenal glands in a circadian rhythm and elevated circu-
lating levels are often found after exposure to stressful events (De Kloet, 1991). Due to their lipophilic
character corticosteroids readily cross the blood-brain barrier and bind to both thus far characterized
receptors in the brain: the mineralocorticoid-receptor (MR) and glucocorticoid-receptor (GR) which are
enriched in the hippocampal formation (McEwen et al., 1986).

Over the past decade, in vivo as well as in vitro recording of synaptic plasticity have demonstrated that
elevation of of corticosteroid hormones or stress influence hippocampal synaptic plasticity. Diamond et
al. (1992) demonstrated that in vivo elevated corticosteroid levels (presumably occupying both MR and
GR) impair primed burst potentiation in the CA1 hippocampal area of the rat, while low levels of corti-
costerone (predominantly occupying MRs) facilitate primed burst potentiation (Diamond et al., 1992).
The role of the two corticosteroid receptors was strengthened by subsequent experiments in which selec-
tive MR- and GR-ligands were applied prior to induction of synaptic potentiation (Pavlides et al.,
1995a). A similar involvement of the corticosteroid receptors was also proposed for other hippocampal
subfields (Pavlides and McEwen, 1999; Pavlides et al., 1996; Pavlides et al., 1995b). Importantly, not
only exogenously applied corticosterone but also endogenous release of the hormone due to stressful con-
ditions was shown to suppress hippocampal long-term potentiation in vitro (Foy, 1987; Kim et al., 1996;
Mesches et al., 1999; Shors et al., 1989) and in vivo (Diamond et al., 1994; Shors and Dryver, 1994; Smriga
et al., 1996; Xu et al., 1997; Xu et al., 1998b). The suppressive effects mediated by the GR on synaptic
potentiation were observed both after acute and prolonged elevation of corticosteroid levels (Bodnoff et al.,
1995b; Domenici et al., 1996; Karten et al., 1999; Pavlides et al., 1993; Smriga et al., 1996).

Although there seems to be general consensus on the finding that stress modulates hippocampal synap-
tic plasticity, it is much debated whether this modulation is primarily caused by effects of corticosterone
via hippocampal MRs and GRs. Thus, recent studies have shown that in vivo the amygdalar complex is
critical for the development of stress-induced effects on hippocampal synaptic plasticity (Akirav, 1999;
Kim, 2001). This may imply that stress-induced activation of amygdala rather than hippocampal GRs is
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the primary event in the earlier observed stress-related suppression of hippocampal synaptic potentiation.
Also, earlier studies raised the possibility that stress-induced factors other than corticosterone, e.g.
endogenous opioids, may play a role in the suppression of synaptic potentiation following exposure to
unpredictable stressors (Shors et al., 1990b; Shors et al., 1990c¢).

The aim of the present study was to examine the effect of in vitro corticosterone application on synap-
tic potentiation in a reduced preparation, i.e. hippocampal slices from mice, thus precluding the influ-
ence of the amygdala and non-steroid factors released after stress. Slices were prepared from mice under
rest at the trough of their circadian corticosterone release, a situation that presumably results in predom-
inant activation of MRs (De Kloet, 1991). Synaptic potentiation was investigated after in vitro vehicle
treatment (20 min) or perfusion with 100 nM corticosterone -sufficient to fully activate MRs as well as
GRs in the hippocampus (Karst, 2000)- 1-4 hrs before induction of synaptic potentiation. Synaptic
potentiation was studied in the pyramidal cell layer of the hippocampal CA1 area (population spike
amplitude, PSA) as well as the dendritic layer (slope of the field excitatory postsynaptic potential,
sfEPSP). In a second series of experiments using the same recording protocol, we compared these effects
of in vitro GR activation on hippocampal synaptic potentiation with effects seen after exposure of the
mice to a psychological stressor, which presumably activates hippocampal GRs but also activates GRs in
other brain areas and elevates non-steroid stress related factors.

Experimental procedures
All experiments were approved by the local committee on Animal Bioethics of the University of
Amsterdam.

Animals
Male C57/Bl6 mice (= 6 weeks of age) were obtained from Harlan CPB. Upon arrival the animals were indi-
vidually housed with food and water ad libitum available. Lights were on from 8:00 a.m. till 20:00 p.m.

Corticosterone treatment

Animals were decapitated between 9 and 10 a.m. when plasma corticosterone levels are low. After decap-
itation the brain was dissected and chilled in ice-cold (4°C) artificial cerebrospinal fluid (aCSF, contain-
ing (in mM) NaCl (120), KCI (3.5), NaH2PO4 (1.25) NaHCO3 (2§), CaCl2*2H20 (2.5),
MgSO4*7H20 (1.3), Glucose (10)) gassed with 95 % O2 and 5 % CO2. Trunk blood was collected and
plasma corticosterone levels were later determined with 1125-corticosterone radioimmunoassay for mice
(ICN Pharmaceuticals NY, USA). Transverse hippocampal slices (400 mm) were prepared using a tissue
chopper (Krugers, 1997). Sixty minutes following slice preparation, slices were treated in aCSF either
with vehicle or corticosterone (100 nM in 0.01 % ethanol) for 20 minutes at 32 oC. Previous studies
have shown that this dosage elicits alterations in cellular properties that require dimerization of the glu-
cocorticoid receptor (Karst, 2000). After at least one hour, one slice at a time was transferred to the
recording chamber and fully submerged in warm (320C), gassed (95 % O2 and 5 % CO2) aCSF (perfu-
sion rate: 2-3 ml/min).

Exposure to stress

Part of the animals were exposed to a psychosocial stressor. Before the experiment, the mouse was placed
overnight in one half of an experimental cage which was divided in two halves separated by a wire net-
ting. The next morning a rat was placed in the other part of the cage providing a non-physical stressful
situation for the mouse. One hour after interaction between the animals was initiated, the mouse was
decapitated, trunk blood was collected and slices were prepared as described above. Control animals
were taken directly from their home cage.
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Electrophysiological recordings

Electrophysiological experiments started at least one hour following preparation of hippocampal slices.
A bipolar stimulation electrode (stainless steel, insulated except for the tip) was placed in the Schaffer
collateral/commissural fibers. Low resistance glass microelectrodes (2-5 MW, filled with aCSF) were
placed in either the pyramidal cell layer or the dendritic layer of the CA1 area. Upon stimulation (pulse
duration: 150 ms) we recorded either the amplitude of the population spike amplitude (PSA) in the cell
layer or slope of the field EPSP (sfEPSP) in the dendritic layer (figure 1A).

In each experiment we first determined the maximal field EPSP amplitude or population spike amplitude
by gradually increasing the stimulus intensity (interstimulus interval 30 seconds) until the responses sat-
urated. The relationship between stimulus intensity and the evoked response was fit by a sigmoidal func-
tion: R(i)=Rmax/(1+exp((i-ih)/(-S)), where R(i) is the response at intensity (i), Rmax is the maximal
response, ih is the intensity at which half maximal response is observed, and slope factor S represents an
index proportional to the slope of the stimulus-response curve (figure 1C). The stimulus intensity that
evoked the half maximal response was used throughout the experiment, including during repetitive stim-
ulation. Importantly, the half maximal stimulus intensity of the fEPSP is in general lower than that of the
PSA (figure 1B). Since only one stimulation intensity could be used during repetitive stimulation (either
Ih of the PSA or the sfEPSP), this precluded simultaneous investigation of synaptic potentiation of the
PSA and sfEPSP in one slice.

After establishing the input-output relationship and determining the half-maximal stimulation intensity,
we monitored baseline synaptic transmission for at least 10 minutes. Next primed burst stimulation was
applied, which consisted of a single stimulus followed 180 ms later by a burst of 4 stimuli at 200 Hz (Fig
1D, (Diamond et al., 1992; Krugers, 1997). Subsequently we recorded synaptic responses every minute
during a period of 40 or 50 minutes, still using the Th established at the start of the experiment. Finally,
an input-output curve was established to verify whether the stimulus-response relationship was changed
during the course of the experiment. In one series of experiments (after administration of corticosterone
or vehicle) we applied theta burst instead of primed burst stimulation. Theta burst stimulation consisted
of a train of 4 pulses at 100 Hz, repeated 200 ms later by another 4 pulses at 100 Hz. This set was repeat-
ed to a total of 5 times, at an interval of 30 seconds (Krugers, 1997). Next, we recorded synaptic respon-
siveness every minute during a period of 60 minutes and determined the input-output relationship at the
end of the experiment.
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Table 1. Baseline electrophysiological parameters of the PS-amplitude (PSA) and sfEPSP of vehicle and corticosterone treated slices.

Treatment n Max. PSA Max. sfEPSP Excitability In PSA In sfEPSP Spsa SsfEPSP
(mV) (mV/ms) Ratio (MA) (MA)

Veh 33 6.31 = 0.41 -3.23 £ 0.42 2.54 £ 0.24 85.9 = 10.9 59.9 = 8.2% 17.7 £2.4 22.1 £ 3.8

Cort (100 nM) 30 5.87 £ 0.39 -1.98 = 0.187 3.45 = 0.29% 89.4 =+ 13.4 52.4 + 6.7% 17.1 £ 3.0 23.0 = 3.9

* After corticosterone treatment the maximal slope of the fEPSP was reduced (P<0.01), and the #excitability ratio was increased (P<0.05). $The
stimulus intensity that evokes half maximum sfEPSP (Ih) was significantly lower when compared to Th of the PSA. Slope factor S for both PS-
amplitude and sfEPSP was comparable between vehicle and corticosterone treated slices.
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Figure 1.

Summary of data analysis and stimulation paradigms. PSA and sfEPSP were determined as shown in A. Figure B shows that the
half maximal stimulation intensity (Ih) of the sfEPSP was lower than Ih of the PSA. Input-output curves were fitted using a

Bolzmann equation and maximum response and 1h were calculated (C). Primed burst stimulation (D1) and theta-burst stimula-

tion (D2) were used to evoke synaptic potentiation (see text for details).

Statistical analysis
Values for the maximal response and half maximal stimulus intensity were compared between control and

treatment groups, using ANOVA. Comparison of synaptic responses over time (before and after repetitive
stimulation) between control and treatment groups were performed with analysis of variance for repeat-
ed measures (MANOVA). In both cases, p < 0.05 was accepted as indicating significant differences.

Results

Corticosterone and synaptic plasticity
We first addressed the question whether corticosterone (100 nM), administered to hippocampal slices for

20 minutes modulates synaptic plasticity in the CA1 area later on. When all animals in this series were

- e
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taken together, basal plasma corticosterone levels after decapitation were comparable between mice from
which slices were treated either with vehicle (39.0 = 9.6 ng/ml, n=28) or corticosterone (36.9 = 13.1
ng/ml, n=23). This supports that in slices treated with vehicle mostly MRs were occupied, whereas in
slices treated with 100 nM of corticosterone MRs as well GRs were fully activated (De Kloet, 1991).
After treatment with corticosterone, the maximal sfEPSP was significantly reduced compared to vehicle
treated slices (Table 1: vehicle: -3.23 = 0.42 mV/ms; corticosterone: -1.98 = 0.18 mV/ms), although the
stimulus intensities and slope factor of the input-output relationship were comparable. The stimulus
intensity required to induce half maximal responses for the PSA was significantly higher than for the
sfEPSP, both in the control and the corticosterone treated groups. In contrast to the maximal sfEPSP, the
maximal PSA was not altered after corticosterone treatment. Consequently, the excitability ratio (defined
as amplitude of the population spike divided by the slope of the fEPSP) was increased after corticosterone
treatment (Table 1). Input-output data for both the PSA and sfEPSP were comparable between stress and
naive animals (data not shown).

Primed burst stimulation was applied at two different stimulus intensities: half maximal stimulation
intensity of the sfEPSP (relatively weak stimulus, figure 2A) or half maximal stimulation intensity of the
PSA (relatively strong stimulus, figure 2B). In both cases primed burst stimulation enhanced synaptic effi-
cacy, although the magnitude of potentiation was larger when using a relatively strong stimulus com-
pared to weaker stimulus (amount of potentiation at t=50 min. of 146% = 10 and 114% = 7, respective-
ly). Corticosterone treatment significantly ([F(1,18)=13.861; p<0.01]) reduced primed burst potentiation
when recording the sfEPSP, i.e. when a relatively weak stimulus was applied throughout the experiment
(figure 2A). In contrast to the sfEPSP, primed burst potentiation of the PSA -using a stronger stimulus
intensity- was not affected by corticosterone ([F(1,11)=0.053; p=0.82], figure 2B).

#E
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In an additional set of experiments, we recorded synaptic potentiation using a more rigorous stimulation
paradigm- i.e. theta burst stimulation. In accordance with the more rigorous stimulation paradigm, theta
burst stimulation robustly increased synaptic plasticity in the hippocampal CA1 area of both the slope
of the fEPSP (figure 3A) and population spike amplitude (figure 3B). Although potentiation of the sfEPSP
was somewhat reduced shortly after repetitive stimulation in the corticosterone treated group, no signif-
icant effects of corticosterone on synaptic plasticity were observed when looking over the entire 1 hr peri-
od after theta burst stimulation ([F(1,15)=2.387;p=0.14], figure 3A). Also, corticosterone did not mod-
ulate synaptic potentiation of the population spike amplitude ([F(1,10)=1.086; p=0.32], figure 3B).
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L tion in CA1 dendritic field (A,
E T T + T T T 1 vehicle n=10 and corticosterone
LE =1 0} 10 20 ol 40 n=8) or cell layer (B, vehicle n=6
Time {min) and corticosterone n=6).

Stress and synaptic plasticity

In order to compare the effect on synaptic potentiation of rises in corticosterone concentration from exoge-
nous and endogenous sources, we performed experiments in which mice were subjected to a psychosocial
stressor prior to in vitro recording. The psychosocial interaction between the rat and mouse resulted in a
significant elevation of plasma corticosterone levels in the stressed mice (167.8 = 21.0 ng/ml, n=11) when
compared to control animals (27.4 = 7.9 ng/ml, n=13). In contrast to the effects of corticosterone, no effects
of stress were seen on maximal sfEPSP (naive animals -4.3 = 0.9; stressed animals =3.2 = 0.57).

As in the earlier set of experiments in which corticosterone was administered exogenously, two stimulus
intensities were applied in slices from stressed or control mice: 1) a stimulus intensity that evoked the
half maximum PSA (relatively strong stimulus intensity) or 2) a stimulus intensity that evoked the half
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maximum sfEPSP (weaker stimulus intensity). Figure 4A shows that following primed burst potentiation,
the sfEPSP was increased in the control group (141% = 9 at t= 50 min.). A significant reduction
([F(1,12)=5.055; p<0.05]) of the primed burst potentiation was observed after prior exposure to a psy-
chosocial stressor (111% = 9 at t= 50 min.). By contrast, no significant changes in primed burst poten-
tiation were observed when recording the PSA, i.e. using a stronger stimulus intensity (F(1,11)=2.326;
p=0.16], figure 4B).
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Discussion

Stress is known to reduce synaptic potentiation in the CA1 hippocampal area of rodents (Diamond et al.,
1994; Foy, 1987; Kim et al., 1996; Mesches et al., 1999; Shors et al., 1989). Although stress results in
elevation of corticosteroid levels, it is not unequivocal whether corticosterone -and more specifically
GRs- mediate the stress-induced attenuation of synaptic potentiation. Thus, earlier studies indicated that
non-steroid factors released after stress, i.e. opioid hormones, are involved in this phenomenon (Shors et
al., 1990b; Shors et al., 1990c¢). In support for a role of corticosterone, and GRs in particular, in modu-
lating hippocampal synaptic efficacy a more recent study, using a different stress paradigm, showed that
a stress-induced shift in the propensity to evoke synaptic depression versus potentiation requires protein
synthesis and is blocked by the GR-antagonist RU 38486 (Xu et al., 1998b). Another matter of debate
is whether the stress-induced attenuation of synaptic potentiation is directly aimed at the hippocampus
or critically involves other brain regions which in turn project to the hippocampus. Recently, it was
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shown that the integrity of the amygdalar complex is important for the development of stress effects on
hippocampal synaptic plasticity (Akirav, 1999; Kim, 2001). This opens the possibility that stress expo-
sure primarily affects amygdala rather than hippocampal function. We hypothesized that if stress-
induced modulation of hippocampal synaptic plasticity is mostly due to corticosterone acting at the level
of the hippocampus, it should be possible to mimic this modulation by directly applying the hormone to
hippocampal slices. So far, only one study reported such direct effects, but this involved an extremely
high dose of corticosterone (5 pM) which is likely to act through a non-genomic pathway; accordingly,
relatively rapid effects were reported (Rey et al., 1994).

In the present study in adrenal intact mice we therefore tested the hypothesis that corticosterone ham-
pers hippocampal synaptic plasticity by directly acting at the level of the hippocampal formation. The
dosage of corticosterone (100 nM) applied to the hippocampal slices is sufficient to activate both MRs
and GRs (Karst, 2000) and the genomic nature of effects by thus applied corticosterone is supported by
the long delay between corticosterone treatment and recording (1-4 hrs). Moreover, exogenous applica-
tion of 100 nM corticosterone to slices from adrenal intact mice earlier changed hippocampal calcium
currents through a mechanism involving binding of GR-homodimers to the DNA (Karst, 2000).

We first established the effect of acute in vitro corticosterone treatment on basal input-output character-
istics. It appeared that the maximal sfEPSP but not the PSA was significantly reduced after corticosterone
treatment. Although few earlier studies specifically addressed this issue, some studies indeed found sim-
ilar results after corticosterone application (Karten et al., 1999); in one study, though, 100 nM corticos-
terone was found to also reduce the PSA (Vidal et al., 1986). The reduction of the fEPSP by corticos-
terone is important, since it may indirectly influence the apparent hormonal effects on synaptic potenti-
ation. Thus, recording baseline synaptic transmission with a relatively (on the input-output curve) high
stimulus intensity (relative large signals) is expected to result in less pronounced potentiation than when
using a lower baseline stimulus intensity. Since we found that corticosterone reduces the maximal sfEPSP,
it is therefore pivotal to record baseline synaptic transmission at half maximum stimulus intensities in
order to get potentially the same amount of potentiation in vehicle and corticosterone-treated slices. The
corticosterone-evoked change in basal input-output relationships may therefore partly explain the earli-
er reported attenuation of synaptic plasticity. In contrast to corticosterone treated slices, no differences
in input-output data (including maximum slope of the sfEPSP) were found after exposure to stress. This
may indicate that corticosteroid reductions in baseline synaptic transmission are compensated by other
factors that accompany exposure to aversive stimulation. In this respect it is very interesting that CRH
has recently been demonstrated to increase baseline synaptic transmission in the hippocampal formation
(Blank et al., 2002). However, even when stimulating with half maximal intensity, we presently found
that corticosterone reduces synaptic potentiation of the sfEPSP, though not of the PSA. The latter was
not caused by a general inability to influence synaptic potentiation of the PSA, since modulation of the
PSA using the same protocol was earlier demonstrated e.g. in transgenic mice with a comparable C57/Bl6
background (Krugers et al., 1997). The dissociation between corticosterone effects at the level of dendrit-
ic and somatic potentials may signify that these potentials are differentially affected by the hormone. This
cannot be excluded presently. Alternatively, the findings can be explained by the fact that synaptic poten-
tiation of the sfEPSP involves a lower absolute stimulus intensity than the PSA. In this view, only mild
stimulation conditions allow appearance of corticosteroid effects on synaptic potentiation. Indeed, many
studies demonstrating a suppressive effect of corticosterone or stress on synaptic plasticity used a rela-
tive low stimulus intensity to induce potentiation (Diamond et al., 1992; Diamond et al., 1994; Mesches
et al., 1999). This interpretation is supported by our observations that corticosterone was less effective
in attenuating synaptic potentiation when using a more rigorous stimulus paradigm, i.e. theta versus
primed burst stimulation. The lower effectiveness of high frequency stimulation (i.e. 100 Hz for 1 s) ver-
sus primed burst stimulation was also found in an earlier study, addressing effects of psychosocial stress
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on synaptic potentiation in rats (Mesches et al., 1999). To fully prove the view that corticosterone only
affects synaptic potentiation when using mild stimulus conditions, it will be necessary to compare corti-
costerone effects on PS-amplitude as well as sfEPSP at several stimulation intensities. Unfortunately, this
is not feasible with extracellular recording: with half-maximal stimulus intensity for the sfEPSP, the PSA
is too small and variable for reliable analysis, while half-maximal stimulation intensity for the PSA
already evokes a near-maximal sfEPSP.

In conclusion, the present study shows that corticosterone directly applied to mouse hippocampal slices
can indeed attenuate synaptic potentiation, though probably only under mild stimulation conditions. The
cellular mechanism underlying this phenomenon needs further examination in the future with whole cell
recording. However, the notion that corticosteroids only modulate hippocampal synaptic responsiveness
with mild stimulation may indicate that corticosteroids influence post-synaptic properties that determine
whether summation of post-synaptic currents can occur. One way corticosteroids could reduce synaptic
potentiation is by increasing the K+-mediated Ca2+- dependent afterhyperpolarization (Joéls and de
Kloet, 1989; Kerr et al., 1989). Moreover, one may speculate that corticosteroids reduce glutamate-recep-
tor (e.g. NMDA-) mediated currents thereby diminishing Hebbian synaptic plasticity. Alternatively, cor-
ticosteroids may reduce presynaptic release properties of hippocampal CA1 synapses (Zhou et al., 2000).
Intracellular or whole cell recordings are required to resolve these issues.

Interestingly, we noted that synaptic potentiation was attenuated to a comparable degree after psychoso-
cial stress exposure, indicating that the influence of other brain regions or stress-released factors other
than corticosterone is limited. Under the present recording conditions stronger forms of repetitive stim-
ulation, e.g. bursts at theta frequency, may nevertheless involve other parts of the brain, which explains
the critical role of the amygdala for hippocampal potentiation during stress exposure as described recent-
ly (Akirav, 1999; Kim, 2001).
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Chronic Unprec/lcfab/e stress impairs long-term
potentiation in rat hippocampal CA1 area and
dentate gyrus in vitro

D.N. Alfarez, M. Joéls and H. ]J. Krugers

European Journal of Neuroscience, 2003 Vol. 17: 1928-1934
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Abstract

Rises in corticosteroid levels e.g. after acute stress impair synaptic plasticity in the rat hippocampus when
compared to the situation that levels are basal i.e. under rest. We here addressed the question whether basal
and raised levels of corticosterone affect synaptic plasticity similarly in animals that experienced chronic
stress prior to corticosterone application. To this end, rats were exposed to a 21-days variable stress para-
digm. Synaptic plasticity was examined in vitro in the dentate gyrus and CA1 hippocampal region, 24 hours
after exposure to the last stressor i.e. when corticosterone levels are basal (low). First we observed that long-
term potentiation was greatly impaired in both CA1 and dentate gyrus after 3 weeks of exposure to vari-
able stress, when recorded under conditions where plasma corticosterone levels are low. Second, adminis-
tration of 100 nM corticosterone in vitro reduced synaptic plasticity in CA1 of control rats, but induced no
further impairment of synaptic plasticity in chronically stressed rats. Third, in the dentate gyrus, corticos-
terone incubation did not affect synaptic plasticity in slices from both control and stressed animals. We con-
clude that i) exposure to chronic variable stress per se reduces synaptic plasticity both in CA1 and dentate
gyrus and ii) acute rises in corticosterone level induce no additional impairment of synaptic plasticity in the
CA1 region of chronically stressed rats. It is tempting to speculate that the stress-induced reduction of hip-
pocampal efficacy provides a cellular substrate for cognitive deficits in hippocampus-dependent learning
tasks seen after prolonged exposure to stressful events.

Introduction

Stressful events are generally remembered well, but exposure to an aversive experience has also been report-
ed to impair the acquisition, storage and retrieval of novel information (Bodnoff et al., 1995a; de Kloet et
al., 1999; Lupien and Lepage, 2001a; McEwen, 2000; Roozendaal et al., 2001). Related to the latter, acute
exposure to an aversive event was found to impair hippocampal long-term potentiation (LTP) (Diamond et
al., 1994; Foy, 1987; Mesches et al., 1999; Shors and Dryver, 1994) which may serve as a cellular model
for learning and memory (Bliss and Collingridge, 1993).

There is considerable evidence that the stress-induced effects on hippocampal synaptic potentiation are
mediated, at least in part, by the stress-evoked release of corticosteroid hormones from the adrenal glands
(Dachir et al., 1993; Diamond et al., 1992; Pavlides et al., 1996; Xu et al., 1998b) and subsequent activa-
tion of the low affinity glucocorticoid receptors (GR) in this area (Reul and de Kloet, 1985). Although the
involvement of other hormones and/or brain regions also may play a role (Akirav, 1999; Blank et al., 2002;
Kim, 2001), we recently showed that high levels of corticosterone can indeed hamper hippocampal synap-
tic potentiation by directly acting at the level of the hippocampal formation (Alfarez et al., 2002).

While the effects of exposure to acute stressful events and elevated corticosteroid hormone levels on
synaptic efficacy are well described, little is known about the effects of prolonged stress on hippocampal
synaptic function. Thus, while chronic stress is known to alter hippocampal morphology (McEwen,
1999) and produces deficits in cognitive performance in hippocampus-dependent learning tasks (Krugers
et al., 1997; Luine et al., 1996), it remains to be addressed whether rises in corticosteroid levels also
impair hippocampal synaptic efficacy in animals that experienced a prolonged period of stress earlier on.
Although recent studies suggest that chronic stress indeed modulates hippocampal synaptic plasticity
(Gerges et al., 2001; Pavlides, 2002), the above question was not answered in these studies since synap-
tic plasticity could not be examined with basal corticosteroid levels due to the experimental design.
Therefore, we presently examined whether exposure to chronic stress alters hippocampal synaptic plas-
ticity later on i) when corticosteroid levels are low and ii) when steroid levels are raised in vitro. To
address these questions we first recorded hippocampal synaptic plasticity in vitro in various hippocam-
pal subfields from control and chronically stressed animals twenty-four hours after exposure to the last
stressor. At this time point plasma corticosterone levels are low and occupy almost exclusively mineralo-
corticoid receptors (MRs; De Kloet, 1991). Second, we studied whether elevated corticosteroid-hormone
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levels (activating GRs in addition to MRs) affect synaptic plasticity in slices from control and chronical-
ly stressed animals. Therefore slices were treated in vitro with corticosterone levels high enough to acti-
vate GRs in addition to MRs.

Materials and Methods

Animals

The local committee on Animal Bioethics of the University of Amsterdam approved all experiments. Male
Wistar rats (Harlan CPB, The Netherlands), weighing 100-150 g at the start of the stress regime or han-
dling procedure were used. The bodyweight increased to approximately 260 gr at the end of the experi-
mental procedure, and animals were considered adult (approximately 11 weeks of age) at the moment of
electrophysiological recordings. All animals were housed in pairs for at least 7 days before experimental
procedures started. Food and water were provided ad libitum, lights were on from 8:00 a.m. until 8:00
p.m. and the temperature was kept between 20-22°C.

Stress paradigm

A 21-day variable stressor paradigm was used to induce chronic stress (Herman et al., 1995; Karst and
Joéls, 2003). The following stressors were used: (1) Immobilization: rats were placed in plastic immobi-
lization cages for 1h; (2) Cold immobilization: rats were placed in plastic immobilization cages in a cold
room (4 °C) for 1h; (3) Vibration: rats in group-cages were placed on top of an orbital shaker and shak-
en for 1 h at 30 rev/min.; (4) Isolation: rats were moved to individual cages for a 24-hour period; (5)
Crowding: rats were housed 4-6 per cage for a 24-hour period; (6) Swim: rats were placed in a plastic
container filled with water (25-30°C ) for 30 min.; (7) Cold-water swim: rats were placed in a plastic
container filled with water (10-15°C) for 5 minutes. The different stressors were distributed randomly.
Two different stressors were administered per day, one in the morning and one in the late afternoon. Rats
were not exposed to cold twice on the same day. Control rats were removed from their cages, handled
briefly and weighed, for 21 days.

Slice preparation and corticosterone treatment

Twenty-four hours after exposure to the last stressor, rats were decapitated between 9 and 10 a.m. when
plasma corticosterone levels are low. Trunk blood was collected for plasma corticosterone level analysis by
means of a radio immunoassay (RIA). Adrenals and thymus gland were collected, cleaned, and weighed.
Immediately after decapitation, the brain was dissected from the skull and chilled (at approximately 4
°C) in artificial cerebrospinal fluid (ACSF) containing (in mmol/L): NaCl 120, KCI 3.5, MgSO4 5.0,
NaH2PO4 1.25, CaCI2 0.2, D-Glucose 10, and NaHCO3 25.0, gassed with 95% O2 and 5% CO2.
Hippocampal slices, 400 pm thick, were prepared with a vibroslicer (Leica VT 1000S). Briefly, frontal
lobes and cerebellum were removed and the dorsal side of the brain was glued on the slicing plateau.
Coronal slices were prepared and incubated at room temperature in recording ACSF containing (in
mmol/L): NaCl 120, KCI 3.5, MgSO4 1.3, NaH2PO4 1.25, CaCl2 2.5, D-Glucose 10, and NaHCO3 25.
After 1 hour, slices were treated in recording-ACSF with vehicle or corticosterone (100 nM in 0.01%
ethanol) for 20 min at 32 °C. Previous studies have shown that this dosage elicits alterations in synaptic
plasticity (Alfarez et al., 2002) and modulates cellular properties that require homodimerization of the
GR (Karst, 2000). After at least one hour, slices were transferred to a standard recording chamber and
perfused with oxygenated recording-ACSF (2.3 ml/min) at 32 °C.

Electrophysiology

Bipolar nichrome stimulating electrodes were either placed in the Schaffer collateral/commissural fibers
or in the molecular layer of the dentate gyrus to activate the perforant path. Upon stimulation (pulse
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duration: 150 ms), field EPSPs (fEPSPs) were recorded using a glass microelectrode (2-5 MW filled with
ACSF) that was placed in the stratum radiatum of the CA1 area or in the middle third of the molecular
layer of the dentate gyrus respectively. In both areas, the slope and amplitude of the fEPSP were calcu-
lated (Fig. 1A). For recordings in the dentate gyrus g-aminobutyric acid-mediated activity was blocked
with 10 pM (-)-bicuculline methiodide (Sigma chemicals, (Wang et al., 2000).

Experimental protocol

In each experiment we first determined the maximal fEPSP amplitude and fEPSP slope by gradually
increasing the stimulus intensity (interstimulus interval 30 seconds) until the responses saturated. The
relationship between stimulus intensity and the evoked response was fit by a sigmoidal function:
R(i)=Rmax/(1+exp((i-ih)/(S)), where R(i) is the response at intensity (i), Rmax is the maximal response,
ih is the intensity at which half maximal response is observed, and slope factor S represents an index pro-
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Figure 1

Twenty-four hours after the last stressor, hippocampal sections were cut. Field potentials were recorded in the hippocampal CA1
and dentate gyrus after stimulating the Schaffer collateral/commissural fibers and perforant path respectively. Amplitude of
fEPSP and slope of initial downward phase of fEPSP were determined as shown in A. Input-output curves were fitted using a
Bolzmann equation: R(i)=Rmax/(1+exp((i-ih)/(S)). Maximum response (Rmax), half maximal stimulus intensity (Ibh) and slope
factor S (S) were calculated (B). Primed burst stimulation (C) and theta-burst stimulation (D) were used to evoke synaptic

potentiation (see text for details).

portional to the slope of the stimulus-response curve (Fig. 1B). After determining the half-maximal stim-
ulation intensity of the amplitude, paired-pulse responses were tested at this intensity with interstimulus
intervals (isi) of 20, 40 and 50 ms for CA1 and 20, 40 and 60 ms for dentate gyrus (Bronzino et al., 1997;
Zhou et al., 2000). Next, we recorded baseline synaptic transmission with half-maximal stimulation
intensity for at least 10 minutes. Slices in which the baseline was not stable or where the fEPSP ampli-
tude was < -1.0 mV (CA1) or < -2.0 mV (dentate gyrus) were rejected. After baseline recording, high fre-
quency stimulation was elicited in CA1 or dentate gyrus. Synaptic potentiation in CA1 was evoked using
primed-burst stimulation (PBS) consisting of a single stimulus followed 180 ms later by a burst of 4 stim-
uli at 200 Hz (Alfarez et al., 2002); Fig. 1C). In the dentate gyrus theta-burst stimulation was applied
which consisted of a burst of 4 pulses at 100 Hz, repeated 200 ms later by another burst of 4 pulses at
100 Hz. This train was repeated to a total of 5 times, with an intertrain interval of 30 seconds (Fig. 1D).

——

43



THESIS DEB 07-02-2006 09:35 Pagina 44 $

Chapter 3

44

After high frequency stimulation synaptic responsiveness was recorded for 50 minutes in both CA1 and
dentate gyrus.

Statistical analysis

Synaptic potentiation after high frequency stimulation was represented as percentage change from base-
line. Comparison of synaptic responses over time between control and chronic stress group was per-
formed with analysis of variance for repeated measures (MANOVA). Values for the input-output curves
were compared using ANOVA and student t-test. All data are expressed as average = standard error of
the mean (SEM). P values <0.05 were considered significantly different.

Results

Chronic stress parameters

Body weight values and organ weights of control and stressed animals are shown in Table 1. While con-
trol animals gained considerable body weight during the course of the experiment, chronically stressed
rats showed less body weight gain during the experiment when compared to the control animals [F
(1,21)=5.11; P<0.05].

In addition, stressed animals displayed adrenal hypertrophy when corrected for body weight [F
(1,21)=7.77; P<0.05] while thymus weight was reduced in chronically stressed animals [F (1,21)=5.88;
P<0.05]. Taken together, these data strongly indicate that animals included in the present study were
chronically exposed to elevated corticosteroid levels during the 21 days stress paradigm. One day after
the last stressor, plasma corticosterone levels were low again and not significantly elevated when com-
pared to the control rats (controls: 2.2 mg/ml = 1.3, chronic stress: 4.7 mg/ml = 2.5).

Table 1. Effects of chronic stress on body weight gain, adrenal weight and thymus weight

Control Chronic Stress
Body weight gain (% initial body weight] 93.3 = 8.3 73.3 + 6.8 %
Adrenal weight mg) 39.0 = 2.0 45.0 2.7
Adrenal weight (mg/ 100 g body weight] 14.4 + 0.6 179+ 1.0 *
Thymus weight (mg) 658.7 = 8.2 548.7 £22.3 *
Thymus weight [mg/100 g body weight) 249.2 + 18.6 217.6 + 7.5

Exposure to various unpredictable stressors for 21 days attenuated bodyweight gain, increased adrenal weight corrected for
body weight and reduced thymus weight. Plasma corticosterone levels were not significantly different between control and

stressed animals 24 hours after the last stressor. * indicates p< 0.05 vs. the control group.

Input-output curves

Input output curves were created in order to verify whether exposure to the 21-day variable stress para-
digm and/or brief application of corticosterone influenced basal circuitry properties in CA1 area and den-
tate gyrus. Parameters of the input-output curves of the CA1 and dentate gyrus are shown in Table 2.
In our current experimental set-up we found that in control animals basal characteristics of synaptic cir-
cuitry were different between the CA1 area and the dentate gyrus of control animals: the maximal
response (Rmax) was higher in dentate gyrus when compared to CA1 [F (1,56)=17.6; P<0.01]; half max-
imal stimulus intensity (ih) higher in CA1 area when compared to the dentate gyrus [F (1,58)=4.36;
P<0.05] and slope factor S, higher in CA1 compared to the dentate gyrus [F (1,56)=10.15; P<0.03].
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However, both in CA1 and dentate gyrus, basal characteristics were not different after exposure to the
21-day variable stress paradigm when compared to slices from control animals. Also slices from control
and chronically stressed animals that were treated with corticosterone compared to vehicle-treated slices
did not exhibit significantly different basal characteristics.

Paired pulse stimulation

In the CA1 area, paired pulse stimulation in slices from control animals treated with vehicle resulted in
facilitation of the second response (when compared to the first response) at all interstimulus intervals
that were tested (20, 40 and 50 ms; Fig. 2A). In chronically stressed animals we found that paired pulse
facilitation was significantly enhanced at interstimulus interval 40 ms, when compared to control ani-
mals (Fig. 2A). Corticosterone treatment did not affect paired pulse responsiveness significantly, neither
in the control nor chronically stressed group. The observed reduction of paired pulse facilitation at 50
ms of the control group treated with corticosterone compared to the untreated control group did not
reach statistical significant difference.

In the dentate gyrus, the paired pulse ratio in control slices was approximately 1. In addition, the paired
pulse ratio was comparable between the control group and all experimental groups (Fig. 2B). This indi-
cates that both the medial and lateral perforant path were stimulated during recordings in the dentate
gyrus (Bronzino et al., 1997; Colino and Malenka, 1993).
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Figure 2

Paired pulse responses in CA1 area (A, interstimulus intervals 20, 40, 50 ms) and dentate gyrus (B, interstimulus interval 20,
40, 60 ms). Chronic stress facilitated paired pulse responsiveness in CA1 area significantly at interstimulus interval 40 ms com-

pared to slices from control animals, * indicates P< 0.05.

Synaptic plasticity

In the CA1 area, synaptic potentiation was evoked by primed-burst stimulation. This resulted in a stable
potentiation over time in slices from control animals. By contrast, synaptic potentiation was completely
blocked in slices from chronically stressed animals ([F(1,10)=7.004; p<0.05]; Fig. 3). As reported before
(Alfarez et al., 2002), we found at present that brief administration of corticosterone to hippocampal
slices reduced synaptic potentiation in the CA1 area later on ([F(1,8)=5.93; p<0.05], Fig. 3B). By con-
trast, corticosterone treatment of slices from chronically stressed animals did not modulate synaptic effi-
cacy when compared to vehicle-treated slices of chronically stressed animals (Fig. 3).

In the dentate gyrus, theta burst stimulation evoked long-term synaptic potentiation in slices from con-
trol animals (Fig. 4B). Slices from chronically stressed animals displayed potentiation of the fEPSP ampli-
tude immediately after high frequency stimulation (Fig. 4A). Synaptic potentiation then declined rapidly
to that observed before high frequency stimulation levels ([F(1,8)=14.32; P<0.01]; Fig. 4B).
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Corticosterone treatment of slices from both control and chronically stressed animals did not influence
synaptic potentiation (Fig. 4).
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Figure 3

Potentiation of the amplitude of the fEPSP after Primed Burst Stimulation in area CA1. A Short term potentiation (potentia-
tion recorded over the first 10 minutes after primed-burst stimulation) is significantly reduced in stressed animal, and slices
from stressed animals treated with corticosterone. B Moreover, long-term potentiation (potentiation recorded over the last 10
minutes) is significantly reduced in corticosterone treated slices as well as slices from chronically stressed animals with and
without corticosterone treatment. (control n=6; chronic stress n=10; control + corticosterone n=8; stress + corticosterone n=6)
* indicates P< 0.05 Inset: representative fEPSPs from control and chronic stress group. Baseline response and response 40-50

min. post-tetanus are shown for both groups.
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Figure 4

Potentiation of the amplitude of fEPSP after theta-burst stimulation in the dentate gyrus A Neither corticosterone, nor expo-
sure to stress influenced short-term synaptic potentiation B However, long-term potentiation (potentiation recorded over the
last 1o minutes) was significantly impaired in slices from animals exposed to prolonged stress. (Control n=7; Chronic stress
n=38; control + CORT n=7; Stress + CORT n=6)

* indicates P< 0.05 Inset: representative fEPSPs from control and chronic stress group. Baseline response and response 40-50

min. post-tetanus are shown for both groups.
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Discussion

In this study we examined hippocampal synaptic plasticity in slices from animals that were exposed to
various mild stressors twice a day for 21 days. We found that exposure to this chronic stress paradigm
drastically reduced synaptic plasticity in both the CA1 area and the dentate gyrus twenty-four hours after
exposure to the last stressor (when plasma corticosterone levels are low). Acute administration of corti-
costerone to slices from control animals reduced synaptic plasticity in the CA1 area but not in the den-
tate gyrus. Brief administration of corticosterone had no apparent effect on synaptic plasticity in the CA1
area or dentate gyrus of chronically stressed animals.

Twenty-one days of exposure to various mild stressors induced classical features of prolonged elevations
of circulating corticosterone levels. Stressed animals showed reduced body weight gain, increased adre-
nal weight and a decrease in thymus weight. In chronically stressed animals basal corticosterone levels
were slightly though not significantly elevated when compared to control animals. The latter implies that
synaptic function and plasticity were investigated under conditions where in both control and stressed
animals MRs but not GRs were extensively activated (De Kloet, 1991). Importantly, there is presently no
experimental evidence to support that the relative MR occupation was largely altered in animals subject-
ed to unpredictable stressors for 21 days. Thus, no changes in MR- and GR-mRNA expression and bind-
ing in hippocampus were observed in other studies (Herman and Spencer, 1998; Paskitti et al., 2000) as
well as in tissue from the animals included in the present study (E. van Riel & M. Joéls, unpublished
observation). The current investigation of synaptic plasticity under conditions of predominant MR acti-
vation differs from that in other recent studies (Gerges et al., 2001; Pavlides, 2002), where GRs were like-
ly to be extensively activated due to the anesthetics used during the in vivo experiments.

The fact that synaptic potentiation under conditions of predominant MR activation was markedly
impaired after prolonged exposure to aversive events can be explained in several ways. First, it is feasi-
ble that basal membrane properties (e.g. resting membrane potential and input resistance) were changed,
which could have large consequences in view of the voltage-dependency of the NMDA-receptor that is
essential for synaptic potentiation (Bliss and Collingridge, 1993). This seems unlikely though, since
synaptic function before high frequency stimulation as established with input-output relations was not
significantly affected by chronic stress in either the CA1 area or dentate gyrus. Yet, a more in depth inves-
tigation, also at the single cell level, would be necessary to exclude this possibility. Second, the data could
be explained by a reduced capacity or functionality of AMPA receptors. Again, this is unlikely since basal
transmission -which is largely mediated by AMPA receptors- was not significantly depressed by chronic
stress. Furthermore, whole cell recording of dentate granule cells (Karst and Joéls, 2003) as well as CA3
pyramidal neurons(Kole et al., 2002a) also showed no changes in AMPA receptor mediated responses
one day after chronic stress exposure, under comparable experimental conditions. Furthermore, AMPA
receptor subunits in hippocampal subfields were either not changed or even increased in expression after
chronic stress (Schwendt and Jezova, 2000; Watanabe et al., 1995). Third, reduced capacity or function
of NMDA receptors could be considered as explanation of the present findings. Earlier data do not sup-
port this. Whole cell recording in CA3 pyramidal neurons revealed enhanced rather than reduced
NMDA-receptor function after chronic stress (Kole et al., 2002b), while in the dentate no changes were
observed (Karst and Joéls, 2003). Data about CA1 pyramidal cells, though, are presently lacking. As with
the AMPA receptors, NMDA receptor subunit expression was found to be enhanced or not changed after
chronic stress (Schwendt and Jezova, 2000; Watanabe et al., 1995; Weiland et al., 1997). Interestingly,
the stress-induced enhancement of NMDA-responses in CA3 neurons suggests the possibility that chron-
ic stress and synaptic potentiation converge onto the same pathways. If this also occurs in CA1 neurons,
this could result in occlusion of synaptic potentiation after a period of chronic stress, according to the
principles of the sliding-threshold theory (Abraham and Bear, 1996; Bienenstock et al., 1982). The most
likely explanation for the reduced synaptic potentiation after chronic stress is that processes downstream
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of the glutamate receptor activation are impaired. This could for example relate to altered Ca2+-home-
ostasis of CA1 pyramidal cells. Thus, corticosteroids are known to strongly modulate Ca2+-influx
through voltage gated Ca2+-channels (Karst, 2000). In GR knock-out mice -which are chronically
exposed to very high corticosteroid levels due to dysfunctional negative feedback- Ca2+-currents of CA1
pyramidal neurons were markedly enhanced (Hesen et al., 1996). Ca2+-influx through voltage-gated
Ca2+-channels is known to play a role in synaptic potentiation (Grover and Teyler, 1990; Magee and
Johnston, 1997) but could also interfere with NMDA receptor properties (Li et al., 2002). Also, changes
at the level of second messenger systems could interfere with the efficacy to induce synaptic potentiation.
These changes are not necessarily linked to rises in corticosteroid level during chronic stress exposure,
but could also depend on alterations in the central CRH system (Blank et al., 2002). In depth investiga-
tion of this possibility is necessary in future studies.

While GR activation by 100 nM corticosterone in vitro reduced synaptic potentiation in the CA1 area of
control slices -in agreement with earlier findings (Alfarez et al., 2002)-, administration of the same dose
of corticosterone had no apparent effect in tissue from chronically stressed rats. This may have been
caused by a reduced GR capacity or function. The former explanation seems unlikely, since data about
GR binding and mRNA expression from others (Herman and Spencer, 1998; Paskitti et al., 2000) as well
tissue from the animals presently investigated (E. van Riel & M.]Joéls; unpublished observation) show lit-
tle change after chronic stress. Moreover, GR functionality after chronic stress seems to be enhanced
instead of reduced, due to prolonged DNA-interactions of GRs (Kitchener et al., 2004). It seems most
likely that no additional effect of GR activation on synaptic potentiation could be seen, on top of the
strong impairment already induced by prior chronic stress exposure. If so, this would largely hamper the
potential of CA1 neurons to respond to novel stressors in animals that earlier experienced a prolonged
period of stress. A similar lack of effect of in vitro administered corticosterone was observed in the den-
tate gyrus, but here the effects in control animals already did not reach significance. This underlines that
GR-dependent effects on synaptic transmission in dentate gyrus may differ from those in the CA1 area,
in line with earlier observations (Stienstra and Joéls, 2000).

One of the current views about memory formation is that neurons are activated in temporal patterns,
thereby changing the strength of synaptic connections (Chrobak et al., 2000). Based on our findings that
prior exposure to prolonged stress largely hampers the potential to strengthen synaptic connections
under basal rest conditions and thereby precludes additional effects of acute GR activation in the CA1
area, one would predict that exposure to chronic stress hampers the acquisition of novel, hippocampus-
dependent information. Chronic stress has indeed profound effects on cognitive performance: chronic
stress was found to inhibit the acquisition of novel spatial, hippocampus-dependent information
(Krugers, 1997; Luine et al., 1996). Our current results may therefore provide a cellular substrate for the
cognitive impairment in hippocampus-dependent learning tasks as seen after prolonged exposure to aver-
sive events.
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Abstract

Numerous studies have shown that chronic exposure to high levels of corticosterone can affect dendrit-
ic morphology of hippocampal cells. Less information is available about the effects of brief corticos-
terone administration. To examine this, we studied the effect of corticosterone on CA1 pyramidal neu-
ronal morphology in hippocampal organotypic slice cultures. Two doses of corticosterone (30 and 100
nM) were tested, which both activate the low affinity glucocorticoid receptor. Dendritic morphology and
spine density of CA1 neurons was established by imaging neurons filled with the fluorescent dye Alexa.
Application of 100 nM corticosterone for 20 minutes induced atrophy of the apical dendritic tree. Fractal
analysis showed that total neuronal complexity was reduced two-fold when compared to vehicle treated
neurons. Exposing organotypic slices to 30 nM corticosterone affected apical length in a time dependent
way: neurons filled more than 2 hours after exposure to corticosterone showed atrophy of the apical den-
dritic tree. Blocking the glucocorticoid receptor by treating the slices prior the corticosterone treatment
with RU486 prevented dendritic atrophy caused by both corticosterone concentrations. In addition to the
effects on dendritic morphology, we examined spine density after corticosterone treatment. Neither 30
nor 100 nM of corticosterone affected spine density significantly. Our results suggest that high levels of
corticosterone, via activation of the glucocorticoid receptor, induce dendritic atrophy. These findings may
at least in part explain the suppressive effects of corticosterone on hippocampal synaptic plasticity.

Introduction

Glucocorticoid hormones which are released from the adrenals in a circadian rhythm and after exposure
to stressful events have profound effects on hippocampal synaptic plasticity as well as on hippocampal
dependent learning and memory processes. In general, there is considerable evidence that the release of
corticosteroid hormones during a (moderate) stressful learning task facilitates the consolidation of the
memory for that event (Akirav et al., 2001; Cordero et al., 1998; Diamond et al., 1992; Sandi et al.,
1997), while suppressing learning processes that take place some time after the stress-related rise in cor-
ticosteroid levels (Kirschbaum et al., 1996; McGaugh and Roozendaal, 2002; Roozendaal et al., 1996;
Wolf, 2003). Accordingly, when synaptic plasticity is studied, stress and elevated corticosteroid hormone
levels have been reported to facilitate hippocampal synaptic potentiation when given around induction
of potentiation (Korz and Frey, 2003), but to impair synaptic plasticity induced by high frequency stim-
ulation one to four hours after application of corticosterone (Alfarez et al., 2002; Kim and Diamond,
2002; Pavlides et al., 1995a).

In the brain, corticosteroid hormones act via the high affinity mineralocorticoid receptor (MR) and the
lower affinity glucocorticoid receptor (GR), which both are abundantly present in the adult hippocam-
pal formation (de Kloet et al., 2005; McEwen et al., 1968; Reul and de Kloet, 1985). Upon binding to
corticosterone, these receptors influence brain function by modulating gene transcription, either as
homodimers or as monomers via protein-protein interactions with other transcription factors (Beato et
al., 1995; Reichardt et al., 1998). Both MRs and GRs have been implicated in the effects of corticos-
terone on learning and memory processes and synaptic plasticity (de Kloet et al., 1999; Joéls, 2001).
An important question that remains to be addressed is exactly how exposure to stressful events and ele-
vated corticosteroid hormone levels affect hippocampal synaptic plasticity. Remodelling of synaptic net-
works through an activity-dependent formation or elimination of synaptic connections is believed to con-
tribute to synaptic plasticity, information processing as well as long-term memory (Geinisman, 2000;
Jourdain et al., 2003; Muller et al., 2002; Nikonenko et al., 2002). Prolonged exposure to stress and ele-
vated corticosteroid hormone levels have been reported to cause dendritic atrophy of hippocampal CA3
pyramidal cells (Magarinos et al., 1996; Sousa et al., 2000), along with suppressed learning performance
(Sousa et al., 2000). In contrast, it has recently been demonstrated that exposure to two days of social
defeat increases rather than decreases dendritic arborization of CA3 neurons with a concomitant impair-
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ment of LTP even when observed with a 21 days delay after the stressful event (Kole et al., 2004). Taken
together these data indicate that hippocampal CA3 neurons undergo structural plasticity after stress and
corticosterone exposure, related to changes in learning and synaptic plasticity.

Surprisingly, far less is known about how exposure to stressful events and elevated corticosteroid hor-
mone levels affect hippocampal CA1 dendritic structure. This is remarkable since the hippocampal CA1
area is closely involved in learning and memory processes (Remondes and Schuman, 2004; Riedel and
Micheau, 2001). Both lesioning studies and studies in transgenic mice with genetic disruptions in the hip-
pocampal CAT1 area point to an important role of this region in acquisition and consolidation of long-
term spatial memory (Giese et al., 1998; Remondes and Schuman, 2004; Winder et al., 1998). Only few
studies have reported that exposure to stressful events alters hippocampal CA1 structural properties. One
study reported that exposure to stress increases spine density in male, but reduces spine density in female
rats after brief exposure to stress when examined 24 hours after the stressor. No effect was observed
immediately after the stressor (Shors et al., 2001). In contrast, evidence for a putatively more rapid action
of corticosterone on dendritic spines comes from a study using acute hippocampal slices exposed to dex-
amethasone, a GR agonist. In this study spinogenesis was observed in CA1 pyramidal neurons within one
hour (Komatsuzaki et al., 2005). Taken together, these studies point out that elevated corticosteroid hor-
mone levels may have differential and dynamic effects over time on hippocampal structure.

In the present study we addressed therefore the question whether a brief exposure to elevated corticos-
teroid hormone levels alters hippocampal CA1 neuronal morphology and dendritic spine density. For this
purpose we used a viable and stable preparation, i.e. hippocampal organotypic slice cultures. First, we
used immunocytochemistry to determine the presence of the MR and GR in this preparation. Next, we
examined the effect of corticosterone at concentrations which activate the glucocorticoid receptor, i.e. as
found after exposure to a stressful event, on dendritic morphology and spine density over time. Finally,
we examined whether the effects of corticosterone on dendritic structure were mediated via the low affin-
ity glucocorticoid receptor.

Materials and Methods

Preparation of organotypic slices

All work was carried out in approval of the UK Home Office regulations and local committee on Animal
Bioethics of the University of Amsterdam. Organotypic slices were prepared using the method of Stoppini
et al. (1991). In brief, under sterile conditions in a flow cabinet, 300 ?m thick parasagittal slices were
prepared from 5-day-old male Sprague-Dawley rat pups. To avoid excess sprouting of granule cell axons
in the dentate gyrus a portion of the entorhinal cortex was left attached to the hippocampal slice (De
Simoni et al., 2003). Each slice was immediately placed on confetti at the bottom of a Millicell culture
plate (Millipore) such that each of six chambers of the plate contained three slices. The slices were kept
at the interface of a serum culture medium: 25% horse serum, 50% minimal essential medium, 23 %
Earle’s balanced salt solution (all from Gibco BRL), 5000 u/100 ml penicillin, 1200 u/100 ml nystatin
(both from Sigma-Aldrich). The medium was changed three times per week. When required at 14-21 days
in vitro (DIV, DIV14-21); individual slices were removed from the incubator. For the GR staining, organ-
otypic slices were exposed to 100 nM corticosterone for 20 min which is known to induce accumulation
of the GR into the nucleus (Nishi et al., 2001).

Immunocytochemistry

To examine the presence and distribution of MRs and GRs in the organotypic slices at DIV 14-21
immunocytochemistry was used and compared with the distribution of MRs and GRs in the hippocam-
pus of male Sprague Dawley rats at postnatal day (PND) 5, PND 19 and at adult age (= 6 weeks old).
Organotypic slices DIV 14-21 were fixed overnight with 4% paraformaldehyde in 0.1 M phosphate
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buffer (PFA-PB, pH 7.4) by immersion fixation. Whole brains from PND 5, PND 19 and adult rats were
quickly removed and immersion-fixed at 4 °C for 24-72 h in 4% PFA-PB. The material was cryoprotect-
ed with a 30% sucrose solution in PB overnight at 4 °C. Coronal sections at 40 pm thickness were
obtained using a sliding microtome. Sections and organotypic slices were stored at 4 °C in PB, pH 7.4,
containing 0.01% sodium-azide until needed.

Glucocorticoid receptor staining

After removal of endogenous peroxidase activity (coronal sections 1% H202 in PB; organotypic slices
0.5 % H202 in PB for 15 minutes), tissue was pre-incubated in 2% normal goat serum in 0.12 M phos-
phate buffer saline containing 0.3% Triton (PBS-Tx) for 1 hour (h) at room temperature (RT). The tis-
sue was then left in primary antibody rabbit anti-GR serum (Morimoto et al., 1996), diluted in PBS-Tx
(1:5000) for 42 h at 4°C. After rinsing in PBS (6x 5 minutes), sections were incubated with biotinylated
goat anti-rabbit IgG (1:200) for 2 h and avidin-biotin—peroxidase (ABC 1:1000) in 0.5% bovine serum
albumin (BSA) and 0.01% PBS-Tx for 2 h. A 3,3’diamino-benzidine (DAB) solution, reinforced with
0.02% Nickel, was used to visualize the antibody (0.50 mg/ml DAB/0.01% H202). Next, sections were
mounted, dehydrated, passed through xylene, and coverslipped with Entellan (Merck).

Mineralocorticoid receptor staining

Mineralocorticoid positive nuclei were identified with a protocol similar to the glucocorticoid receptor
staining. Endogenous peroxidase activity was removed in sections and organotypic slices similar to the
GR protocol (see above). Tissue was incubated with anti-MR primary antibody (MRN 1DS35, generous
gift from C.G.Gomez-Sanchez; University of Mississippi Medical Centre, USA; (Gomez-Sanchez et al.,
2005) diluted in 0.5 M Tris buffer (TB) (1:500) for 48 hr at 4 °C. After rinsing in 0.5 M Tris-buffered
saline (TBS, 6x Smin), sections were incubated with biotinylated sheep anti-mouse IgG (1:200) in 0.3%
TBS-Tx for 2 h and ABC (1:800) TBS-Tx for 2 h. A 3,3’diamino-benzidine (DAB) solution was used to
visualize the antibody (0.50 mg/ml DAB/0.01% H202). Next, sections were mounted, dehydrated,
passed through xylene, and coverslipped with Entellan (Merck).

Corticosterone and RU486 treatment

On the day of the experiment an organotypic slice was taken from the incubator and transferred to a
recording chamber containing ACSF at 32 °C (in mM: NaCl 125, KCL 2.4, NaHCO3 26, NaH2PO4
1.25, glucose 25, CaCI2 2, MgCI2 1, oxygenated with 95% 02-5% CO2). In order to establish the
effects of a brief exposure to corticosterone, slices were treated for 20 min at 32°C with vehicle or two
different doses of corticosterone (Sigma-Aldrich, Steinhoven, Germany, 30 and 100 nM in < 0.01%
ethanol). Previous studies have shown that these dosages activate MR and GR, elicit alterations in synap-
tic plasticity and modulate cellular properties that require homodimerization of the GR (Alfarez et al.,
2003; Alfarez et al., 2002; Karst, 2000; Stienstra and Joéls, 2000). In order to verify the role of the GR,
half of the slices were incubated in RU486 (mifepristone, Sigma-Aldrich, 500 nM) for 10 minutes before
and during exposure to corticosterone. At least 1 h after the treatment with corticosterone or RU486,
slices were transferred to a standard recording chamber and perfused with oxygenated recording ACSF
(2.3 mL/min) at RT.

Imaging

At different time intervals after incubation with corticosterone individual neurons were filled passively
using the whole-cell patch-clamp technique (De Simoni et al., 2003). Intracellular solution contained
(mM): CsClI 140, Hepes 5, EGTA 10, Mg-ATP 2; with pH adjusted to 7.4 with CsOH. Alexa Red (Alexa
Fluor 568, Molecular Probes) 0.2 mg/ml was included in the intracellular solution for morphological
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analysis. After a neuron was filled, the electrode was carefully removed and the slice was fixed in 4 %
paraformaldehyde or imaged straight away for subsequent analysis. Dendritic morphology and spine
density of neurons in the organotypic slices was evaluated using an Olympus Fluoview confocal micro-
scope (generously supplied by Olympus, London, UK) with a Omnichrome series 43 KrAr laser on an
upright Olympus BX50W1 with the following Olympus objectives: 20? water immersion, numerical
aperture (NA) 0.5, 60 x water immersion, NA 0.9, or 60 ? oil immersion, NA 1.4.

Neuronal reconstruction and morphometric analysis

The morphological analysis was performed using Image ] (National Institute of Health, USA,
http://rsb.info.nih.gov/ij/) in combination with the Neuron _Morpho plugin (Giampaolo D’Alessandro,
University of Southampton, UK) and LMeasure (Ruggero Scorcioni, George Mason University, Krasnow
Institute, USA). The overall dendritic morphology of CA1 neurons was analysed using a low magnifica-
tion objective on the confocal microscope, acquiring an image every 1.5 or 2 ?m step in the z-direction.
Using Image ] software together with the macro Neuromorpho and the program LMeasure three param-
eters of the basal or apical tree were measured: branch points, width and total dendritic length. The
branch point indicates a node where the dendrite splits into two. Width of the neuron is calculated after
orienting the dendritic tree along the primary axis. Length is calculated as the total length of all dendrit-
ic segments. LMeasure was also used to make Sholl plots (Sholl, 1953) reflecting the complexity and
exact differences between cells.

The fractal dimension of the neurons was calculated using Flok’s border-dilatation method (Jelinek and
Fernandez, 1998) and NIH Image software. For this analysis, neurons were projected at the same scale,
converted to binary files and skeletonized so that throughout the profile of the neuron all processes were
one pixel in diameter. Low intensity pixels representing background signal were manually removed. The
calculation of the fractal dimension has been validated for assessment of the morphology of neurons (De
Simoni et al., 2003) but also see: (Cannon et al., 1999).

Spine analysis

The spine density was calculated in images from high-resolution confocal scans (60 x water objective)
using the method of DeSimoni et al. (2003). Briefly, spines were counted double-blind in each frame at
high (2.5-3) zoom and the number was divided by the length of the dendrite within the frame. Images
were taken at least 20 pm from the soma, excluding the primary apical tree which is shown to have dif-
ferent spine densities compared to higher order dendrites (De Simoni et al., 2003). In each section of den-
drite chosen, all the spines present were included in the analysis. The basal and apical department of the
neuron was subdivided according to the order of dendrite considered. Of each cell 5-14 compartments
were recorded and analyzed for spine density. In total 1863 pm of dendrite was recorded (ranging
between 100 — 390 pm dendrite per neuron) and analyzed.

Statistical analysis

All data were analyzed using the statistics package SPSS 11.0 (SPSS for Windows). Results are expressed
as means = S.E.M. The numbers quoted throughout refer to the number of cells analyzed. Values for the
total dendritic length and Sholl plot data were compared using ANOVA and Student’s t-test. To evaluate
spine density, ANOVA with post hoc analysis was applied to evaluate group differences. P values < 0.05
were considered significantly different.

Results

Immunocytochemistry
First, specificity of the anti-MR antibody was tested in adult brain-specific MR knockout mice (MR -/-;
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MRCamKIICre) and control mice (MR+/+; MRloxP/loxP) both generously provided by Stefan Berger and
Gunther Schiitz; German Cancer Research Institute, Heidelberg, Germany (Karst et al. 2005 in press).
Figure 1 shows MR-positive cells in the CA1 pyramidal area of the hippocampus in the MR+/+ brain (fig-
ure 1A) while no MR reactivity is observed in the CA1 area of MR-/- mice (B) indicating that the present-
ly applied antibody is highly specific for MRs. At PND 5 (similar age as used to prepare the organotyp-
ic slice cultures), few MR positive cells were present in the hippocampal CA1 area (figure 1C). However,
at both PND 19 (the age comparable to developmental stage DIV 14-19 of the organotypic cultures) and
in adult tissue most CA1 pyramidal cells were found to be immunopositive for MR (figure 1E, G).

The antibody that was currently applied to detect GR positive cells has previously been shown to be spe-
cific for the glucocorticoid receptor (Morimoto et al., 1996). GR immunoreactive cells were present in
hippocampal CA1 pyramidal cells at all ages tested (figure 1D, F, H).

Neuronal structure of the organotypic cultures was assessed using the Nissl method (figure 2 A, B). In
organotypic slices MR positive cells were present in different hippocampal regions with positive nuclei
in the CA1 pyramidal cell layer (figure 2C, D). GR positive cells were also abundantly present in the
organotypic slice culture and the CA1 area (figure 2E, F). Organotypic slice cultures are surrounded by
a glial cover during development in vitro (del Rio et al., 1991). GR-postive glial cells can be responsible
for the dense staining. For all experiments, in absence of the primary antibody no positive immunoreac-
tivity was observed.

Taken together, these studies indicate that both MRs and GRs are present in hippocampal CA1 pyrami-
dal cells in organotypic cultures (DIV 14-21), at the age of the slices when the effects of corticosterone
on dendritic morphology were tested.
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Figure 1

To show the specificity of the antibody (MRN 1D5) it was tested on MR+/+ and MR-/- adult mouse tissue. Hippocampal CA1
area is shown. A) MR immunoreactive cells are found in CA1 pyramidal layer of MR +/+ mice. B) By contrast, no MR
immunoreactive cells are present in the CA1 area of MR-/- mice, indicating the specificity of the presently applied antibody.
Representative examples of immunocytochemistry for MR (A, E, G) and GR (D, F, H) reactivity in CA1 pyramidal cells in PND
5 (C, D), PND 19 (E, F) and adult (G, H) Sprague-Dawley (SD) rat. In the CA1 area in PND 5 animals there is a low amount
of MR positive cells in the CAr area (C). At PND 19, the amount of MR immunoreactive cells is comparable to that present in
adult animals (E, G). All three ages show comparable amount of GR positive cells in the CA1 area (D, E, H).

Figure 2

Organotypic hippocampal slice cultures were used for immunocytochemistry after 14 days in culture. A) Cresyl violet stained
sections illustrate clearly defined neuronal regions CA1, CA3 and dentate gyrus. B) Higher magnification of the CA1 pyrami-
dal layer showing pyramidal cells C) MR immunolabeling is present in all hippocampal regions D) Higher magnification show-
ing strongly positive cells in the CA1 pyramidal region E) GR immunolabeling is present in all hippocampal regions except for
the CA3 area. F) Higher magnification of CA1 area shows positive pyramidal nuclei with surrounding positive glia. CA1: CAt
layer, CA3: CA3 layer, DG: dentate gyrus.
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control

30 nM CORT 30 nM CORT+ RU38486

Figure 3 Projection of cells after treaatment

Exposure of organotypic slices to 30 and 100 nM corticosterone affects CA1 neuronal dendrite structures. Shown are representa-
tive confocal microscopy projections from z-stack images of the different treatments: vehicle, 30 nM corticosterone > 120 min.
after incubation, 100 nM corticosterone, RU486+30 nM corticosterone and RU486+100 nM corticosterone. Note the reduction in

dendritic length on the apical side in the 30 and 100 nM corticosterone group. For further numerical details see Table 1.
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Table 1. Morphological analysis of the dendritic trees of CA1 hippocampal neurons

Basal dendrites Apical dendrites
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number branch points width (pm) length (pm) number branch points  width (pm) length (pm)
Vehicle 17.0 £ 2.2 261.1 = 23.7 1733 = 240 19.2 1.6 234.7 £ 17.8 1937 = 201
100 nM CORT 18.2 £ 3.3 270.7 £ 6.0 1507 = 96 13.2£2.2 242.5 +7.4 998 = 131
30 nM CORT 21.6 +2.9 307.7 = 10.8 1890 = 207 21.8 £ 3.9 251.7 £19.2 1917 = 266
100 nM CORT+RU486 18.5 £ 1.5 287.2 = 12.6 1947 = 405 22.6 +2.7 256.9 +13.9 1908 = 385
30 nM CORT+RU486 23.5+1.9 2574 =211 2081 = 245 19.8 £ 2.4 2453 = 17.1 1804 = 261
RU486 19.7 £ 1.9 302.8+7.9 1700 = 244 26.4 + 6.4 228.7 +31.8 3103 =253

Values represent the mean * S.E.M. Treatment of slices with 100 nM corticosterone induces strong atrophy of the apical tree (** P = o.01) with a concomitant decrease in number

of bifurcations (* P = 0.05). Incubating slices for 1o minutes in RU486 induced apical hypertrophy (1 P = 0.004). No differences were found for parameters of the basal dendritic

tree. Vehicle: n = 8; oo nM CORT: n = 4; 30 nM CORT: n = 8; 100 nM CORT + RU486: n = 5; too nM CORT + RU486: n = 6; RU486: n = 5.
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CA1 neuron morphology

For an overall view of the hippocampal cells, projections were made of low resolution scans (20 x water
immersion objective). Figure 3 shows typical examples of pyramidal neurons receiving different treat-
ments. Results of the morphological analysis are shown in Table 1. While no effects of corticosterone
treatment were found on the total length, width and number of branch points of basal dendrites, the api-
cal dendritic tree showed remarkable alterations upon exposure to corticosterone. Exposure of slices to
100 nM corticosterone induced a significant decrease in the number of nodes in the apical dendritic tree
(P < 0.05) and reduced the total length of apical tree segments when compared to the vehicle group (P <
0.05). Treatment with RU486 prevented the effect of corticosterone on dendritic morphology (Fig 4A,
Table 1).

Next, we compared total apical dendritic length of vehicle and 30 nM corticosterone treated slices.
Exposure of slices to 30 nM corticosterone did not change apical dendritic length when compared to
vehicle treated slices (P=0.9, data table 1). However, plotting the time-delay of filling a neuron after cor-
ticosterone treatment against the apical length, we found a time-dependent decrease in apical dendritic
length: with increasing time after application of corticosterone, dendritic structures reduced significant-
ly (Figure 4B; regression analyses F=0.006). Importantly, slices treated with vehicle or RU486+30 nM
corticosterone showed no significant regression (data not shown). This indicates that 30 nM corticos-
terone also induces hippocampal CA1 neuronal dendritic atrophy but with a much longer delay. To
emphasize the time-dependent effect of corticosterone on dendritic length, we divided the 30 nM corti-
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Figure 4

A) Apical dendritic length in 100 nM CORT treated slices differs significantly from the vebicle-treated group (unpaired t-test
p=0.01); RU468 + 100 nM CORT treatment restored the average length to the level of the vehicle control group. B) 30 nM
CORT treated slices showed a time-dependent effect. Slices imaged > 120 minutes after incubation showed shorter dendrites
(unpaired t-test p<o.os). C) regression analysis showed that the length of apical dendrites decreases significantly over time
(F=0.05). Regression was not significant for the vebicle group (data not shown, F=o.5). D) The length of apical dendrites is sig-
nificantly increased in RU486 treated slices (p<o.01)
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costerone group in two groups: neurons filled within 120 min. after corticosterone exposure and neurons
filled longer than 120 minutes after exposure. Accordingly, total apical dendritic length was significant-
ly reduced at > 2 hours after the corticosterone treatment when compared to the vehicle group (P < 0.05;
Figure 4C). Finally, slices treated with RU486 without corticosterone show a significant increase in api-
cal length when compared to vehicle treated slices (P < 0.01, Figure 4D).

Sholl plot and fractal analysis of the dendpritic tree

In order to evaluate the distribution of dendritic processes across the various sublayers of the CA1l
region, we created Sholl plots (Sholl, 1953). Summed dendritic length is expressed as a function of dis-
tance from the soma in radial bins of 36 pm (Figure 5A, B). Apical atrophy in neurons exposed to 100
nM corticosterone was restricted to dendrites at ~100 and 200 pm distance from the soma (vehicle n =
7; 100 nM corticosterone n = 4; ring 107 P < 0.05; ring 143 and 179 P < 0.01; MANOVA; P = 0.001
Figure SA). Pretreatment with RU486 clearly blocked the corticosterone-induced atrophy, no differences
in Sholl plot values were seen when compared with the vehicle group. Comparing the RU486 group with
the 100 nM corticosterone group shows significantly increased apical length proximal to the soma in the
RU486 group (100 nM corticosterone + RU486; n = 5; ring 36 and 71 P < 0.05; Figure 5A). Sholl plot
analysis from cells filled more than 2 hours after exposure to 30 nM corticosterone showed a significant
decrease of dendritic length compared to vehicle (30 nM corticosterone > 120 min. n = 4; ring 143 and
180 P < 0.01; Figure 5B). No changes were observed in the other groups.

In order to compare the complexity of dendrites in the experimental groups, we used fractal analysis, a
technique that has been used to measure the complexity of pyramidal neurons (De Simoni et al., 2003).
The average fractal dimension (D) of CA1 pyramidal neurons in all groups is shown in Figure 5C. There
was a significant difference between the fractal dimension of the vehicle group and 100 nM corticos-
terone group group (P < 0.05) which indicates that the complexity of the dendritic tree was reduced more
than two-fold by corticosterone.

Spine density

To study the effects of corticosterone on excitatory synaptic connections in more detail we analyzed spine
density after the different treatments. Data from higher order dendritic branches was pooled since previ-
ous research in the same substrate showed that there is no influence of branch order upon spine density
(De Simoni et al., 2003). The results are shown in table 2. No significant effect of corticosterone treat-
ment was found on spine density of the basal or apical dendritic tree.

Table 2. Spine density basal and apical dendritic tree CAt1 pyramidal neurons

spines pm-1 spines pm-1

basal tree apical tree
Vehicle 0.60 = 0.03 0.64 = 0.06
30 nM CORT 0.67 = 0.03 0.77 = 0.09
100 nM CORT 0.65 = 0.06 0.49 = 0.07
30 nM CORT + RU486 0.69 = 0.03 0.72 = 0.02
100 nM CORT+RU486 0.59 = 0.04 0.68 = 0.07
RU486 0.64 = 0.05 0.60 = 0.06

Values represent the mean = S.E.M. There was no effect of corticosterone treatment when basal and apical dendritic spine den-
sity was tested separately. Vehicle: n = 6; too nM CORT: n = 3; 30 nM CORT: n = 4; 100 nM CORT + RU486: n = 4; 100 nM
CORT + RU486: n = 5; RU486: n = 3.
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Figure 5

Sholl analysis was used to evaluate the dis-
tance-dependent distribution of the apical
dendrites. Dendritic length was summed per
radii at 36 um distance, with the middle of the
soma set at zero. A) Comparing vehicle with
100 nM CORT shows that there is a reduction
in dendritic length in the stratum radiatum for
rings at 107, 143 and 180 um distance from
soma (unpaired t-test * P < 0.05 ** P < 0.01).
Comparing the RU486+100 nM CORT group
with 100 nM CORT shows a significant dif-
ference in dendritic length at 36 and 71 um
from the soma (unpaired t-test 1 P < 0.05). B)
Comparing vehicle with 30 nM CORT > 120
min shows that there is a reduction in dendrit-
ic length for the rings at 143 and 180 pum dis-
tance from the soma (unpaired t-test * P <
o0.01). C) Fractal dimension D of CA1 neurons
in the different experimental groups. There is
a significant reduction in dendritic complexity
between vehicle and 100 nM corticosterone

treated groups (unpaired t-test * P < 0.05).
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Discussion

Elevated corticosteroid hormone levels have been reported to exert structural effects on hippocampal
neuronal morphology. In particular hippocampal CA3 pyramidal cells show dynamic changes: 2 days of
mild stress enhanced dendritic arborization of hippocampal CA3 pyramidal cells when examined 21 days
later (Kole et al., 2004) while prolonged exposure to stress reduced dendritic complexity of hippocam-
pal CA3 pyramidal cells (Magarinos et al., 1997; McEwen and Magarinos, 1997; McKittrick et al., 2000;
Sousa et al., 2000). We here show that the effects of corticosteroid hormones on cell morphology are not
exclusive for the CA3 area. We report that a brief exposure of organotypic cultures to corticosteroid hor-
mones, at dosages enough to activate glucocorticoid receptors in addition to mineralocorticoid receptors,
causes a rapid atrophy of apical dendrites of hippocampal CA1 pyramidal neurons while leaving basal
dendrites unaffected. Our study shows that 100 nM (high concentration) corticosterone induces loss of
apical dendritic length and dramatic changes in morphology; exposure to 30 nM corticosterone (moder-
ately high concentration) reduces apical dendritic length in a time dependent way. Electrophysiological
studies show that another consequence of GR activation after exposure of rats to acute stress is a
decrease in capacitance of CA1 neurons time-dependently after the stressor (Joéls et al., 2003).
Importantly, these changes were accompanied by increased L-type calcium current amplitude and a
decrease in the T-type currents in a similar time dependent way. The decrease in capacitance and the spe-
cific decrease of T-type currents which are located on distal dendrites could point towards atrophy of the
distal dendrites (Christie et al., 1995).

The only in-depth study on the effects of stress and corticosterone on hippocampal CA1 dendritic mor-
phology comes from Sousa et al. (Sousa et al., 2000). These authors reported significant reduction in ter-
minal segment length after 21 days of chronic unpredictable stress and corticosterone administration, but
no significant reduction in total apical dendritic length. Although we examined effects of corticosterone
in a different substrate (i.e. organotypic slices), we presently report that short exposure to corticosterone
can induce atrophy of apical dendrites in a more rapid way. The changes in dendritic morphology were
not accompanied by spinogenesis in either the apical or basal dendrites. Others have observed spinogen-
esis after subjecting male rats to a brief stressor or exposing hippocampal brain slices to dexamethasone
(Komatsuzaki et al., 2005; Shors et al., 2001). The reported spinogenesis after dexamethasone applica-
tion was limited to an increase in thin and mushroom spines and occurred within one hour after dexam-
ethasone application, which is faster than the time-scale that we studied in the present study. Spine shape
has been related to functional aspects of spines, and thin spines are thought to fulfill some of the crite-
ria for silent synapses (Geinisman, 2000; Kasai et al., 2003; Segal, 2005). Possibly, the rapid modulation
of spine shape could be related to rapid changes observed in synaptic plasticity after stress.

CA1 pyramidal cells in early postnatal tissue and organotypic slice cultures of a comparable developmen-
tal age were presently shown to express both mineralocorticoid receptors and glucocorticoid receptors.
MR expression is low in CA1 pyramidal neurons at PND5 when compared to tissue later in development
(PND 19 and adult). For the GR we replicated the finding that GRs are present at early postnatal stages,
with progressively stronger immunoreactivity towards adulthood (van Eekelen et al., 1991a). The organ-
otypic slice cultures from DIV 14-21 express both MR and GR in the CA1 pyramidal cell layer. An
important question that has to be addressed is the role of the GR in the effects of corticosterone on den-
dritic remodelling. Studies using similar dosages of corticosterone as well as the period of incubation that
were used at present have been reported to alter hippocampal CA1 cellular properties via genomic
actions (Karst et al., 2000). Although it has to be established whether the presently observed structural
effects involve transcriptional regulation after GR activation, the time interval that is required to cause
these effects fits within such a putative genomic action. Evidence points towards a role for the GR in the
presently observed structural effects of corticosterone. First, the dosages of corticosterone that were used
at present activate GRs in addition to MRs. Moreover, co incubation with the GR antagonist RU486 pre-
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vented the effects of corticosterone on dendritic morphology, although it should be noted that RU486
itself already induced effects on dendritic morphology.

Several studies suggest that MR/GR balance (i.e. ratio of MR versus GR) is important for cellular func-
tion and viability. For example: activation of the MR maintains neuronal activity and integrity while
additional GR activation suppresses neuronal activation (Diamond et al., 1992; Joéls et al., 2002;
Krugers et al., 1994). Furthermore, a reduction in MR/GR balance have been postulated in depressive
disorders (Johren et al., 1994; Meyer et al., 2001) and aging (Peiffer et al., 1991; van Eekelen et al.,
1992). The shift in MR/GR balance due to the abundant GR positive immunoreactivity (increased level
of GR, presumably in glial cells) observed in the organotypic slices can be an important factor for the
strong effects upon dendritic morphology currently presented. It remains to be investigated whether the
reported change in balance between MR and GR activity in cultures and acute tissue from the same
developmental stage would indeed result in a different effect of corticosterone treatments on dendritic
morphology.

Taken together, we find at present that the apical dendritic tree of pyramidal neurons in the CA1 area
shows atrophy after exposure to elevated corticosteroid hormone levels. The reduction of dendritic ele-
ments is not occurring equally across the dendritic tree but affects only the apical part, in a confined spa-
tial domain: between approximately 100 and 180 pm distance from the soma, the area where most exci-
tatory input comes from axons of CA3 neurons (Schaffer collaterals) as well as the associational com-
missural pathway from the contra-lateral side. Since the dendritic tree and dendritic spines are the post-
synaptic sites of excitatory input in the mammalian brain one may predict that these structural alter-
ations are accompanied by altered network function. Indeed we have demonstrated before that, in acute
slices rather than organotypic slices, a brief exposure to corticosterone, at dosages that were used at pres-
ent, hampers synaptic plasticity (Alfarez et al., 2003; Alfarez et al., 2002; Wiegert et al., 2005). These
results stress that the different hippocampal subfields are subject to substantial structural plasticity. It is
tempting to speculate that these structural alterations are relevant for network function, although this
remains to be proven.
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CHAPTER 5

Increased hippocampal CA1 dendritic
arborization after chronic stress is reversed by
glucocorticoid receptor activation

D.N. Alfarez1*, H. Karst1, W. Takkenberg2, E. Manders2, M. Joéls1, H.J. Krugers1

Swammerdam Institute for Life Sciences, 1 Center for Neuroscience, 2 Center for Advanced Microscopy,
University of Amsterdam, the Netherlands
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Abstract

Exposure to double social defeat and chronic stress has been reported to cause atrophy of hippocampal
CA3 pyramidal neurons. In the present study we examined the effects of chronic stress and acute eleva-
tions of corticosteroid hormone levels on neuronal morphology of hippocampal neurons in the CA1 area,
a region that is critically involved in learning and memory processes. To assess this, rats were exposed to
a regime of 21 days of unpredictable stress. Handled animals served as controls. The day after the last
stressor or control treatment, individual CA1 pyramidal neurons in hippocampal slices of these animals
were filled with a fluorescent dye and reconstructed using confocal microscopy. We examined the mor-
phological changes both with elevated and basal corticosteroid hormone levels by treating hippocampal
slices briefly with high levels of corticosterone (100 nM for 20 minutes) or vehicle respectively 1-4 hours
before filling of the cells. We found that exposure to 21 days of unpredictable stress increases apical den-
dritic length of CA1 pyramidal cells. Moreover, brief exposure of slices from control animals to elevated
corticosterone levels resulted in hypertrophy of apical CA1 dendrites that was comparable to the hyper-
trophy in stressed animals. In contrast, a similar treatment of hippocampal slices from chronically
stressed animals reversed the hypertrophy that was observed under basal corticosterone levels. These
morphological alterations were confined to the apical dendrites and absent in basal dendrites. In vivo
administration of the glucocorticoid receptor antagonist RU486 at days 17-21 of the stress or control
treatment prevented the effects of acute corticosterone administration, but not those of exposure to
chronic stress. The dynamic structural alterations elicited by corticosterone and chronic unpredictable
stress were confined to specific regions of the dendritic tree. We therefore speculate that the morpholog-
ical alterations result in altered network function and may have functional implications.

Introduction

Exposure to stressful events activates the hypothalamo-pituitary-adrenocortical axis resulting in
enhanced corticosteroid hormone levels. These hormones easily cross the blood brain barrier and bind to
the high affinity mineralocorticoid receptor (MR) and the lower affinity glucocorticoid receptor (GR),
which are abundantly present in the hippocampal formation (McEwen et al., 1968; Reul and de Kloet,
19835). By targeting many genes through these two receptor types, corticosteroid hormones function in a
binary fashion, and serve as a master switch in the control of neuronal and network responses that
underlie behavioural adaptation upon a stressful event (de Kloet et al., 2005; Diamond et al., 1992;
Pavlides et al., 1995b).

However, exposure to prolonged periods of stress and the concomitant prolonged exposure of brain cells
to elevated corticosteroid hormone levels may have rather adverse consequences at the cognitive and
physiological level, both in experimental animals and humans (Bodnoff et al., 1995b; Conrad et al.,
1996; Dachir et al., 1993; Lupien et al., 1998; Seckl and Olsson, 1995). In genetically predisposed
humans, exposure to prolonged stress can trigger psychiatric disorders, such as depression (Holsboer,
2000). Particularly strong evidence for a role of the GR in depression comes from studies reporting that
short term treatment with the antiglucocorticoid RU486 is effective in reducing psychotic symptoms in
depressed patients (Belanoff et al., 2001; Belanoff et al., 2002; Simpson et al., 2005) as well as cognitive
deficits (Young et al., 2004).

Imaging techniques have allowed examination of neurobiological correlates of depression. In particular,
structural changes in the brain have been reported in patients suffering from depressive illness. Thus,
structural brain imaging studies in depressed patients and humans exposed to enhanced HPA-axis activ-
ity have reported reduction in hippocampal volume (Bremner et al., 2000; Sheline et al., 2003; Videbech
and Ravnkilde, 2004). The volume loss correlated with the duration of the depression (MacQueen et al.,
2003; Sheline et al., 1996), with antidepressant medication having a neuroprotective effect on the vol-
ume changes (Sheline et al., 2003). The current hypothesis implies a link between patients suffering from
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long-term depressive illness and Cushing’s syndrome on the one hand and atrophy of the hippocampus
and prefrontal cortex on the other hand (Bremner et al., 2000; Sheline et al., 1996; Starkman et al.,
1992). These effects are reversible by treating the disorder (Starkman et al., 1999; Vermetten et al.,
2003). Detailed studies in experimental animals revealed that prolonged exposure to stress causes
reversible dendritic atrophy of hippocampal CA3 pyramidal cells both in rats and primates (Magarinos
and McEwen, 1995a; Sapolsky et al., 1990; Sousa et al., 2000). Interestingly, the alterations in dendritic
atrophy occur in parallel with impairments in learning and memory performance (Arbel et al., 1994; Fuchs
et al., 2001a; McEwen, 2005; Sousa et al., 2000) and are reversed by a recovery period following the stress
treatment, which allegedly reduced HPA-axis activity (Sandi et al., 2003; Sousa et al., 2000).

While there is substantial evidence that chronic stress reduces hippocampal CA3 pyramidal cell arboriza-
tion it is remarkable that there is little known about how prolonged exposure to stress affects the structure
of hippocampal CA1 pyramidal cells. This is surprising since both lesioning studies and transgenic mice
models reveal that the hippocampal CA1 area is relevant in particular for learning and memory processes
(Giese et al., 1998; Otmakhov et al., 2004; Remondes and Schuman, 2004; Silva et al., 1992), which are
disturbed in chronically stressed animals as well as in patients suffering from depressive illness.

The aim of the present study was therefore to examine whether exposure to chronic unpredictable stress
alters hippocampal CA1 neuronal morphology. To address this question, the fluorescent dye Alexa was
injected via the patch clamp method into individual CA1 pyramidal neurons from control and chronical-
ly stressed animals, 24 h after the last stressor. In order to mimic acute stress exposure against a back-
ground of chronic stress or control treatment, slices from both control and chronically stressed animals
were examined under 2 conditions, i.e. (i) basal low corticosteroid levels and (ii) raised corticosteroid lev-
els. Also, in order to assess whether GR blockade could prevent the effects of chronic stress, animals were
treated with the GR antagonist RU486 during a 4 day period, similar to a regime reported successfully
to suppress symptoms of depression (Belanoff et al., 2001).

Experimental Procedures

Animals

The local committee on Animal Bioethics of the University of Amsterdam approved all experiments. Male
Wistar rats (Harlan CPB, The Netherlands), weighing 175-250 g at the start of the stress regime or han-
dling procedure were used. All animals were housed in pairs for at least 7 days before experimental pro-
cedures started. Food and water were provided ad libitum, lights were on from 8:00 a.m. until 8:00 p.m.
and the temperature and humidity were kept between 20-22 °C and 55 = 15 % respectively.

Stress paradigm

At the start of the experiment, rats were randomly assigned to the following experimental groups: han-
dled control (HC); chronic unpredictable stress (CUS); handled control treated with RU486 (HC_RU)
and chronic unpredictable stress treated with RU486 (CUS_RU). Control rats were removed from their
cages, handled briefly and weighed, for 21 days. To assess the effects of chronic stress on dendritic mor-
phology animals were exposed to a 21-day period of chronic unpredictable stress as reported before
(Alfarez et al., 2003; Herman et al., 1995). The following stressors were used: (1) Immobilization: rats
were placed in plastic immobilization cages for 1h; (2) Cold immobilization: rats were placed in plastic
immobilization cages in a cold room (4 °C) for 1h; (3) Vibration: rats in group-cages were placed on top
of an orbital shaker and shaken for 1 h at 30 rev/minute; (4) Isolation: rats were moved to individual
cages for a overnight period; (5) Crowding: rats were housed 4-6 per cage for a overnight period; (6)
Swim: rats were placed in a plastic container filled with water (25-30 °C) for 30 minutes; (7) Cold-water
swim: rats were placed in a plastic container filled with cold water (10-15 °C) for 5 minutes. The differ-
ent stressors were distributed randomly. Two different stressors were administered per day, one in the
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morning and one in the late afternoon. Rats were not exposed to cold twice on the same day.

During the last 4 days of the 21 day period, CUS and HC animals received RU486 (5 mg/100 mg body
weight dissolved in 1.5 ml milk) or milk (1.5 ml milk) via a gastro—oesophageal tube directly into the
stomach (Karst et al., 1997). On the last day of the 21-day stress period, a blood sample was collected
in the early afternoon when plasma corticosterone levels are elevated due to diurnal rhythm. The next
day rats were decapitated between 9 and 10 a.m. when plasma corticosterone levels are low. Trunk blood
was collected for plasma corticosterone level analysis by means of a Radio Immunoassay (RIA). Adrenals
and thymus gland were collected, cleaned, and weighed.

Slice preparation and corticosterone treatment

Immediately after decapitation, the brain was removed from the skull and chilled (at approximately 4 °C)
in artificial cerebrospinal fluid (aCSF) containing (in mmol/L): NaCl 120, KCl 3.5, MgSO4 5.0,
NaH2PO4 1.25, CaCI2 0.2, D-Glucose 10, and NaHCO3 25.0, gassed with 95% O2 and 5% CO2.
Next, hippocampal slices, 400 pm thick, were prepared with a vibroslicer (Leica VT 1000S). Briefly,
frontal lobes and cerebellum were removed and the dorsal side of the brain was glued on the slicing
plateau. Coronal slices were prepared and incubated at room temperature in recording aCSF containing
(in mmol/L): NaCl 120, KCl 3.5, MgSO4 1.3, NaH2PO4 1.25, CaCl2 2.5, D-Glucose 10, and NaHCO3
25. After 1 hour, half of the slices from all experimental groups were treated in recording aCSF with vehi-
cle, the other half with corticosterone (100 nM in 0.01% ethanol) for 20 minutes at 32 °C (HC_CORT,
HC_RU_CORT; CUS_CORT and CUS_RU_CORT). Previous studies have shown that this dosage elicits
alterations in synaptic plasticity (Alfarez et al., 2003; Alfarez et al., 2002) and modulates cellular prop-
erties that require homodimerization of the GR (Karst, 2000).

Imaging

One slice at a time was placed in a recording chamber mounted on an upright microscope (Nikon
Optiphot-2). Slices were continuously perfused with aCSF (32°C, 2-3 ml/s) and kept fully submerged.
Tetrodotoxin (0.5 M), tetraethylammonium chloride (10 mM), 4-aminopyridine (5 mM) and CsClI (5
mM) were added to the medium to block voltage-gated K+ and Na+ currents. Patch-clamp electrodes for
recording (borosilicate glass, 1.5 mm outer diameter; impedance approximately 3-4 QM) were pulled on
a Sutter micropipette puller and placed above the slice. The intracellular pipette solution contained (in
mM): 141 Cs-methane sulfonate, 10 HEPES, 5 1,2-bis(2-aminophenoxy)ethane-N,N,N?,N?-tetra-acetic
acid, 2 MgATP, 0.1 NaGTP; pH 7.4, 300 mOsm. To this solution we added Alexa hydrozin 568
(Molecular Probes, 0.2 mg/ml). Whole cell voltage clamp recordings were made 1-4 hours after corticos-
terone treatment using an Axopatch 200A amplifier (Axon Instruments, USA). After diffusion of the dye
into the cell, the slices were fixed in 4% phosphate-buffered paraformaldehyde at 4°C for 30 min and
rinsed three times with phosphate buffer. Slices were mounted on glass slides under a coverslip, with
Vectashield (Vector Laboratories).

Immunofluorescent cells in fixed sections were evaluated using a Zeiss LSM 510 (Carl Zeiss, Jena,
Germany) confocal laser-scanning device equipped with a dry Plan-Neofluar 20x/0.75 lens using the 568
ArKr laser. The morphological analysis was performed using Image J (National Institute of Health, USA,
http://rsb.info.nih.gov/nih-image/ (De Simoni et al., 2003) in combination with the Neuron_morpho
plug-in (Giampaolo D’Alessandro, University of Southampton, UK) and LMeasure (Ruggero Scorcioni,
George Mason University, Krasnow Institute, USA). LMeasure was used to define the following param-
eters: number of branch points (node where dendrite splits into two), width of the apical or basal tree
(the width of the neuron is determined after reorientation along its primary axis) and total length of all
dendritic segments (evaluated using 3D z-stacks). In order to establish the structural effects of the chron-
ic stress treatment, RU486 treatment and in vitro GR activation, different morphological characteristics

——

67



THESIS DEB 07-02-2006 09:35 Pagina 68 $

Chapter 5

68

of CA1 pyramidal cells were measured and compared. Basal and apical dendritic tree were analyzed sep-
arately.

Statistical analysis

Results are expressed as means = s.e.m. Body weight gain and Sholl plots were compared using analysis
of variance for repeated measures (MANOVA). All other results were analyzed for statistical significance
(P < 0.05) using a one-way ANOVA or Student’s t test.

Results

Chronic stress parameters

Body weight gain and organ weights of animals in the 4 experimental conditions are shown in Table 1.
During the course of the 21 day period HC animals gained significantly more body weight than CUS ani-
mals (P = 0.01). Treatment of CUS animals with RU486 for the last 4 days of the experiment did not
restore body weight gain to levels observed in HC_RU animals. Other parameters that were measured to
examine HPA axis function were adrenal and thymus weight. CUS animals displayed adrenal hypertro-
phy when corrected for body weight compared to HC animals (P = 0.005). A similar hypertrophy was
seen in CUS rats treated with RU486, the CUS_RU group exhibited adrenal hypertrophy in comparison
to the CUS group (P = 0.01). Thymus weight when corrected for body weight did not reveal any differ-
ence between the four experimental groups. One day after the last stressor, plasma corticosterone levels
were low again and not significantly different between groups (HC: 0.44 = 0.1 pg/dl, CUS: 1.55= 0.7
pg/dl; HC_RU: 0.74 = 0.4 pg/dl, CUS_RU: 2.90= 1.6 pg/dl).

Effects of chronic unpredictable stress and corticosterone on dendritic morphology of CA1 neurons
Projected confocal stacks of typical fluorescent CA1 pyramidal neurons give an impression of the over-
all morphology after the control treatment and chronic stress treatment, under basal and elevated corti-
costerone levels (Figure 1). While no effects of CUS and elevated corticosterone levels were found on the
total length, width and number of branch points of basal dendrites (see table 2), the apical dendritic tree
showed remarkable alterations upon exposure to chronic stress and in vitro corticosterone administra-
tion (Figure 2A-D, Table 2). First, the total apical dendritic length of CUS animals showed a 35%
increase in comparison to HC animals (P = 0.004), with a simultaneous increase in number of branch
points (P = 0.02; Figure 2A and Table 2). The width of the dendritic tree was not affected by prolonged
exposure to stress. Second, exposing slices from HC animals to high corticosterone levels for 20 minutes
showed a comparable 35% increase in total apical length (P = 0.003) with a simultaneous increase in
branch points (P = 0.05; Figure 2A and Table 2). Remarkably, treatment of slices from CUS animals with
corticosterone resulted in a reduction of apical dendritic length (P = 0.04) to a degree comparable to the
length of HC animals (Figure 2A).

To evaluate in detail the distribution of dendritic processes across the CA1 layer stratum radiatum, we
created Sholl plots (Sholl, 1953) in which summed dendritic length is expressed as a function of distance
from the soma in radial bins of 60 pm (Figure 2B-D). Exposure to 21 days of stress increased branch-
length proximal from the soma, approximately at 120 pm distance (P = 0.01) as well as more distal from
the soma, i.e. at approximately 200-400 pm from the soma (P = 0.002; Figure 2B). Application of corti-
costerone to slices from HC animals increased branch-length distal from the soma at approximately 300-
400 pm (P <0.03; Figure 2C), while no effects more proximal to the soma were found. Administration
of corticosterone to slices from CUS animals reduced branch-length at 450 pm (P <0.01, Figure 2D).
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Figure 1
Morphology of CA1 neurons of the HC and CUS group under basal and elevated

corticosterone levels.

Figure 2 Influence of 21 days CUS and in vitro high corticosterone
Sholl plot distribution of apical dendrites
Total apical length of CA1 pyramidal

° m-- CUS

= 1200 .-+ CUS_CORT cells was measured in slices from HC
g o :,Bf‘iigii and CUS animals, either treated with
g Zgg s D"n:;-_ vehicle or high corticosterone. A Total
g o oo apical dendritic length of CUS animals

0 100 200 300 400 500 600 700 800
distance ffom soma (um) differs significantly from HC animals

(P = 0.004); treating slices from HC animals with corticosterone increased apical
length significantly compared to untreated slices (P = 0.003); treating slices from
CUS animals with corticosterone reversed apical hypertrophy to HC levels (CUS
compared to CUS_CORT P = o.04; HC_CORT compared to CUS_CORT P =
0.04). Sholl analysis was used to evaluate the distance-dependent distribution of
the apical dendrites. Dendritic length was summed per radii at 60 um distance, with
the middle of the soma set at zero. Grey area shows significant difference between
groups tested with Manova; individual points were tested with a Student t-test * <

*

P o.o5; ** < P o.or B Comparing plots of HC and CUS animals shows an overall
increase in dendritic length from proximal to soma approximately at ring 6o to
more distal in the stratum radiatum area (Wilks labda = 0.03, F = 16.5, P = 0.008)
and specifically for ring 120 P = o0.01; ring 240 P = o0.05; ring 420 P = 0.03. C
Comparing HC and HC_CORT Sholl plots shows an overall increase in dendritic
length 300-420 pum from the soma in the medial part of stratum radiatum (Wilks
labda = 0.3, F = 4.7, P = 0.03); ring 300 and ring 420 showed significant differ-
ences (ring 300 P = 0.02; ring 420 P = 0.004). D Comparing CUS and CUS_CORT
Sholl plots showed a decrease in dendritic length between 400-500 um from the
soma in the distal part of the stratum radiatum (Wilks labda = 0.3, F = 6.8, P =
0.02); ring 480 showed significant differences (ring 480 P = 0.01).HC: n = 7;
HC_CORT: n = 55 CUS: n = 55 CUS_CORT: = 5.
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Table 1. Effects of chronic stress on body weight gain, adrenal weight and thymus weight

Body weight gain (% of initial body weight)
Adrenal weight (mg)

Adrenal weight (mg/100g body weight)
Thymus weight (mg)

Thymus weight (mg/100g body weight)

HC

118 + 4.7

39.5 2.2

11.8 £ 0.6

669.2 = 52.7

198.9 = 14.2

CUsS

79.4 = 4.1

43.6 = 1.5

14.9 £ 0.6

589.0 = 32.0

201+ 9.9

HC_RU

106 = 5.5

43.0+2.2

13.4 + 0.7

647.5 = 23.3

201.2 7.4

CUS_RU

83.2+5.0

53.7 3.7

182 +1.1

546.8 = 32.5

186.1 = 9.4

Values represent the mean = S.E.M. Exposure to 21 days of stress attenuated body weight gain (MANOVA: HC vs CUS, P = 0.01)
and increased adrenal weight corrected for body weight (HC vs CUS P = 0.005). RU486 treatment induced adrenal hypertrophy in
CUS animals (CUS vs CUS_RU P = 0.01). * = P < 0.05 CUS group compared to HC group. 1+ = P < 0.05 CUS_RU compared to

untreated group.

N = rats: HC: N = 6; HC_RU: N = 6; CUS: N = 6;CUS_RU: N = 6.
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Effects of RU486 treatment on stress induced apical hypertrophy

To test the hypothesis that the GR is involved in the stress induced apical hypertrophy, the GR antago-
nist RU486 was administered to HC and CUS animals during the last 4 days of the experimental proce-
dures. We found that RU486 did not reverse the stress induced apical hypertrophy in CUS animals.
RU486 treatment by itself also did not affect dendritic morphology of HC animals (Figure 3A). In agree-
ment, the other morphological characteristics were not influenced by RU486 treatment (Table 2).
However, when evaluating the Sholl plot it appears that treating HC animals for 4 days with RU486
increased dendritic length proximal to the soma compared to untreated HC animals (P = 0.01, Figure

3B). Sholl plots of the CUS group shows no difference with the CUS_RU group (Figure 3C).
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Figure 3¢

Effects of RU38468 on stress induced apical hypertrophy

Total apical length of CA1 pyramidal cells was compared between HC
and CUS animals that were treated for 4 days with RU38468. Treatment
with RU38468 did not change total dendritic length of CUS animals
compared to the untreated CUS animals (P = 0.9); RU38468 treatment
also did not affect apical length in HC animals (P = 0.2). B Although the
total apical dendritic length shows no differences, comparing Sholl plots
of HC and HC animals treated with RU38468 reveals an increase in den-
dritic length close to the soma at ring 120 (P = 0.01) C Comparing Sholl
plots of CUS and CUS animals treated with RU38468 shows no signifi-
cant difference in dendritic organization. HC: n = 7; HC_RU: n = 6;
CUS: n = 5; CUS_RU: n = 5.
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Effects of RU486 treatment on in vitro corticosterone treatment

While apical dendritic length was found to be significantly increased when slices from HC animals were
treated with corticosterone, this effect was prevented when animals were treated for 4 days with RU486
(Table 2, Figure 4A). Evaluating the Sholl analyses of HC_CORT and HC_RU_CORT slices shows that
there is a specific effect of RU486 distal from the soma (ring 300: P = 0.007 ring 420: P = 0.01; Figure
4B) i.e. exactly at those parts of the dendritic tree that are increased by corticosterone administration. A
similar effect of RU38486 was seen in CUS animals: exposing slices from these animals to high corticos-
terone reduced apical dendritic length. This effect was prevented by in vivo treatment for four days with
RUA486 (Table 2, Figure 4C). In this case though, no significant differences were seen for a particular bin
in the Sholl plot analysis (data not shown).

Discussion

In this study we examined the effects of 21 days of variable and unpredictable stress on CA1 pyramidal
neuron morphology under two conditions: basal (low) and elevated corticosteroid hormone levels. First,
we show that under basal conditions chronic stress induces hypertrophy of the apical dendritic tree of
hippocampal CA1 cells. A similar increase in dendritic length was found after exposing slices from con-
trol animals to corticosterone. However, exposing slices from chronically stressed animals to elevated
corticosterone levels reversed the hypertrophy observed in chronically stressed animals under basal cor-
ticosterone levels. The structural effects of acute corticosterone administration, but not those of chronic
stress could be prevented by treating animals with the glucocorticoid receptor antagonist RU486 for the
last 4 days during the 21 day experimental period.
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B Figure 4
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- e Effects of RU38468 on in vitro corticosterone administration
£ 1omo 1 Total apical length of CA1 pyramidal cells was compared between HC and
i 232 g/g.&é.sﬂ CUS animals with and without RU38468 treatment, under basal and high
& 6D )
§ 0 ‘&NQ_;&,&. corticosterone conditions.
§ 220 ] i - 0\'&;‘_{ A The corticosterone induced apical hypertrophy was abolished by in vivo
0 100 200 300 £00 500 500 700 &S00 treatment with RU38468 in HC animals (P = 0.4); apical length compared
e e ) between HC_CORT and HC_RU_CORT slices showed a significant differ-
ence (P = 0.01). B RU treatment shows a specific reversal of the corticos-
C terone induced effects in HC slices. Comparing Sholl plots of HC_CORT
B and HC_RU_CORT slices shows a significant reduction in dendritic length
E &000 at ring 300 P = 0.007 and ring 420 P = o.o1. HC Sholl plot is shown in plot
';é sran as reference. C The corticosterone induced apical atrophy in CUS_CORT
B slices was not observed in CUS_RU_CORT slices (P = 0.7).
i 2000

HC: n = 7; HC_CORT: n = 5; HC_RU: n = 6; HC_LRU_CORT: n = 6; CUS:
#n = 5; CUS_CORT: n = 5; CUS_RU: 1 = 5; CUS_RU_CORT: n = 4.
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Chronic unpredictable stress and brief exposure to corticosterone induce apical bypertrophy in CAl
pyramidal neurons

Considerable evidence indicates that exposure to chronic stress causes atrophy of apical dendrites in hip-
pocampal CA3 pyramidal cells. These effects of exposure to prolonged stress were mimicked by chronic
administration of supraphysiological doses of corticosterone and could be prevented when corticosteroid
production was reduced (Magarinos and McEwen, 1995b; Sousa et al., 2000). Recent evidence shows that
in contrast to the effects found after chronic exposure to stress, two consecutive days of social defeat in rats
can induce CA3 pyramidal hypertrophy of the basal cone (Kole et al., 2004). The structural effects of stress
are dynamic and not restricted to the hippocampal formation. Stress-induced dendritic atrophy in CA3 neu-
rons and pyramidal neurons of the medial prefrontal cortex is reversible upon a recovery period (Radley et
al., 2005; Sousa et al., 2000) while neurons of the amygdala complex show hypertrophy after a prolonged
period of stress (Vyas et al., 2002) with a concomitant increase in spines (Mitra et al., 2005).

In addition to these structural effects of exposure to stress in the hippocampal CA3 area we report at
present that exposure to chronic stress results in hypertrophy of the apical dendritic tree of CA1 pyram-
idal cells. Importantly, these effects appear to be specific for the apical cone. Brief exposure to a high
dose of corticosterone (sufficient to occupy the GR) induces a similar increase in dendritic length in ani-
mals from the HC group. The only study describing effects of chronic stress in adult age upon hippocam-
pal CA1 dendritic morphology is by Sousa et al. (2000) who reported a 13-20% reduction in apical den-
dritic length (which did not reach statistical significance), together with a reduction in mean length of
terminal dendritic segments (Sousa et al., 2000). The differences between this and our current result may
be related to differences in experimental procedures. First, these authors, like most other studies on the
structural effects of stress, used the Golgi-impregnation technique to visualize cells. This technique has a
selective affinity for cells that have been subject to trauma (van den Pol and Gallyas, 1990) meaning that
data obtained with Golgi staining could contain a high number of damaged cells. This might be partly
reflected by the mean total length of apical CA1 dendrites in the Sousa study which is 1/3 of the mean
total length we found using the patch-clamp approach combined with confocal microscopy to image the
cells; differences in fixation procedures may have added to the discrepancy in total dendritic lengths.
Variation in the “state” of neurons selected by the Golgi approach may also explain why relatively high
numbers of cells are usually necessary to show differences after experimental treatment. This seems less
of a problem using the present staining techniques in live tissue, which accordingly exhibit quite low
standard errors, even with relatively small numbers of cells. This is supported by the observation that
data from the handled controls and handled controls treated with RU486 showed very comparable den-
dritic lengths. Secondly, differences in handling procedures of the animals, potentially affecting circulat-
ing corticosteroid levels at the moment of decapitation, could give rise to discrepancies, as underlined by
our present data. Thus, our data indicate that reduction in dendritic length may be seen, when dendritic
length is examined in slices from chronically stressed animals that are exposed to elevated corticosterone
levels prior to decapitation, as opposed to the situation that corticosterone levels are low. These data
emphasize the importance of standardized experimental protocols since high circulating corticosteroid
levels can for example be induced when animals are sacrificed in the afternoon or moderately stressed
prior to decapitation e.g. by transport or anesthesia.

Taken together, our data indicate that corticosteroid hormone levels have profound effects on structural
plasticity of CA1 hippocampal neurons. While the nature and underlying mechanisms of these changes
remain to be resolved, they imply that neuronal functioning and reaction upon GR activation in chroni-
cally stressed animals is altered by the chronic stress regime thereby allowing corticosterone to reverse
dendritic hypertrophy.
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Role of the glucocorticoid receptor in structural effects of chronic stress and corticosterone.

Several studies have shown that the effects of chronic stress on hippocampal CA3 atrophy could be pre-
vented when treating the animals with substances known for their antidepressant effects (Watanabe et
al., 1992a; Watanabe et al., 1992b; Wood et al., 2004) or by treating animals with a steroid synthesis
blocker (Magarinos and McEwen, 1995b). The structural changes in CA3 observed in rats given exoge-
nous corticosterone implies that elevated corticosteroid hormone levels, at least in part, contribute to the
structural effects seen after chronic stress (Sousa et al., 2000). Having established the effect of chronic
unpredictable stress and brief corticosterone exposure on CA1 morphology, we investigated the role of
GR activation in these effects. For this purpose we treated animals for the last 4 days of the experimen-
tal period with the glucocorticoid receptor antagonist RU486, an approach that was found effective in
treating patients with psychotic depression (Belanoff et al., 2001). Our study shows that in vivo admin-
istration of RU486 resulted in endocrine and physiological effects. RU486 treatment in chronically
stressed animals resulted in adrenal hypertrophy, which was comparable to a study where icv injections
of RU486 resulted in inhibition of the HPA axis with simultaneously increased peripheral circulating cor-
ticosterone levels and increased adrenal weight (van Haarst et al., 1997; van Haarst et al., 1996). On the
physiological level, our results reveal that four days of treatment with RU486 did not prevent the struc-
tural alterations elicited by chronic stress. This was not due to insufficient levels of RU486 in the brain,
since in the same animals RU486 effectively reversed other properties: both CA1 hippocampal calcium
currents (Karst et al. unpublished observations) and the degree of long-term potentiation (Krugers et al.
unpublished observations) were restored in stressed animals treated with RU486. Possibly preventing the
dendritic hypertrophy found after chronic exposure to stress by blockade of the GR might need longer
treatment at an earlier stage of the stress protocol; indicating that stress in an early phase alters neuronal
morphology. Conversely, we found in our present study that in vivo treatment of handled controls with
RU486 and stress animals prevented morphological changes after in vitro exposure to corticosterone.
This suggests a possible change of intracellular and molecular components of the CA1 neurons by the
treatment with RU486 thereby preventing corticosterone being effective.

In conclusion, it remains to be resolved what the underlying mechanisms are behind the observation that
chronic stress causes atrophy of the CA3 area while inducing hypertrophy in the CA1 area. One clear
difference between these two hippocampal subfields is the absence of GRs in pyramidal neurons of the
CA3 area (Han et al., 2005) so the effects of stress on the CA3 area are dependent upon activation of
MR and not GR. Different areas of the hippocampus exhibit diverse sensitivity to corticosteroid hor-
mones as demonstrated by the dentate gyrus which shows corticosteroid-induced cell death and
decreased neurogenesis. The observed atrophy of the CA3 area after stress could be an indirect effect
(since no GR is involved) caused by decreased input arising from the dentate gyrus (Gould et al., 1997;
Gould et al., 1998; Sousa and Almeida, 2002). It is tempting to speculate that the effects of stress on the
CAT1 area are mediated by brief and long-term elevated corticosteroid hormone levels via a process that
requires activation of the glucocorticoid receptor.

Functional implications of structural alterations

While our overall data indicates that exposure to chronic stress and briefly elevated corticosteroid hormone
levels increase apical dendritic length, Sholl plot analyses reveal that the alterations under the various con-
ditions do not involve the same regions of the dendritic tree. Chronic stress was found to induce apical
hypertrophy in a large area from proximal to the soma, including the stratum radiatum area to more dis-
tal parts; changes by brief corticosterone administration were restricted to parts distal from the soma.
These structural alterations imply that exposure to chronic stress largely increases the ability of CA1
pyramidal cells to receive synaptic input. Counter intuitively, these structural alterations elicited by expo-
sure to chronic stress are accompanied by a reduction in synaptic plasticity (Alfarez et al., 2003).
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However, it is important to take into account that these structural alterations after exposure to chronic
stress may yield a dendritic tree that receives different input not only in terms of quantity but also of
quality, which can have consequences for the electrotonic properties of neurons. Proximal dendrites of
CA1 neurons serve an entirely different role than dendrites more distal to the soma. More specifically,
the proximal part of the dendritic tree has a low density input with a high inhibitory ratio (98%
GABAergic) whereas distal dendrites have a high density of excitatory input (Halasy et al., 1996; Megias
et al., 2001; Papp et al., 2001). Different classes of interneurons produce different forms of inhibition
(e.g. interneurons that primarily target the perisomatic regions activate feedforward inhibition) or are
triggered by different types of activity (e.g. interneurons targeting the soma are triggered by onset of
activity, while those targeting distal dendrites are recruited by sustained activity) (Pouille and Scanziani,
2001; Pouille and Scanziani, 2004). Recently it was proposed that a shift from somatic to dendritic inhi-
bition might be important for the induction of dendritic calcium spikes and synaptic plasticity (Mittmann
et al., 2004; Pouille and Scanziani, 2004). We propose that the presently observed shift in input could
impair synaptic plasticity as reported before after exposure to chronic stress (Alfarez et al., 2003).

Conclusion

In conclusion, our data reveal that exposure to chronic unpredictable stress increases apical dendritic
length of hippocampal CA1 apical dendrites. This increment in dendritic complexity does not stand on
its own: exposure to chronic stress has also been reported to increase dendritic arborization in the baso-
lateral amygdala (Vyas et al., 2002) while brief stress increases the basal cone of CA3 pyramidal cells
(Kole et al., 2004). When taking the studies on structural effects of (chronic) stress and elevated corti-
costeroid hormone levels together, there is considerable evidence now that exposure to stress may have
bi-directional effects on dendritic complexity, which is at least in part dependent on the brain region that
is examined. In addition, our data show that elevated corticosteroid hormone levels may have bi-direc-
tional effects on dendritic complexity depending on the history of the animal: brief elevation of corticos-
terone levels such as could occur after an acute stressor reduces dendritic arborization in chronically
stressed animals, but increases dendritic complexity in naive animals. These observations stress the neces-
sity to perform experiments under very well controlled experimental conditions.

The functional consequences of changes in dendritic arborization after exposure to chronic unpredictable
stress and elevated corticosteroid hormone levels are difficult to interpret. Yet, such alterations presum-
ably alter both quality and quantity of synaptic input. Detailed understanding of the functional conse-
quences of the presently observed structural alterations requires additional and detailed studies on synap-
tic input, synaptic properties and electrotonic coupling.
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I Summary

PART I

In part I of this thesis we investigated the effects of stress on hippocampal synaptic plasticity in both mice
and rats. The stressful situations used were: exposure of animals to acute (1 hour) or chronic stress (21
days) and in vitro exposure of hippocampal slices to elevated levels of corticosterone (20 minutes).

The following results were obtained:

Chapter 2

e Incubating slices with 100 nM corticosterone reduced the maximal slope of the fEPSP.

e Primed burst potentiation of the fEPSP was impaired after corticosterone treatment. Primed burst
potentiation of the population spike was not impaired.

e Theta burst potentiation of both fEPSP and population spike was not impaired.

e Exposing mice briefly to a stressor impaired primed burst potentiation of the fEPSP.

Chapter 3

e Long-term potentiation of the fEPSP was impaired in both CA1 and dentate gyrus after exposure to
chronic stress when recorded under conditions where plasma corticosterone levels are low.

e Long-term potentiation of the fEPSP was impaired in the CA1 area after in vitro exposure to high
levels of corticosterone. No further decrease was observed after corticosterone treatment in stressed
rats.

e Long-term potentiation in the dentate gyrus was not affected by in vitro exposure to high levels of
corticosterone in both control and stressed rats.

PART II
In part IT we investigated the effects of short term exposure to corticosterone and chronic stress on den-
dritic morphology and spine density of hippocampal CA1 neurons. Two different substrates of the hip-
pocampal formation were used: organotypic slice cultures and acute slices. The following results were
obtained:

Chapter 4

e Hippocampal organotypic slice cultures contain both mineralocorticoid and glucocorticoid receptors.

e Exposing organotypic slice cultures to 100 nM of corticosterone induced atrophy of the CA1
pyramidal apical dendritic tree.

e Atrophy of apical dendrites was induced in slices when imaged >2 hours following incubation with
30 nM corticosterone.

e The effects of corticosterone on dendritic length could be prevented with the GR antagonist RU486.

Chapter 5

e Rats exposed to 21 days of unpredictable stress showed increased apical dendritic length of CA1
pyramidal cells.

e Exposure of slices from control animals to elevated corticosterone levels resulted in hypertrophy of
CAT1 apical dendrites.

e Exposing slices of stressed animals to 20 minutes of 100 nM corticosterone reversed the
hypertrophy.

e Treating control and stressed rats with the GR antagonist RU486 during the last 4 days of the stress
experiment prevented the effects of acute corticosterone administration, but not the effects of expo
sure to chronic stress.
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IT GENERAL DISCUSSION OF THE RESULTS IN THIS THESIS

PART I

Synaptic plasticity

In this thesis it was shown that exposing rats to chronic stress and mice to acute stress impairs some
forms of synaptic plasticity (i.e. primed burst potentiation) while other forms of synaptic plasticity (i.e.
theta burst potentiation) remain unaffected. Similarly, it was shown that exposure of hippocampal slices
to elevated corticosteroid hormone levels also reduces primed burst potentiation while theta burst poten-
tiation remains unaffected. These results clearly show that corticosterone can modulate hippocampal
synaptic efficacy —at least in part- directly, without input from other brain areas being necessary in order
to exert these effects.

An important question that remains to be addressed is how stressful situations and elevated corticos-
teroid hormone levels modulate synaptic efficacy.

Two issues will be discussed: 1) NMDA-receptor dependent LTP and 2) the role of intracellular calcium,
AMPA receptors and its putative consequences for the threshold for LTP.

Stress and corticosterone reduce NMDA-receptor dependent LTP

One possible explanation for the different effects of corticosterone on PB and theta-burst potentiation
may be that very robust stimulation paradigms elicit different forms of synaptic plasticity which are dif-
ferently modulated by corticosteroid hormones and stressful events. Indeed robust stimulation paradigms
like theta burst potentiation or pairing protocols involve activation of voltage-dependent calcium chan-
nels (VDCCs) in addition to NMDA receptors (Grover and Teyler, 1990; Magee and Johnston, 1997).
Recent work by our group has shown that in particular the NMDA receptor dependent form of synap-
tic plasticity is reduced by exposure to elevated corticosteroid hormone levels (Krugers et al., 2005). This
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is in agreement with findings in this thesis. PB potentiation, which exclusively elicits NMDA receptor
dependent LTP (Wiegert et al., 2003), is suppressed by elevated corticosteroid levels and after exposure
to acute and chronic stress.

Mechanisms by which stress and corticosterone could alter the threshold for LTP
Two mechanisms are proposed which may be involved in the modification of synaptic plasticity after
stress and corticosterone.

Calcium currents

Stress and corticosterone are known to modulate calcium currents. Exposing hippocampal slices to a GR
agonist increases Ca2+ action potentials and both N-type and L-type voltage-sensitive Ca2+ currents
(Kerr et al., 1992). Additional research showed that GR activation increases the amplitude of the Ca2+
currents, presumably the L-type Ca2+ currents, via a process that requires homodimerization of the glu-
cocorticoid receptor (Joéls et al., 2003; Karst, 2000; Karst, 1994). Gene expression profiling showed that
after in vitro corticosterone treatment of amygdala slices, genes coding for the A1 subunit constituting
the pore of the L-type VDCC show increased expression, demonstrating a way in which corticosterone
can target calcium regulating genes (Karst et al., 2002). Such changes also occur in the rat hippocampal
CAT1 area, though modulation of Ca2+ currents in the mouse hippocampus seems to involve other mech-
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anisms (P. Chameau and Y. Qin, personal communication). Also the extrusion of Ca2+ appears to be
slower after corticosterone exposure (Joéls et al., 2002; Takahashi et al., 2002), possibly through sup-
pression of Ca2+-ATPases (Bhargava et al., 2002; Bhargava et al., 2000). Importantly, corticosterone
increases the calcium-dependent afterhyperpolarization (Joéls and de Kloet, 1990; Kerr et al., 1989)
which as a result increases the threshold for NMDA receptor dependent LTP (Sah and Bekkers, 1996).
In conclusion, numerous studies show the link between stress and corticosterone on calcium homeosta-
sis in hippocampal neurons. The observed intracellular increase in calcium concentration may be
involved in the increased threshold for induction of LTP. Calcium imaging in parallel with studying
synaptic plasticity at different time points after corticosterone incubation could provide more insight into
the role of calcium in synaptic plasticity changes after stress and corticosterone.

AMPA receptors

Addition of AMPA receptors into the postsynaptic membrane and particularly receptors containing the
GluR1 subunit is known to mediate synaptic strengthening observed during LTP (Grosshans et al., 2002;
Sheng and Lee, 2001). Studies using GluR1-GFP showed that after high-frequency stimulation GluR1
containing receptors can be delivered to synapses during LTP (Lissin et al., 1999; Lissin et al., 1998; Shi
et al., 1999). An increased synaptic AMPA channel density follows the induction of synaptic potentia-
tion (Andrasfalvy and Magee, 2004) and also changes in subunit composition are found after synaptic
activity (Liu and Cull-Candy, 2000). Importantly, changes in AMPA receptor function have also been
found in relation to stress. For instance, CA1 neurons show enhanced AMPA currents (both spontaneous
mEPSCs and evoked responses) when tested 1-4 hours after application of 100 nM corticosterone in hip-
pocampal slices (Karst and Joéls, 2005). No effect was found on the amplitude or kinetics of NMDA
receptors. Also in other brain areas glutamatergic currents are affected by stress: dopaminergic neurons
of the ventral tegmental area (VTA) show an increased AMPA/NMDA ratio one day after an acute stres-
sor (Saal et al., 2003). These effects could be blocked using a GR antagonist indicating that elevated cor-
ticosteroid hormone levels mediate these effects. Furthermore, these effects were absent in GluR1 knock-
out mice, indicating that the GluR1 subunit is essential for the increase in AMPA receptor mediated
synaptic transmission (Dong et al., 2004).

Chronic exposure to stress can also influence the AMPA/NMDA ratio. In hippocampal dentate gyrus
cells an increase in AMPA current amplitude was reported after chronic stress when recording under ele-
vated corticosterone conditions (Karst and Joéls, 2003). Next to the increase in AMPA currents, chron-
ic stress leads to increased expression of the AMPA GluR1 subunit (Schwendt and Jezova, 2000).
Activation of AMPA and NMDA receptors is a dynamic process necessary for adequate induction of LTP.
The ratio of AMPA and NMDA currents are constant during homeostatic synaptic scaling. However,
recordings of AMPA-to-NMDA ratio soon after LTP induction showed that this ratio is altered. (Watt et
al., 2004) showed that this perturbed ratio is controlled and reset during LTP in neocortical synapses.
The rapid and long-lasting potentiation of AMPA currents is followed by a delayed but also long-lasting
potentiation of NMDA currents which restores the original NMDA-to-AMPA ratio within 60 minutes
after LTP induction. Importantly, blocking AMPA currents during LTP inhibited the potentiation of
NMDA currents, implicating that potentiation of NMDA currents requires previous AMPA activation
(Watt et al., 2004). The increase of AMPA currents after LTP induction was also found for CA1 pyram-
idal neurons (Andrasfalvy and Magee, 2004). So, although LTP initially perturbs the AMPA-to-NMDA
ratio, NMDA potentiation follows AMPA potentiation albeit on a slower time scale. It is possible that
the increase in AMPA currents observed after stress and corticosterone interferes with AMPA and
NMDA receptor homeostasis and also with accurate induction of LTP. The corticosterone induced
increase of AMPA currents could hamper synaptic plasticity when recorded long after the stressful situ-
ation. Thus, the stress induced changes in AMPA currents may be involved in the impairment of synap-
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tic plasticity described in this thesis, although this remains to be investigated.

To elucidate the mechanisms further by which stress or corticosterone impairs LTP it will be necessary:
1) to examine the time-dependency of stress and corticosterone effects on LTP. Are there differences in
the modulation of LTP when examined immediately after the stressor or when examined long (more than
2 hours) after exposure to stress or corticosterone?

2) to examine whether stress and corticosterone induce trafficking of GluR1 subunits to the postsynap-
tic membrane and

3) to examine the role of AMPA receptors in the effects of stress and corticosterone on hippocampal
synaptic plasticity (e.g. by using an antagonist or GluR1 knockout mice)

In summary, the results in this thesis show that elevated corticosteroid hormone levels and exposure to
stressful events increase the threshold to evoke LTP. There seems to be a strong relation between stress
or elevated corticosterone hormone levels on the one hand and changes in AMPA current and receptor
subunit insertion on the other hand, which are important factors for synaptic plasticity (Wheal et al.,
1998). Also the timing of LTP induction after exposure to stress or to elevated corticosterone may deter-
mine whether LTP is reduced.

AMPA (and NMDA) receptor activity is closely associated with the ability to induce synaptic plasticity.
It was demonstrated that increased levels of synaptically active AMPA receptors reduce the ability to elic-
it LTP, while facilitating the occurrence LTD (Stein et al., 2003). This may form the mechanistic basis for
the BCM theory (Bienenstock et al., 1982) described in the General Introduction. It is also very reminis-
cent of what has been found for the effects of stress or novelty on LTP and LTD: stress and novelty
increase the threshold for induction of LTP while promoting the chances of LTD (Kim et al., 1996;
McEwen, 1994; Mesches et al., 1999; Pavlides et al., 1996; Xu et al., 1997). Maybe some form of ‘synap-
tic plasticity’ already occurs after corticosterone application making it more difficult to elicit LTP again
(Diamond et al., 2004). In figure 1, a mechanism is proposed: LTP induction is hampered by occlusion
of the synapse via a corticosterone-mediated increase of AMPA receptors and calcium saturation in the
synapse. We tentatively propose that stress / corticosterone drives AMPA receptors into the synaptic den-
sity, thereby enhancing the threshold for subsequent LTP. This is depicted in an adapted BCM schedule
shown in figure 2.

IT GENERAL DISCUSSION OF THE RESULTS IN THIS THESIS

PART II

Hippocampal morphology

As described in the previous chapter, stress and corticosterone impair the induction of LTP. We proposed
that stress and corticosterone evoke synaptic processes that are very similar to those elicited by LTP, so
that occlusion will raise the threshold for LTP induction subsequent to stress / corticosterone.
Morphological changes associated with LTP have gained much interest. In chapter 1, the relation
between LTP and morphological changes is reviewed. In the second part of this thesis we examined if
stress / corticosterone also induce morphological alterations in CA1 pyramidal neurons that resemble
those seen in association with LTP. In this section, I will first briefly reiterate the morphological effects
of LTP. Next, I will discuss the morphological effects seen after acute or chronic elevations in corticos-
terone level. Finally, in the concluding remarks I will compare the morphological characteristics after LTP
with those seen after acute or chronic changes in corticosterone level and consider if morphological
changes indeed are informative about the functionality of the circuit.

The association between morphology, functional plasticity and neuronal function
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The relation between changes in neuronal processes (dendrites) or sites where excitatory synaptic transmis-
sion takes place (spines) and learning and memory processes has been the focus of numerous studies. Table
1 of Chapter 1 gives an overview of key studies investigating the relationship between behavioural learning,
LTP and synaptic morphology. Learning in general seems to increase the spine density. Less clear results were
obtained with regard to LTP. Most studies pointed to enhanced synaptic contacts after LTP (expansion of
spine heads and length, changes in spine type ratio and increase in the length and volume of PSDs), but other
studies found either no changes or even the opposite effects.

Studies where laboratory animals are raised in a complex enriched environment showed not only increased
spatial learning and memory performance (Leggio et al., 2005) but also increased dendritic arborization,
enhanced both spine density and the size of synaptic contact areas (Diamond et al., 1987; Kozorovitskiy et
al., 2005; Nithianantharajah et al., 2004; Rosenzweig and Bennett, 1996) and increased neurogenesis (van
Praag et al., 2000). Moreover, placing animals in a complex environment can attenuate or prevent amyloid
deposition (symptoms related to Alzheimer), CNS insults and lesions and even developmental disorders like
the fragile X syndrome (Dong and Greenough, 2004; Johansson, 2003; Lazarov et al., 2005; Lewis, 2004;
Restivo et al., 2005). Most of these studies have focussed on the relationship between changes in spine shape
or density that occur after environmental enrichment. Although there are discrepancies concerning the mag-
nitude of TP and the relative changes in spine density, shape or spinogenesis (Segal, 2005) it is clear that
spines shape, size and remodelling of the postsynaptic density can be modulated after experience and cellu-
lar synaptic plasticity, generally increasing the possibility for synaptic contacts.
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Efforts to understand the relationship between dendritic architecture and the function of neurons have
been numerous. Experience-dependent plasticity of dendrites of olfactory bulb mitral and tufted cells
seems to be strongly controlled and limited (only a 2 to 3% change in dendritic length after odour enrich-
ment) implicating that despite learning processes the neuronal network maintains stability of dendritic
processes (Mizrahi and Katz, 2003). Consequently, factors that alter structural network stability may
have functional implications. Much can be learned from studies which investigated the modulation of
dendritic stability by hormones, growth factors or stress. For example, elevated levels of androgens were
found to correlate with increased dendritic length of neurons in the amygdala while mental retardation
is connected with a decrease in the length and complexity of dendritic branches in the cortex (Cooke and
Woolley, 2005; Newey et al., 2005).

Acute rises in corticosterone level and morphology

The effect of chronic stress on CA3 neuron morphology has been extensively reviewed and discussed in
chapter 1. In this thesis we extended the observation showing that CA1 neuronal morphology can be
modulated by corticosterone and stress by showing that brief exposure to high levels of corticosterone
decreased apical dendritic length of CA1 neurons in organotypic slice cultures while similar corticos-
terone treatment induced an increase in CA1 apical length in acute slices from adult rats. Imaging of CA1
neurons in slices from animals subjected to chronic unpredictable stress showed opposite effects: under
basal conditions there seems to be an increase of apical dendritic length which is reversed by short expo-
sure to corticosterone.

The different results after short exposure to corticosterone in hippocampal organotypic slices and acute
hippocampal slices of adult rats may be related to differences in the nature of corticosteroid receptors
which could be age — or preparation- dependent. In chapter 4 the role of the MR-to-GR ratio is discussed
concerning the strong effects on dendritic remodelling after exposure of the organotypic slices to 100 nM
corticosterone. In particular we compared the MR-to-GR ratio of the organotypic slices with the MR-to-
GR ratio of tissue from a similar developmental stage (i.e. PND 19), which showed that the MR-to-GR
ratio in the organotypic slices was shifted towards more GR compared to acute slices.

Both concentrations of corticosterone used in this study were sufficient to activate the GR in addition to
the MR. Several studies show that MR activation maintains synaptic plasticity as well as neuronal struc-
tural integrity (Cameron and Gould, 1996; Conrad and Roy, 1993; Diamond et al., 1992; Jaarsma et al.,
1992; Pavlides et al., 1996). Additional GR activation in both hippocampal primary and organotypic cell
culture causes cytosolic Ca2+ accumulation (Elliott and Sapolsky, 1993; Mulholland et al., 2005) and
inhibits hippocampal and glial glucose uptake (Horner et al., 1990; Virgin et al., 1991). We cannot
exclude that the latter could also affect the transport of the fluorescent dye used in chapter 4 and 5. We
speculate that calcium or glucose-dependent mechanisms may be involved in the effects of corticosterone
on dendritic structure. The atrophy of apical dendrites could be related to the high amount of GR posi-
tive pyramidal neurons and glial cells in organotypic slices thereby exacerbating the effect of corticos-
terone. Results from chapter 4 indicate that acute slices from the same developmental age as the organ-
otypic slice cultures contain less GRs (and consequently a different MR/GR ratio) which may protect
these cells from deleterious effects of corticosterone. Future studies should be done to evaluate the exact
role of MR-to-GR ratio in morphological changes. For instance, what are the consequences for neuronal
morphology when not GR, but MR expression is upregulated? Organotypic slice cultures allow experi-
ments in which the expression of the receptors can be manipulated with the use of viral infection tech-
niques or siRNA. Following this manipulation of MR or GR expression the effects of corticosterone can
be established using (time-lapse) imaging of neuronal morphology.

Critical evaluation of the data where organotypic slices are exposed to 30 nM corticosterone shows a
decrease in dendritic length when examined more than 2 hour after corticosterone exposure. However,
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when examining apical dendritic length less than 2 hour after exposure to corticosterone, an increase in
apical length was observed from = 1900 pm to =+ 2500 pm. Although these differences were not statisti-
cally significant probably due to the small number of observations (n = 8 and n = 5 respectively), it is
clear from this data that timing is essential in determining the (dynamic) effects of corticosterone on
structure. The changes in dendritic structure after corticosterone incubation are rapidly induced in organ-
otypic slices after exposure to 100 nM corticosterone, but of a slower nature in the organotypic slices
after exposure to 30 nM corticosterone. In acute slices similar dose-dependent differences in delay were
found in modulation of the serotonin response (Joéls and De Kloet, 1992), although under such circum-
stances the effective concentration range may have been shifted to the right, so that slowly developing
GR effects are seen with 100 instead of 30 nM corticosterone (Joéls et al., 2003). Timing may therefore
be essential in determining the effects of corticosterone on structure. (figure 3).

Chronic stress and morphology

Exposure to chronic stress has previously been reported to reduce the apical dendritic length of hip-
pocampal CA3 pyramidal neurons (see also chapter 1). In this thesis we show that chronic stress can
induce hypertrophy of the apical dendritic tree of hippocampal CA1 cells. Not only the CA1 area shows
hypertrophy after exposure to chronic stress, similar effects have been reported in the amygdala after 3
weeks of restraint stress (Vyas et al., 2002).

Our data from the animals that received the chronic stress treatment were compared with a group of ani-
mals that were handled for 21 days. In order to fully comprehend the functional implications of the
observed dendritic remodelling as observed in chapter 5 it is necessary to think about the possible effects
of 21 days handling or unpredictable stress on animals. Thus, in chapter 5, four experimental groups
were investigated. The control animals were handled for 21 days and received the last 4 days of the
experimental period milk via a gastro-oesophageal tube directly into the stomach. It will be necessary to
assess the exact consequences of handling and 4 days of milk administration prior to the assessment of
dendritic morphology.

This is important since some studies indicate that handling indeed can have effects on synaptic plastici-
ty or morphology. Focussing on handling and synaptic plasticity, Korz and Frey (2003) found that han-
dling of rats for 2 minutes significantly decreased LTP in the dentate gyrus in vivo measured immediate-
ly after the handling procedure. Evaluation of the circulating corticosterone levels indicated that these
were elevated when measured 15 minutes after handling (Korz and Frey, 2003). Also at the structural
level, handling was found to have effects: Seib and Wellman reported that handling increased spine den-
sity of medial-prefrontal cortex neurons close to the soma (Seib and Wellman, 2003).

With regard to chapter 3, even though corticosterone levels on the day of the experiment were compara-
ble between groups, the handling procedure or the administration of milk via the gastro-oesophageal
tube may have induced a daily increase in corticosterone levels of these animals. Even though dendritic
morphology was recorded one day after the last handling-milk treatment, this delay may still have had
effects on our results. A study by Garcia et al. (1997) showed an effect of an acute stressor (1 hour tail
shock) on hippocampal LTP in vitro recorded 1 hour, 24 hour or even 48 hour after the stress. At 1 hour
after the acute stressor, LTP was found to be impaired by 67%, and even when recorded 24 hour after
the last stressor an impairment of 32% was observed. This indicates that effects of an acute stressor can
be observed even 24 hours after the stressor. As a consequence, the data on dendritic hypertrophy should
be regarded with caution and the use of an unhandled, untreated control group will be essential to under-
stand the data entirely.

Mechanisms of stress and corticosteroid action on dendritic structure
The cytoskeleton of dendrites is composed mainly of microtubules with an outer layer of actin underly-
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ing the plasma membrane and a dense actin matrix at the end of processes. In search of regulators of den-
dritic growth and development, the Rho GTPases have been proposed as key integrators between envi-
ronmental cues and regulation of the dendritic cytoskeleton (Van Aelst and Cline, 2004). Studies trying
to link neuronal activity and Rho GTPases indicated that blocking NMDA and AMPA receptors
decreased dendritic arbour growth rate in Xenopus tectal neurons. Rho GTPase is also implicated in den-
dritic branch additions and stabilizations and extensions (Sin et al., 2002). Furthermore, changes in
intra-cellular calcium also affect the dendritic cytoskeleton (Wong and Ghosh, 2002). A study in cortical
slice cultures showed a strong role of L-type VDCCs and subsequent activation of CaMKIV and cyclic-
AMP-responsive-element-binding protein (CREB)-mediated signalling; calcium-induced dendritic growth
was suppressed by inhibition of CaMKIV and CREB activity (Redmond et al., 2002).

A study by Alfonso et al. (2005) investigated the role of Mé6a, a stress-responsive gene, in relation to
changes in dendritic morphology. Mé6a is present in the hippocampal dentate gyrus, CA1 and CA3 cells
and over-expression increases neurite outgrowth and filopodium and spine density in primary hippocam-
pal cultures (Alfonso et al., 2005). Interestingly, expression levels of M6a are decreased in hippocampal
tissue of tree shrews subjected to chronic stress and this down-regulation is prevented by the antidepres-
sant clomipramine (Alfonso et al., 2004).

To conclude, further research should investigate mediators of dendritic remodeling and their relation to
stress and corticosterone. Similar as with M6a, other stress-responsive genes might be involved in the
process of dendritic remodeling. Also stress and corticosterone effects on Rho GTPases can support ideas
about the intracellular mechanisms that are involved in the effects on hippocampal dendritic remodeling.

IIT CONCLUDING REMARKS

The dendritic atrophy seen after acute corticosterone exposure is not accompanied by a decrease in spine
density, as was predicted based on the findings regarding LTP. However, the total reduction in dendritic
length may cause a decrease in the number of spines, which in turn may contribute to the impairment in
LTP. Clearly, essential information about the size, shape and localization of synaptic contacts after cor-
ticosterone treatment is lacking at this moment. Studies examining the effects of stress and LTP on synap-
tic morphology show that not only changes in spine density but also changes of the postsynaptic mem-
brane are relevant. Detailed evaluation of the possible effects of stress and corticosterone on remodelling
of spine synapses (with the use of EM) is necessary. No data is yet available on this issue, neither con-
cerning the effect of corticosterone on synaptic plasticity in organotypic cultures nor concerning the
effect of corticosterone on CA1 morphology in acute slices of a similar developmental age. This informa-
tion is essential to assess if the morphological changes after corticosterone are linked to the changes in
synaptic plasticity.

The dendritic hypertrophy observed after chronic stress demands a different approach. Next to the in this
thesis described effects of chronic stress on dendritic remodelling, the effect of chronic stress on spine
density, shape and size of CA1 cells needs to be investigated. If chronic stress causes a decrease in spine
density, the observed dendritic hypertrophy might function as a rescue mechanism for the cell to recov-
er from the decrease in synaptic input. This hypertrophy might restore the decreased input of the cell
under basal/resting potential conditions while under conditions of learning (i.e. LTP) the changes in mor-
phology hamper this process. Also stress-induced changes in the ratio of spine shape and size may be
related to the observed decrease in LTP. In order to understand the consequences of the dendritic remod-
elling after stress on electrotonic functioning the use of neuronal modelling will be necessary.
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Is bigger always better and smaller always worse?

Combination of two techniques, i.e. electrophysiological recordings and neuronal imaging, can comple-
ment each other. Yet, the results from part I and II in this thesis illustrate that it may also lead to para-
doxical findings. This is not unprecedented as is evident from the literature on e.g. stress related mor-
phological changes in the hippocampus. Pavlides et al. (2000) reported impaired LTP of both the CA3
and dentate gyrus area after chronic stress. Current source density analysis supported the idea that the
impairment in LTP of the CA3 could be related to apical dendritic atrophy of CA3 pyramidal neurons.
For dentate granule cells however, no evidence was or is found that dendritic atrophy occurs after chron-
ic stress. So in the CA3 area the impairments in synaptic plasticity seem to be correlated to dendritic atro-
phy while in the dentate gyrus this association can not be made.

Also gender can ‘overrule’ the effects of hippocampal atrophy after chronic stress. Spatial memory is
enhanced after 21 days of chronic stress in female rats tested in the radial arm maze, while a similar stress
treatment impairs spatial memory in male rats (Bowman et al., 2001). Furthermore, despite CA3 den-
dritic retraction, female rats perform better on the Y-maze after chronic stress. The reported contribu-
tion of ovarian hormones (e.g. estrogens) to spatial memory was not interfering since the females were
ovariectomized and treated with vehicle or estrogens (McLaughlin et al., 2005).

To conclude, changes in hippocampal morphology, synaptic functioning and behaviour do not always
coincide. Further multidisciplinary research is necessary to elucidate the exact relationship between form
and function.

Consequences for behavior

From the results of this thesis it is clear that acute stress and corticosterone impair LTP induction and
alter the morphology of CA1 neurons. Behavioral studies show that mechanisms necessary for LTP
induction (NMDA receptor activation or VDCC receptor activation) are involved in formation of spatial
and emotional memories (Borroni et al., 2000; Woodside et al., 2004). It is tempting to speculate that
similar mechanisms are involved in the effects of stress and corticosterone seen in our studies as well as
behavioral studies where stress prior to and out of the learning context interferes with subsequent learn-
ing and memory processes (de Kloet et al., 1999; Roozendaal, 2003; Shors, 2004).

Exposure to chronic stress also impairs LTP. The prolonged exposure to high levels of corticosterone
might be causing the impaired LTP, and possibly result in similar occlusion of the synapse as after acute
stress or corticosterone, although now of a more persistent nature. Experiments in which the GR is
antagonized during chronic stress may give more insight in the GR dependency of the mechanisms that
underlie the impaired synaptic plasticity. To evaluate the behavioral relevance, it will be informative to
combine these electrophysiological experiments with behavioral investigations.

89



THESIS DEB 07-02-2006 09:35 Pagina 90 $

References

90



THESIS DEB 07-02-2006 09:35 Pagina 91 $

Abraham WC. How long will long-term potentiation last? Philos Trans R Soc Lond B Biol Sci 2003; 358:
735-44.

Abraham WC, Bear MFE. Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci 1996; 19:
126-30.

Abraham WC, Logan B, Greenwood JM, Dragunow M. Induction and experience-dependent consolida-
tion of stable long-term potentiation lasting months in the hippocampus. J Neurosci 2002; 22: 9626-34.

Akirav I, Kozenicky M, Tal D, Sandi C, Venero C, Richter-Levin G. A facilitative role for corticosterone
in the acquisition of a spatial task under moderate stress. Learn Mem 2004; 11: 188-95.

Akirav I, Sandi C, Richter-Levin G. Differential activation of hippocampus and amygdala following spa-
tial learning under stress. Eur ] Neurosci 2001; 14: 719-25.

Akirav IR-L, G.;. Biphasic modulation of hippocampal plasticity by behavioral stress and basolateral
amygdala stimulation in the rat. The journal of Neuroscience 1999; 19: 10530-10535.

Alfarez DN, Joéls M, Krugers HJ. Chronic unpredictable stress impairs long-term potentiation in rat hip-
pocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 2003; 17: 1928-34.

Alfarez DN, Wiegert O, Joéls M, Krugers HJ. Corticosterone and stress reduce synaptic potentiation in
mouse hippocampal slices with mild stimulation. Neuroscience 2002; 115: 1119-26.

Alfonso ], Fernandez ME, Cooper B, Flugge G, Frasch AC. The stress-regulated protein Mé6a is a key
modulator for neurite outgrowth and filopodium/spine formation. Proc Natl Acad Sci U S A 2005; 102:
17196-201.

Alfonso J, Pollevick GD, Van Der Hart MG, Flugge G, Fuchs E, Frasch AC. Identification of genes reg-
ulated by chronic psychosocial stress and antidepressant treatment in the hippocampus. Eur J Neurosci
2004; 19: 659-66.

Amaral DG, Witter MP. The three-dimensional organization of the hippocampal formation: a review of
anatomical data. Neuroscience 1989; 31: 571-91.

Andersen P, Soleng AF. Long-term potentiation and spatial training are both associated with the genera-
tion of new excitatory synapses. Brain Res Brain Res Rev 1998; 26: 353-9.

Andrasfalvy BK, Magee JC. Changes in AMPA receptor currents following LTP induction on rat CA1
pyramidal neurones. J Physiol 2004; 559: 543-54.

Arbel I, Kadar T, Silbermann M, Levy A. The effects of long-term corticosterone administration on hip-
pocampal morphology and cognitive performance of middle-aged rats. Brain Res 1994; 657: 227-35.

Bach ME, Hawkins RD, Osman M, Kandel ER, Mayford M. Impairment of spatial but not contextual

memory in CaMKII mutant mice with a selective loss of hippocampal LTP in the range of the theta fre-
quency. Cell 1995; 81: 905-15.

——

91



THESIS DEB 07-02-2006 09:35 Pagina 92 $

92

Barria A, Muller D, Derkach V, Griffith LC, Soderling TR. Regulatory phosphorylation of AMPA-type
glutamate receptors by CaM-KII during long-term potentiation. Science 1997; 276: 2042-5.

Bartolomucci A, De Biurrun G, Czeh B, Van Kampen M, Fuchs E. SHORT COMMUNICATION
Selective enhancement of spatial learning under chronic psychosocial stress. Eur J Neurosci 2002; 15:
1863-6.

Bear MF, Cooper LN, Ebner FE. A physiological basis for a theory of synapse modification. Science 1987;
237: 42-8.

Beato M, Herrlich P, Schutz G. Steroid hormone receptors: many actors in search of a plot. Cell 1995;
83: 851-7.

Belanoff JK, Flores BH, Kalezhan M, Sund B, Schatzberg AF. Rapid reversal of psychotic depression
using mifepristone. J Clin Psychopharmacol 2001; 21: 516-21.

Belanoff JK, Rothschild AJ, Cassidy F, DeBattista C, Baulieu EE, Schold C, et al. An open label trial of
C-1073 (mifepristone) for psychotic major depression. Biol Psychiatry 2002; 52: 386-92.

Bhargava A, Mathias RS, McCormick JA, Dallman MF, Pearce D. Glucocorticoids prolong Ca(2+) tran-
sients in hippocampal-derived H19-7 neurons by repressing the plasma membrane Ca(2+)-ATPase-1.
Mol Endocrinol 2002; 16: 1629-37.

Bhargava A, Meijer OC, Dallman MF, Pearce D. Plasma membrane calcium pump isoform 1 gene expres-
sion is repressed by corticosterone and stress in rat hippocampus. ] Neurosci 2000; 20: 3129-38.

Bienenstock EL, Cooper LN, Munro PW. Theory for the development of neuron selectivity: orientation
specificity and binocular interaction in visual cortex. J Neurosci 1982; 2: 32-48.

Blank T, Nijholt I, Eckart K, Spiess J. Priming of long-term potentiation in mouse hippocampus by cor-
ticotropin- releasing factor and acute stress: implications for hippocampus- dependent learning. J
Neurosci 2002; 22: 3788-94.

Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the hippocampus.
Nature 1993; 361: 31-9.

Bliss TV, Lomo T. Long-lasting potentiation of synaptic transmission in the dentate area of the anaes-
thetized rabbit following stimulation of the perforant path. J Physiol 1973; 232: 331-56.

Bodnoff SR, Humphreys AG, Lehman JC, Diamond DM, Rose GM, Meaney M]. Enduring effects of
chronic corticosterone treatment on spatial learning, synaptic plasticity, and hippocampal neuropathol-
ogy in young and mid-aged rats. ] Neurosci 1995a; 15: 61-9.

Bodnoff SR, Humphreys AG, Lehman JC, Diamond DM, Rose GM, Meaney M]. Enduring effects of

chronic corticosterone treatment on spatial learning, synaptic plasticity, and hippocampal neuropathol-
ogy in young and mid-aged rats. J Neurosci 1995b; 15: 61-9.

——



THESIS DEB 07-02-2006 09:35 Pagina 93 $

Boehm ], Malinow R. AMPA receptor phosphorylation during synaptic plasticity. Biochem Soc Trans
2005; 33: 1354-6.

Borroni AM, Fichtenholtz H, Woodside BL, Teyler T]J. Role of voltage-dependent calcium channel long-
term potentiation (LTP) and NMDA LTP in spatial memory. ] Neurosci 20005 20: 9272-6.

Bourgeois JP, Goldman-Rakic PS, Rakic P. Synaptogenesis in the prefrontal cortex of rhesus monkeys.
Cereb Cortex 1994; 4: 78-96.

Bowman RE, Zrull MC, Luine VN. Chronic restraint stress enhances radial arm maze performance in
female rats. Brain Res 2001; 904: 279-89.

Bradbury M]J, Akana SE, Dallman MEFE. Roles of type I and II corticosteroid receptors in regulation of
basal activity in the hypothalamo-pituitary-adrenal axis during the diurnal trough and the peak: evidence

for a nonadditive effect of combined receptor occupation. Endocrinology 1994; 134: 1286-96.

Bremner JD, Narayan M, Anderson ER, Staib LH, Miller HL, Charney DS. Hippocampal volume reduc-
tion in major depression. Am ] Psychiatry 20005 157: 115-8.

Breuner CW, Orchinik M. Seasonal regulation of membrane and intracellular corticosteroid receptors in
the house sparrow brain. ] Neuroendocrinol 2001; 13: 412-20.

Bronzino JD, Blaise JH, Morgane PJ. The paired-pulse index: a measure of hippocampal dentate granule
cell modulation. Ann Biomed Eng 1997; 25: 870-3.

Buchs PA, Muller D. Induction of long-term potentiation is associated with major ultrastructural changes
of activated synapses. Proc Natl Acad Sci U S A 1996; 93: 8040-5.

Cameron HA, Gould E. Distinct populations of cells in the adult dentate gyrus undergo mitosis or apop-
tosis in response to adrenalectomy. ] Comp Neurol 1996; 369: 56-63.

Cannon RC, Wheal HV, Turner DA. Dendrites of classes of hippocampal neurons differ in structural
complexity and branching patterns. ] Comp Neurol 1999; 413: 619-33.

Carson-Jurica MA, Schrader WT, O’Malley BW. Steroid receptor family: structure and functions. Endocr
Rev 1990; 11: 201-20.

Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki Y, Wenthold R]J, et al. Stargazin regulates
synaptic targeting of AMPA receptors by two distinct mechanisms. Nature 2000; 408: 936-43.

Chittajallu R, Alford S, Collingridge GL. Ca2+ and synaptic plasticity. Cell Calcium 1998; 24: 377-85.

Christie BR, Eliot LS, Ito K, Miyakawa H, Johnston D. Different Ca2+ channels in soma and dendrites of
hippocampal pyramidal neurons mediate spike-induced Ca2+ influx. ] Neurophysiol 1995; 73: 2553-7.

Chrobak JJ, Lorincz A, Buzsaki G. Physiological patterns in the hippocampo-entorhinal cortex system.
Hippocampus 2000; 10: 457-65.

——

93



THESIS DEB 07-02-2006 09:35 Pagina 94 $

94

Colino A, Malenka RC. Mechanisms underlying induction of long-term potentiation in rat medial and
lateral perforant paths in vitro. ] Neurophysiol 1993; 69: 1150-9.

Conrad CD, Galea LA, Kuroda Y, McEwen BS. Chronic stress impairs rat spatial memory on the Y maze,
and this effect is blocked by tianeptine pretreatment. Behav Neurosci 1996; 110: 1321-34.

Conrad CD, Lupien SJ, McEwen BS. Support for a bimodal role for type II adrenal steroid receptors in
spatial memory. Neurobiol Learn Mem 1999; 72: 39-46.

Conrad CD, Roy EJ. Selective loss of hippocampal granule cells following adrenalectomy: implications
for spatial memory. ] Neurosci 1993; 13: 2582-90.

Cooke BM, Woolley CS. Gonadal hormone modulation of dendrites in the mammalian CNS. J Neurobiol
2005; 64: 34-46.

Cordero MI, Merino JJ, Sandi C. Correlational relationship between shock intensity and corticosterone
secretion on the establishment and subsequent expression of contextual fear conditioning. Behav
Neurosci 1998; 112: 885-91.

Coussens CM, Kerr DS, Abraham WC. Glucocorticoid receptor activation lowers the threshold for
NMDA-receptor-dependent homosynaptic long-term depression in the hippocampus through activation
of voltage-dependent calcium channels. ] Neurophysiol 1997; 78: 1-9.

Dachir S, Kadar T, Robinzon B, Levy A. Cognitive deficits induced in young rats by long-term corticos-
terone administration. Behav Neural Biol 1993; 60: 103-9.

Dallman ME, Akana SF, Levin N, Walker CD, Bradbury M]J, Suemaru S, et al. Corticosteroids and the
control of function in the hypothalamo-pituitary-adrenal (HPA) axis. Ann N Y Acad Sci 1994; 746: 22-
31; discussion 31-2, 64-7.

Datson NA, van der Perk J, de Kloet ER, Vreugdenhil E. Identification of corticosteroid-responsive genes
in rat hippocampus using serial analysis of gene expression. Eur J Neurosci 2001; 14: 675-89.

De Kloet ER. Brain corticosteroid receptor balance and homeostatic control. Front. Neuroendocrinol.
1991; 12: 95-164.

De Kloet ER, De Rijk R. Signaling pathways in brain involved in predisposition and pathogenesis of
stress-related disease: genetic and kinetic factors affecting the MR/GR balance. Ann N'Y Acad Sci 2004;
1032: 14-34.

de Kloet ER, Joéls M, Holsboer F. Stress and the brain: from adaptation to disease. Nat Rev Neurosci
2005; 6: 463-75.

de Kloet ER, Oitzl MS, Joéls M. Stress and cognition: are corticosteroids good or bad guys? Trends
Neurosci 1999; 22: 422-6.

de Kloet ER, Reul JM, Sutanto W. Corticosteroids and the brain. J Steroid Biochem Mol Biol 1990; 37:
387-94.

——



THESIS DEB 07-02-2006 09:35 Pagina 95 $

de Kloet ER, Sutanto W, Rots N, van Haarst A, van den Berg D, Oitzl M, et al. Plasticity and function
of brain corticosteroid receptors during aging. Acta Endocrinol (Copenh) 1991; 125 Suppl 1: 65-72.

de Quervain DJ, Roozendaal B, McGaugh JL. Stress and glucocorticoids impair retrieval of long-term
spatial memory. Nature 1998; 394: 787-90.

de Quervain DJ, Roozendaal B, Nitsch RM, McGaugh JL, Hock C. Acute cortisone administration
impairs retrieval of long-term declarative memory in humans. Nat Neurosci 2000; 3: 313-4.

De Simoni A, Griesinger CB, Edwards FA. Development of rat CA1 neurones in acute versus organotyp-
ic slices: role of experience in synaptic morphology and activity. J Physiol 2003.

Deadwyler SA, Dunwiddie T, Lynch G. A critical level of protein synthesis is required for long-term
potentiation. Synapse 1987; 1: 90-5.

Debiec J, LeDoux JE, Nader K. Cellular and systems reconsolidation in the hippocampus. Neuron 2002;
36: 527-38.

del Rio JA, Heimrich B, Soriano E, Schwegler H, Frotscher M. Proliferation and differentiation of glial
fibrillary acidic protein-immunoreactive glial cells in organotypic slice cultures of rat hippocampus.
Neuroscience 1991; 43: 335-47.

Desmond NL, Levy WB. Changes in the numerical density of synaptic contacts with long-term potentia-
tion in the hippocampal dentate gyrus. ] Comp Neurol 1986; 253: 466-75.

Desmond NL, Levy WB. Morphological correlates of long-term potentiation imply the modification of
existing synapses, not synaptogenesis, in the hippocampal dentate gyrus. Synapse 1990; 5: 139-43.

Di S, Malcher-Lopes R, Marcheselli VL, Bazan NG, Tasker JG. Rapid Glucocorticoid-Mediated
Endocannabinoid Release and Opposing Regulation of Glutamate and GABA Inputs to Hypothalamic
Magnocellular Neurons. Endocrinology 2005.

Diamond DM, Bennett MC, Fleshner M, Rose GM. Inverted-U relationship between the level of periph-
eral corticosterone and the magnitude of hippocampal primed burst potentiation. Hippocampus 1992; 2:

421-30.

Diamond DM, Fleshner M, Ingersoll N, Rose GM. Psychological stress impairs spatial working memory:
relevance to electrophysiological studies of hippocampal function. Behav Neurosci 1996; 110: 661-72.

Diamond DM, Fleshner M, Rose GM. Psychological stress repeatedly blocks hippocampal primed burst
potentiation in behaving rats. Behav Brain Res 1994; 62: 1-9.

Diamond DM, Park CR, Heman KL, Rose GM. Exposing rats to a predator impairs spatial working
memory in the radial arm water maze. Hippocampus 1999; 9: 542-52.

Diamond DM, Park CR, Woodson JC. Stress generates emotional memories and retrograde amnesia by
inducing an endogenous form of hippocampal LTP. Hippocampus 2004; 14: 281-91.

——

95



THESIS DEB 07-02-2006 09:35 Pagina 96 $

96

Diamond MC, Greer ER, York A, Lewis D, Barton T, Lin J. Rat cortical morphology following crowd-
ed-enriched living conditions. Exp Neurol 1987; 96: 241-7.

Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR. Transcription factor interactions: selectors of
positive or negative regulation from a single DNA element. Science 1990; 249: 1266-72.

Diorio D, Viau V, Meaney M]. The role of the medial prefrontal cortex (cingulate gyrus) in the regula-
tion of hypothalamic-pituitary-adrenal responses to stress. ] Neurosci 1993; 13: 3839-47.

Domenici MR, Casolini P, Catalani A, Ruggieri V, Angelucci L, Sagratella S. Reduced hippocampal in
vitro CA1 long-term potentiation in rat offsprings with increased circulating corticosterone during

neonatal life. Neurosci Lett 1996; 218: 72-4.

Dong WK, Greenough WT. Plasticity of nonneuronal brain tissue: roles in developmental disorders. Ment
Retard Dev Disabil Res Rev 2004; 10: 85-90.

Dong Y, Saal D, Thomas M, Faust R, Bonci A, Robinson T, et al. Cocaine-induced potentiation of synap-
tic strength in dopamine neurons: behavioral correlates in GluRA(-/-) mice. Proc Natl Acad Sci U S A

2004; 101: 14282-7.

Dudek SM, Bear ME. Homosynaptic long-term depression in area CA1 of hippocampus and effects of N-
methyl-D-aspartate receptor blockade. Proc Natl Acad Sci U S A 1992; 89: 4363-7.

Dunwiddie TV, Lynch G. The relationship between extracellular calcium concentrations and the induc-
tion of hippocampal long-term potentiation. Brain Res 1979; 169: 103-10.

Eichenbaum H. A cortical-hippocampal system for declarative memory. Nat Rev Neurosci 2000; 1: 41-50.

Elliott EM, Sapolsky RM. Corticosterone impairs hippocampal neuronal calcium regulation—possible
mediating mechanisms. Brain Res 1993; 602: 84-90.

Engert F, Bonhoeffer T. Synapse specificity of long-term potentiation breaks down at short distances.
Nature 1997; 388: 279-84.

Engert F, Bonhoeffer T. Dendritic spine changes associated with hippocampal long-term synaptic plastic-
ity. Nature 1999; 399: 66-70.

English JD, Sweatt JD. A requirement for the mitogen-activated protein kinase cascade in hippocampal
long term potentiation. J Biol Chem 1997; 272: 19103-6.

Evans SJ, Moore FL, Murray TF. Solubilization and pharmacological characterization of a glucocorticoid
membrane receptor from an amphibian brain. J Steroid Biochem Mol Biol 1998; 67: 1-8.

Evans SJ, Murray TF, Moore FL. Partial purification and biochemical characterization of a membrane
glucocorticoid receptor from an amphibian brain. J Steroid Biochem Mol Biol 2000; 72: 209-21.

Falkenstein E, Wehling M. Nongenomically initiated steroid actions. Eur J Clin Invest 20005 30 Suppl 3:

——



THESIS DEB 07-02-2006 09:35 Pagina 97 $

51-4.

Feldker DE, Datson NA, Veenema AH, Meulmeester E, de Kloet ER, Vreugdenhil E. Serial analysis of
gene expression predicts structural differences in hippocampus of long attack latency and short attack
latency mice. Eur J Neurosci 2003; 17: 379-87.

Fischer M, Kaech S, Knutti D, Matus A. Rapid actin-based plasticity in dendritic spines. Neuron 1998;
20: 847-54.

Fischer M, Kaech S, Wagner U, Brinkhaus H, Matus A. Glutamate receptors regulate actin-based plas-
ticity in dendritic spines. Nat Neurosci 2000; 3: 887-94.

Foy MRS, M. E.,; Levine, S., and Thompson, R. F. Behavioral stress impairs long-term potentiation in
rodent hippocampus. Behav. Neural. Biol. 1987; 48: 138-149.

Frey U, Krug M, Reymann KG, Matthies H. Anisomycin, an inhibitor of protein synthesis, blocks late
phases of LTP phenomena in the hippocampal CA1 region in vitro. Brain Res 1988; 452: 57-65.

Fuchs E, Flugge G, Ohl F, Lucassen P, Vollmann-Honsdorf GK, Michaelis T. Psychosocial stress, gluco-
corticoids, and structural alterations in the tree shrew hippocampus. Physiol Behav 2001a; 73: 285-91.

Fuchs E, Flugge G, Ohl F, Lucassen P, Vollmann-Honsdorf GK, Michaelis T. Psychosocial stress, gluco-
corticoids, and structural alterations in the tree shrew hippocampus. Physiol Behav 2001b; 73: 285-91.

Garcia RM, W.; Tocco, G.; Thompson, R.E; Baudry, M.;. Time-dependent blockade of STP and LTP in
hippocampal slices following acute stress in mice. Neuroscience letters 1997; 233: 41-44.

Geinisman Y. Structural synaptic modifications associated with hippocampal LTP and behavioral learn-
ing. Cereb Cortex 2000; 10: 952-62.

Geinisman Y, deToledo-Morrell L, Morrell F. Induction of long-term potentiation is associated with an
increase in the number of axospinous synapses with segmented postsynaptic densities. Brain Res 1991;

566: 77-88.

Geinisman Y, Detoledo-Morrell L, Morrell F, Persina IS, Beatty MA. Synapse restructuring associated
with the maintenance phase of hippocampal long-term potentiation. ] Comp Neurol 1996; 368: 413-23.

Geinisman Y, Disterhoft JF, Gundersen HJ, McEchron MD, Persina IS, Power JM, et al. Remodeling of hip-
pocampal synapses after hippocampus-dependent associative learning. ] Comp Neurol 2000; 417: 49-59.

Gerges NZ, Stringer JL, Alkadhi KA. Combination of hypothyroidism and stress abolishes early LTP in
the CA1 but not dentate gyrus of hippocampus of adult rats. Brain Res 2001; 922: 250-60.

Giese KP, Fedorov NB, Filipkowski RK, Silva AJ. Autophosphorylation at Thr286 of the alpha calcium-
calmodulin kinase IT in LTP and learning. Science 1998; 279: 870-3.

Gomez-Sanchez CE, de Rodriguez AF, Romero DG, Estess J, Warden MP, Gomez-Sanchez MP, et al.

——

97



THESIS DEB 07-02-2006 09:35 Pagina 98 $

98

Development of a Panel of Monoclonal Antibodies against the Mineralocorticoid Receptor.
Endocrinology 200S5.

Gould E, McEwen BS, Tanapat P, Galea LA, Fuchs E. Neurogenesis in the dentate gyrus of the adult tree
shrew is regulated by psychosocial stress and NMDA receptor activation. ] Neurosci 1997; 17: 2492-8.

Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. Proliferation of granule cell precursors in the den-
tate gyrus of adult monkeys is diminished by stress. Proc Natl Acad Sci U S A 1998; 95: 3168-71.

Groc L, Heine M, Cognet L, Brickley K, Stephenson FA, Lounis B, et al. Differential activity-dependent
regulation of the lateral mobilities of AMPA and NMDA receptors. Nat Neurosci 2004; 7: 695-6.

Grosshans DR, Clayton DA, Coultrap SJ, Browning MD. LTP leads to rapid surface expression of
NMDA but not AMPA receptors in adult rat CA1. Nat Neurosci 2002; 5: 27-33.

Grover LM, Teyler TJ. Two components of long-term potentiation induced by different patterns of affer-
ent activation. Nature 1990; 347: 477-9.

Grutzendler J, Kasthuri N, Gan WB. Long-term dendritic spine stability in the adult cortex. Nature 2002;
420: 812-6.

Halasy K, Buhl EH, Lorinczi Z, Tamas G, Somogyi P. Synaptic target selectivity and input of GABAergic
basket and bistratified interneurons in the CA1 area of the rat hippocampus. Hippocampus 1996; 6: 306-
29.

Han F, Ozawa H, Matsuda K, Nishi M, Kawata M. Colocalization of mineralocorticoid receptor and glu-
cocorticoid receptor in the hippocampus and hypothalamus. Neurosci Res 2005; 51: 371-81.

Harris EW, Ganong AH, Cotman CW. Long-term potentiation in the hippocampus involves activation of
N-methyl-D-aspartate receptors. Brain Res 1984; 323: 132-7.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. Driving AMPA receptors into synapses by
LTP and CaMKIL: requirement for GluR1 and PDZ domain interaction. Science 2000; 287: 2262-7.

Hebb, DO. The organization of behavior: A neuropsychological theory. New York: Wiley 1949.

Herman JP, Adams D, Prewitt C. Regulatory changes in neuroendocrine stress-integrative circuitry pro-
duced by a variable stress paradigm. Neuroendocrinology 1995; 61: 180-90.

Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC, et al. Central mecha-
nisms of stress integration: hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical
responsiveness. Front Neuroendocrinol 2003; 24: 151-80.

Herman JP, Schafer MK, Young EA, Thompson R, Douglass J, Akil H, et al. Evidence for hippocampal

regulation of neuroendocrine neurons of the hypothalamo-pituitary-adrenocortical axis. J Neurosci
1989; 9: 3072-82.

——



THESIS DEB 07-02-2006 09:35 Pagina 99 $

Herman JP, Spencer R. Regulation of hippocampal glucocorticoid receptor gene transcription and pro-
tein expression in vivo. ] Neurosci 1998; 18: 7462-73.

Hesen W, Karst H, Meijer O, Cole TJ, Schmid W, de Kloet ER, et al. Hippocampal cell responses in mice
with a targeted glucocorticoid receptor gene disruption. J Neurosci 1996; 16: 6766-74.

Holsboer F. The corticosteroid receptor hypothesis of depression. Neuropsychopharmacology 2000; 23:
477-501.

Horner HC, Packan DR, Sapolsky RM. Glucocorticoids inhibit glucose transport in cultured hippocam-
pal neurons and glia. Neuroendocrinology 1990; 52: 57-64.

Hosokawa T, Rusakov DA, Bliss TV, Fine A. Repeated confocal imaging of individual dendritic spines in
the living hippocampal slice: evidence for changes in length and orientation associated with chemically

induced LTP. J Neurosci 1995; 15: 5560-73.

Irvine EE, Vernon J, Giese KP. AlphaCaMKII autophosphorylation contributes to rapid learning but is
not necessary for memory. Nat Neurosci 2005; 8: 411-2.

Isaac JT, Nicoll RA, Malenka RC. Evidence for silent synapses: implications for the expression of LTP.
Neuron 1995; 15: 427-34.

Ito M. Long-term depression. Annu Rev Neurosci 1989; 12: 85-102.

Jaarsma D, Postema F, Korf J. Time course and distribution of neuronal degeneration in the dentate gyrus
of rat after adrenalectomy: a silver impregnation study. Hippocampus 1992; 2: 143-50.

Jacobson L, Sapolsky R. The role of the hippocampus in feedback regulation of the hypothalamic-pitu-
itary-adrenocortical axis. Endocr Rev 1991; 12: 118-34.

Jelinek HF, Fernandez E. Neurons and fractals: how reliable and useful are calculations of fractal dimen-
sions? ] Neurosci Methods 1998; 81: 9-18.

Joéls M. Corticosteroid actions in the hippocampus. J Neuroendocrinol 2001; 13: 657-69.

Joéls M, de Kloet ER. Effects of glucocorticoids and norepinephrine on the excitability in the hippocam-
pus. Science 1989; 245: 1502-5.

Joéls M, de Kloet ER. Mineralocorticoid receptor-mediated changes in membrane properties of rat CA1
pyramidal neurons in vitro. Proc Natl Acad Sci U S A 1990; 87: 4495-8.

Joéls M, De Kloet ER. Coordinative mineralocorticoid and glucocorticoid receptor-mediated control of
responses to serotonin in rat hippocampus. Neuroendocrinology 1992; 55: 344-50.

Joéls M, Krugers H]J, De Kloet ER. Corticosteroid actions on electrical activity in the brain. Hormones,
Brain and Behavior, 2002; 3: 601-626.

——

99



THESIS DEB 07-02-2006 09:35 Pagina 100 $

100

Joéls M, Karten Y, Hesen W, de Kloet ER. Corticosteroid effects on electrical properties of brain cells:
temporal aspects and role of antiglucocorticoids. Psychoneuroendocrinology 1997; 22 Suppl 1: S81-6.

Joéls M, Krugers HJ, de Kloet ER. Corticosteroid actions on electrical activity in the brain. hormones,
brain and behavior, 2002.

Joéls M, Velzing E, Nair S, Verkuyl JM, Karst H. Acute stress increases calcium current amplitude in rat
hippocampus: temporal changes in physiology and gene expression. Eur ] Neurosci 2003; 18: 1315-24.

Johansson BB. Environmental influence on recovery after brain lesions—experimental and clinical data.
J Rehabil Med 2003: 11-6.

Johnson LR, Farb C, Morrison JH, McEwen BS, Ledoux JE. Localization of glucocorticoid receptors at
postsynaptic membranes in the lateral amygdala. Neuroscience 2005; 136: 289-99.

Johren O, Flugge G, Fuchs E. Hippocampal glucocorticoid receptor expression in the tree shrew: regula-
tion by psychosocial conflict. Cell Mol Neurobiol 1994; 14: 281-96.

Jourdain P, Fukunaga K, Muller D. Calcium/calmodulin-dependent protein kinase II contributes to acti-
vity-dependent filopodia growth and spine formation. J Neurosci 2003; 23: 10645-9.

Kalsbeek A, van Heerikhuize JJ, Wortel J, Buijs RM. A diurnal rhythm of stimulatory input to the hypo-
thalamo-pituitary-adrenal system as revealed by timed intrahypothalamic administration of the vaso-
pressin V1 antagonist. ] Neurosci 1996; 16: 5555-65.

Karst H, Berger S, Turiault M, Tronche F, Schiitz G, Joéls M. Mineralocorticoid receptors are indispen-
sable for non-genomic modulation of hippocampal glutamate transmission by corticosterone. Proc Natl
Acad Sci U S A 20055 102: 19204-19207.

Karst H, de Kloet ER, Joéls M. Effect of ORG 34116, a corticosteroid receptor antagonist, on hippocam-
pal Ca2+ currents. Eur J Pharmacol 1997; 339: 17-26.

Karst H, Joéls M. Effect of chronic stress on synaptic currents in rat hippocampal dentate gyrus neurons.
J Neurophysiol 2003; 89: 625-33.

Karst H, Joéls M. Corticosterone Slowly Enhances Miniature Excitatory Postsynaptic Current Amplitude
in Rat Cal Hippocampal Cells. J Neurophysiol 2005.

Karst H, Karten, Y.J.H., reichardt, H.M., de Kloet, E.R., Schutz, G., Joéls, M. Corticosteroid actions in
hippocampus require DNA binding of glucocorticoid receptor homodimers. Nature Neuroscience 2000;
3: 977-978.

Karst H, Nair S, Velzing E, Rumpff-van Essen L, Slagter E, Shinnick-Gallagher P, et al. Glucocorticoids
alter calcium conductances and calcium channel subunit expression in basolateral amygdala neurons. Eur

J Neurosci 2002; 16: 1083-9.

Karst HW, W.].; Joéls, M.;. Corticosteroid receptor-dependent modulation of calcium currents in rat hip-

——



THESIS _DEB 07-02-2006 09:35 Pagina 101 $

pocampal CA1 neurons. Brain research 1994; 649: 234-242.

Karten Y], Slagter E, Joéls M. Effect of long-term elevated corticosteroid levels on field responses to
synaptic stimulation, in the rat CA1 hippocampal area. Neurosci Lett 1999; 265: 41-4.

Kasai H, Matsuzaki M, Noguchi J, Yasumatsu N, Nakahara H. Structure-stability-function relationships
of dendritic spines. Trends Neurosci 2003; 26: 360-8.

Kerr DS, Abraham WC. LTD: many means to how many ends? Hippocampus 1996; 6: 30-4.

Kerr DS, Campbell LW, Hao SY, Landfield PW. Corticosteroid modulation of hippocampal potentials:
increased effect with aging. Science 1989; 245: 1505-9.

Kerr DS, Campbell LW, Thibault O, Landfield PW. Hippocampal glucocorticoid receptor activation
enhances voltage-dependent Ca2+ conductances: relevance to brain aging. Proc Natl Acad Sci U S A

1992; 89: 8527-31.

Kim JJ, Diamond DM. The stressed hippocampus, synaptic plasticity and lost memories. Nat Rev
Neurosci 2002; 3: 453-62.

Kim JJ, Foy MR, Thompson RF. Behavioral stress modifies hippocampal plasticity through N-methyl-D-
aspartate receptor activation. Proc Natl Acad Sci U S A 1996; 93: 4750-3.

Kim JJ, Koo JW, Lee HJ, Han JS. Amygdalar inactivation blocks stress-induced impairments in hip-
pocampal long-term potentiation and spatial memory. J Neurosci 2005; 25: 1532-9.

Kim JJL, H.]J.; Han, J.; Packard, M.G.;. Amygdala is critical for stress-induced modulation of hippocam-
pal long-term potentiation and learning. the journal of Neuroscience 2001; 21: 5222-5228.

Kirschbaum C, Wolf OT, May M, Wippich W, Hellhammer DH. Stress- and treatment-induced elevations
of cortisol levels associated with impaired declarative memory in healthy adults. Life Sci 1996; 58: 1475-
83.

Kitchener P, Di Blasi F, Borrelli E, Piazza PV. Differences between brain structures in nuclear transloca-
tion and DNA binding of the glucocorticoid receptor during stress and the circadian cycle. Eur J Neurosci

2004; 19: 1837-46.

Kleim JA, Lussnig E, Schwarz ER, Comery TA, Greenough WT. Synaptogenesis and Fos expression in the
motor cortex of the adult rat after motor skill learning. J Neurosci 1996; 16: 4529-35.

Kleim JA, Vij K, Ballard DH, Greenough WT. Learning-dependent synaptic modifications in the cerebel-
lar cortex of the adult rat persist for at least four weeks. J Neurosci 1997; 17: 717-21.

Kole MH, Costoli T, Koolhaas JM, Fuchs E. Bidirectional shift in the cornu ammonis 3 pyramidal den-
dritic organization following brief stress. Neuroscience 2004; 125: 337-47.

Kole MH, Swan L, Fuchs E. The antidepressant tianeptine persistently modulates glutamate receptor cur-

101

——



THESIS DEB 07-02-2006 09:35 Pagina 102 $

102

rents of the hippocampal CA3 commissural associational synapse in chronically stressed rats. Eur J
Neurosci 2002a; 16: 807-16.

Kole MHP, Swan L, Fuchs E. The antidepressant tianeptine persistently modulates glutamate receptor
currents of the hippocampal CA3 commissural associational synapse in chronically stressed rats. Eur J
Neurosci 2002b.

Komatsuzaki Y, Murakami G, Tsurugizawa T, Mukai H, Tanabe N, Mitsuhashi K, et al. Rapid spinogen-
esis of pyramidal neurons induced by activation of glucocorticoid receptors in adult male rat hippocam-
pus. Biochem Biophys Res Commun 2005; 335: 1002-1007.

Korz V, Frey JU. Stress-related modulation of hippocampal long-term potentiation in rats: Involvement
of adrenal steroid receptors. ] Neurosci 2003; 23: 7281-7.

Korz V, Frey JU. Bidirectional modulation of hippocampal long-term potentiation under stress and no-
stress conditions in basolateral amygdala-lesioned and intact rats. ] Neurosci 2005; 25: 7393-400.

Kozorovitskiy Y, Gross CG, Kopil C, Battaglia L, McBreen M, Stranahan AM, et al. Experience induces
structural and biochemical changes in the adult primate brain. Proc Natl Acad Sci U S A 2005.

Krug M, Lossner B, Ott T. Anisomycin blocks the late phase of long-term potentiation in the dentate
gyrus of freely moving rats. Brain Res Bull 1984; 13: 39-42.

Krugers HJ, Alfarez DN, Karst H, Parashkouhi K, van Gemert N, Joéls M. Corticosterone shifts differ-
ent forms of synaptic potentiation in opposite directions. Hippocampus 20035.

Krugers HJ, Douma BR, Andringa G, Bohus B, Korf J, Luiten PG. Exposure to chronic psychosocial
stress and corticosterone in the rat: effects on spatial discrimination learning and hippocampal protein
kinase Cgamma immunoreactivity. Hippocampus 1997; 7: 427-36.

Krugers HJ, Medema RM, Postema F, Korf J. Induction of glial fibrillary acidic protein immunoreactiv-
ity in the rat dentate gyrus after adrenalectomy: comparison with neurodegenerative changes using silver

impregnation. Hippocampus 1994; 4: 307-14.

Krugers HJ, Mulder, M., Korf, J., Havekes, L., de Kloet, R., Joéls, M. Altered synaptic plasticity in hip-
pocampal CA1 area of apolipoprotein E deficient mice. Neuroreport 1997; 8: 2505-2510.

Kuhlmann S, Piel M, Wolf OT. Impaired memory retrieval after psychosocial stress in healthy young men.
J Neurosci 20055 25: 2977-82.

Larson J, Lynch G. Induction of synaptic potentiation in hippocampus by patterned stimulation involves
two events. Science 1986; 232: 985-8.

Lazarov O, Robinson J, Tang YP, Hairston IS, Korade-Mirnics Z, Lee VM, et al. Environmental enrich-
ment reduces Abeta levels and amyloid deposition in transgenic mice. Cell 2005; 120: 701-13.

Leggio MG, Mandolesi L, Federico F, Spirito F, Ricci B, Gelfo F, et al. Environmental enrichment pro-

——



THESIS DEB 07-02-2006 09:35 Pagina 103 $

motes improved spatial abilities and enhanced dendritic growth in the rat. Behav Brain Res 2005.

Leuner B, Falduto J, Shors TJ. Associative memory formation increases the observation of dendritic
spines in the hippocampus. ] Neurosci 2003; 23: 659-65.

Levin ER. Cell localization, physiology, and nongenomic actions of estrogen receptors. ] Appl Physiol
2001; 91: 1860-7.

Lewis MH. Environmental complexity and central nervous system development and function. Ment
Retard Dev Disabil Res Rev 2004; 10: 91-5.

Li B, Chen N, Luo T, Otsu Y, Murphy TH, Raymond LA. Differential regulation of synaptic and extra-
synaptic NMDA receptors. Nat Neurosci 2002; 5: 833-4.

Li S, Cullen WK, Anwyl R, Rowan M]. Dopamine-dependent facilitation of LTP induction in hippocam-
pal CA1 by exposure to spatial novelty. Nat Neurosci 2003; 6: 526-31.

Liao D, Hessler NA, Malinow R. Activation of postsynaptically silent synapses during pairing-induced
LTP in CA1 region of hippocampal slice. Nature 1995; 375: 400-4.

Linthorst AC, Flachskamm C, Barden N, Holsboer F, Reul JM. Glucocorticoid receptor impairment
alters CNS responses to a psychological stressor: an in vivo microdialysis study in transgenic mice. Eur
J Neurosci 20005 12: 283-91.

Lisman J, Schulman H, Cline H. The molecular basis of CaMKII function in synaptic and behavioural
memory. Nat Rev Neurosci 2002; 3: 175-90.

Lissin DV, Carroll RC, Nicoll RA, Malenka RC, von Zastrow M. Rapid, activation-induced redistribu-
tion of ionotropic glutamate receptors in cultured hippocampal neurons. J Neurosci 1999; 19: 1263-72.

Lissin DV, Gomperts SN, Carroll RC, Christine CW, Kalman D, Kitamura M, et al. Activity differential-
ly regulates the surface expression of synaptic AMPA and NMDA glutamate receptors. Proc Natl Acad

Sci U S A 1998; 95: 7097-102.

Liu SQ, Cull-Candy SG. Synaptic activity at calcium-permeable AMPA receptors induces a switch in
receptor subtype. Nature 2000; 405: 454-8.

Liu W, Wang J, Sauter NK, Pearce D. Steroid receptor heterodimerization demonstrated in vitro and in
vivo. Proc Natl Acad Sci U S A 1995; 92: 12480-4.

Lopes da Silva FH, Witter MP, Boeijinga PH, Lohman AH. Anatomic organization and physiology of the
limbic cortex. Physiol Rev 1990; 70: 453-511.

Losel R, Wehling M. Nongenomic actions of steroid hormones. Nat Rev Mol Cell Biol 2003; 4: 46-56.
Lovinger DM, Wong KL, Murakami K, Routtenberg A. Protein kinase C inhibitors eliminate hippocam-
pal long-term potentiation. Brain Res 1987; 436: 177-83.

103

——



THESIS DEB 07-02-2006 09:35 Pagina 104 $

104

Luine V, Martinez C, Villegas M, Magarinos AM, McEwen BS. Restraint stress reversibly enhances spa-
tial memory performance. Physiol Behav 1996; 59: 27-32.

Lupien SJ, de Leon M, de Santi S, Convit A, Tarshish C, Nair NP, et al. Cortisol levels during human
aging predict hippocampal atrophy and memory deficits. Nat Neurosci 1998; 1: 69-73.

Lupien SJ, Lepage M. Stress, memory, and the hippocampus: can’t live with it, can’t live without it. Behav
Brain Res 2001a; 127: 137-58.

Lupien SJ, Lepage M. Stress, memory, and the hippocampus: can’t live with it, can’t live without it. Behav
Brain Res 2001b; 127: 137-58.

Luscher C, Nicoll RA, Malenka RC, Muller D. Synaptic plasticity and dynamic modulation of the post-
synaptic membrane. Nat Neurosci 2000; 3: 545-50.

MacQueen GM, Campbell S, McEwen BS, Macdonald K, Amano S, Joffe RT, et al. Course of illness, hip-
pocampal function, and hippocampal volume in major depression. Proc Natl Acad Sci U S A 2003; 100:
1387-92.

Magarinos AM, McEwen BS. Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons:
comparison of stressors. Neuroscience 1995a; 69: 83-8.

Magarinos AM, McEwen BS. Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons:
involvement of glucocorticoid secretion and excitatory amino acid receptors. Neuroscience 1995b; 69:

89-98.

Magarinos AM, McEwen BS, Flugge G, Fuchs E. Chronic psychosocial stress causes apical dendritic atro-
phy of hippocampal CA3 pyramidal neurons in subordinate tree shrews. ] Neurosci 1996; 16: 3534-40.

Magarinos AM, Verdugo JM, McEwen BS. Chronic stress alters synaptic terminal structure in hippocam-
pus. Proc Natl Acad Sci U S A 1997; 94: 14002-8.

Magee JC, Johnston D. A synaptically controlled, associative signal for Hebbian plasticity in hippocam-
pal neurons. Science 1997; 275: 209-13.

Maguire EA, Frackowiak RS, Frith CD. Recalling routes around london: activation of the right hip-
pocampus in taxi drivers. ] Neurosci 1997; 17: 7103-10.

Malinow R, Madison DV, Tsien RW. Persistent protein kinase activity underlying long-term potentiation.
Nature 1988; 335: 820-4.

Malinow R, Malenka RC. AMPA receptor trafficking and synaptic plasticity. Annu Rev Neurosci 2002;
25:103-26.

Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker LE, et al. Regulation of AMPA receptor-mediated
synaptic transmission by clathrin-dependent receptor internalization. Neuron 2000; 25: 649-62.

——



THESIS DEB 07-02-2006 09:35 Pagina 105 $

Manahan-Vaughan D. Long-term depression in freely moving rats is dependent upon strain variation,
induction protocol and behavioral state. Cereb Cortex 2000; 10: 482-7.

Manahan-Vaughan D, Braunewell KH. Novelty acquisition is associated with induction of hippocampal
long- term depression. Proc Natl Acad Sci U S A 1999; 96: 8739-44.

Marlier LN, Patacchioli FR, Porzio O, Bottone A, Di Grezia R, Borboni P, et al. Differential regulation
of adrenocorticoid receptors in the hippocampus and spinal cord of adrenalectomized rats. ] Neurosci
Res 1996; 43: 526-34.

Matthies H, Reymann KG. Protein kinase A inhibitors prevent the maintenance of hippocampal long-
term potentiation. Neuroreport 1993; 4: 712-4.

McEwen BS. Corticosteroids and hippocampal plasticity. Ann N'Y Acad Sci 1994; 746: 134-42; discus-
sion 142-4, 178-9.

McEwen BS. Stress and hippocampal plasticity. Annu Rev Neurosci 1999; 22: 105-22.

McEwen BS. The neurobiology of stress: from serendipity to clinical relevance. Brain Res 2000; 886:
172-189.

McEwen BS. Glucocorticoids, depression, and mood disorders: structural remodeling in the brain.
Metabolism 2005; 54: 20-3.

McEwen BS, De Kloet ER, Rostene W. Adrenal steroid receptors and actions in the nervous system.
Physiol Rev 1986; 66: 1121-88.

McEwen BS, Magarinos AM. Stress effects on morphology and function of the hippocampus. Ann N'Y
Acad Sci 1997; 821: 271-84.

McEwen BS, Weiss JM, Schwartz LS. Selective retention of corticosterone by limbic structures in rat
brain. Nature 1968; 220: 911-2.

McGaugh JL, Roozendaal B. Role of adrenal stress hormones in forming lasting memories in the brain.
Curr Opin Neurobiol 2002; 12: 205-10.

McKay LI, Cidlowski JA. Cross-talk between nuclear factor-kappa B and the steroid hormone receptors:
mechanisms of mutual antagonism. Mol Endocrinol 1998; 12: 45-56.

McKittrick CR, Magarinos AM, Blanchard DC, Blanchard RJ, McEwen BS, Sakai RR. Chronic social
stress reduces dendritic arbors in CA3 of hippocampus and decreases binding to serotonin transporter
sites. Synapse 2000; 36: 85-94.

McLaughlin KJ, Baran SE, Wright RL, Conrad CD. Chronic stress enhances spatial memory in ovariec-

tomized female rats despite CA3 dendritic retraction: Possible involvement of CA1 neurons.
Neuroscience 2005; 135: 1045-54.

105

——



THESIS DEB 07-02-2006 09:35 Pagina 106 $

106

Megias M, Emri Z, Freund TF, Gulyas Al Total number and distribution of inhibitory and excitatory
synapses on hippocampal CA1 pyramidal cells. Neuroscience 2001; 102: 527-40.

Melchers BP, Pennartz CM, Wadman WJ, Lopes da Silva FH. Quantitative correlation between tetanus-
induced decreases in extracellular calcium and LTP. Brain Res 1988; 454: 1-10.

Mesches MH, Fleshner M, Heman KL, Rose GM, Diamond DM. Exposing rats to a predator blocks
primed burst potentiation in the hippocampus in vitro. ] Neurosci 1999; 19: RC18.

Meyer U, van Kampen M, Isovich E, Flugge G, Fuchs E. Chronic psychosocial stress regulates the expres-
sion of both GR and MR mRNA in the hippocampal formation of tree shrews. Hippocampus 2001; 11:
329-36.

Milekic MH, Alberini CM. Temporally graded requirement for protein synthesis following memory reac-
tivation. Neuron 2002; 36: 521-5.

Milner B. The memory defect in bilateral hippocampal lesions. Psychiatr Res Rep Am Psychiatr Assoc
1959; No 11: 43-58.

Mitra R, Jadhav S, McEwen BS, Vyas A, Chattarji S. Stress duration modulates the spatiotemporal pat-
terns of spine formation in the basolateral amygdala. Proc Natl Acad Sci U S A 2005; 102: 9371-6.

Mittmann W, Chadderton P, Hausser M. Neuronal microcircuits: frequency-dependent flow of inhibi-
tion. Curr Biol 2004; 14: R837-9.

Mizrahi A, Katz LC. Dendritic stability in the adult olfactory bulb. Nat Neurosci 2003; 6: 1201-7.

Morano MI, Vazquez DM, Akil H. The role of the hippocampal mineralocorticoid and glucocorticoid
receptors in the hypothalamo-pituitary-adrenal axis of the aged Fisher rat. Mol Cell Neurosci 1994; 5:
400-12.

Morimoto M, Morita N, Ozawa H, Yokoyama K, Kawata M. Distribution of glucocorticoid receptor
immunoreactivity and mRNA in the rat brain: an immunohistochemical and in situ hybridization study.
Neurosci Res 19965 26: 235-69.

Morris RG, Anderson E, Lynch GS, Baudry M. Selective impairment of learning and blockade of long-
term potentiation by an N-methyl-D-aspartate receptor antagonist, APS. Nature 1986; 319: 774-6.

Morris RG, Garrud P, Rawlins JN, O’Keefe ]. Place navigation impaired in rats with hippocampal
lesions. Nature 1982; 297: 681-3.

Moser MB, Trommald M, Andersen P. An increase in dendritic spine density on hippocampal CA1
pyramidal cells following spatial learning in adult rats suggests the formation of new synapses. Proc Natl
Acad Sci U S A 1994; 91: 12673-5.

Mulholland PJ, Self RL, Harris BR, Little H]J, Littleton JM, Prendergast MA. Corticosterone increases
damage and cytosolic calcium accumulation associated with ethanol withdrawal in rat hippocampal slice
cultures. Alcohol Clin Exp Res 2005; 29: 871-81.

——



THESIS DEB 07-02-2006 09:35 Pagina 107 $

Mulkey RM, Herron CE, Malenka RC. An essential role for protein phosphatases in hippocampal long-
term depression. Science 1993; 261: 1051-5.

Mulkey RM, Malenka RC. Mechanisms underlying induction of homosynaptic long-term depression in
area CA1 of the hippocampus. Neuron 1992; 9: 967-75.

Muller D, Buchs PA, Stoppini L, Boddeke H. Long-term potentiation, protein kinase C, and glutamate
receptors. Mol Neurobiol 1991; 5: 277-88.

Muller D, Nikonenko I, Jourdain P, Alberi S. LTP, memory and structural plasticity. Curr Mol Med 2002;
2: 605-11.

Murphy EK, Spencer RL, Sipe KJ, Herman JP. Decrements in nuclear glucocorticoid receptor (GR) pro-
tein levels and DNA binding in aged rat hippocampus. Endocrinology 2002; 143: 1362-70.

Newey SE, Velamoor V, Govek EE, Van Aelst L. Rho GTPases, dendritic structure, and mental retarda-
tion. J Neurobiol 2005; 64: 58-74.

Nikonenko I, Jourdain P, Alberi S, Toni N, Muller D. Activity-induced changes of spine morphology.
Hippocampus 2002; 12: §85-91.

Nishi M, Ogawa H, Ito T, Matsuda KI, Kawata M. Dynamic changes in subcellular localization of min-
eralocorticoid receptor in living cells: in comparison with glucocorticoid receptor using dual-color label-

ing with green fluorescent protein spectral variants. Mol Endocrinol 2001; 15: 1077-92.

Nithianantharajah J, Levis H, Murphy M. Environmental enrichment results in cortical and subcortical
changes in levels of synaptophysin and PSD-95 proteins. Neurobiol Learn Mem 2004; 81: 200-10.

Nusser Z, Lujan R, Laube G, Roberts JD, Molnar E, Somogyi P. Cell type and pathway dependence of
synaptic AMPA receptor number and variability in the hippocampus. Neuron 1998; 21: 545-59.

O’Brien JT, Lloyd A, McKeith I, Gholkar A, Ferrier N. A longitudinal study of hippocampal volume, cor-
tisol levels, and cognition in older depressed subjects. Am J Psychiatry 2004; 161: 2081-90.

O’Dell TJ, Kandel ER, Grant SG. Long-term potentiation in the hippocampus is blocked by tyrosine
kinase inhibitors. Nature 1991; 353: 558-60.

Oitzl MS, de Kloet ER. Selective corticosteroid antagonists modulate specific aspects of spatial orienta-
tion learning. Behav Neurosci 1992; 106: 62-71.

Oitzl MS, Reichardt HM, Joéls M, de Kloet ER. Point mutation in the mouse glucocorticoid receptor pre-
venting DNA binding impairs spatial memory. Proc Natl Acad Sci U S A 2001; 98: 12790-S5.

Olton DS, Walker JA, Gage FH. Hippocampal connections and spatial discrimination. Brain Res 1978;
139: 295-308.

Orchinik M, Murray TF, Moore FL. A corticosteroid receptor in neuronal membranes. Science 1991;

107

——



THESIS DEB 07-02-2006 09:35 Pagina 108 $

108

252: 1848-51.

Ostroff LE, Fiala JC, Allwardt B, Harris KM. Polyribosomes redistribute from dendritic shafts into
spines with enlarged synapses during LTP in developing rat hippocampal slices. Neuron 2002; 35: 535-
45.

Otmakhov N, Tao-Cheng JH, Carpenter S, Asrican B, Dosemeci A, Reese TS, et al. Persistent accumula-
tion of calcium/calmodulin-dependent protein kinase II in dendritic spines after induction of NMDA
receptor-dependent chemical long-term potentiation. ] Neurosci 2004; 24: 9324-31.

Papp E, Leinekugel X, Henze DA, Lee J, Buzsaki G. The apical shaft of CA1 pyramidal cells is under
GABAergic interneuronal control. Neuroscience 2001; 102: 715-21.

Pascual-Le Tallec L, Lombes M. The mineralocorticoid receptor: a journey exploring its diversity and
specificity of action. Mol Endocrinol 2005; 19: 2211-21.

Paskitti ME, McCreary BJ, Herman JP. Stress regulation of adrenocorticosteroid receptor gene transcrip-
tion and mRNA expression in rat hippocampus: time-course analysis. Brain Res Mol Brain Res 2000; 80:
142-52.

Pavlides C, Kimura A, Magarinos AM, McEwen BS. Hippocampal homosynaptic long-term
depression/depotentiation induced by adrenal steroids. Neuroscience 1995a; 68: 379-85.

Pavlides C, McEwen BS. Effects of mineralocorticoid and glucocorticoid receptors on long-term potenti-
ation in the CA3 hippocampal field. Brain Res 1999; 851: 204-14.

Pavlides C, Ogawa S, Kimura A, McEwen BS. Role of adrenal steroid mineralocorticoid and glucocorti-
coid receptors in long-term potentiation in the CA1 field of hippocampal slices. Brain Res 1996; 738:
229-35.

Pavlides C, Watanabe Y, Magarinos AM, McEwen BS. Opposing roles of type I and type II adrenal
steroid receptors in hippocampal long-term potentiation. Neuroscience 1995b; 68: 387-94.

Pavlides C, Watanabe Y, McEwen BS. Effects of glucocorticoids on hippocampal long-term potentiation.
Hippocampus 1993; 3: 183-92.

Pavlides CN, L.G.; McEwen, B. S. Effects of chronic stress on hippocampal Long-term potentiation. hip-
pocampus 2002; 12: 245-257.

Peiffer A, Barden N, Meaney M]. Age-related changes in glucocorticoid receptor binding and mRNA lev-
els in the rat brain and pituitary. Neurobiol Aging 1991; 12: 475-9.

Popov VI, Davies HA, Rogachevsky VV, Patrushev IV, Errington ML, Gabbott PL, et al. Remodelling of
synaptic morphology but unchanged synaptic density during late phase long-term potentiation (LTP): a
serial section electron micrograph study in the dentate gyrus in the anaesthetised rat. Neuroscience 2004;
128: 251-62.

——



THESIS DEB 07-02-2006 09:35 Pagina 109 $

Pouille F, Scanziani M. Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward inhi-
bition. Science 2001; 293: 1159-63.

Pouille F, Scanziani M. Routing of spike series by dynamic circuits in the hippocampus. Nature 2004;
429: 717-23.

Radley JJ, Rocher AB, Janssen WG, Hof PR, McEwen BS, Morrison JH. Reversibility of apical dendrit-
ic retraction in the rat medial prefrontal cortex following repeated stress. Exp Neurol 20035.

Redmond L, Kashani AH, Ghosh A. Calcium regulation of dendritic growth via CaM kinase IV and
CREB-mediated transcription. Neuron 2002; 34: 999-1010.

Reichardt HM, Kaestner KH, Wessely O, Gass P, Schmid W, Schutz G. Analysis of glucocorticoid sig-
nalling by gene targeting. J Steroid Biochem Mol Biol 1998; 65: 111-5.

Reichardt HM, Schutz G. Glucocorticoid signalling—multiple variations of a common theme. Mol Cell
Endocrinol 1998; 146: 1-6.

Reichardt HM, Tuckermann JP, Bauer A, Schutz G. Molecular genetic dissection of glucocorticoid recep-
tor function in vivo. Z Rheumatol 20005 59 Suppl 2: 1I/1-5.

Reisel D, Bannerman DM, Schmitt WB, Deacon RM, Flint J, Borchardt T, et al. Spatial memory dissoci-
ations in mice lacking GluR1. Nat Neurosci 2002; 5: 868-73.

Remondes M, Schuman EM. Role for a cortical input to hippocampal area CA1 in the consolidation of
a long-term memory. Nature 2004; 431: 699-703.

Restivo L, Ferrari F, Passino E, Sgobio C, Bock J, Oostra BA, et al. Enriched environment promotes beha-
vioral and morphological recovery in a mouse model for the fragile X syndrome. Proc Natl Acad Sci U

S A2005;102: 11557-62.

Reul JM, de Kloet ER. Two receptor systems for corticosterone in rat brain: microdistribution and dif-
ferential occupation. Endocrinology 1985; 117: 2505-11.

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER. A transmembrane intracellular estro-
gen receptor mediates rapid cell signaling. Science 2005; 307: 1625-30.

Rey M, Carlier E, Soumireu-Mourat B. Effects of corticosterone on hippocampal slice electrophysiology
in normal and adrenalectomized BALB/c mice. Neuroendocrinology 1987; 46: 424-9.

Rey M, Carlier E, Talmi M, Soumireu-Mourat B. Corticosterone effects on long-term potentiation in
mouse hippocampal slices. Neuroendocrinology 1994; 60: 36-41.

Riedel G, Micheau J. Function of the hippocampus in memory formation: desperately seeking resolution.
Prog Neuropsychopharmacol Biol Psychiatry 2001; 25: 835-53.

Roozendaal B. Stress and memory: opposing effects of glucocorticoids on memory consolidation and

109

——



THESIS DEB 07-02-2006 09:35 Pagina 110 $

110

memory retrieval. Neurobiol Learn Mem 2002; 78: 578-95.

Roozendaal B. Systems mediating acute glucocorticoid effects on memory consolidation and retrieval.
Prog Neuropsychopharmacol Biol Psychiatry 2003; 27: 1213-23.

Roozendaal B, Bohus B, McGaugh JL. Dose-dependent suppression of adrenocortical activity with
metyrapone: effects on emotion and memory. Psychoneuroendocrinology 1996; 21: 681-93.

Roozendaal B, Phillips RG, Power AE, Brooke SM, Sapolsky RM, McGaugh JL. Memory retrieval
impairment induced by hippocampal CA3 lesions is blocked by adrenocortical suppression. Nat Neurosci
2001; 4: 1169-71.

Rosenfeld P, Van Eekelen JA, Levine S, De Kloet ER. Ontogeny of the type 2 glucocorticoid receptor in
discrete rat brain regions: an immunocytochemical study. Brain Res 1988; 470: 119-27.

Rosenzweig MR, Bennett EL. Psychobiology of plasticity: effects of training and experience on brain and
behavior. Behav Brain Res 1996; 78: 57-65.

Rusakov DA, Davies HA, Harrison E, Diana G, Richter-Levin G, Bliss TV, et al. Ultrastructural synap-
tic correlates of spatial learning in rat hippocampus. Neuroscience 1997a; 80: 69-77.

Rusakov DA, Richter-Levin G, Stewart MG, Bliss TV. Reduction in spine density associated with long-
term potentiation in the dentate gyrus suggests a spine fusion-and-branching model of potentiation.
Hippocampus 1997b; 7: 489-500.

Saal D, Dong Y, Bonci A, Malenka RC. Drugs of abuse and stress trigger a common synaptic adaptation
in dopamine neurons. Neuron 2003; 37: 577-82.

Sah P, Bekkers JM. Apical dendritic location of slow afterhyperpolarization current in hippocampal
pyramidal neurons: implications for the integration of long- term potentiation. J Neurosci 1996; 16:
4537-42.

Sandi C, Davies HA, Cordero MI, Rodriguez JJ, Popov VI, Stewart MG. Rapid reversal of stress induced
loss of synapses in CA3 of rat hippocampus following water maze training. Eur J Neurosci 2003; 17:

2447-56.

Sandi C, Loscertales M, Guaza C. Experience-dependent facilitating effect of corticosterone on spatial
memory formation in the water maze. Eur J Neurosci 1997; 9: 637-42.

Sapolsky RM. Glucocorticoids and hippocampal atrophy in neuropsychiatric disorders. Arch Gen
Psychiatry 2000; 57: 925-35.

Sapolsky RM, Krey LC, McEwen BS. Prolonged glucocorticoid exposure reduces hippocampal neuron
number: implications for aging. ] Neurosci 1985; 5: 1222-7.

Sapolsky RM, Uno H, Rebert CS, Finch CE. Hippocampal damage associated with prolonged glucocor-
ticoid exposure in primates. J Neurosci 1990; 10: 2897-902.

——



THESIS DEB 07-02-2006 09:35 Pagina 111 $

Sapolsky RM, Zola-Morgan S, Squire LR. Inhibition of glucocorticoid secretion by the hippocampal for-
mation in the primate. J Neurosci 1991; 11: 3695-704.

Scharfman HE, Witter MP, Schwarcz R. The parahippocampal region. Implications for neurological and
psychiatric diseases. Introduction. Ann N 'Y Acad Sci 2000; 911: ix-xiii.

Schiller J, Schiller Y, Clapham DE. NMDA receptors amplify calcium influx into dendritic spines during
associative pre- and postsynaptic activation. Nat Neurosci 1998; 1: 114-8.

Schmitt WB, Sprengel R, Mack V, Draft RW, Seeburg PH, Deacon RM, et al. Restoration of spatial work-
ing memory by genetic rescue of GluR-A-deficient mice. Nat Neurosci 20053 8: 270-2.

Schnell E, Sizemore M, Karimzadegan S, Chen L, Bredt DS, Nicoll RA. Direct interactions between PSD-95
and stargazin control synaptic AMPA receptor number. Proc Natl Acad Sci U S A 2002; 99: 13902-7.

Schoneveld OJ, Gaemers IC, Lamers WH. Mechanisms of glucocorticoid signalling. Biochim Biophys
Acta 2004; 1680: 114-28.

Schwendt M, Jezova D. Gene expression of two glutamate receptor subunits in response to repeated
stress exposure in rat hippocampus. Cell Mol Neurobiol 20005 20: 319-29.

Seckl JR. 11beta-Hydroxysteroid dehydrogenase in the brain: a novel regulator of glucocorticoid action?
Front Neuroendocrinol 1997; 18: 49-99.

Seckl JR, Olsson T. Glucocorticoid hypersecretion and the age-impaired hippocampus: cause or effect? J
Endocrinol 1995; 145: 201-11.

Segal M. Dendritic spines and long-term plasticity. Nat Rev Neurosci 2005; 6: 277-84.

Seib LM, Wellman CL. Daily injections alter spine density in rat medial prefrontal cortex. Neurosci Lett
2003; 337: 29-32.

Sejnowski TJ. Synaptic mechanisms for long-term depression. Curr Biol 1991; 1: 38-40.

Sheline YI, Gado MH, Kraemer HC. Untreated depression and hippocampal volume loss. Am ]
Psychiatry 2003; 160: 1516-8.

Sheline YI, Wang PW, Gado MH, Csernansky JG, Vannier MW. Hippocampal atrophy in recurrent major
depression. Proc Natl Acad Sci U S A 19965 93: 3908-13.

Sheng M, Lee SH. AMPA receptor trafficking and the control of synaptic transmission. Cell 2001; 105:
825-8.

Shi SH, Hayashi Y, Petralia RS, Zaman SH, Wenthold R]J, Svoboda K, et al. Rapid spine delivery and
redistribution of AMPA receptors after synaptic NMDA receptor activation. Science 1999; 284: 1811-6.

Sholl DA. Dendritic organization in the neurons of the visual and motor cortices of the cat. ] Anat 1953;
87: 387-406.

——

111



THESIS DEB 07-02-2006 09:35 Pagina 112 $

112

Shors TJ. Learning during stressful times. Learn Mem 2004; 11: 137-44.

Shors TJ, Chua C, Falduto J. Sex differences and opposite effects of stress on dendritic spine density in
the male versus female hippocampus. ] Neurosci 2001; 21: 6292-7.

Shors TJ, Dryver E. Effect of stress and long-term potentiation (LTP) on subsequent LTP and the theta
burst response in the dentate gyrus. Brain Res 1994; 666: 232-8.

Shors TJ, Foy MR, Levine S, Thompson RE. Unpredictable and uncontrollable stress impairs neuronal
plasticity in the rat hippocampus. Brain Res Bull 1990a; 24: 663-7.

Shors TJ, Levine S, Thompson RE. Effect of adrenalectomy and demedullation on the stress-induced
impairment of long-term potentiation. Neuroendocrinology 1990b; 51: 70-5.

Shors TJ, Levine S, Thompson RF. Opioid antagonist eliminates the stress-induced impairment of long-
term potentiation (LTP). Brain Res 1990c¢; 506: 316-8.

Shors TJ, Seib TB, Levine S, Thompson RE. Inescapable versus escapable shock modulates long-term
potentiation in the rat hippocampus. Science 1989; 244: 224-6.

Shors TJ, Thompson RE. Acute stress impairs (or induces) synaptic long-term potentiation (LTP) but does not
affect paired-pulse facilitation in the stratum radiatum of rat hippocampus. Synapse 1992; 11: 262-5.

Silva AJ, Stevens CF, Tonegawa S, Wang Y. Deficient hippocampal long-term potentiation in alpha-calci-
um-calmodulin kinase II mutant mice. Science 1992; 257: 201-6.

Simpson GM, El Sheshai A, Loza N, Kingsbury SJ, Fayek M, Rady A, et al. An 8-week open-label trial
of a 6-day course of mifepristone for the treatment of psychotic depression. J Clin Psychiatry 2005; 66:
598-602.

Sin WC, Haas K, Ruthazer ES, Cline HT. Dendrite growth increased by visual activity requires NMDA
receptor and Rho GTPases. Nature 2002; 419: 475-80.

Smriga M, Saito H, Nishiyama N. Hippocampal long- and short-term potentiation is modulated by
adrenalectomy and corticosterone. Neuroendocrinology 1996; 64: 35-41.

Sorra KE, Harris KM. Stability in synapse number and size at 2 hr after long-term potentiation in
hippocampal area CA1. ] Neurosci 1998; 18: 658-71.

Sousa N, Almeida OF. Corticosteroids: sculptors of the hippocampal formation. Rev Neurosci 2002; 13:
59-84.

Sousa N, Lukoyanov NV, Madeira MD, Almeida OF, Paula-Barbosa MM. Reorganization of the mor-
phology of hippocampal neurites and synapses after stress-induced damage correlates with behavioral
improvement. Neuroscience 2000; 97: 253-66.

Squire LR. Memory and the hippocampus: a synthesis from findings with rats, monkeys, and humans.
Psychol Rev 1992; 99: 195-231.

——



THESIS DEB 07-02-2006 09:35 Pagina 113 $

Stanton PK, Sarvey JM. Blockade of long-term potentiation in rat hippocampal CA1 region by inhibitors
of protein synthesis. ] Neurosci 1984; 4: 3080-8.

Starkman MN, Gebarski SS, Berent S, Schteingart DE. Hippocampal formation volume, memory dys-
function, and cortisol levels in patients with Cushing’s syndrome. Biol Psychiatry 1992; 32: 756-65.

Starkman MN, Giordani B, Gebarski SS, Berent S, Schork MA, Schteingart DE. Decrease in cortisol
reverses human hippocampal atrophy following treatment of Cushing’s disease. Biol Psychiatry 1999; 46:
1595-602.

Staubli U, Lynch G. Stable hippocampal long-term potentiation elicited by ‘theta’ pattern stimulation.
Brain Res 1987; 435: 227-34.

Steffens DC, Byrum CE, McQuoid DR, Greenberg DL, Payne ME, Blitchington TF, et al. Hippocampal
volume in geriatric depression. Biol Psychiatry 2000; 48: 301-9.

Stein V, House DR, Bredt DS, Nicoll RA. Postsynaptic density-95 mimics and occludes hippocampal
long-term potentiation and enhances long-term depression. J Neurosci 2003; 23: 5503-6.

Stewart MG, Davies HA, Sandi C, Kraev IV, Rogachevsky VV, Peddie CJ, et al. Stress suppresses and
learning induces plasticity in CA3 of rat hippocampus: a three-dimensional ultrastructural study of
thorny excrescences and their postsynaptic densities. Neuroscience 2005a; 131: 43-54.

Stewart MG, Medvedev NI, Popov VI, Schoepfer R, Davies HA, Murphy K, et al. Chemically induced
long-term potentiation increases the number of perforated and complex postsynaptic densities but does
not alter dendritic spine volume in CA1 of adult mouse hippocampal slices. Eur J Neurosci 2005b; 21:
3368-78.

Stienstra CM, Joéls M. Effect of corticosteroid treatment in vitro on adrenalectomy-induced impairment
of synaptic transmission in the rat dentate gyrus. ] Neuroendocrinol 2000; 12: 199-205.

Straube T, Korz V, Frey JU. Bidirectional modulation of long-term potentiation by novelty-exploration
in rat dentate gyrus. Neurosci Lett 2003; 344: 5-8.

Takahashi T, Kimoto T, Tanabe N, Hattori TA, Yasumatsu N, Kawato S. Corticosterone acutely prolon-
ged N-methyl-d-aspartate receptor-mediated Ca2+ elevation in cultured rat hippocampal neurons. ]
Neurochem 2002; 83: 1441-51.

Takumi Y, Ramirez-Leon V, Laake P, Rinvik E, Ottersen OP. Different modes of expression of AMPA and
NMDA receptors in hippocampal synapses. Nat Neurosci 1999; 2: 618-24.

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo M, et al. Genetic enhancement of learn-
ing and memory in mice. Nature 1999; 401: 63-9.

Tardin C, Cognet L, Bats C, Lounis B, Choquet D. Direct imaging of lateral movements of AMPA recep-
tors inside synapses. Embo J 2003; 22: 4656-65.

Thomas GM, Huganir RL. MAPK cascade signalling and synaptic plasticity. Nat Rev Neurosci 2004; S:

113

——



THESIS DEB 07-02-2006 09:35 Pagina 114 $

114

173-83.

Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D. LTP promotes formation of multiple spine synaps-
es between a single axon terminal and a dendrite. Nature 1999; 402: 421-5.

Toni N, Buchs PA, Nikonenko I, Povilaitite P, Parisi L, Muller D. Remodeling of synaptic membranes
after induction of long-term potentiation. J Neurosci 2001; 21: 6245-51.

Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E, et al. Long-term in vivo imaging of
experience-dependent synaptic plasticity in adult cortex. Nature 2002; 420: 788-94.

Trapp T, Rupprecht R, Castren M, Reul JM, Holsboer F. Heterodimerization between mineralocorticoid
and glucocorticoid receptor: a new principle of glucocorticoid action in the CNS. Neuron 1994; 13:
1457-62.

Trommald M, Hulleberg G, Andersen P. Long-term potentiation is associated with new excitatory spine
synapses on rat dentate granule cells. Learn Mem 1996; 3: 218-28.

Turetsky D, Garringer E, Patneau DK. Stargazin modulates native AMPA receptor functional properties
by two distinct mechanisms. J Neurosci 2005; 25: 7438-48.

Uzakov S, Frey JU, Korz V. Reinforcement of rat hippocampal LTP by holeboard training. Learn Mem
20055 12: 165-71.

Van Aelst L, Cline HT. Rho GTPases and activity-dependent dendrite development. Curr Opin Neurobiol
2004; 14: 297-304.

van den Pol AN, Gallyas F. Trauma-induced Golgi-like staining of neurons: a new approach to neuronal
organization and response to injury. ] Comp Neurol 1990; 296: 654-73.

van Eekelen JA, Bohn MC, de Kloet ER. Postnatal ontogeny of mineralocorticoid and glucocorticoid
receptor gene expression in regions of the rat tel- and diencephalon. Brain Res Dev Brain Res 1991a; 61:

33-43.

van Eekelen JA, De Kloet ER. Co-localization of brain corticosteroid receptors in the rat hippocampus.
Prog Histochem Cytochem 1992; 26: 250-8.

van Eekelen JA, Rots NY, Sutanto W, de Kloet ER. The effect of aging on stress responsiveness and cen-
tral corticosteroid receptors in the brown Norway rat. Neurobiol Aging 1992; 13: 159-70.

van Eekelen JA, Rots NY, Sutanto W, Oitzl MS, de Kloet ER. Brain corticosteroid receptor gene expres-
sion and neuroendocrine dynamics during aging. J Steroid Biochem Mol Biol 1991b; 40: 679-83.

van Haarst AD, Oitzl MS, de Kloet ER. Facilitation of feedback inhibition through blockade of gluco-
corticoid receptors in the hippocampus. Neurochem Res 1997; 22: 1323-8.

van Haarst AD, Oitzl MS, Workel JO, de Kloet ER. Chronic brain glucocorticoid receptor blockade

——



THESIS DEB 07-02-2006 09:35 Pagina 115 $

enhances the rise in circadian and stress-induced pituitary-adrenal activity. Endocrinology 1996; 137:
4935-43.

van Praag H, Kempermann G, Gage FH. Neural consequences of environmental enrichment. Nat Rev
Neurosci 2000; 1: 191-8.

van Reempts J, Dikova M, Werbrouck L, Clincke G, Borgers M. Synaptic plasticity in rat hippocampus
associated with learning. Behav Brain Res 1992; 51: 179-83.

van Steensel B, Brink M, van der Meulen K, van Binnendijk EP, Wansink DG, de Jong L, et al.
Localization of the glucocorticoid receptor in discrete clusters in the cell nucleus. J Cell Sci 1995; 108 (
Pt 9): 3003-11.

Vazquez DM, Van Oers H, Levine S, Akil H. Regulation of glucocorticoid and mineralocorticoid recep-
tor mRNAs in the hippocampus of the maternally deprived infant rat. Brain Res 1996; 731: 79-90.

Vermetten E, Vythilingam M, Southwick SM, Charney DS, Bremner JD. Long-term treatment with
paroxetine increases verbal declarative memory and hippocampal volume in posttraumatic stress disor-

der. Biol Psychiatry 2003; 54: 693-702.

Vidal C, Jordan W, Zieglgansberger W. Corticosterone reduces the excitability of hippocampal pyrami-
dal cells in vitro. Brain Res 1986; 383: 54-9.

Videbech P, Ravnkilde B. Hippocampal volume and depression: a meta-analysis of MRI studies. Am ]
Psychiatry 2004; 161: 1957-66.

Virgin CE, Jr., Ha TP, Packan DR, Tombaugh GC, Yang SH, Horner HC, et al. Glucocorticoids inhibit
glucose transport and glutamate uptake in hippocampal astrocytes: implications for glucocorticoid neu-

rotoxicity. ] Neurochem 1991; 57: 1422-8.

Vreugdenhil E, de Kloet ER, Schaaf M, Datson NA. Genetic dissection of corticosterone receptor func-
tion in the rat hippocampus. Eur Neuropsychopharmacol 2001; 11: 423-30.

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S. Chronic stress induces contrasting patterns of
dendritic remodeling in hippocampal and amygdaloid neurons. J Neurosci 2002; 22: 6810-8.

Wang S, Scott BW, Wojtowicz JM. Heterogenous properties of dentate granule neurons in the adult rat.
J Neurobiol 2000; 42: 248-57.

Watanabe Y, Gould E, Cameron HA, Daniels DC, McEwen BS. Phenytoin prevents stress- and corticos-
terone-induced atrophy of CA3 pyramidal neurons. Hippocampus 1992a; 2: 431-5.

Watanabe Y, Gould E, Daniels DC, Cameron H, McEwen BS. Tianeptine attenuates stress-induced mor-
phological changes in the hippocampus. Eur J Pharmacol 1992b; 222: 157-62.

Watanabe Y, Gould E, McEwen BS. Stress induces atrophy of apical dendrites of hippocampal CA3
pyramidal neurons. Brain Res 1992¢; 588: 341-5.

115

——



THESIS DEB 07-02-2006 09:35 Pagina 116 $

116

Watanabe Y, Weiland NG, McEwen BS. Effects of adrenal steroid manipulations and repeated restraint
stress on dynorphin mRNA levels and excitatory amino acid receptor binding in hippocampus. Brain Res
1995; 680: 217-25.

Watt AJ, Sjostrom PJ, Hausser M, Nelson SB, Turrigiano GG. A proportional but slower NMDA poten-
tiation follows AMPA potentiation in LTP. Nat Neurosci 2004; 7: 518-24.

Weiland NG, Orchinik M, Tanapat P. Chronic corticosterone treatment induces parallel changes in N-
methyl-D-aspartate receptor subunit messenger RNA levels and antagonist binding sites in the hippocam-
pus. Neuroscience 1997; 78: 653-62.

Wenzel J, Kammerer E, Kirsche W, Matthies H, Wenzel M. Electron microscopic and morphometric stu-
dies on synaptic plasticity in the hippocampus of the rat following conditioning. ] Hirnforsch 1980; 21:
647-54.

Wheal HV, Chen Y, Mitchell J, Schachner M, Maerz W, Wieland H, et al. Molecular mechanisms that
underlie structural and functional changes at the postsynaptic membrane during synaptic plasticity. Prog
Neurobiol 1998; 55: 611-40.

Wiegert O, Pu Z, Shor S, Joéls M, Krugers H. Glucocorticoid receptor activation selectively hampers N-
methyl-d-aspartate receptor dependent hippocampal synaptic plasticity in vitro. Neuroscience 2005; 135:
403-11.

Winder DG, Mansuy IM, Osman M, Moallem TM, Kandel ER. Genetic and pharmacological evidence for
a novel, intermediate phase of long-term potentiation suppressed by calcineurin. Cell 1998; 92: 25-37.

Winson J. Loss of hippocampal theta rhythm results in spatial memory deficit in the rat. Science 1978;
201: 160-3.

Wintermantel TM, Berger S, Greiner EF, Schutz G. Genetic dissection of corticosteroid receptor function
in mice. Horm Metab Res 2004; 36: 387-91.

Wolf OT. HPA axis and memory. Best Pract Res Clin Endocrinol Metab 2003; 17: 287-99.

Wong RO, Ghosh A. Activity-dependent regulation of dendritic growth and patterning. Nat Rev
Neurosci 2002; 3: 803-12.

Wood GE, Young LT, Reagan LP, Chen B, McEwen BS. Stress-induced structural remodeling in hippo-
campus: prevention by lithium treatment. Proc Natl Acad Sci U S A 2004; 101: 3973-8.

Woodside BL, Borroni AM, Hammonds MD, Teyler TJ. NMDA receptors and voltage-dependent calci-
um channels mediate different aspects of acquisition and retention of a spatial memory task. Neurobiol
Learn Mem 2004; 81: 105-14.

Xu L, Anwyl R, Rowan M]. Behavioural stress facilitates the induction of long-term depression in the
hippocampus. Nature 1997; 387: 497-500.

Xu L, Anwyl R, Rowan M]J. Spatial exploration induces a persistent reversal of long-term potentiation

——



THESIS DEB 07-02-2006 09:35 Pagina 117 $

in rat hippocampus. Nature 1998a; 394: 891-4.

Xu L, Holscher C, Anwyl R, Rowan M]. Glucocorticoid receptor and protein/RNA synthesis-dependent
mechanisms underlie the control of synaptic plasticity by stress. Proc Natl Acad Sci U S A 1998b; 95:
3204-8.

Young AH, Gallagher P, Watson S, Del-Estal D, Owen BM, Nicol Ferrier I. Improvements in neurocog-
nitive function and mood following adjunctive treatment with mifepristone (RU-486) in bipolar disorder.
Neuropsychopharmacology 2004; 29: 1538-45.

Yuste R, Bonhoeffer T. Morphological changes in dendritic spines associated with long-term synaptic
plasticity. Annu Rev Neurosci 2001; 24: 1071-89.

Zhou ], Cidlowski JA. The human glucocorticoid receptor: one gene, multiple proteins and diverse res-
ponses. Steroids 2005; 70: 407-17.

Zhou J, Zhang F, Zhang Y. Corticosterone inhibits generation of long-term potentiation in rat hippocam-
pal slice: involvement of brain-derived neurotrophic factor. Brain Res 2000; 885: 182-91.

Zhou Q, Homma KJ, Poo MM. Shrinkage of dendritic spines associated with long-term depression of
hippocampal synapses. Neuron 2004; 44: 749-57.

117



THESIS DEB 07-02-2006 09:35 Pagina 118 $

118

Intfermezzo

Hans Selye (1907-1982)

Discovery is the realization that something new exists

Hans Selye (born Selye Janos in Hungary) devoted a scientific career spanning half a century investigat-
ing the subject of stress. As a young medical student at the University of Prague, Selye already created a
starting point that would eventually lead to his theory of the stress syndrome. During this introduction
to clinical medicine he examined various patients that “felt and looked ill”. They generally “had fever,
enlarged spleen or liver and a skin rash” and a number of other general symptoms. Selye, unbiased by
ignorance and lack of knowledge, wondered why individual diseases were treated but not “the syndrome
of just being sick”. It was 1934 before he could pursue his hypothesis. At that time he was a promising
young endocrinologist at McGill University’s Biochemistry Department in Montreal searching for a new
hormone. He did this by injecting rats with ovarian extract. The rats developed a triad of symptoms:
enlargement of the adrenal cortex, atrophy of the thymus, spleen, and lymph nodes, and ulcers in the
stomach. Selye thought that he was on the verge of finding a new hormone that caused these symptoms.
This proved to be an illusion, when placental extract and, later, injections of kidney, spleen and numer-
ous other organs produced the same effect. When formalin also produced these symptoms he knew he
had failed to discover a new hormone.

This experiment, together with the memory of patients exhibiting symptoms of being sick drove him to
formulate an idea that fitted this data together. Selye suggested that there was a general response elicit-
ed by a variety of external agents, later named “stressor”. Through years of research he identified this
complicated internal stress-processing mechanism, which came to be known as the hypothalamus-pitu-
itary-adrenal system although he was never able to define stress (figure 1; adapted from “The stress of
life”; Hans Selye, 1956). The scientific analysis of the stress response begins with Hans Seyle’s Nature

VAl
1Z
PITUITARY a%
o
[e]
2
=
= s
= @
ADRENAL ACTH stimulates the corticoid secretion of the adrenals;
. « the corticoids inhibit the ACTH secretion of the pituitary
v

paper in 1936 titled “A syndrome produced by diverse nocuous agents”. In this paper he discloses his
ideas about a process called the General Adaptation Syndrome (G.A.S., later referred to as “the stress
syndrome”), the process under which the body is confronted with ‘stress’. The G.A.S. describes the
body’s response to demands placed upon it, and details how stress induces hormonal autonomic respons-
es and how, over time, these hormonal changes can lead to ulcers, high blood pressure, arteriosclerosis,
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arthritis, and allergic reactions.

The body passes through three stages of coping during G.A.S.:

Firstly: alarm - the initial response to a challenge, the body prepares for a “fight or flight”. This initial
response is followed by the second stage of resistance to the stressor. After prolonged resistance adapta-
tion is lost and the body eventually enters the third stage: exhaustion, a sort of aging “due to wear and
tear” (figure 2; adapted from “The stress of life”; Hans Selye, 1956)

He also realized that there is great variance in individual reactivity towards stressors and that the same
stressor could be pleasurable to one individual and very stressful to another.

Selye was a highly disciplined and creative scientist, teacher, and writer. Visiting scientists to his depart-
ment were often addressed in their own language; he was fluent in Hungarian, German, English, French
and Italian and also competent in Spanish, Czech and Russian. His research resulted in 33 books and
over 1600 scientific articles on what he called the “diseases of adaptation”. As a scientist he was aware
of the importance of originality when it comes to science; as he states in his popular philosophical book
“In vivo” that:” Discovery is the realization that something new exists”.

Bibliography:

http://www.stress.org

http://www.dushkin.com/

http://www.brainconnection.com

“The stress of life”; Hans Selye, 1956; McGraw-Hill Book Company, NY, USA.
Special thanks to Luke Beeharry.
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Nederlandse samenvatting

In dit proefschrift is beschreven hoe stress en het stresshormoon corticosteron de communicatie tussen her-
sencellen van de hippocampus en de vorm van deze zenuwcellen beinvloeden. Op deze manier is getracht ook
inzicht te krijgen in de onderliggende mechanismen van geheugenproblemen die vaak voorkomen bij mensen
met depressieve klachten. In hoofdstuk 2 en 3 worden experimenten beschreven waarin de effecten van acute
(kortdurende) stress of blootstelling aan corticosteron en chronische (langdurige) stress op een cellulair model
voor leer en geheugenprocessen worden getest. In hoofdstuk 4 en 5 zijn experimenten gedaan die informatie
geven over de veranderingen in vorm van hersencellen in de hippocampus.

Omgaan met stressvolle omstandigheden is in de moderne maatschappij noodzakelijk geworden om te over-
leven. Als een organisme wordt blootgesteld aan een stressvolle gebeurtenis dan wordt (ondermeer) de hypo-
thalamus-hypofyse-bijnier as (HHB-as) geactiveerd. Na stimulatie door de stressor worden neuronen van de
paraventriculaire kern in de hypothalamus geactiveerd en secreteren de hormonen corticoreline (corticotro-
phine releasing hormone, CRH) en vasopressine (VP). Deze hormonen stimuleren de afgifte van het adreno-
corticotroop hormoon (ACTH) vanuit de hypofyse. Via de bloedbaan bereikt ACTH de bijnieren waar het
de afgifte van het stresshormoon corticosterone in knaagdieren stimuleert (zie figuur 1 in hoofdstuk I).
Corticosteron circuleert in het lichaam via de bloedbaan, passeert de bloed-hersen-barriére en heeft via een
terugkoppelingsmechanisme negatieve invloed op de activiteit van de HHB-as.

In de hersenen zijn er twee receptoren voor corticosteron, de mineralocorticoid receptor (MR, hoge affi-
niteit voor corticosteron) en de glucocorticoid receptor (GR, lage affiniteit voor corticosteron; wordt
alleen na een stressvolle situatie geactiveerd). Het hersengebied dat centraal staat in dit proefschrift, de
hippocampus, bezit veel van deze receptoren. De hippocampus is sterk betrokken bij leer- en geheugen-
processen. Uit eerder onderzoek is gebleken dat zowel langdurige als korte stress leerprocessen kan faci-
literen maar ook remmen. Dit effect is afthankelijk van de timing van de stressvolle gebeurtenis tijdens
leerprocessen. Om het effect van stress en corticosteron op leren en geheugen te bestuderen is er gekozen
voor een veelgebruikt cellulair model voor leer en geheugenprocessen: long-term potentiation (lange-ter-
mijn potentiatie, LTP).

In hoofdstuk 2 werd onderzocht of LTP, gemeten in hippocampus plakjes van de muis, beinvloedt wordt door
in vitro blootstelling aan een hoge dosis corticosteron. De mate waarin synaptische verbindingen in het CA1
gebied van de hippocampus kunnen worden versterkt werd daarna onderzocht door gebruik te maken van
twee verschillende stimulatie protocollen. In het tweede deel van deze experimenten werd een muis blootge-
steld aan een rat om korte psychologisch relevante stress op te wekken. De twee resultaten werden met elkaar
vergeleken om de invloed van andere hersengebieden buiten de hippocampus te onderzoeken. Uit deze stu-
die bleek dat zowel hoge plasma corticosteroid spiegels als een korte stressor LTP reduceren.

Voor de studie van hoofdstuk 3 werden ratten langdurig gestresst. Dit hield in dat de ratten voor 3 weken
lang elke dag aan 2 onvoorspelbare psychologische stressoren werden blootgesteld. Uit eerder onderzoek
is gebleken dat dit verstoring van de HHB-as veroorzaakt en kan dienen als een diermodel voor depres-
sie. De effecten van de langdurige stress werden onderzocht in twee hippocampale gebieden, het CA1
gebied en de gyrus dentatus (DG). In deze twee gebieden werd LTP gemeten onder condities van basale
en verhoogde corticosteroid spiegels. In zowel het CA1 gebied als de gyrus dentatus werd LTP onder-
drukt in dieren die bloot waren gesteld aan chronische stress.

In het tweede gedeelte van dit proefschrift werd onderzocht of kortdurende blootstelling aan een hoge
dosis corticosteron of langdurige stress invloed heeft op het aantal synaptische contacten en de morfolo-
gie van hippocampale CA1 neuronen. Veranderingen in neuronale netwerken en in synaptische contact-
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punten (spines) zijn betrokken bij leer- en geheugenprocessen en LTP. Tabel 1 van hoofdstuk 1 toont een
overzicht van de literatuur op dit gebied. Oude studies rapporteerden een toename bij dieren die een
gedragstaak moesten leren, echter dit effect is in meer recente studies niet gerepliceerd. Een meer uniform
beeld komt uit onderzoek naar effecten op de vorm en ultrastructuur van spines na het leren van een
bepaalde taak. Ook de parallellen tussen spine dichtheid op de dendritische uitlopers en LTP zijn verwar-
rend; sommige onderzoeken rapporteren een stabiele spine dichtheid na LTP terwijl anderen een toena-
me vinden. Wel lijkt er na LTP consistent een verandering in de vorm en ultrastructuur van spines op te
treden. Opvallend is de proportionele verschuiving in de aantallen spines van een bepaalde vorm.

In hoofdstuk 4 van dit proefschrift werd onderzocht of een korte hoge dosis van corticosteron een effect
heeft op de vorm van de dendrietboom en het aantal spines van CA1 pyramidaal neuronen. Het substraat
voor deze experimenten bestond uit gekweekte hippocampale plakken die waren verkregen van jonge rat-
ten. De resultaten tonen aan dat de hoge dosering corticosteron ervoor zorgt dat de apicale dendrieten
korter worden (atrofie): dit effect treedt op na korte blootstelling aan 100 nM corticosteron. Er werd
geen effect gevonden aan basale zijde van de dendrietboom. Fractaal analyse toonde aan dat de totale
complexiteit van deze neuronen tweevoudig was afgenomen. De rol van de GR werd onderzocht door
gebruik te maken van een GR antagonist. Toevoegen van een GR antagonist aan de gekweekte plakken
voordat deze blootgesteld werden aan corticosterone blokkeerde het effect van corticosteron.
Experimenten gedaan met een lagere dosis corticosteron (30 nM) veroorzaakte atrofie van de apicale
dendrietboom op een tijdsafhankelijke manier. De experimenten gedaan om het effect van zowel de 30
als de 100 nM corticosterone op spine dichtheid te onderzoeken toonden aan dat er geen effect was. De
resultaten van deze experimenten tonen aan dat ook korte periodes van hoge corticosteron niveaus een
modulerend effect hebben op de morfologie van CA1 neuronen.

Aangezien in de literatuur vaak is beschreven dat chronische stress krimping veroorzaakt van CA3 neu-
ronen, bestudeerden wij in hoofdstuk 5 het effect van chronische stress op de morfologie van CA1 neu-
ronen. Dit is gedaan onder zowel basale als verhoogde corticosteron niveaus. Uit het (verrassende) resul-
taat van deze studie bleek dat na chronische stress de lengte van de apicale dendrietboom van de CA1
neuronen was toegenomen. Ook wanneer hippocampus plakjes van controle dieren kort werden bloot-
gesteld aan een hoge dosis corticosterone trad deze vergroting van de dendrietboom op. Een identieke
behandeling van hippocampus plakjes van gestresste ratten veranderde de dendritische hypertrofie in
atrofie. Om ook in deze studie de rol van de GR vast te stellen werden de gestresste dieren aan het einde
van de stressperiode behandeld met een GR antagonist. Deze behandeling blokkeerde niet de effecten van
chronische stress maar wel de effecten van de korte blootstelling aan corticosteron. Deze resultaten tonen
aan dat corticosteroiden verschillende effecten kunnen hebben op dendritische morfologie afhankelijk
van de geschiedenis van het dier. De functionele implicaties zijn moeilijk te interpreteren maar onderzoek
met behulp van neuronale modellen zal daar een belangrijke rol in kunnen spelen.

De resultaten die in dit proefschrift worden gepresenteerd maken duidelijk dat neuronen van de hippo-
campus door stress worden gemoduleerd. De resultaten van deel I laten zien dat zowel lang- als kortdu-
rende stress de mate waarin synaptische verbindingen kunnen worden versterkt (cellulair leerproces)
onderdrukt. Deel II toont aan dat parallel aan deze veranderingen in geheugenprocessen ook morfologi-
sche veranderingen optreden. De uitdaging in verder onderzoek zal zijn om deze resultaten te koppelen,
om zo te begrijpen hoe vorm en functie van hersencellen elkaar beinvloeden.
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Dankwoord

Met een korte tussenpauze van 2 jaar loop ik al 13 jaar mee op de Anna’s Hoeve. Vroeger was alles beter,
al is de in mijn tijd als eerstejaars student beloofde openbaar vervoersverbinding met de hoeve er nog
steeds niet. Maar van het een kwam het ander en uiteindelijk resulteerde dat in het proefschrift dat nu
voor je ligt. Nu het proefschrift bijna af is en de verdediging nadert, wordt het tijd om de mensen te
bedanken die gewild of ongewild hebben bijgedragen aan de voltooiing van dit werk.

Allereerst wil ik Harm Krugers, mijn co-promotor, bedanken. Harm(-elito), ik prijs mijzelf erg gelukkig
dat jij mijn begeleider bent geweest. Mijn niet zo positieve ervaring als promovenda in Utrecht is drie-
dubbeldik gewist door mijn leuke tijd in Amsterdam. Jouw positieve levenshouding kon af en toe mijn
negatieve spiraal omdraaien waardoor ik er weer 100 % zin in had. Als ik de hele dag nog niets had
gemeten kwam je met een peptalk waardoor ik toch nog dat laatste plakje erin legde, en HOERA toch
nog een meting had. Bedankt hiervoor!

Marian Joéls, mijn promotor, wil ik ook bedanken voor haar scherpe inzicht en de vrijheid die ik heb
gekregen om een deel van mijn onderzoek in Londen uit te voeren. Ook in de eindfase van dit proefschrift
ben je zeer onmisbaar geweest.

In tegenstelling tot het bij veel mensen heersende idee is promoveren niet een kwestie van in je eentje zit-
ten mijmeren in een ivoren torentje. De handen moeten uit de mouwen, er moeten experimenten gedaan
worden. Iemand die mij vaak, heel vaak, een helpende hand toestak in mijn torentje is Henk Karst. Beste
Henk, zonder overdrijven kan ik zeggen dat ik een dunner proefschrift zou hebben gehad als jij mij niet
zou hebben geholpen met het verkrijgen van data. Niet alleen voor mij maar voor het hele lab sta je altijd
klaar, je bent echt de spil van het lab. Aan de andere kant van de gang is er nog een spil die ook erg
belangrijk voor mijn proefschrift is geweest. Els Velzing, de duizendpoot die altijd alles voor je regelt.
Hoe doe je dat toch ?! Jij bent van onschatbare waarde geweest bij het doen van de immuno’s, van het
snijden tot het fotograferen. Ook was er vaak tijd voor een beetje afleiding met foto’s van leuke plantjes
en diertjes. Natuurlijk zijn er nog heel veel andere collega’s in gebouw II die mij geholpen hebben, zo niet
wetenschappelijk dan wel door het bieden van de broodnodige gezelligheid. Klaas en Dick, bedankt voor
het verzorgen van de dieren. Suharti, jij hebt mij ingewijd in de kunsten van de histologie, bedankt hier-
voor. Een deur verder kon ik altijd aankloppen bij Willem. Dank voor je enthousiasme, hulp bij micros-
coperen en voor je boeiende levenshouding. Monique, altijd leuk om met jou over jonge-meiden-mode te
praten. Tk wil ook Wijnand Takkenberg en Erik Manders van de confocale microscoop bedanken voor
hun hulp. Wijnand, live fast, die young. Jouw passie voor motoren is je vorig jaar fataal geworden. Je
stond altijd klaar voor mij om te helpen, en geduldig drukte je dan de knop in die ik was vergeten....
Tijdens het scannen kon ik altijd leuk met jou kletsen over motoren, katten, geschiedenis of vrouwen.
Werken bij de confogel is niet meer zo leuk als toen jij er was.

Mijn junior jaren als promovenda heb ik doorgebracht in een klein kamertje in goed gezelschap. Martin, de
vrijdagmiddag acties waren altijd prima om stoom af te blazen. Sommige acties pakten alleen iets beter uit
dan wij dachten....maar ja...weten wij veel!!?! Qinny, the chinese meals at your place (always the host, never
the cook) were special events with lots and lots of food. Those were memorable evenings. En toen, Martin
moest zijn proefschrift afmaken en ik ging maar eens boven kijken. Maar kamer 4.22 was eigenlijk ook best
gezellig. Amos (de man die altijd gelijk heeft (shit)....maar ook de kamer vulde met muziek), Vivi (ik mis je
openhartige en komische verhalen), Els (jij was altijd zo georganiseerd), Karin (veel succes met de laatste
loodjes!), Solange (naast het brengen van gezelligheid kon ik veel van jou leren: wat moet ik lezen en hoe kan
ik het koken), Neeltje (wat kun jij goed zingen!). Alle andere collega’s: bedankt!
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I also want to express my gratitude towards Frances Edwards for making it possible to do part of the
work in this thesis in her lab at UCL, London. Thank you for your valuable discussions about my proj-
ect. I also want to thank all the grrls from the lab, Anna (you are a very special person, not only did you
teach me how to patch but also how to make cappucino!!!), Filomina, Roberta (I miss your hugs), Lily,
Kana, David (Finally a boy!) and Stephanie (hanging around with you was so much fun, hope your new
life will bring you love and happiness). I also want to thank all the other people for the nice evenings
with beer and late night kebabs (Noah, you could always guide me to the best kebab-shop in town!).
Op de dag van de verdediging zullen er twee mensen naast mij staan die erg belangrijk voor mij zijn.
Allereerst op links Tibor Brunt. Tiebje, ik ben erg blij dat jij mijn paranimf wilt zijn. Sinds jij mijn reken-
machine leende bij statistiek hebben we onafscheidelijk onze studietijd doorgebracht als een soort
Batman en Robin, Snip en Snap, Peppie en Kokkie, Suske en Wiske, Bassie en Adriaan, Gert en Hermien
etc etc.. Samen veel gekuierd in het Amsterdamse uitgaansleven...en dat blijven we hopelijk nog vaak
doen! Mijn rechterflank wordt verdedigd door mijn andere paranimf Olof Wiegert. Lieve O., ik kwam je
op dag 1 tegen toen ik op Anna’s hoeve ging werken. Sindsdien werk ik met heel veel plezier met je
samen. Je bent een brok amusement, het is nooit saai als jij er bent. Ik wens je veel succes in Bristol!
Als een echte socio-paat omring ik mij vaak met vrienden. Omdat biologen zo leuk zijn duikel je er daar
veel op (Ja Joris, wij verplaatsen ons in groepen en komen altijd te laat) maar ook besturen (Chrisje, ik
kan altijd erg lachen om je verhalen) en oud collega’s (Celien, wanneer gaan we weer op vakantie?) kun-
nen vriendschappen opleveren. Ik wil jullie allemaal heel erg bedanken voor de afleiding en gezelligheid!
Al heb ik een kleine familie, die is mij toch zeer dierbaar: Mam, jij hebt mij geleerd om zelfstandig te zijn,
en dat als je iets wilt je dat altijd kunt bereiken. Een levenshouding die heel belangrijk is! Lieve Erik,
bedankt voor de leuke tripjes op je boot en je hulp met alles wat er maar voorbij komt. En nu het moeil-
ijkste stukje van mijn dankwoord. Familie van Lanschot bedankt voor jullie liefdevolle ontvangst van mij
in het gezin. Tot mijn grote verdriet zal Marten niet bij mijn verdediging zijn, en dat terwijl bij hem de
grootste kans aanwezig was dat hij er wel iets van begreep. Marten bedankt voor al je interesse in mijn
onderzoek, we missen je nog steeds heel erg.

En last but not least wil ik mijn lieve Derk bedanken. Bij mislukte experimenten moest jij vaak leiden
onder mijn chagrijnigheid en probeerde je mij op te beuren door te zeggen dat ik het gewoon “de vol-
gende dag toch nog een keer kon proberen?”. Bedankt dat je er voor mij bent en hopelijk gaan we samen
nog heel veel avonturen beleven!

DEBORAH
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Deborah Natascha Alfarez werd geboren op 30 juni 1975 in Amsterdam. Na het behalen van haar VWO
diploma aan het St. Ignatius College te Purmerend, begon zij in 1993 met de studie Medische Biologie
aan de Universiteit van Amsterdam. In de specialisatie fase van de studie deed zij onderzoekservaring op
bij het Nederlands Instituut voor Hersenonderzoek in de groep van Prof. Dr. R. Buijs en bij de Faculteit
Diergeneeskunde, afdeling proefdierkunde onder leiding van Dr. Z.L. Haberham en Prof. Dr. L.J.
Hellebrekers. Ook heeft zij een educatieve stage gelopen bij science centrum NEMO in Amsterdam. De
studiefinanciering was nog niet op en om zichzelf toch een beetje te kunnen redden in het veld heeft zij
in 1997 haar propedeuse Biologie gehaald. In 1998, na het behalen van het doctoraal examen, begon zij
als promovenda bij Kinder- en Jeugdpsychiatrie aan het UMC van de Universiteit Utrecht. Na een korte
kennismaking met de psychiatrie werd deze loopbaan toch verruild voor een promotieplek bij het
Swammerdam Institute for Life Sciences, Centre for NeuroScience, Faculteit Natuurwetenschappen,
Wiskunde en Informatie aan de Universiteit van Amsterdam. Onder leiding van Dr. H.J. Krugers en Prof.
Dr. M. Joels rondde zij in maart 2006 haar promotieonderzoek af, waarvan het resultaat nu voor u ligt.
Naast haar werkzaamheden als onderzoeker heeft zij zich ook ingezet voor de belangen van jonge onder-
zoekers en is zij co-auteur van het populair wetenschappelijke boek “ In de toekomst is alles fantastisch”
verkrijgbaar mei 2006 bij Fontaine uitgevers.
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A little nonsense now and then,
is cherished by the wisest men.

Roald Dahl, Charlie and the Chocolate Factory

——



THESIS DEB 07-02-2006 09:36 Pagina 130 $

130




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /OK
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


