
GENERAL INTRODUCTION

1. Synaptic plasticity

Ever since the recognition of the basic organization of the brain during the
last century, hypotheses about the mechanisms of information storage have focussed
on the connection between neurons as the most likely site of action. The earliest of
these connectionistic hypotheses were those of Ramon y Cajal (Ramon y Cayal,
1911) and Tanzi (Tanzi, 1893), who proposed that utilization promoted the
formation of new circuits or that existing circuits were strengthened. The more
modern formulation, which underlies much of our current thinking, was that of Hebb
(Hebb, 1949), who proposed more specific rules for modification of the connection.
These rules have now proved to be remarkably prophetic.

The interconnection between neurons is named synapse. The synapse is the
most fundamental unit of information transmission in the nervous system.
Information storage, including all forms of memory and behavioral adaptation, are
thus believed to emerge from changes in neuronal transmission, both in the short-
term and the long-term, a property known as synaptic plasticity. Synaptic plasticity
is a highly regulated process, emerging from complex interactions not only at the
synapse itself. It can also be the result of a specific neuronal interplay at the
molecular, cellular and system level. Thus, understanding the mechanisms
underlying synaptic plasticity may help to apprehend general learning and memory
processes.

Changes in synaptic plasticity are achieved by changes in inhibitory or
excitatory neurotransmission or both. The first part of this thesis deals with the
modulation of excitatory neurotransmission. The principal excitatory
neurotransmitter in the brain is glutamate. The regulation of glutamate-mediated
excitatory neurotransmission has been shown to play a critical role in many aspects
of synaptic plasticity. The phosphorylation of glutamate receptors has been
demonstrated to alter their function, suggesting that they may be targets of various
kinases and phosphatases during the induction and maintenance of synaptic
plasticity (reviewed in Roche et al., 1994). The aim of this part of the thesis is to
investigate brain regional differences in the modulation of one of the members of the
glutamate receptor family, namely the N-methyl-D-aspartate (NMDA) receptor. In
an expression system the modulation of the NMDA receptor by phosphorylation is
studied. Thereafter the possible physiological role of NMDA receptor modulation is
assessed in vivo by monitoring immediate early gene expression.

The second part of the thesis focuses on the possible correlation between
synaptic plasticity and learning and memory. In particular, the significance of the
neuropeptide corticotropin-releasing factor (CRF) and of acute stress on
hippocampal synaptic plasticity and learning is investigated.

The following paragraphs will provide more background information and a
discussion of the existing literature on the topics studied in this thesis.
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1.1 Basic principles of neurotransmission (Fig. 1)
Synapses are the elementary building blocks of neuronal communication.

There are two types of synapses either electrical or chemical, although electrical
synapses are less common than chemical synapses in the brain. At electrical
synapses transmission occurs by means of current flow through gap junctions which
connect the cytoplasm of the pre- and postsynaptic cells. Transmission across these
electrical synapses is extremely rapid.

Small molecules, the neurotransmitters, mediate information transfer
between neurons at chemical synapses. Before release, the transmitters are stored in
small membraneous organelles, the synaptic vesicles. Upon arrival of an action
potential, the synaptic membrane depolarizes causing an opening of presynaptic
calcium channels. The resulting rise in intracellular calcium triggers exocytosis of
synaptic vesicles, which releases the transmitter into the synaptic cleft. The
transmitter molecules diffuse across the synaptic cleft, which separates the
transmitting cell from the receiving (postsynaptic) cell. They bind to specific
membrane receptors at the presynaptic cell, the autoreceptors, which can regulate the
rate of transmitter release, or to receptors on the membrane of the postsynaptic cell.
Postsynaptic receptors binding neurotransmitter can open Na+ or Ca2+ channels at
the postsynaptic cell, thus causing a depolarization and carrying on the signal to the
next cell. Alternatively, the presynaptic cell can inhibit firing of the postsynaptic cell
by release of inhibitory neurotransmitters. There are two types of postsynaptic
receptors named ionotropic and metabotropic receptors. Ionotropic receptors are
directly coupled to ion channels and are responsible for fast chemical transmission.
As soon as the neurotransmitter binds to the receptor, the ion channel opens.
Common neurotransmitters that mediate signaling of this type are glutamate and
acetylcholine, which are usually excitatory neurotransmitters, and glycine and γ-
aminobutyric acid (GABA), which are usually inhibitory neurotransmitters. The
metabotropic receptors in the postsynaptic membrane that bind neurotransmitters in
the slow chemical transmission pathway are not directly coupled to ion channels but
affect them or alter the level of intracellular second messengers like adenosine 3',5'-
cyclic monophosphate (cAMP), Ca2+ and diacylglycerol (DAG), through
intermediary G-proteins.

If the neurotransmitter would remain bound to the receptor, the postsynaptic
cell would be in a state of constant depolarization or hyperpolarization. Therefore,
neurotransmitters are enzymatically degraded or they can be transported back to the
presynaptic cell via transporters (reuptake). The transmitter-receptor complex can
also be taken back into the cell via invagination of membrane which pinches off to
form a vesicle, a process called internalisation. The vesicle then fuses with the
endosome and inside the endosome transmitter dissociates from the complex and is
transferred to the lysosome for degradation and the receptor is recycled to the
membrane. The receptor itself can also become desensitized. After prolonged
exposure to its own transmitter a receptor can become refractory to later application
of the same transmitter.
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Figure 1. Overview of the processes involved in synaptic transmission. The elements
directly addressed in this thesis are written italic.

1.2 Second messenger pathways
Changes in the level of second messengers by metabotropic receptors elicit a

cascade of events leading, among others, to the activation of enzymes controlling
protein phosphorylation. Phosphorylation of proteins is an important mechanism for
the modulation of their function, and is thought to play an important role in synaptic
plasticity in different brain regions.

Many hormone- and neurotransmitter-stimulated signaling pathways alter
the activities of target proteins including receptors, ion channels, synaptic vesicle
proteins and nuclear proteins by reversibly phosphorylating serine and threonine
residues.
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1.2.1 Protein kinases
Target proteins such as the NMDA receptor channel complex, which are

involved in synaptic plasticity, can be phosphorylated by serine/threonine protein
kinases. cAMP-dependent protein kinase (PKA), protein kinase C (PKC), and
calcium/calmodulin-dependent protein kinase (CaMK) are the three principal
serine/threonine kinases, which catalyze protein phosphorylation in response to
second messengers such as cAMP, Ca2+ and/or DAG.

Mammalian PKA includes four regulatory (RIα, RIβ, RIIα, RIIβ) and three
catalytic (Cα, Cβ, Cγ) subunits, each encoded by a unique gene. PKA consists of an
inactive heterotetramer of two catalytic subunits bound to two regulatory subunits
(Taylor et al., 1990). Together the regulatory and catalytic subunits form the
functional enzyme, the holoenzyme. Subunit assembly in the holoenzyme is likely to
differ because each subunit shows a distinct expression pattern across the brain
regions (Cadd and McKnight, 1989). PKA is activated by cAMP, which is generated
by adenylyl cyclase via G protein-coupled receptor activation. When cAMP binds to
the regulatory subunit of PKA, the holoenzyme dissociates to yield a regulatory
subunit dimer and two activate catalytic subunits.

Increases in intracellular Ca2+ concentrations via influx from the
extracellular space and via mobilization from intracellular stores by
inositoltriphosphate activate PKC and CaMK. PKC is a group of Ca2+ and
phospholipid-dependent serine/threonine kinases. It exists of a family of isozymes
that differ in structure, cofactor requirement and substrate specificity (Nishizuka,
1988; Dekker and Parker, 1994). These multiple isoforms of PKC also show distinct
patterns of tissue expression and subcellular localization (Tanaka and Saito, 1992).
Activation of PKC requires an increase in intracellular Ca2+ and DAG and/or
unsaturated fatty acids depending on the isoform involved. Binding of DAG in
combination with Ca2+ and phosphatidylserine deinhibits the kinase by producing a
conformational change that releases the catalytic site from a pseudosubstrate
sequence. Activation of several isoforms is also characterized by a translocation
from cytoplasm to membrane.

When the intracellular Ca2+ concentration rises, the concentration of
Ca2+/calmodulin (CaM) complex increases. CaM binds to an autoinhibitory domain
on the CaM kinases and thereby activates these enzymes. Four different types of
CaMK (I, II, III, IV) have been described but main attention concentrates on
CaMKII which is also called multifunctional CaMK. CaMKII constitutes up to 2%
of the total protein content in certain brain areas such as the hippocampus (Erondu
and Kennedy, 1985) and is localized in postsynaptic densities of excitatory synapses
as the most abundant protein and as such its participation in mechanisms of synaptic
plasticity has been widely discussed (Kennedy, 1989; Soderling, 2000). CaMK is
made up of a multiple gene family, in which each of the four distinct classes of
CaMK (α, β, γ, δ) is encoded by a separate gene (Tobimatsu and Fujisawa, 1989).
Within a class several isoforms have been identified and both homomultimers and
heteromultimers exist (Bennett et al., 1983; Kanaseki et al., 1991). The holoenzyme
is arranged in a so called hub-and-spoke pattern, which enables unique
autoregulatory  functions (Kanaseki et al., 1991). Autophosphorylation at threonine-
286 (Thr286) increases the affinity of the molecule to calmodulin (Meyer et al.,
1992) which makes it Ca2+ independent. Moreover, phosphorylation of the



General introduction

5

autonomy site is sufficient to disrupt the autoinhibitory domain, through which the
kinase stays partially active even after calmodulin dissociates. Hence, assay of
autonomous CaMK activity from control and treated groups gives a direct measure
of the fraction of the kinase that has been activated by stimulation of the cells.

1.2.2 Protein phosphatases
Although former studies mainly concentrated on the role of protein kinases

in the modulation of target proteins by phosphorylation, it has recently become
apparent that dephosphorylation of proteins by phosphatases plays an equally
important role in alterations of synaptic transmission. Serine/threonine phosphatases
can be divided in two major classes according to similarities in amino-acid
sequence. The first class shares a common phosphatase domain and includes
phosphatase 1 (PP1), protein phosphatase 2A (PP2A) and calcineurin (PP2B).
Recently, molecular cloning identified several more protein serine/threonine
phosphatases (PP4, PP5, PP6, and PP7) belonging to this class. The protein
phosphatase 2C (PP2C) class consists of several closely related isoforms that have
very little sequence homology with the first class (Cohen, 1997).

PP1 has emerged as a prominent regulatory element in synaptic plasticity. It
is a multifunctional enzyme that controls the phosphorylation status and activity of a
variety of downstream effector molecules that are known to govern synaptic strength
(Greengard et al., 1999). These include NMDA (Snyder et al., 1998) and alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) (Yan et al., 1999)
glutamate receptors, plus additional components of the calcium signaling cascade,
such as CaMKII (Strack et al., 1997) and cAMP response element-binding protein
(CREB; Bito et al., 1996). The native structure of PP1 is a 1:1 complex between the
catalytic and a number of different regulatory/targeting subunits. Although present
throughout the brain, at least four isoforms of the PP1 catalytic subunit are
expressed at varying levels in different regions. For example, PP1α and PP1γ1 are
abundant in striatum whereas PP1β is much less prevalent (Da Cruz e Silva et al.,
1995). Within neurons, PP1 is highly enriched in dendritic spines and is therefore
appropriately localized for the regulation of excitatory synaptic transmission
(Ouimet et al., 1995). The substrate specificity may be controlled by a number of
different regulatory subunits both in different tissues and within the same tissue.

PP2A is composed of a common core enzyme comprising a scaffold subunit
that is always associated with the PP2A catalytic subunit. The major native forms of
PP2A are heterotrimers in which the core enzyme associates with one of a variety of
regulatory subunits that are expressed in a cell- and tissue-specific manner. The
precise roles of PP2A in dephosphorylation of brain proteins are not clearly
delineated. However, it was shown to dephosphorylate voltage-sensitive sodium
channels (Chen et al., 1995) and it selectively dephosphorylated soluble
autophosphorylated CaMKII (Strack et al., 1997). On the basis of this finding PP2A
was even proposed to be a possible regulator of protein kinases (Barnes et al., 1995;
Millward et al., 1999).

PP2B or calcineurin is unique in its requirement for Ca2+ and calmodulin
for activation. It is a heterodimeric phosphatase composed of a catalytic subunit and
a regulatory subunit. Binding to the CaM complex (Klee et al., 1998) activates the
enzyme. It is widely distributed within the brain, with the highest concentrations in
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the hippocampus and caudate putamen (Klee et al., 1988). Interestingly, calcineurin
becomes activated at much lower Ca2+ concentrations than CaMKII. Once
activated, it has a rather restricted substrate specificity. Phosphoproteins and also
CaMKII are preferentially dephosphorylated by calcineurin.

Although PP2C is present in the brain (Kasahara et al., 1999; Strack et al.,
1997), little is known about the role of this phosphatase in synaptic plasticity, partly
because of the lack of appropriate pharmacological tools. One likely substrate is
CaMKII, which is dephosphorylated by PP2C at its autophosphorylation site
(Fukunaga et al., 1993; Strack et al., 1997).

1.2.3 Phosphoproteins
A number of mechanisms can coordinate the actions of kinases and

phosphatases. These include changes in their expression level, their subcellular
localization, and phosphorylation of catalytic and regulatory subunits. The action of
protein kinases and phosphatases can also be modulated via the intervention of
protein phosphatase inhibitors, which are activated by second messenger-regulated
protein kinases. Concomitant control of kinases and phosphatases by these
endogenous phosphatase inhibitors provides the cell with the capacity to rapidly
switch proteins from their phosphorylated to their dephosphorylated state.

Inhibitor-1 was the first such protein to be identified, being found in skeletal
muscle (Nimmo and Cohen, 1978). Inhibitor-1 becomes inhibitory to PP1 after
phosphorylation on Thr35 by PKA (Endo et al., 1996; Foulkes et al., 1983) and can
be dephosphorylated by calcineurin and PP2A (Shenolikar, 1994). It is also
phosphorylated at serine-67 (Ser67) by a cyclin-dependent kinase family member
(Cdk5) which makes it a less efficient substrate for PKA (Bibb et al., 2001).
Inhibitor-1 shows a ubiquitous distribution in the brain (Hemmings et al., 1992;
Gustafson et al., 1991; MacDougall et al., 1989).

Dopamine- and cAMP-regulated phosphoprotein with an apparent Mr 32000
(DARPP-32) is a homologue of inhibitor-1 that inhibits PP1 with the same potency
upon phosphorylation at Thr34 by PKA. DARPP-32 is also an excellent substrate
for phosphorylation by cyclic GMP-dependent protein kinase (PKG) in vitro
(Hemmings et al., 1984). It differs from inhibitor-1 in that it can also be
phosphorylated on Ser45 and 102 by casein kinase II which promotes
phosphorylation at Thr34 by PKA (Girault et al., 1989). Furthermore, DARPP-32
can also be phosphorylated by casein kinase I at Ser137 (Desdouits et al., 1995a).
Phosphorylation at this site inhibits dephosphorylation of the regulatory Thr34 site
(Desdouits et al., 1995b). DARPP-32 is dephosphorylated in vitro by calcineurin and
PP2A at Thr34 (Hemmings et al., 1984; King et al., 1984; Nishi et al., 1997, 1999)
whereas PP2C can dephosphorylate DARPP-32 at Ser137 (Desdouits et al., 1998).
Interestingly, Cdk5 can also phosphorylate DARPP-32 at Thr75 (Bibb et al., 1999).
Phosphorylation of DARPP-32 at Thr75 inhibits PKA by a competitive mechanism
and, thus, decreases the efficacy of dopaminergic signaling. However, dopamine,
through the activation of PKA, can also increase the activity of PP2A, leading to the
dephosphorylation of Thr75. In this way, activated PKA attenuates its own
inhibition. This positive feedback loop will result in amplification of signaling
through the dopamine / PKA / Thr34-DARPP-32 / PP1 signal transduction cascade
(Nishi et al., 2000). DARPP-32 shows a strong region-specific distribution. It is
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highly enriched in brain regions with dopaminergic innervation and striatonigral
neurons like the caudatoputamen, nucleus accumbens and olfactory tubercle
(Ouimet et al., 1984; Perez and Lewis, 1992; Walaas and Greengard, 1984).

A specific substrate for PKG, termed G-substrate with a high homology to
DARPP-32, is highly expressed in Purkinje cells of the cerebellum (Detre et al.,
1984). Purified recombinant G-substrate has been shown to be an inhibitor of PP1.
The inhibition was dependent upon phosphorylation by PKG (Hall et al., 1999).
Despite its structural similarity to DARPP-32, which is highly selective for PP1,
recombinant G-substrate inhibits PP2A more effectively than PP1, suggesting a
distinct role as a protein phosphatase inhibitor (Endo et al., 1999).

Inhibitor-2, unlike inhibitor-1, G-substrate or DARPP-32, does not need to
be phosphorylated to inhibit PP1. It has no sequence identity to inhibitor-1 and the
only physiological role proposed for inhibitor-2 is in the control of sperm motility
(Vijayaraghavan et al., 1996).

Heterogeneity in the regulation and distribution of these protein kinases,
phosphatases and inhibitor proteins leads to the possibility that each protein might
be activated in specific cell types and intracellular compartments and may be a part
of distinct cellular pathways involved in synaptic plasticity. Brain regional
differences in the phosphorylation of target proteins can thus be expected. In this
thesis we investigate the impact of phosphorylation events on the NMDA receptor in
a brain region-specific manner.

1.3 Glutamate receptors
Glutamate receptors are divided into two broad categories: (1) metabotropic,

G protein-coupled glutamate receptors (mGluR) that modify neuronal and glial
excitability through G protein subunits acting on membrane ion channels and second
messengers such as DAG and cAMP and (2) ionotropic receptors, which are ligand-
gated ion channels (Ozawa et al., 1998).

There are three families of ionotropic receptors named NMDA, AMPA and
kainate based on electrophysiological and pharmacological properties (Hollmann
and Heinemann, 1994). In this thesis, we will concentrate on the role of the NMDA
receptor in changes in synaptic strength.

1.3.1 NMDA receptor (Fig. 2)
NMDA receptors are characterized by a voltage-dependent Mg2+ block

(Nowak et al., 1984). Upon binding glutamate, the NMDA receptor allows the influx
of both Na+ and Ca2+ ions (Ascher and Nowak, 1988). The ability to flux Ca2+ is
essential for the special role that NMDA receptors play in synaptic plasticity and
neurotoxicity (Malenka and Nicoll, 1993; Perkel et al., 1993). Besides binding of
glutamate to the receptor, glycine is required as coagonist for the NMDA receptor
channel to enter the open state (Kleckner and Dingledine, 1988).

The subunits that make up NMDA receptors have been identified by
molecular cloning techniques and have been characterized as NR1, NR2A–NR2D.
Functional NMDA receptors are heteromultimeric complexes of the NR1 subunit in
combination with at least one of the four NR2 subunits. Coassembly between the
various NR1 and NR2 subunits generates functionally distinct types of NMDA
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receptors. Incorporation of different NR1 splice variants into NMDA receptor
complexes influences receptor properties such as modulation by zinc, polyamines
and PKC, as well as binding to intracellular proteins (Durand et al., 1993; Ehlers et
al., 1996; Hollmann et al., 1993; Lin et al., 1998). The NR2 subunit composition
determines biophysical characteristics of the channel such as conductance, mean
open time, and sensitivity to Mg2+ block (Monyer et al., 1992, 1994; Stern et al.,
1992).

Figure 2. Schematic drawing of the NMDA receptor complex

NMDA receptors are found throughout the brain but predominantly within
the forebrain. The highest levels in the entire brain are found in the CA1 region of
the hippocampus. NR1 mRNA is distributed ubiquitously but the four NR2 subunits
display distinct regional patterns. NR2A and NR2B are mainly found in the
forebrain, NR2C in the cerebellum and NR2D in thalamus, brain stem and olfactory
bulb (Kutsuwada et al., 1992; Monyer et al., 1992, 1994). Since the functional
properties of the NMDA receptor depend on coassembly of the four NR2, it is
conceivable that spatial patterns of expression of the NR2 genes lead to region
specific differences in receptor function.

Recently, an additional NMDA receptor subunit, NR3A, has been identified
in mammalian brain (Ciabarra et al., 1995; Sucher et al., 1995). To date, only a few
studies have reported evidence for a functional role of this subunit in the brain (Das
et al., 1998; Pérez-Otaño et al., 2001).

Several studies have reported that phosphorylation of NMDA receptors can
modify their function. NMDA receptors have been shown to be modulated by PKC
phosphorylation (Ben-Ari et al., 1992). Phorbol esters, which activate PKC,
selectively enhance NMDA receptor currents in oocytes. Activation of G-protein
coupled receptors that activate PKC also enhances NMDA-mediated ion currents
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(e.g. Blank et al., 1996; Chen and Huang, 1992; Urushihara et al., 1992).
Unexpectedly, phorbol esters have also been reported to depress rather than enhance
NMDA responses in hippocampal neurons (Markram and Segal, 1992) but the
concentrations of phorbol ester used in these experiments were much higher than
those required to stimulate PKC in vitro. Thus, the inhibition may be attributable to
a direct block of the channels (Hockberger et al., 1989). Interestingly, Leonard and
Hell (1997) demonstrated that NR1, NR2A and NR2B can be directly
phosphorylated by PKA and various PKC isoforms in vitro and that the major
phosphorylation sites for PKA and PKC differ for all three subunits. However, it
remains rather unclear whether PKA directly phosphorylates NMDA receptors in
vivo. Nevertheless, reagents that increase adenylate cyclase and PKA activity can
enhance NMDA-receptor-mediated excitatory postsynaptic currents/potentials in
spinal dorsal horn (Cerne et al. 1993), amygdala (Huang et al. 1993), neostriatum
(Colwell and Levine 1995) and in hippocampal microcultures and slices (Raman et
al., 1996; Yang, 2000).

The CaMKII regulatory site is conserved in NMDA receptors suggesting
that CaMKII activity influences these receptors (Omkumar et al., 1996). Consistent
with this suggestion, intracellular application of the α-subunit of CaMKII enhances
NMDA receptor-mediated ion currents (Kolaj et al., 1994). It was recently found
that NMDA receptor subunits NR2A/B are a target for CaMKII in the postsynaptic
density (Gardoni et al., 1998, 1999; Strack and Colbran, 1998) but the exact nature
of these complex interactions still requires further investigation.

Involvement of phosphatases in NMDA receptor regulation has been
reported (Lieberman and Mody, 1994; Yakel, 1997). Phosphatase inhibitors enhance
NMDA receptor-mediated ion currents, whereas injected PP1 or PP2A decreases the
open probability of these channels (Wang et al., 1994).

2. Synaptic plasticity and gene expression (Fig. 3)

Changes in synaptic plasticity resulting from the interplay of various signal
transduction pathways can be translated into long-term effects via the regulation of
gene expression.

Neurotransmitters released from the presynaptic cell regulate gene
expression in the postsynaptic cell by activation of specific postsynaptic receptors.
The activation of these receptors leads to the stimulation of second messenger
pathways, which transduce the signal to the nucleus where expression of specific
genes is regulated (Fig. 1). The expression of these genes is rapid and transient and
thus, they are often referred to as immediate early genes (IEG). Neurotransmitters
can act via distinct signal transduction pathways to induce IEG expression in various
neuronal populations. Induction of IEGs occurs independently of de novo protein
synthesis and is believed to be mediated by the post-translational modifications of
proteins already present in the cell. Many IEG encode transcription factors that are
involved in the regulation or expression of so-called late response genes. These
induced genes may in turn be involved in changes of synaptic plasticity.

In addition to being a putative messenger involved in transduction of signals
to gene expression, activation of IEGs has proven to be a useful tool for the study of
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transsynaptic activation of certain neuronal pathways in the brain (Bullitt, 1990;
Sagar et al., 1988). Especially the expression of c-fos is a useful mapping tool since
its level of transcription is low under basal conditions (Hughes et al., 1992) and it is
induced upon a wide range of stimuli.

Signaling pathways involving the constitutive transcription factor CREB are
particularly important for synaptic plasticity and the conversion of short-term to
long-term memory (Bailey et al., 1996). Therefore, in this thesis we concentrate on
changes in the expression level of FOS protein and phosphorylated CREB following
the activation or inhibition of NMDA receptors in vivo.

2.1 CREB
CREB mediates gene expression through a Ca2+/cAMP responsive element

(CRE) on target genes. CREB is a member of a multigene family of structurally
related proteins that all bind to the CRE promotor as a dimer (Yamamoto et al.,
1988). It is a continually expressed transcription factor, i.e. its expression is driven
by ‚stand alone‘ mechanisms within cells and is not dependent upon extracellular
signals (Gonzales and Montminy, 1989; Montminy et al., 1987; Yamamoto et al.,
1988) but a phosphorylation event activates the ability of CREB to stimulate
transcription. There are several pathways leading to CREB phosphorylation.
Activated PKA can rapidly phosphorylate CREB at Ser133 (Gonzales and
Montminy, 1989), whereas a rise in intracellular Ca2+ levels by Ca2+ influx through
voltage gated Ca2+ channels or NMDA receptors also activates CREB by
phosphorylation at Ser133. Ca2+ may activate CREB via several distinct signaling
pathways. The best characterized of the Ca2+ activated CREB kinases are the CaM
kinases. Although phosphopeptide mapping indicated that CaMKI, CaMKII and
CaMKIV all phosphorylate CREB in vitro (Dash et al., 1991; Sheng et al., 1991),
CaMKIV in particular seems to mediate Ca2+-dependent CREB activation in vivo
(Bito et al., 1996; Kasahara et al., 2001). Another pathway that may contribute to
Ca2+ stimulation of Ser133 phosphorylation is the mitogen-activated protein (MAP)
kinase pathway. In certain neuronal subtypes, Ca2+ influx can also lead to the
activation of PKA, which then phosphorylates CREB. Furthermore, growth factors
can phosphorylate CREB via MAP kinases or members of a family of ribosomal
kinases (RSKs) (Xing et al., 1996). Ser133 phosphorylation is considered to be the
key event that mediates the initiation of transcription since mutation of Ser133 to
alanine abolishes transcription (Gonzalez and Montminy, 1989) but CREB activity
and specificity can be further modulated by phosphorylation of additional sites on
CREB or of proteins associated with CREB. CaMKII can phosphorylate CREB also
at Ser142 which is inhibitory to CREB function (Sun et al., 1994) and PKC is able to
phosphorylate CREB in vitro at multiple sites (Yamamoto et al., 1988). Upon
phosphorylation of Ser133, CREB becomes bound to a transcription coactivator
protein, CREB binding protein (CBP), or its cognate relative p300 (Kwok et al.,
1994) which is critical for stimulus-induced transcription.

Subsequent attenuation of CREB activity can potentially occur by several
different mechanisms. CREB itself is dephosphorylated by PP1 (Hagiwara et al.,
1992; Bito et al., 1996) and CREB dephosphorylation in nuclear extracts is
catalyzed by a specific holoenzyme of PP2A (Wadzinski et al., 1993). However,
CRE activity can also be antagonized by the binding of inhibitory transcription
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factors such as inducible cAMP early repressor (ICER) (Foulkes et al., 1991; Lamas
and Sassone-Corsi, 1997; Mellstrom et al., 1993).

2.2 FOS
A very well characterized gene that contains the CRE element is the c-fos

gene. The c-fos gene codes for the FOS transcription factor which must dimerize
with Jun-family (c-Jun, Jun-B, Jun-D) transcription factors, using a leucine-zipper
motif, for DNA binding. Upon dimerization a transcription factor referred to as
activator protein-1 (AP-1) is formed that stimulates or represses transcription of
other (late) genes (Morgan and Curran, 1991; Sheng and Greenberg, 1990). The
regulatory region of the c-fos gene contains several cis-acting elements besides CRE
(e.g. serum responsive element (SRE), sis-inducible element (SIE) and AP-1) that
can confer the signals mediated by the signal transduction pathways involving PKA,
PKC, CaM kinase and MAP kinase cascades.

Figure 3. Schematic overview of the pathways and promotor elements leading to c-fos
transcription. The major regulatory upstream elements are Ca2+/cAMP response
element (CRE), serum response element (SRE), activator protein-1 binding site (AP-
1) and sis-inducible element (SIE). The transacting serum response factor (SRF) and
cAMP-response element binding protein (CREB) are targets of different signal
transduction pathways, including PKA, PKC, CaMK, MAP kinases and RSK. Other
abbreviations: P, phosphate (modified from Kovacs, 1998).

Increase in cAMP levels results in c-fos activation via binding of
phosphorylated CREB to CRE. However, Ca2+ can induce c-fos expression via two
distinct pathways. Increased Ca2+ levels can promote CREB phosphorylation via
CaM kinase pathways and thus induce c-fos via CRE, or Ca2+ influx leads to
activation of the MAP kinase pathways and targets SRE (Bading et al., 1993; Ghosh
et al., 1994). Depending on its route of entry, calcium may influence transcriptional
responses in neurons either via SRE or CRE (Bading et al., 1993).

In vivo, there may be crosstalk between the multiple elements in the
regulation of c-fos expression. Robertson and colleagues (Robertson et al., 1995)
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showed by mutation of different regulatory elements that all regulatory elements are
required collectively for regulation of the c-fos promotor.

3. Synaptic plasticity and learning and memory

Changing the strength of connections between neurons is widely assumed to
be the mechanism by which memory traces are encoded and stored in the central
nervous system. Memory is the retention or storage of knowledge whereas learning
is the process of acquiring that knowledge. There are at least two forms of memory:
(1) declarative memory also named explicit or relational memory, is the conscious
recall of facts and events and is particularly well-developed in the vertebrate brain.
This is the kind of memory that is usually referred to when the term ‘memory’ or
‘remembering’ is used in ordinary language. (2) Implicit or nondeclarative memory
is the nonconscious recall of motor skills and other tasks and includes simple
associative forms and nonassociative forms, such as sensitization and habituation. It
has turned out that different kinds of memory are supported by different brain
systems comprising numerous brain areas.

3.1 Hippocampus
From a large amount of literature published on lesions or pharmacological

inactivations in rodents and higher primates including humans, the hippocampal
formation was concluded to play a critical role in the initial storage of certain forms
of relational long-term memory (Zola-Morgan and Squire, 1993). The hippocampal
formation consists of four architectonically distinct regions which include the
dentate gyrus, the hippocampus proper, which is subdivided in three fields (CA1,
CA2 and CA3), subicular complex (subiculum, presubiculum and parasubiculum)
and the entorhinal cortex. The main reason for arranging these regions into the
hippocampal formation is that they are linked onto the next by unique and largely
unidirectional projections, which are arranged in parallel, well-defined laminae. The
entorhinal cortex is interconnected to the dentate gyrus via the perforant pathway.
The cells in the dentate gyrus project via their distinctive mossy fibers to the CA3
field of the hippocampus proper. Afferent fibers from CA3 pyramidal neurons
project via the Schaffer collateral system to the stratum radiatum, pyramidale, and
oriens of CA1 pyramidal neurons. A similar patterns holds for the other intrinsic
connections (e.g. Amaral, 1991, 1993). Detailed knowledge of its anatomy and
connections together with its highly laminated pattern of inputs and outputs make it
an area well suitable for electrophysiological recordings. Because of this and its
well-known role in learning and memory, experiments in the final part of this thesis,
which concentrate on the relation between changes in synaptic strength and learning
and memory, focus on this brain structure.

3.2 Long-term potentiation and depression as a model for learning and memory
The brain uses short- and long-lasting modifications in synaptic strength in

critical neuronal circuits to process and store large amounts of information. One
such activity-dependent modification is long-term potentiation (LTP) in the
hippocampus, a sustained increase in synaptic strength that is elicited by brief high
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frequency or theta-burst stimulation of excitatory afferents. Mechanisms underlying
LTP have been proposed as possible mechanisms underlying memory formation in
the brain. This is in part due to the properties LTP displays (Bliss and Lomo, 1973;
Nicoll et al., 1988; Bliss and Collingridge, 1993) and supported by the observation
that a LTP-like phenomenon can be seen in brains of animals successively learning a
behavioral task (Berger, 1984; Moser et al., 1994; Sharp et al., 1985; Skelton et al.,
1985). Like memories, LTP can be generated rapidly and is prolonged and
strengthened with repetition. It exhibits input specificity, that is LTP occurs only at
synapses stimulated by afferent activity not at adjacent synapses at the same
postsynaptic cell, and is associative. Temporally pairing activity in a weak input
with activation of a strong input results in LTP of the weak input. Furthermore,
pharmacologically blocking LTP interferes with the acquisition of behavioral
learning (e.g. Davis et al., 1992; Morris et al., 1986) and targeted gene knockouts of
various protein kinases which impair LTP generation also impair spatial learning
(Abeliovich et al., 1993; Grant and Silva, 1994).

Several forms of LTP in the hippocampus have been described so far. One
form of LTP features the activation of voltage-dependent calcium channels on the
postsynaptic cell (Grover and Teyler, 1990; Cavus and Teyler, 1996). The most
extensively studied form of LTP is mediated by activation of the NMDA receptor,
which upon gating Ca2+ in the postsynaptic cell, induces the processes that lead to
LTP expression. However, at certain synapses a robust form of LTP can be
generated that does not require NMDA receptor activation. In the hippocampus this
form of LTP occurs at mossy fiber synapses (Nicoll and Malenka, 1995).

With respect to mechanisms of action underlying LTP initiated via NMDA
receptors, considerable interest and evidence have accumulated regarding the role of
serine/threonine kinases in LTP expression. However, a distinction should be made
between molecules that play a direct active role in the induction of LTP and those
that play a modulatory or permissive role. Pharmacological inhibition of CaMKII, as
well as genetic knockout experiments, provides strong evidence for a key role of
CaMKII in LTP. The experimental evidence for other kinases like PKA and PKC is
considerably weaker. The initial activation of PKA has been suggested to boost the
activity of CaMKII indirectly via decreased phosphatase activity by activation of
inhibitor-1 (Blitzer et al., 1998; Makhinson et al., 1999). PKC may play a role
analogous to CaMKII as PKC inhibitors have been reported to block LTP, and PKC
injection into hippocampal cells has been shown to elicit features of LTP (Hu et al.,
1987; Klann et al., 1991; Linden and Routtenberg, 1989; Sacktor et al., 1993).
Activation of signal transduction pathways may ultimately lead to alterations in gene
expression.

No question concerning LTP has generated more debate and confusion over
the last two decades than the question whether the increase in synaptic strength is
due primarily to a pre- or postsynaptic modification. Most neurobiologists agree that
the most obvious postsynaptic change that could cause LTP, would be a
modification in AMPA receptor function and/or number because LTP increases the
AMPA receptor mediated current to a greater extent than the NMDA receptor
current (Kauer et al., 1988). Much evidence has accumulated that phosphorylation of
the AMPA receptor subunit GluR1 by CaMKII is critically important for the change
in AMPA receptor responsiveness (Barria et al., 1997). Furthermore, there is now
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reasonably strong evidence that supports the model of a rapid and selective
upregulation and trafficking of AMPA receptors after the induction of LTP which
can be regulated by CaMKII (Hayashi et al., 2000; Lu et al., 2001; Luscher et al.,
1999; Shi et al., 1999). However, it must be noted that these studies were performed
in newborn rats (Hayashi et al., 2000; Shi et al., 1999). In mature animals LTP does
not alter membrane association of AMPA receptors but LTP leads to a rapid surface
expression of NMDA receptors (Grosshans et al, 2002).

Besides long-lasting changes on the postsynaptic terminal, recent papers
provide additional evidence for a candidate role of enhanced transmitter release in
LTP (Zakharenko et al., 2001; Tyler and Pozzo-Miller, 2001).

If memories are stored in spatial patterns of synaptic strength, it would be
important to be able to decrease as well as increase synaptic strength to improve the
flexibility and storage capacity of the system. Long-term depression (LTD) has been
described as a way to decrease synaptic strength. The mechanisms of hippocampal
LTD are not so well understood as those for LTP but, although some common
processes exist, there is increasing evidence that LTD is not mechanistically the
reverse of LTP (reviewed in: Braunewell and Manahan-Vaughan, 2001). In the CA1
area NMDA receptors as well as mGluRs appear to be critically involved in the LTD
induction process (Mulkey and Malenka, 1992; Otani and Connor, 1998). For LTD,
a moderate calcium influx preferentially leads to activation of calcium-dependent
protein phosphatases such as PP1 and PP2A (Mulkey et al., 1993), and to the
inactivation of kinases such as CaMKII and PKC (Bear and Abraham, 1996).

Although LTP mechanisms have been shown to be an attractive candidate as
a mechanisms for memory formation, it is important to note that there is little
empirical evidence that directly links LTP to the storage of memories (Barnes,1995;
Goda and Stevens, 1996; Holscher, 1999; Martin et al., 2000). For example, Gu and
colleagues (2002) observed impaired conditioned fear but enhanced LTP in Fmr2
knock-out mice. Instead of being a learning mechanism, LTP is also suggested to
rather serve as a neural equivalent to an arousal or attention device in the brain and
accordingly could act to facilitate and maintain learning indirectly by altering the
organism’s responsiveness to, or perception of, environmental stimuli (Shors and
Matzel, 1997).

3.3 Influence of stress on synaptic plasticity and learning and memory
Stress, which is defined as an event or events that are interpreted as

uncontrollable and threatening to an individual and which elicit physiological and
behavioral responses, has been shown to decrease LTP in the hippocampus as first
reported by Foy and colleagues (Foy et al., 1987). They found reduced LTP in
hippocampal slices obtained from rats subjected to physical stress, i.e., restraint and
electric shock. Since then it was demonstrated in numerous studies that the induction
of hippocampal LTP by high frequency stimulation or by multiple bursts of
electrical pulses delivered in a theta-related pattern is inhibited after social stress
(Von Frijtag et al., 2001), restraint stress and inescapable tail shock (Foy et al.,
1987; Garcia et al., 1997; Kim et al., 1996; Shors et al., 1989; Shors et al., 1990a,b;
Shors and Dryver, 1994). LTD observed after low frequency stimulation is
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facilitated after social stress (Von Frijtag et al., 2001), restraint stress and
inescapable tail shock (Kim et al., 1996; Xu et al., 1997). Furthermore, Diamond
and coworkers (Diamond et al., 1994; Mesches et al., 1999) found that exposing rats
to a predator or to a novel environment, both representing acute psychological stress,
blocks primed burst potentiation, which is a long-term increase in CA1 population
spike amplitude produced by brief physiologically patterned electrical stimulation of
the hippocampal commissure, but not conventional LTP.

In addition, it might be suggested from several experiments that stress also
impairs short-term potentiation in the CA1 area of hippocampal slices prepared
immediately after the stress episode in vitro (Garcia et al., 1997; Kim et al., 1996) as
well as in vivo (Diamond et al., 1994).

Several groups whose stress paradigm had a negative effect on hippocampal
synaptic plasticity also found impairment of spatial learning by this stressor
(Bodnoff et al., 1995; de Quervain et al., 1998; Diamond and Rose, 1994; Diamond
et al., 1996, 1999). Interestingly, various other studies show that stress can improve
learning (Maier, 1990; Radulovic et al., 1999; Servatius and Shors, 1994; Shors and
Mathew, 1998; Shors and Servatius, 1995; Shors et al., 1992; Wilson et al., 1975).
For example, repeated restraint stress (Conrad et al., 1999) or inescapable footshock
(Deak et al., 1999) enhance contextual fear conditioning which represents a
hippocampus-dependent learning task (Holland and Bouton, 1999; Kim and
Fanselow, 1992; Phillips and LeDoux, 1992). Thus, stressful experiences can impair
(Krugers et al., 1997; Luine et al., 1994) or enhance learning and memory depending
on the type and duration of the stressor, learning task, animal species and a number
of other experimental conditions

In this thesis we use acute immobilization stress or the neuropeptide
corticotropin-releasing factor (CRF), which represents an early stress signal, to
investigate the relation between altered synaptic plasticity and changes in learning.

3.3.1 Corticotropin-releasing factor as mediator of the stress response
Endocrine responses to stress are mediated by release of CRF. CRF is part

of the body’s stress axis, the hypothalamo-pituitary adrenal axis (HPA-axis) where it
stimulates hypophyseal adrenocorticotropic hormone (ACTH) secretion, which
subsequently elicits adrenal glucocorticoid release (Spiess et al., 1981; Vale et al.,
1981). Besides these neuroendocrine actions, CRF also acts in the brain to modulate
behavioral, autonomic and neuroendocrine responses to stress (reviewed in: Owens
and Nemeroff, 1991). Two CRF receptors, encoded by distinct genes, CRFR1 and
CRFR2, which can exist in two alternatively spliced forms, have been cloned in
rodents (Chang et al., 1993; Lovenberg et al., 1995a). The type-1 CRF receptor is
expressed in many areas of the rodent brain and in several peripheral sites. Highest
densities of CRFR1 mRNA have been found in the pituitary, several areas of the
cortex, amygdala, cerebellum, parts of the hippocampus and the olfactory bulbs
(Chalmers et al., 1995, Van Pett et al., 2000). In the rodent brain, the CRFR2α
receptor variant is primarily found in neuronal brain structures such as
hypothalamus, lateral septum and amygdala, whereas the CRF2β subtype is
expressed in non-neuronal structures and in peripheral organs (Chalmers et al., 1995;
Grigoriadis et al., 1996; Lovenberg et al., 1995b; Van Pett et al., 2000). The CRF
receptors are members of a 7-transmembrane receptor family that includes GH-
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releasing hormone (GRF), calcitonin, vasoactive intestinal peptide (VIP), secretin,
and PTH receptors (VIP/GRF/PTH receptor family), whose actions are mediated
through activation of adenylate cyclase. In addition to its interaction with membrane
receptors, CRF binds with high affinity to a CRF binding protein (CRF-BP)
(Cortright et al., 1995; Potter et al., 1991). The distribution of CRF-BP appears to be
predominant in the neocortex, the limbic system and the brain stem (Potter et al.,
1992).

After the isolation of CRF, three structurally-related peptides were identified
in vertebrate species, namely urocortin (Vaughan et al., 1995), urocortin II (also
known as stresscopin-related peptide) (Hsu and Hsueh, 2001; Reyes et al., 2001) and
urocortin III (also known as stresscopin) (Hsu and Hsueh, 2001; Lewis et al., 2001).
These peptides differ in localization and their binding affinity to CRFR1 and CRF2.
CRF is relatively selective for both CRFR1 and CRFR2. Urocortin is bound to both
CRFR1 and CRFR2 with high affinity (Chen et al., 1993; Lovenberg et al., 1995).
Urocortin II and III are selective ligands for CRFR2 (Hsu and Hsueh, 2001) Neither
urocortin II nor urocortin III binds to CRF-BP whereas CRF and urocortin do. The
discovery of these new ligands and the development of selective receptor antagonists
has opened new avenues for investigating the role of the two CRFRs in synaptic
plasticity and behavior under normal and pathological conditions. In this thesis the
focus was put on CRF.

Electrophysiological studies provided evidence for an excitatory action of
CRF in several brain areas like locus coeruleus, solitary tract, hippocampus and
some regions of the hypothalamus (Conti and Foote, 1995; Hollrigel et al., 1998;
Siggins et al., 1985; Smith and Dudek, 1994; Yamashita et al., 1991). Exogenous
application of CRF to hippocampal slices was shown to make the pyramidal neurons
more excitable i.e. to reduce the slow afterhyperpolarization and spike frequency
accommodation (Aldenhoff et al., 1983; Haug and Storm, 2000; Smith and Dudek,
1994), and to enhance the amplitude of CA1 population spikes evoked by
stimulation of the Schaffer collateral pathway in rats (Hollrigel et al., 1998). CRF
also increases the amplitude of orthodromically evoked (stratum radiatum
stimulation) population spikes in rat hippocampus (Smith and Dudek, 1994).

Like stress, CRF can modulate learning and memory, either enhancing or
impairing retention in a time, dose and site specific manner. Intracerebroventricular
injections of CRF or its displacement from CRF-BP levels before or immediately
after training improve memory in multiple learning tasks (Behan et al., 1995,
Heinrichs et al., 1997; Koob and Bloom, 1985; Liang and Lee, 1988; Radulovic et
al., 1999). CRF directly injected into the dentate gyrus consistently enhanced
memory retention in rats in a one-way passive avoidance task (Lee et al., 1993).
Intrahippocampal infusion of antisense oligodeoxynucleotides (ODNs) directed
against CRF mRNA has been reported to impair passive avoidance retention (Wu et
al., 1997). However, intracerebroventricular CRF injection before the memory test
or overexpression of CRF in mice seems to impair memory (Diamant and De Wied,
1993; Heinrichs et al., 1996). Especially, the presence of CRFR1 in the
hippocampus suggests a role for CRF in learning and memory processes (Radulovic
et al., 1999). The role of CRF in the hippocampus is further supported by
electrophysiological data, which show that CRF induces a long-lasting enhancement
of synaptic efficacy in the hippocampus (Wang et al., 1998) which appears to be
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critically dependent on protein synthesis (Wang et al., 2000). Wang and colleagues
found that application of CRF to the dentate gyrus increased the population
excitatory postsynaptic potential as well as the population spike. Furthermore,
pretreatment with a CRF receptor antagonist dose-dependently diminished
tetanization induced LTP, while CRF and LTP had an additive effect on cell
excitation of hippocampal neurons. On the basis of these findings, they suggest that
CRF-induced potentiation and LTP may share some similar mechanisms, and that
CRF is probably involved in the neuronal circuits underlying LTP.

Aim and outline of this thesis:

Synaptic plasticity, i.e. changes in synaptic strength, is critical for the
maintenance and adaptation of brain function and is assumed to be the neuronal
basis of learning and memory processes in the brain.

A multidisciplinary approach is used to gain more understanding on the
molecular mechanisms of synaptic plasticity in the central nervous system. The
major aim of this thesis can be divided in two questions:

1. Are there brain regional differences in the modulation of NMDA receptor
signaling that could contribute to the regulation of synaptic plasticity?

2. To what extent can changes in hippocampal synaptic plasticity account
for stress- or CRF-induced alterations in hippocampus-dependent learning and
memory?

As described in the introduction, the phosphorylation state of the NMDA
receptor is particularly important to mediate changes in synaptic strength. Thus,
brain region-specific modulation of the NMDA receptor is expected to provide more
insight into regional differences in the regulation of synaptic plasticity. In the first
part of this thesis we investigate whether the NMDA receptor from various brain
regions can be modulated by PKA and PKC and protein phosphatases. Using the
oocyte expression system, it is demonstrated that stimulation of PKC potentiated
NMDA receptor function from all brain regions investigated, whereas the activation
of PKA increases NMDA receptor function only in few defined regions.

In Chapter 2, the modulation of hypothalamic NMDA receptor function by
PKA and phosphatases is examined.

Chapter 3 describes experiments performed in oocytes, which are injected
with mRNA isolated from the striatum. NMDA receptor modulation by PKA and
phosphatases and the involvement of an endogenous protein phosphatase inhibitor
are investigated.

The region-specific differences in the ability of PKA to regulate NMDA
receptor function as described in Chapters 2 and 3 suggest that neurotransmitter
systems which are linked to the cAMP system may control NMDA receptor
phosphorylation and thereby the efficacy of synaptic transmission in a brain region-
distinctive manner.

In many models of synaptic plasticity, increased activation of the
transcription factor CREB and c-fos gene expression is for the induction and
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maintenance of long-lasting changes of synaptic efficacy. Thus, changes in
immediate early gene expression may provide significant understanding of
intracellular mechanisms underlying synaptic plasticity in the brain areas examined.
Since dopamine receptors are thought to modulate PKA activity, activation of the
dopaminergic system is used to investigate the modulation of NMDA receptor
function in vivo by monitoring immediate early gene expression.

In Chapter 4 we investigate whether FOS protein expression in the limbic
system and basal ganglia is altered by intraperitoneal injection of dopamine or
NMDA receptor agonists and antagonists or both.

The promotor region of the c-fos gene contains a binding site for
phosphorylated CREB, and CREB can be phosphorylated by PKA suggesting CREB
phosphorylation by PKA as a possible pathway for FOS production. Thus,
experiments are performed to gain more information on whether FOS production
can be correlated with changes in the levels of phosphorylated CREB (Chapter 5).

In the last part of this thesis, we focus on mechanisms of synaptic plasticity
in the hippocampus. We examine the relation between stress- or CRF-induced
alterations in synaptic strength and changes in learning and memory. In the
introduction, stress is mentioned as a useful tool to elicit changes in synaptic
plasticity, and it has been shown to affect learning and memory. The influence of
one-hour immobilization on context-dependent fear conditioning and long- and
short-term hippocampal plasticity is described in Chapters 6 and 7.

Chapter 6 focuses on changes in learning and synaptic plasticity
immediately after the end of the stress session, and the role of CRF receptors is
assessed by intraperitoneal injection of the non-peptidic CRF receptor antagonist
CP-154,526.

These experiments are continued in Chapter 7 where changes in synaptic
efficacy and learning are determined 1, 2 and 3 hours after the end of the stress
session.

The involvement of CaMKII (Chapters 6 and 7) and PKC activity (Chapter
7) is a main research target.

After establishing the role of CRF in stress-mediated changes in synaptic
plasticity and learning in Chapter 6 and 7, the effect of CRF on neuronal excitability
is examined in more detail in Chapter 8. Possible underlying signal transduction
pathways of CRF stimulation in mouse hippocampus are investigated in two
different mouse strains, Balb/c and C57BL/6N.

In the final chapter (Chapter 9), a summary of the data from the preceding
chapters is provided and the data from the separate chapters are discussed in their
contribution to synaptic plasticity.
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