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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
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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



General introduction

13

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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Modulation of hypothalamic NMDA receptor function

by cyclic AMP-dependent protein kinase and

phosphatases
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ABSTRACT

In the present study we investigated the modulation of hypothalamic NMDA
receptor-mediated currents by cAMP-dependent protein kinase (PKA) using the two
electrode voltage clamp technique in Xenopus oocytes injected with rat
hypothalamic mRNA. Application of forskolin, which activates PKA by means of
cAMP stimulation, caused a transient increase of NMDA-induced currents, whereas
the inactive forskolin analogue 1,9-dideoxyforskolin had no effect. Incubation of
oocytes with a membrane-permeable analogue of cyclic AMP, 8-bromoadenosine
3’,5’-cyclic monophosphate, potentiated NMDA responses even more prominently
than with forskolin. NMDA-induced currents recorded from Xenopus oocytes
injected with cRNA encoding the NMDA receptor subunits NR1, NR2A, and/or
NR2B, mainly found in rat hypothalamus, were not affected by PKA activation but
were increased by PKC stimulation. It is interesting that inhibition of endogenous
protein phosphatase 1 and/or 2A by calyculin A resulted in a similar enhancement of
hypothalamic NMDA-induced currents. Preinjection of oocytes with calyculin A
impeded the PKA- but not the PKC-mediated potentiation of hypothalamic NMDA-
induced currents. We propose the involvement of an additional third messenger in
the PKA effect, which acts most likely via the inhibition of tonically active protein
phosphatase 1 and/or 2A.
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INTRODUCTION

The hypothalamus acts as a major regulatory center for autonomic and
endocrine homeostasis. Structurally, it consists of a group of nuclei that regulate a
broad array of physiological and behavioral activities, including feeding and
metabolism but also emotional behavior and reproduction (Brann and Mahesh,
1994).

Glutamate, the main excitatory neurotransmitter in the central nervous
system, is found in large concentrations in various important hypothalamic nuclei
(Van den Pol et al., 1990; Van den Pol, 1991; Goldsmith et al., 1994) and is able to
excite virtually all neurons tested in the hypothalamus, including the arcuate
nucleus, the median eminence, and other medial hypothalamic regions (Arnauld et
al., 1983; Van den Pol et al., 1990). Studies examining the effect of glutamate
antagonists on spontaneous excitatory postsynaptic potentials in hypothalamic nuclei
have clearly demonstrated that glutamatergic neurotransmission is an important
component in the regulation of neuroendocrine function in the hypothalamus
(Gribkoff and Dudek, 1990; Van den Pol et al., 1990; Waurin and Dudek, 1991;
Inenaga et al., 1998).

The majority of studies investigating the NMDA receptor, an important
ionotropic glutamate receptor subtype distributed throughout the hypothalamus (Van
den Pol et al., 1994; Kus et al., 1995), have focused on its role in inducing release of
hormones such as growth hormone and gonadotropin-releasing hormone, but it has
also been demonstrated to play a pivotal role in the induction and regulation of the
circadian rhythm (reviewed in: Brann and Mahesh, 1994).

Although the importance of the NMDA receptor in regulating the
hypothalamic neuroendocrine system is now widely acknowledged, little is known
about the modulation of hypothalamic NMDA receptor function itself. In general, a
common mechanism for the modulation of the NMDA receptor-channel complex is
phosphorylation by second messenger-dependent protein kinases.

In the present study, we investigated the modulation of hypothalamic
NMDA receptor function by cyclic AMP (cAMP)-dependent protein kinase (PKA)
and its possible underlying mechanism by using the two electrode voltage clamp
technique in Xenopus oocytes.

MATERIALS AND METHODS

Materials
Mature female specimens of Xenopus laevis were obtained from Kähler (Hamburg,

Germany). Collagenase (type II) was from Worthington Biochemicals (Freehold, NJ, U.S.A.). The
mRNA Purification Kit was from Pharmacia LKB Biotechnology (Uppsala, Sweden). Calyculin A (Cal
A) was from Boehringer (Mannheim, Germany). 1,9-Dideoxyforskolin, 8-bromoadenosine 3`5`-cyclic
monophosphate (8-Br-cAMP; sodium salt) and H-89 dihydrochloride were from Calbiochem (La Jolla,
CA, U.S.A.). Phorbol 12-myristate 13-acetate (PMA) and 4α-PMA were from Research Biochemicals
(Natick, MA, U.S.A.). Penicillin and streptomycin were from Gibco (Paisley, U.K.). All other drugs
and salts were purchased from Sigma (St. Louis, MO, U.S.A.).
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We confirm that all animal protocols used have been approved by the animal experimentation
committee of the State Government of Lower Saxony.

Handling,Injection, and Maintenance of Oocytes
Oocytes were surgically obtained from adult X. laevis  frogs that were anesthetized by

immersion into 3-aminobenzoic acid ethyl ester (1 g/L) for 45 min. Follicular cell layers were removed
manually after incubation in Ca2+-free modified Barth's solution [88 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO3, 15 mM HEPES, 0.8 mM MgSO4, 50 U/ml penicillin and 50 µg/ml streptomycin (adjusted to
pH 7.6 with NaOH)] containing 3.0 mg/ml collagenase (type II) for 2 h at room temperature (20-24°C).
Stage V and stage VI oocytes were pressure-injected with 50 ng hypothalamic poly (A)+ mRNA or 10-
15 ng NR1b cRNA within 24 h after harvesting. In some experiments the NR1b cRNA was coinjected
with NR2A and/or NR2B cRNA (25-30 ng) in a 1:2 ratio. After injection, the oocytes were maintained
at 18°C in modified Barth's solution. Modified Barth's solution contained 88 mM NaCl, 1 mM KCl, 2.4
mM NaH CO3, 15 mM HEPES, 0.8 mM Mg SO4, 0.3 mM Ca(NO3)2, 0.6 mm CaCl2, 50 U/ml penicillin
and 50 µg/ml streptomycin (adjusted to pH 7.6 with NaOH).

RNA Preparation
Total RNA was isolated from the hypothalamus of adult Wistar rats by extraction of fresh

tissue with guanidine thiocyanate and precipitation with LiCl (Cathala et al., 1983). Poly(A)+ mRNA
was purified by oligo(dT) cellulose chromatography (Pharmacia mRNA Purification Kit) and dissolved
in RNase-free water at a concentration of 0.5 µg/µl.

Plasmids containing the cDNA clones encoding the NR1b, NR2A, and NR2B subunits were
linearized by digestion with PvuI (NR1b) or NotI (NR2A and NR2B) and used as transcription
templates. In vitro transcription was carried out by T7 or T3 RNA polymerase in the presence of the
capping reagent m7G(5')ppp(5')G. RNA transcripts were precipitated by ethanol, and the precipitate
was dissolved in diethyl pyrocarbonate-treated water.

Electrophysiological Recordings
At 7-8 days after injection oocytes were placed in a recording chamber (volume ≈ 20 µl) and

continuously superfused (1.0 ml/min) with recording solution at room temperature. The recording
solution contained (115 mM NaCl, 2.5 mM KCl, 1.8 mM BaCl2 and 10 mM HEPES (pH adjusted to
7.2 with NaOH). The oocytes were voltage-clamped by a conventional two-microelectrode voltage-
clamp technique (Stühmer, 1992). The membrane potential of the oocytes was held at -80 mV using a
Turbo Clamp Tec 01C amplifier (N.P.I. Electronic, Tamm, Germany). The two microelectrodes were
filled with 3 M KCl and had resistances between 1-3 MΩ. NMDA currents were elicited by switching
the flow from recording solution to recording solution containing NMDA (100 µM) and glycine (10
µM) without changing the perfusion rate.

In some experiments oocytes were preincubated with 8-Br-cAMP (10 mM) or Cal A (100
nM). During this incubation oocytes were continuously superfused with recording solution containing
the drug to be applied. In some experiments, oocytes were incubated for 3 h with H-89, which was
diluted to a final concentration of 10 µM in modified Barth's solution. The H-89 stock solution (10
mM) was prepared in dimethyl sulfoxide (DMSO). Forskolin (50 µM), 1,9-dideoxyforskolin (50 µM),
PMA (10 nM), and 4α-PMA (10 nM) were steadily applied for 1 min with a micropipette (200 µl) after
stopping the solution flow. Cal A was prepared in 100% ethanol as 1 mM stock solution, which was
diluted with recording solution to the appropriate concentration shortly before the electrophysiological
experiments. Cal A was preinjected 50 - 70 min before voltage-clamping following the RNA injection
protocol. Aliquots of concentrated stock solutions of forskolin, 1,9-dideoxyforskolin, PMA and 4α-
PMA in DMSO and stock solutions of NMDA and glycine in distilled water were added to the
recording solution immediately before the experiments. The final DMSO concentration never exceeded
0.1% (vol/vol), which, upon application, induced no change in membrane current by itself and which
had no effect on NMDA-induced currents in control experiments. 8-Br-cAMP was directly dissolved to
the final concentration in the recording solution. Effects of the various compounds were tested after at
least two or three identical responses to NMDA could be elicited (control responses). Oocytes were not
used for experiments if reproducible responses to NMDA could not be recorded within 30 min.

Current signals were low-pass-filtered at 30 Hz using a four-pole Bessel filter and digitized
by an ITC 16-MAC interface (Instrutech Corp., Great Neck, NY). Data were sampled at 100 Hz and
stored on a Macintosh (7100/66) computer using data acquisition software (Pulse 7.40; HEKA
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Electronic, Lambrecht/Pfalz, Germany). To compare responses between different oocytes, the
amplitude of the NMDA-induced current at any given time was normalized with respect to the
amplitude of control responses. The n value represents the number of oocytes in one experiment. At
least two different batches of oocytes were used per experiment.

Statistics
Statistical comparisons were made using Student's t test. Results were expressed as mean ±

SEM values. Values of p ≥ 0.05 were regarded as not significant.

RESULTS

Stimulation of cAMP potentiates hypothalamic NMDA responses
The effect of cAMP stimulation on NMDA-induced responses was

examined in oocytes injected with hypothalamic mRNA isolated from adult rat
brain. Application of NMDA together with glycine at a holding potential of -80 mV
elicited responses with the typical characteristics previously described for NMDA-
induced responses (Leonard and Kelso, 1990; Kelso et al., 1992). The average
response amplitude was 25 ± 6 nA (n = 34).

Figure 1. Enhancement of hypothalamic NMDA-induced responses by cAMP
stimulation. A. Representative NMDA responses of hypothalamic mRNA-injected
oocytes before (control) and after 1-min application of 50 µM forskolin or 10-min
application of 10 mM 8-Br-cAMP. B and C. Time course of NMDA-induced current
amplitudes after application of 50 µM forskolin or 50 µM 1,9-dideoxyforskolin (B) or
(C) 10 mM 8-Br-cAMP. Horizontal bars intervals of drug superfusion. External
solution was applied in control experiments. Data are the mean ± SEM (bars) values
of three to five oocytes.
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When oocytes were incubated with forskolin (50 µM), which activates PKA
by increasing cAMP levels (reviewed by Seamon and Daly, 1986), an enhancement
of the NMDA response amplitude was observed with a maximum reached after 7
min (150 ± 9%; n = 5; Fig. 1A and B). This forskolin concentration appeared to be
the minimal concentration required to exhibit maximal forskolin effects on NMDA-
induced currents (data not shown). Because it is known that forskolin can sometimes
act directly on ion channels without the involvement of cAMP (Laurenza et al.,
1989), oocytes were incubated with 1,9-dideoxyforskolin (50 µM), an inactive
analogue of forskolin that does not activate adenylate cyclase. 1,9-Dideoxyforskolin
did not affect NMDA responses (100 ± 0%; n = 3; Fig. 1B), indicating that forskolin
caused the potentiation of NMDA-induced responses via elevated cAMP levels.
Bath application of 8-Br-cAMP (10 mM, 10 min), a membrane-permeable analogue
of cAMP, also caused a large and transient increase of hypothalamic NMDA
responses, which was more prominent than the forskolin effect (225 ± 19%; n = 3;
Fig. 1A and C). Repeated application of NMDA and glycine with 2-min intervals
showed no change in NMDA response amplitude for the time course of the
experiments (indicated as control; Fig. 1).

Stimulation of cAMP does not affect responses of recombinant NMDA
receptors

To test whether PKA potentiates NMDA-induced currents via a direct action
on the NMDA receptor itself, we investigated the effect of forskolin (50 µM)
incubation on NMDA-induced currents recorded from oocytes expressing
recombinant NMDA receptors.

Table 1. Effect of protein kinase modulators on recombinant NMDA receptors

NR subunits*

Compound 1b 1b/2A 1b/2B 1b/2A2B

Control 1.02 ± 0.03 (3) 0.98 ± 0.07 (3) 0.87 ± 0.09 (3) 1.04 ± 0.08 (3)

Forskolin (50µM) 1.11 ± 0.05 (5) 1.01 ± 0.07 (3) 0.95 ± 0.02 (3) 1.01 ± 0.06 (3)

PMA (10 nM)‡ 2.08 ± 0.28 (6) 2.13 ± 0.38 (3) 1.68 ± 0.16 (5) 1.69 ± 0.30 (3)

4-α-PMA (10 nM)‡ 0.99 ± 0.03 (3) 0.85 ± 0.19 (3) 0.89 ± 0.11 (3) 0.87 ± 0.08 (3)

* Data are mean ± SEM values of the relative current amplitude as determined by the
I/Ic ratio of steady-state responses to 100 µM NMDA and 10 µM glycine after (I) and
before (Ic) 1-min application of recording solution (control), 50 µM forskolin, 10 nM
PMA, or 10 nM 4α-PMA. The number of oocytes in an experiment is given in
parentheses. Experiments were performed at a holding potential of -80 mV.
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We recorded NMDA-induced currents from oocytes injected with cRNA
encoding NR1b, NR1b/NR2A, NR1b/NR2B, and NR1b/NR2A/NR2B subunits, the
main subunits found in the adult rat hypothalamus (Laurie et al., 1997). Average
response amplitudes were 36.8 ± 3.0 nA (n = 20) for oocytes expressing NR1b, 476
± 207 nA (n = 15) for oocytes expressing NR1b/NR2A, 13,390 ± 2,389 nA (n = 17)
for oocytes expressing NR1b/NR2B, and 21,847 ± 7,354 nA (n = 15) for oocytes
expressing NR1b/NR2A/NR2B. In contrast to the potentiation of NMDA-induced
current amplitudes recorded from oocytes injected with hypothalamic mRNA,
incubation with forskolin did not affect NMDA-induced currents from recombinant
NMDA receptors (Table 1). However, a 1-min incubation with PMA (10 nM), a
potent protein kinase C (PKC) activator, resulted in a transient potentiation of the
NMDA-induced current responses. This potentiation reached a maximum value after
17 min (Table 1). The inactive PMA analogue 4α-PMA (10 nM) had no effect
(Table 1).

Inhibitors of PKA or protein phosphatases prevent forskolin-mediated
potentiation of hypothalamic NMDA-induced currents

Because NMDA-induced responses can not only be modulated by protein
kinases but also by endogenous protein phosphatases, we studied the effect of
protein phosphatase inhibition on hypothalamic NMDA-induced currents. When
oocytes injected with hypothalamic mRNA were incubated with Cal A (100 nM, 5
min), a potent inhibitor of protein phosphatase 1 (PP1) and/or 2A (PP2A)  (Ishihara
and Martin, 1989; Suganuma et al., 1990), the NMDA-induced current amplitude
increased to 159 ± 4% (n = 3) and reached a maximal potentiation after 50 - 70 min
(Fig. 2). The potentiation of hypothalamic NMDA responses observed after
application of Cal A did not significantly differ from the value obtained after
forskolin application.

Figure 2. Enhancement of hypothalamic NMDA-induced responses by Cal A. NMDA-
induced currents were measured before (control) and 50-70 min after Cal A (100 nM,
5 min) application.

Next, we were interested in whether forskolin could still enhance NMDA responses
after Cal A treatment. To circumvent run-down problems during
electrophysiological recordings over several hours, oocytes were preinjected instead
of incubated with Cal A to a final intracellular concentration of 500 nM 50 - 70 min
before voltage voltage-clamping. Subsequent incubation with forskolin could no
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longer enhance NMDA-induced currents (99 ± 1%; n = 5; Fig. 3A). The forskolin-
mediated potentiation could also be blocked (99 ± 0.7%; n = 5; Fig. 3A) by
preincubation of oocytes with a cell-permeable, selective, potent inhibitor of PKA,
H-89 (10 µM, 3 h). A 1-min incubation with PMA (10 nM) also increased NMDA-
induced current amplitudes from oocytes injected with hypothalamic mRNA. This
potentiation reached a maximum 17 min after the start of the incubation.
Preinjection of oocytes with Cal A (500 nM) had no significant effect on the PMA-
mediated potentiation (Fig. 3B).

Figure 3. Cal A antagonizes PKA- but not PKC-mediated potentiation of
hypothalamic NMDA responses. The time course of NMDA-induced current
amplitudes was recorded from oocytes injected with hypothalamic mRNA with or
without preinjection of Cal A to a final intracellular concentration of 500 nM 50-70
min before voltage clamping. The intracellular concentration of Cal A was calculated
by assuming standard oocytes with a volume of 0.5 µl. The horizontal bar indicates a
1-min drug application of either (A) control solution or forskolin (50 µM) or (B)
control solution or PMA (10 nM). Some oocytes were incubated for 3 h in 10 µM H-
89 before forskolin application (A). Data are mean ± SEM (bars) values of three to
five oocytes.

DISCUSSION

In the present study we investigated the modulation of hypothalamic NMDA
receptors by PKA and PP1 and/or PP2A. NMDA-induced currents recorded from
oocytes injected with rat hypothalamic mRNA were increased after stimulation of
PKA, whereas PKA stimulation had no significant effect on NMDA currents from
recombinant NMDA receptors. Recently, Leonard and Hell (1997) demonstrated
that PKA and members of the PKC family phosphorylate all three NMDA receptor
subunits in vitro and in vivo. The main phosphorylation sites of PKA and PKC are
substantially different for NR1, NR2A, and NR2B in agreement with the finding that
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[32P]phosphate incorporation by PKA and PKC is additive. However, both kinases
are equally efficient in phosphorylating NR1 in vitro  (Leonard and Hell, 1997).
Thus, the question arises why NMDA currents in oocytes expressing NMDA
receptor subunits were not sensitive to forskolin. It is highly unlikely that forskolin
did not enhance NMDA responses of recombinant NMDA receptors simply because
the receptors were already fully phosphorylated and could therefore not produce any
further enhancement because PKC stimulation could still potentiate NMDA-induced
currents from recombinant receptors in our study, Moreover, Xenopus oocytes have
been shown to express endogenously all necessary components to activate PKA
effectively (Keller et al., 1992). Therefore, it does not seem probable that forskolin
was not efficient in stimulating PKA when cRNA coding for receptor subunits was
injected instead of hypothalamic mRNA.

Although the NMDA receptor was shown to have distinct PKA and PKC
phosphorylation sites, only the forskolin-mediated enhancement of hypothalamic
NMDA responses was prevented by pretreatment with the general PP1 and PP2A
inhibitor Cal A. PMA was still able to enhance NMDA responses after Cal A
treatment. In agreement with our data obtained using the Xenopus oocytes
expression system, Westphal et al. (1999) found that responses recorded from HEK
293 cells expressing heteromeric NMDA receptors consisting of NR1a and NR2A
are also barely susceptible to activation of the PKA system. However, this
enhancement is intensified if yotiao, an NMDA receptor-associated protein that can
bind PP1 and the PKA holoenzyme, is coexpressed with NMDA receptor subunits.
It is interesting that anchored PP1 is active and thereby tonically inhibits nearby
NMDA receptors (Westphal et al., 1999). This finding is in support of our
observation that inhibition of protein phosphatase activity by Cal A enhanced
hypothalamic NMDA responses. Westphal et al. (1999) further demonstrated that, in
the presence of yotiao, PKA activation overcomes the tonic PP1 activity, causing
rapid enhancement of NMDA receptor currents. We might not have observed any
further forskolin effect after Cal A treatment because the Cal A application already
completely shifted the equilibrium from dephosphorylation to phosphorylation by
the inhibition of PP1.

So far, all electrophysiological experiments investigating the modulation of
NMDA responses by PKA activation documented a clear brain region-specific
interaction. In previous studies, we demonstrated that NMDA responses recorded
from oocytes injected with total rat brain, hippocampal, or cortical mRNA were not
affected by incubation with forskolin (Blank et al., 1996; 1997; T.B. and I.N.,
unpublished data). Similarly, whole-cell recordings with the standard patch-clamp
method showed that forskolin had no effect on current responses to NMDA in
cultured hippocampal pyramidal neurons (Greengard et al., 1991). On the other
hand, stimulation of PKA enhances NMDA responses, for example, in rat spinal
dorsal horn neurons (Cerne et al., 1993) and rat neostriatal neurons (Colwell and
Levine, 1995).

However, these studies did not clearly identify the target substrate of PKA
action. Previously, we showed the involvement of another subcellular signaling
molecule, the 32-kDa dopamine- and cAMP-regulated phosphoprotein (DARPP-32),
in cAMP-dependent modulation of striatal NMDA responses (Blank et al., 1997).
Like yotiao, DARPP-32 shifts the equilibrium in favor of phosphorylation following
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PKA stimulation. Future studies have to determine which signaling molecule might
be involved in the PKA-mediated potentiation of hypothalamic NMDA responses. A
possible candidate is the phosphoprotein inhibitor-1, which has a high sequence
homology with DARPP-32 and was shown to be abundant in several hypothalamic
nuclei (Gustafson et al., 1991). Like DARPP-32, inhibitor-1 is converted from an
inactive form to a potent and specific inhibitor of PP1 by PKA phosphorylation
(Hemmings et al., 1992).

Our finding that Cal A did not significantly lower the effectiveness of PMA
to enhance NMDA currents points to a different underlying mechanism of PKC-
mediated potentiation than overcoming endogenous protein phosphatase activity.
Recent studies have indicated that calmodulin binds directly to the NR1 subunit of
the NMDA receptor complex at two distinct sites in the COOH-terminal region,
causing a decrease in NMDA channel activity by reduction of the probability of
channel opening (Ehlers et al., 1996). PKC-mediated phosphorylation on serine
residues of the NR1 subunit decreases its affinity for calmodulin and thereby inhibits
the inactivation of NMDA receptors (Hisatsune et al., 1997). Because calmodulin is
an ubiquitous molecule that is also enriched in Xenopus oocytes (Lan et al., 1996;
Peracchia et al., 1996), it is conceivable that PKC, in contrast to PKA, potentiates
currents evoked from both recombinant NMDA receptors and hypothalamic NMDA
receptors by reducing the affinity of calmodulin to NR1.

This study provides evidence that the function of hypothalamic NMDA
receptors can be regulated by PKA and suggests the involvement of an additional
NMDA receptor-associated molecule that acts most likely via the inhibition of
tonically active protein phosphatases. Thus, several PKA-coupled neurotransmitter
systems might use this cascade in the rat hypothalamus to interfere with the
signaling of NMDA receptors.
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CHAPTER 3

The phosphoprotein DARPP-32 mediates cAMP-

dependent potentiation of striatal N-methyl-D-

aspartate responses

Proc. Natl. Acad. Sci. USA (1997) 75: 749-754

ABSTRACT

The signal transduction pathway underlying the cAMP-dependent
modulation of rat striatal N-methyl-D-aspartate (NMDA) responses was investigated
by using the two-electrode voltage-clamp technique. In oocytes injected with rat
striatal poly (A)+ mRNA, activation of cAMP-dependent protein kinase (PKA) by
forskolin potentiated NMDA responses. Inhibition of protein phosphatase 1 (PP1)
and/or protein phosphatase 2A (PP2A) by the specific inhibitor calyculin A
occluded the PKA-mediated potentiation of striatal NMDA responses, suggesting
that the PKA effect was mediated by inhibition of a protein phosphatase.
Coinjection of oocytes with striatal mRNA and antisense oligodeoxynucleotides
directed against the protein phosphatase inhibitor DARPP-32 dramatically reduced
the PKA enhancement of NMDA responses. NMDA responses recorded from
oocytes injected with rat hippocampal poly (A)+ mRNA were not affected by
stimulation of PKA. When oocytes were coinjected with rat hippocampal poly (A)+

mRNA plus complementary RNA coding for DARPP-32, NMDA responses were
potentiated after stimulation of PKA. The results provide evidence that DARPP-32,
which is enriched in the striatum, may participate in the signaling between the two
major afferent striatal pathways, the glutamatergic and the dopaminergic projections,
by the cAMP-dependent regulation of striatal NMDA currents.
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INTRODUCTION

The striatum receives dense dopaminergic afferents from midbrain areas
(Doucet et al., 1986; Voorn et al., 1986) and glutamatergic projections from all areas
of the cerebral cortex (Fonnum et al., 1981; McGeer et al., 1977) and thalamus
(Dube et al., 1988). Ionotropic glutamate receptors have been traditionally classified
into three families on the basis of pharmacological and electrophysiological data: N-
methyl-D aspartate (NMDA), amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA), and kainate (KA) receptors.  In the striatum excessive activation of
NMDA receptors has been associated with neurological disorders such as
Huntington`s (Choi, 1988; DiFiglia, 1990) and Parkinson`s disease (Greenamyre
and O’Brien, 1991).

Phosphorylation of neurotransmitter receptors plays an important role in the
modulation of their function. NMDA receptors contain multiple consensus sites for
phosphorylation by several protein kinases (Hollmann and Heinemann, 1994).
Protein kinase C (PKC) and tyrosine kinases have been shown to phosphorylate
NMDA receptor subunits directly (Lau and Huganir, 1995; Moon et al., 1994;
Tingley et al., 1993). Moreover, forskolin, dopamine and a D1 agonist increased the
phosphorylation of the NMDAR1 receptor apparently through activation of cAMP-
dependent protein kinase (PKA) (Snyder et al., 1996). In rat neostriatal brain slices
NMDA-induced excitatory synaptic transmission was potentiated by the PKA
activators forskolin and Sp-cAMPS (Colwell and Levine, 1995). Furthermore,
activation of D1 receptors potentiated NMDA-induced responses (Cepeda et al.,
1993), whereas stimulation of metabotropic glutamate receptors had inhibitory
effects on NMDA receptor function (Colwell and Levine, 1994). In both cases, it
was suggested that a cAMP/PKA-dependent mechanism was involved. However, it
could not be concluded from those experiments whether the NMDA receptor
complex and/or an additional intracellular regulatory protein was the target of PKA
phosphorylation.

In the present study, we used the Xenopus oocyte expression system to
further unravel the molecular mechanisms underlying the modulation of striatal
NMDA receptor function by PKA. In initial experiments, we recorded NMDA-
induced currents from Xenopus oocytes expressing NR1b, NR1b/NR2A,
NR1b/NR2B, or NR1b/NR2A/NR2B NMDA receptor subunits, the main subunits
found in rat striatum (Petralia et al., 1994; Portera-Cailliau et al., 1996). These
currents were not affected by PKA stimulation (T.B. and I.N., unpublished data)
suggesting the involvement of an indirect mechanism underlying the PKA-
dependent modulation of striatal NMDA receptor function.
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MATERIALS AND METHODS

RNA Preparation and Expression in Xenopus Oocytes
Total RNA was isolated from striatum and hippocampus of adult Wistar rats by extraction of

fresh tissue with guanidine thiocyanate and precipitation with LiCl (Cathala et al., 1983). Poly((A)+

mRNA was purified by oligo(dT)-cellulose chromatography (Pharmacia mRNA Purification Kit) and
dissolved in RNAse-free water at a concentration of 0.5 µg/µl.

Plasmid pET3A-DARPP-32 containing the cDNA coding for the rat Mr 32,000 dopamine and
adenosine 3', 5'-monophosphate-regulated phosphoprotein (DARPP-32) was linearized by digestion
with NheI and used as transcription template. In vitro transcription was carried out by T7 RNA
polymerase in the presence of a cap analog. RNA transcripts were precipitated by ethanol and the
precipitate was dissolved in water treated with diethyl pyrocarbonate.

Oocytes were collected from anesthetized specimens of Xenopus laevis as described (Kushner
et al., 1988). Follicular cell layers were removed manually after incubation for 2 h at room temperature
in Ca2+-free modified Barth's saline solution containing 2.2 mg/ml collagenase, type II. Stage V and
stage VI oocytes were pressure-injected with 50 ng of poly (A)+ mRNA per oocyte. In some

experiments, hippocampal poly (A)+  mRNA was coinjected with DARPP-32 cRNA (20 or 80 ng per
oocyte). Oocytes were kept at 18°C in modified Barth's solution.

RNA (Northern) Blot Analysis
Samples were size-fractionated on 1.5% agarose-formaldehyde gels and were transferred to

nylon membranes (Hybond) according to standard protocols (Amersham). The full-length cDNA
encoding DARPP-32 was labeled with [α-32P]dATP by random priming using a Prime-It II-Kit
(Stratagene). Blots were hybridized at 68°C for 18 h in Church Buffer (Church and Gilbert, 1984).
Blots were washed in 2x SSC/1% SDS for 5 min, twice in 1x SSC/1% SDS at 65°C for 15 min, and
finally twice in 0.1x SSC/1% SDS at 65°C for 15 min. They were exposed to x-ray film with an
intensifying screen at -70°C.

Antisense Oligodeoxynucleotides (ODNs)
Antisense 14-mer (ODNs) complementary to part of the cRNA coding for the phosphoprotein

DARPP-32, and random and reversed control ODNs, were synthesized by Biognostik (Goettingen,
Germany). ODNs were shipped as lyophilized DNA Na salt. The lyophilized ODNs were dissolved in
1x TE buffer (10 mM Tris.HCl/1 mM EDTA, pH 7.2) to a final concentration of 250 µM and stored at -

20°C. The ODN suspension (100 nl, 2.5 µM) was injected according to the poly (A)+ mRNA injection
protocol. The ODNs were injected 5 days after the oocytes were injected with striatal mRNA and then
tested for NMDA/glycine-induced responses on day 7. The nucleotide sequences of the synthetic
oligomers corresponding to base numbers 995-1009 of the rat DARPP-32 cDNA were as follows:
antisense-DARPP-32, 5'-CTGAGCTTATGTGC-3'; reversed control-DARPP-32, 5'-
CGTGTATTCGAGTC-3';random control-DARPP-32, 5'-AGTCGCTGTGATCT-3'.

Electrophysiological Recordings
Seven to eight days after injection, oocytes were placed in a recording chamber (volume ≈ 40

µl) and continuously superfused (1.5 ml/min) with recording solution at room temperature (20-24°C).
The oocytes were voltage-clamped by a conventional two-microelectrode voltage-clamp technique
(Stühmer, 1992). The membrane potential of the oocytes was held at -80 mV (unless otherwise
indicated), using a Turbo Clamp Tec 01C amplifier (N.P.I. Electronic, Tamm, Germany). The two
microelectrodes were filled with 3 M KCl and had resistances between 1 and 3 MΩ. Drugs were
applied with a micropipette (200 µl) after stopping solution flow. If not indicated otherwise, NMDA
and glycine were co-applied at concentrations of 100 µM and 10 µM, respectively. In some
experiments, oocytes were preincubated with a drug-containing solution. During incubation, oocytes
were continuously superfused with solutions containing the drugs to be applied. Calyculin A was
prepared in 100% ethanol as a 1 mM stock solution. Immediately after dilution in distilled water to the
appropriate concentration, calyculin A was microinjected into the oocytes according to the RNA
injection protocol. Oocytes were preinjected 1-1.5 h before voltage-clamping. Aliquots of concentrated
stock solutions of phorbol 12-myristate 13-acetate (PMA), 4-α-phorbol 12-myristate 13-acetate (4-
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α−PΜΑ), forskolin, and 1,9-dideoxyforskolin in dimethyl sulfoxide (DMSO) and NMDA and glycine
in distilled water were added to the recording solution immediately before the experiments. 8-Bromo-
adenosine 3`,5`monophosphate (8-Br-cAMP, sodium salt) was directly dissolved to the final
concentration in the external solution. The final DMSO as well as the final ethanol concentration never
exceeded 0.1% (v/v), which, upon application, induced no change in membrane current on its own and
which had no effect on NMDA-induced ion currents in control experiments. Effects of the various
compounds tested were studied after at least two or three identical responses to NMDA could be
elicited. Oocytes were not used for experiments when reproducible responses to NMDA could not be
recorded within 60 min. Current signals were low-pass filtered at 30 Hz using a four-pole Bessel filter
and digitized by an ITC 16-MAC interface (Instrutech , Great Neck, NY). Data were sampled at 100
Hz and stored on a Macintosh (7100/66) computer using data acquisition software (Pulse 7.40, HEKA
Electronic, Lambrecht/Pfalz, Germany). The relative current amplitude of 100 µM NMDA- and 10 µM
glycine-induced inward currents is defined as the ratio (I/Ic) of the maximum current amplitude after (I)
and before (Ic) treatment with drugs.

Statistics
Statistical comparisons were made by using Student's t test. Results were expressed as mean

± standard error of the mean (SEM). p-values ≥ 0.05 were regarded as not significant.

Solutions
Modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4 NaH CO3, 15 Hepes, 0.8

MgSO4, 0.3 Ca(NO3)2 and 0.6 CaCl2, and 50 units/ml penicillin and 50 µg/ml streptomycin (adjusted to
pH 7.6 with NaOH). Ca2+-free modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4
NaHCO3, 15 Hepes, 0.8 MgSO4 (adjusted to pH 7.6 with NaOH). Electrophysiological recordings were
carried out in saline solution containing (in mM): 115 NaCl, 2.5 KCl, 1.8 BaCl2, 10 Hepes (pH adjusted
to 7.2 with NaOH).

Materials
Mature female specimens of Xenopus laevis were obtained from Kähler (Hamburg,

Germany). Collagenase, type II, was from Worthington, and mRNA Purification Kit was from
Pharmacia LKB Biotechnology. PMA and 4-α-PMA were obtained from Research Biochemicals
(Natick, MA). Calyculin A was from Boehringer Mannheim. 1,9-Dideoxyforskolin and 8-Br-cAMP
(sodium salt) were from Calbiochem (. Penicillin and streptomycin were from Gibco. All other drugs
and salts were purchased from Sigma. Molecular biology reagents and restriction enzymes were
purchased from Pharmacia, Promega and New England Biolabs.

RESULTS

PKC and PKA modulate striatal NMDA responses.
The effects of protein kinases on NMDA responses were studied by using

Xenopus oocytes injected with mRNA isolated from rat striatum or hippocampus.
Coapplication of NMDA and glycine at a holding potential of -80 mV elicited
responses with the conventional properties of NMDA receptors expressed in oocytes
(e.g., Kelso et al., 1992; Leonard and Kelso, 1990). When NMDA was applied
without glycine, the amplitude of the NMDA responses was markedly reduced. The
NMDA-induced ion currents were nearly completely inhibited by 20 µM of the
competitive antagonist 2-amino-5-phosphonovaleric acid (APV). NMDA responses
were almost completely blocked by coapplication of 1 mM Mg2+ or 1 µM MK-801,
a noncompetitive NMDA receptor antagonist (data not shown). Repeated
applications of NMDA and glycine with 4-min washing intervals between
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subsequent applications resulted in a stable NMDA-induced inward current
(indicated as control values; Fig. 1; Table 1).

Figure 1. Striatal NMDA-induced currents are potentiated by forskolin and PMA.
The bar indicates drug superfusion. External solution was applied as control (x). (A)

Forskolin (50 µM;•), PMA (10 nM; ), 1,9-dideoxyforskolin (50 µM; o) and 4-α-

PMA (10 nM; ) were applied for 1 min. (B) After a 10 min incubation with 8-Br-

cAMP (10 mM; •), a 1 minute incubation with PMA (10 nM; ) followed. Each

point represents the mean ± SEM of three to seven oocytes.

After incubation with PMA, a potent PKC activator (Stea et al., 1995), a
rapid potentiation of striatal NMDA-induced responses occurred, and a continuous
rise was observed until a maximum was reached after 13 min (Fig. 1A; Table 1).
Subsequently, the current amplitude decreased again (Fig. 1A). The inactive isomer
4-α-PMA had no significant effect (Fig. 1A; Table 1). Incubation with forskolin,
which activates PKA by means of cAMP stimulation (reviewed in Seamon and
Daly, 1986), enhanced NMDA-induced currents in a time-dependent manner with a
maximum at 9 min (Fig. 1A; Table 1). Because forskolin has been reported to act
directly on ion channels in addition to its action on the cAMP cascade (e.g. Laurenza
et al., 1989), the inactive forskolin analog 1,9-dideoxyforskolin was applied to test
for this possible mode of action. This compound, which does not stimulate adenylyl
cyclase, but mimics other actions of forskolin, did not exhibit a significant
potentiating effect on NMDA-induced currents (Fig.1A; Table 1).

Oocytes contain endogenous chloride channels that can be activated by an
increase in the intracellular calcium concentration (Barish, 1983). Thus, influx of
calcium through NMDA receptor channels (MacDermott et al., 1986) may lead to a
secondary activation of endogenous chloride channels. To exclude the involvement
of these chloride channels in the observed potentiation of NMDA-induced currents,
all experiments were performed by replacing extracellular Ca2+- with Ba2+-ions
which are known to be less effective than Ca2+-ions in activating the calcium-
dependent chloride currents in oocytes (Barish, 1983; Miledi and Parker, 1984). The
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influence of endogenous chloride channels has further been excluded by repeating
the experiments at a holding potential of -25 mV, which is the reported reversal
potential for chloride in oocytes (Barish, 1983; Miledi, 1992). At this holding
potential, the potentiation induced by PMA and forskolin was not significantly
different from the one observed at -80 mV (P>0.05; Table 1). It was concluded that
the observed potentiation was not due to the modulation of endogenous chloride
channels.

Table 1. Effect of protein kinase modulators on striatal NMDA-induced currents

Compound
I/Ic*

mean ± SEM n P

Control (9 min) 0.92 ± 0.02 3 -

Control (13 min) 0.92 ± 0,04 3 -

Control (14 min) 0.91 ± 0,01 4 -

PMA (10 nM)‡ 2.64 ± 0,33 6 ≤ 0.01

PMA (10 nM; -25 mV)‡ 2.40 ± 0.124 4 ≤ 0.001

4-α-PMA (10 nM)‡ 1.07 ± 0.04 4 N.S.

Forskolin (50 µM)† 1.45 ± 0.03 4 ≤ 0.001

Forskolin (50 µM; -25 mV)† 1.50 ± 0.10 4 ≤ 0.01

1,9-Dideoxyforskolin (50 µM)† 0.93 ± 0.043 3 N.S.

8-Br- cAMP (10 mM)§ 1.86 ± 0.137 7 ≤ 0.001

Experiments were performed at a holding potential of -80 mV unless indicated
otherwise.
*The relative current amplitude is determined by the ratio (I/Ic) of steady-state
responses to 100 µM NMDA and 10 µM glycine after (I) and before (Ic) drug
treatment. With the exception of 8-Br- cAMP, which was applied for 10 minutes, all
other drugs were applied for 1 min. Results are mean ± SEM.
p: p-values of Student's t test obtained by comparing drug-treated oocytes with non-

treated control oocytes. For comparisons controls recorded at †9 min, ‡13 min and
§14 min were taken. NS, not significant.

Incubation with 8-Br-cAMP, the membrane-permeant analog of cAMP,
increased striatal NMDA receptor-induced responses to 186% ± 13% (n = 7) of
control. Interestingly, incubation with PMA produced further potentiation. The
additional increase did not deviate significantly from the potentiation found with
PMA alone (Fig. 1B).

PMA incubation of oocytes injected with hippocampal mRNA resulted in a
transient potentiation of the NMDA-induced current responses. This potentiation
reached a maximum value within approximately 13 min (Table 2). Similar
incubation with the biologically inactive analog 4-α-PMA did not induce any
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change in responses to the agonists (93% ± 7%, n = 3; Table 2). At a holding
potential of -25 mV the maximal increase of NMDA-induced ion currents after
incubation with PMA was 227% ± 19% (n = 6). This degree of potentiation was not
statistically different from the potentiation (241% ± 32%, n = 9) found at a holding
potential of -80 mV (P>0.05;Table 2). In contrast to the observed enhancement of
the striatal NMDA response to PKA activation, incubation with forskolin did not
significantly alter hippocampal NMDA responses (Fig. 4A; Table 2).

Table 2. Effect of protein kinase modulators on hippocampal NMDA-induced currents

Compound
I/Ic*

mean ± SEM n P

Control (9 min) 1.01 ± 0.03 5 -

Control (13 min) 1.02 ± 0.03 5 -

PMA (10 nM)‡ 2.41 ± 0.32 9 ≤ 0.01

PMA (10 nM; -25 mV)‡ 2.27 ± 0.19 6 ≤ 0.001

4-α-PMA (10 nM)‡ 0.93 ± 0.07 3 N.S.

Forskolin (50 µM)† 1.01 ± 0.03 5 N.S.

*Data presented as for table 1.

Striatal and hippocampal NMDA responses are regulated by endogenous
protein phosphatases.

The possibility that NMDA responses could be regulated not only by protein
kinases but also by endogenous protein phosphatases was investigated by 5 min
application of calyculin A (100 nM), a potent inhibitor of PP1 and PP2A (Ishihira et
al., 1989; Suganuma et al., 1990). Following this treatment, NMDA responses
increased and reached maximal potentiation after 70-90 min. Striatal NMDA-
induced currents were potentiated to 157% ± 12% (n = 5) and hippocampal NMDA-
induced currents were enhanced to 137% ± 8% (n = 4) of the corresponding control
values. The enhancement of striatal NMDA responses observed after application of
calyculin A did not differ significantly from the value obtained after PKA
stimulation.

Calyculin A antagonizes PKA- but not PKC-mediated potentiation of striatal
NMDA responses.

In oocytes injected with striatal mRNA, the potentiation of NMDA-induced
currents observed after forskolin application (Fig. 2A; Table 1) could be prevented
by preinjection of calyculin A 60-90 min before voltage-clamping (Fig. 2B). The
inhibitory effect of calyculin A on the PKA-mediated potentiation of striatal NMDA
responses was dose-dependent. A 50% reduction (IC50) of the potentiation was
observed at 0.56 nM calyculin A (final intracellular concentration). The PMA-
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induced potentiation of striatal NMDA responses (Fig. 2C; Table 1) was not
significantly altered when oocytes were preinjected with calyculin A (Fig. 2D).

Figure 2. Calyculin A inhibits
forskolin- but not PMA-mediated
potentiation of striatal NMDA
responses. The NMDA-induced
currents of striatal mRNA injected
oocytes were measured before and
8 min after 1-minute application of
50 µM forskolin (A) or before and
12 min after 1-minute application
of 10 nM PMA (C). (B and D) The
same protocol was followed after
injecting oocytes with  calyculin A
to a f inal  intracel lular
concentration of 500nM 60-90 min
before voltage-clamping. The
intracellular concentration of
calyculin A was calculated by
assuming standard oocytes with a
volume of 0.5 µl.

Expression of DARPP-32 renders hippocampal NMDA receptors sensitive to
PKA.

The observation that calyculin A was able to prevent the PKA-mediated
potentiation of striatal NMDA responses suggested the involvement of a third-
messenger, which would inhibit protein phosphatases after stimulation of PKA. One
possible molecule to be considered was DARPP-32, which is highly enriched in rat
striatum (Hemmings and Greengard, 1986; Walaas and Greengard, 1984). A variety
of studies demonstrated that DARPP-32 is converted into a potent inhibitor of PP1
by PKA-mediated phosphorylation (Hemmings et al., 1992; Hemmings et al., 1984).

Figure 3. Northern blot analysis of poly(A)+mRNA
isolated from rat striatum and hippocampus. In
each lane 3 µg RNA was loaded. The full-length
cDNA encoding DARPP-32 was radioactively
labeled and used as a probe. The lower bands show
the hybridization of the RNA probes with mouse β-
actin.
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The amount of DARPP-32 mRNA in mRNA aliquots used for injecting the
oocytes was assessed by Northern blot analysis. Hybridization with radioactively
labeled DARPP-32 cDNA revealed an RNA doublet of approximately 1.8 and 2 kb
in striatum. By contrast, only extremely small amounts of DARPP-32 mRNA were
detectable in hippocampal mRNA (Fig. 3). Hybridization with β-actin demonstrated
that equal amounts of mRNA were used for each sample.

To investigate whether activation of DARPP-32 could cause an
enhancement of NMDA-induced currents after stimulation of PKA, hippocampal
mRNA was coinjected with DARPP-32 cRNA. Under these conditions, incubation
with forskolin potentiated NMDA-induced currents within 9 min to 123% ± 6% (n =
3; 20 ng DARPP-32 cRNA per oocyte) or 128% ± 4% of control values (n = 8; 80
ng DARPP-32 cRNA per oocyte; Fig. 4B). This enhancement of hippocampal
NMDA responses was not significantly different from the one observed after
calyculin A treatment. The inactive forskolin analog 1,9-dideoxyforskolin had no
effect (Fig. 4B). When oocytes were preinjected with calyculin A 60-90 min before
voltage-clamping, forskolin could not alter NMDA-induced currents. These data
resembled the results observed with oocytes injected with striatal mRNA.

Figure 4. Forskolin-mediated
potentiation of hippocampal
NMDA responses is observed
in the presence of DARPP-32.

Forskolin  (50 µM,• ), 1,9-

dideoxyforskolin (50 µM; )
and external solution (control,
x) were applied for 1 minute as
indicated by the bar. NMDA-
induced current responses were
recorded from oocytes injected
with hippocampal mRNA (A)
or oocytes injected with
hippocampal mRNA and
DARPP-32 cRNA (80 ng per
oocyte) (B ). Each point
represents the mean ± SEM of
three to nine oocytes.

Inhibition of DARPP-32 expression reduces the PKA-mediated Potentiation of
striatal NMDA responses.

Oocytes injected with striatal mRNA and antisense ODNs directed against
DARPP-32 were tested for PKA-mediated potentiation of NMDA-induced currents.
After injection of the antisense ODNs in striatal mRNA-injected oocytes, PKA
stimulation caused a markedly reduced potentiation of NMDA-induced currents
(112% ± 4%, n = 7; Fig. 5) compared to control NMDA-induced currents recorded
from oocytes injected with striatal mRNA and TE buffer (160% ± 12%, n = 4; Fig.
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5). The specificity of the antisense ODNs was assessed by injecting striatal mRNA-
injected oocytes with either random or reversed control ODNs. Neither random nor
reversed control ODNs abolished the PKA-mediated potentiation of NMDA
responses (163% ± 16%, n = 4; 158% ± 6%, n = 4; Fig. 5, respectively).

Figure 5. Forskolin-mediated potentiation of striatal NMDA responses requires
DARPP-32. ( A) Representative NMDA responses of oocytes injected with striatal
mRNA and ODNs or TE buffer before (controls) and 8 min after 1-minute application
of forskolin (50 µM). (B ) Average relative current amplitudes (I/Ic) of the
experiments presented in A. Each bar represents the mean ± SEM of 4 or 7 oocytes as
indicated.

DISCUSSION

PMA enhanced the NMDA receptor function in Xenopus oocytes injected
with rat mRNA isolated from either striatum or hippocampus. In contrast, forskolin
enhanced the NMDA-induced currents recorded from oocytes injected with striatal
mRNA but not hippocampal mRNA. These findings were in general agreement with
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previous experiments performed in rat hippocampal and striatal neurons (Aniksztejn
et al., 1992; Colwell and Levine, 1995; Greengard et al., 1991; Harvey and
Collingridge, 1993; O’Connor et al., 1995; Wang et al., 1991). PKC and PKA acted
additively, indicating that the two enzymes exerted their modulatory action on the
NMDA receptor complex by phosphorylation at separate sites.

The finding that PKA-induced potentiation of striatal NMDA responses was
prevented by preinjection of oocytes with the protein phosphatase inhibitor calyculin
A suggested the involvement of PP1 and/or PP2A. The basal activity of endogenous
protein phosphatases was indicated by the fact that application of calyculin A
enhanced striatal and hippocampal NMDA currents. These results were in agreement
with the observation by Colwell and Levine (1995) that the phosphatase inhibitor
okadaic acid enhanced excitatory synaptic transmission in the neostriatum.

 After application of calyculin A, striatal NMDA currents were enhanced to
the same extent as observed after the activation of PKA. In contrast, calyculin A did
not prevent the PKC-mediated potentiation of striatal NMDA responses.

DARPP-32 is phosphorylated by PKA, and acts in its phosphorylated form
as a potent and specific inhibitor of PP1 (Hemmings et al., 1984; Walaas et al.,
1983; Walaas and Greengard, 1984). On the basis of our experimental data,
DARPP-32 seemed to play a pivotal role in the PKA-mediated enhancement of
NMDA-induced currents. This hypothesis was strongly supported by the observation
that the PKA-mediated enhancement of striatal NMDA responses was significantly
reduced by the injection of antisense ODNs directed against mRNA coding for
DARPP-32. It is also in agreement with this hypothesis that hippocampal NMDA
responses could be enhanced by forskolin when cRNA coding for DARPP-32 was
coinjected. Interestingly, the PKA-mediated enhancement of NMDA responses
recorded from oocytes injected with hippocampal mRNA plus DARPP-32 cRNA
was similar to the enhancement of hippocampal NMDA responses following the
inhibition of protein phosphatases by calyculin A. The PKA-mediated potentiation
of NMDA responses recorded from striatal mRNA-injected oocytes or hippocampal
mRNA-injected oocytes coexpressing DARPP-32 was prevented by preinjecting
calyculin A. Thus the effects of forskolin and of calyculin A were not additive in
either system. These results suggested that PKA, acting bymeans of phosphorylation
of DARPP-32, as well as calyculin A modulated NMDA responses by inhibiting
endogenous PP1.

Cepeda and colleagues (1993) reported the enhancement of NMDA-evoked
excitations in cat and rat neostriatal slices after application of D1 receptor agonists.
Stimulation of D2 receptors attenuated responses evoked by NMDA. On the basis of
our findings, one can speculate that dopamine modulates striatal NMDA responses
by indirect regulation of PP1 activity via DARPP-32. In agreement with this
speculation, previous studies have shown that D1 receptor agonists increased the
amount of both cAMP (Azzaro et al., 1987) and phosphorylated DARPP-32
(Szmigielski and Zalewska-Kaszubska, 1991; Walaas et al., 1983). The increasing
phosphorylation of DARPP-32 was mediated through the activation of PKA
(Hemmings et al., 1990; Hemmings and Nairn et al., 1984). Conversely, stimulation
of D2 receptors in rat striatum reduced the amount of both cAMP (Cooper et al.,
1986; Weiss et al., 1985) and phosphorylated DARPP-32 (Nishi et al., 1997). This
effect of D2 receptor activation on DARPP-32 appeared to be due both to decreased
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phosphorylation of DARPP-32 through the cAMP/PKA pathway and to increased
dephosphorylation of DARPP-32 through the Ca2+/calcineurin pathway (Nishi et
al., 1997).

The regional distribution of DARP-32 within the rat brain is very similar to
the pattern of dopamine-innervated brain regions. Immunocytochemical studies have
localized DARP-32 at particularly high levels in the substantia nigra, olfactory
tubercle, bed nucleus of the stria terminalis, globus pallidus, caudatoputamen,
nucleus accumbens, portions of the amygdaloid complex, and corticothalamic
neurons (Ouimet et al., 1984). Therefore, the signal transduction cascades described
above may contribute to synaptic plasticity in certain brain regions.
Neurotransmitters (e.g. dopamine) coupled either positively or negatively to the
adenylyl cyclase system could differentially modulate the intracellular cAMP level
and thereby the amount of phosphorylated DARPP-32. The concentration of
phosphorylated DARPP-32 in turn would be responsible for the degree of PP1-
inhibition, thus modulating NMDA receptor function by decreasing or increasing the
dephosphorylation of the NMDA receptor itself or, alternatively, a regulatory
protein (Fig. 6). On the other hand, stimulation of NMDA receptors in rat striatal
slices has been shown to induce dephosphorylation of phosphorylated DARPP-32,
presumably by the calcium-dependent phosphatase calcineurin (Halpain et al.,
1990). This mechanism might reflect a negative feedback-loop protecting striatal
cells from NMDA receptor-mediated toxicity in the presence of high amounts of
phosphorylated DARPP-32 (Colwell et al., 1996).

Figure 6. Schematic diagram illustrating the possible role of DARPP-32 and PP1 in
mediating dopamine-induced increase in conductance through NMDA receptors in
rat striatum. Glu, glutamate; DA, dopamine; P, phosphate group; PK, protein kinase.
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The present study provides electrophysiological evidence that PKA may
regulate NMDA receptor function by means of DARPP-32 and endogenously active
protein phosphatases. In the DARPP-32-enriched striatum this third messenger
pathway may participate in the control of the phosphorylation-state of NMDA
receptors and thereby control the excitability of striatal neurons and the efficacy of
synaptic transmission. The complex control system of NMDA receptor
phosphorylation may facilitate the integration of multiple neuronal signals
converging on DARP-32 containing neurons.
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In vivo NMDA/dopamine interaction resulting in FOS

production in the limbic system and basal ganglia of

the mouse brain
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ABSTRACT

Glutamatergic and dopaminergic effects on molecular processes have been
extensively investigated in the basal ganglia. It has been demonstrated that NMDA
and dopamine D1 and D2 receptors interact in the regulation of signal transduction
and induction of transcription factors. In the present experiments, NMDA/dopamine
interactions were investigated in the normosensitive caudate nucleus, hippocampus
and amygdala by monitoring FOS production. We demonstrated that NMDA and the
D1 receptor agonist SKF 38393 triggered FOS levels in a distinct, non-overlapping
and region-specific pattern. NMDA injected intraperitoneally (i.p.) elevated FOS
levels in all hippocampal subfields and the central amygdala, whereas SKF 38393
triggered FOS production in basomedial, cortical, medial amygdala and caudate
nucleus. The NMDA receptor antagonist CGS 19755 prevented NMDA- and SKF
38393-triggered FOS production in all investigated brain areas. Similarly, the D1
receptor antagonist SCH 23390 inhibited the effects produced by SKF 38393 or
NMDA. The D2 receptor antagonist sulpiride exerted synergistic and antagonistic
effects on NMDA- and SKF 38393-triggered FOS production, in a region specific
manner. These data suggest that NMDA and dopamine receptors regulate FOS
production within the limbic system and basal ganglia through regionally
differentiated but interdependent actions.
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INTRODUCTION

Monitoring of the production pattern of the FOS protein has been
extensively employed to investigate the role of brain neurotransmitter systems in
rapid gene responses (Morgan and Curran, 1991). The role of dopamine receptors in
the regulation of FOS production has been investigated in detail in the basal ganglia
after systemic injections of dopaminergic agonists in vivo  (Moine et al., 1997;
Nakazato et al., 1998; Wang and Ginty, 1996; Wirtshafter and Asin, 1994) and their
application to striatal cultures (Das et al., 1997; Konradi et al., 1996), on the basis of
their implication in Parkinson’s disease, schizophrenia, compulsive disorders and
addiction (Bergmann et al., 1998; Blandini and Greenamyre, 1998; Lange et al.,
1997; Starr, 1995; Wichmann and Delong, 1996). On the other hand, the effect of
NMDA receptors on FOS production has been primarily investigated in
hippocampus-dependent experimental models to study convulsions, stress, novelty
and learning (Bozas et al., 1997; Radulovic et al., 1998; Shin et al., 1998). For the
basal ganglia it was consistently demonstrated that the effect of dopamine D1
receptor agonists requires the activity of NMDA receptors, as demonstrated by the
ability of NMDA receptor antagonists to fully prevent D1 receptor-stimulated FOS
production (Keefe and Ganguly, 1998; Konradi et al., 1996; Nakazato et al., 1998;
Tomitaka et al., 1995). The modulation of NMDA receptor-currents by the
dopaminergic system has also been demonstrated (Blank et al., 1997; Cepeda et al.,
1993; Cepeda et al., 1998; Colwell and Levine, 1995; Fraser and Mac Vicar, 1994),
suggesting an interdependence of both systems. However, the impact of dopamine
receptors on NMDA receptor-mediated gene responses has not been investigated so
far.

In addition, little is known on dopamine/NMDA interactions in brain
regions other than the basal ganglia, although the joint activity of NMDA and
dopamine receptors has been implicated in a variety of behaviors, not only restricted
to basal ganglia function. In particular, neuronal processes underlying learning and
memory of behavioral tasks mediated by limbic structures are sensitive to
dopaminergic and NMDA-dependent modulation (Mele et al., 1995; Roullet and
Mele, 1996; White et al., 1995). Numerous areas within the limbic system, including
the hippocampus and amygdala, contain NMDA and dopamine receptors (Huang et
al., 1992; Huang and Kandel, 1996; Laurie et al., 1995) which could modulate short-
and long-term responses to environmental stimuli.

The objective of the present study was to evaluate the pattern of FOS
production in the basal ganglia and limbic system in response to both dopamine and
NMDA receptor stimulation and investigate the role of NMDA receptors in
dopamine-induced FOS production as well as the role of dopamine receptors in
NMDA-induced FOS production.
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MATERIALS AND METHODS

Animals
Eight-week-old male inbred C57BL/6J mice, obtained from Harlan-Winkelmann (Borchen,

Germany) were used in the experiments. The mice were housed according to the recommendations of
the Society for Laboratory Animal Science (Germany). Standard pelleted diet and water were offered
ad libitum. Mice were kept individually in standard Macrolon cages in mouse "hotels" (consisting of
shelves located within a wooden enclosure providing olfactory, acoustic, and optic isolation from the
experimental room) 5 days before the beginning of the experiments. In the mouse hotels, the
temperature was maintained at 22 ± 1°C the humidity at 55 ± 10% and the light-dark cycle at 12 hr (7
a.m. - 7 p.m.).

Treatments
In the first series of experiments, mice were intraperitoneally (i.p.) injected with different

doses of NMDA (15, 30 and 60 mg/kg) and the dopamine D1 receptor agonist (± ) SKF 38393
hydrobromide (SKF 38393, 3.75 and 7.5 mg/kg) in order to establish a minimal dose of each drug
required to trigger FOS production. In subsequent experiments, mice were injected i.p. with 30 mg/kg
of NMDA or 7.5 mg/kg of SKF 38393. Combined treatment with agonists was performed by i.p.
injection of mice with 30 mg/kg of NMDA followed 5 min later by i.p. injection of the D1 receptor
agonist SKF 38393 or a reversed sequence of both agonists. Antagonist studies were performed by i.p.
injection of the NMDA receptor antagonist CGS 19755 (10 mg/kg), D1 receptor antagonist SCH 23390
(1 mg/kg) and D2 receptor antagonist sulpiride (50 mg/kg) alone, or 30 min before i.p. injection of
NMDA or SKF 38393. All agonists and antagonists were dissolved in physiological NaCl (saline)
solution and the pH of the solutions was adjusted to 7.4. Each mouse received 100 µl of drug solution.
Control mice were injected i.p. with 100 µl of saline. NMDA was purchased from Sigma (Deisenhofen,
Germany) and all other chemicals from RBI (Köln, Germany). All efforts were taken to minimize
animal suffering during the experiments.

FOS Immunohistochemistry
One hour after injection of agonists or one and a half hours after injection of antagonists, four

to seven mice of each group were anesthetized with ketamine (130 mg/g b.w.) and xylasine (13 mg/g
b.w.) in saline (0.01ml/g, i.p) and then transcardially perfused  with ice cold PBS, followed by 4%
paraformaldehyde in phosphate buffer (pH 7.4, 150 ml/mouse). Brains were postfixed for 48 hr in the
same fixative and then immersed for 24 hr each in 10%, 20% and 30% sucrose in PBS. After the tissue
was frozen with liquid nitrogen, 50-µm thick coronal sections were cut on the cryostat.
Immunohistochemical staining of free-floating sections was performed as described previously
(Radulovic et al., 1998). Briefly, FOS was detected with a rabbit anti- FOS antibody (Oncogene
Science, 1:20,000 dilution) for 48 hr at +4°C. Subsequently, the sections were washed and incubated at
room temperature with biotinylated goat anti-rabbit antibody followed by the ABC complex (Vector
ABC kit). For visualization, DAB was used as chromogen (Sigma fast tablet set). The sections were
mounted, dehydrated and coverslipped with Eukitt. The specificity of immunostaining was confirmed
on sections that were incubated with FOS antibody preabsorbed overnight at +4°C with appropriate
synthetic antigenic peptide in 10-fold excess over the amount of antibody (Oncogene Science).

Quantification and Data Analysis
FOS-positive cells were counted in the hippocampus, amygdala and caudate nucleus with a

Macintosh-based image analysis system (NIH Image), as described previously (Radulovic et al., 1998).
Counting was performed at a magnification x 100, in one field per area encompassing the entire brain
region included in quantification. An area of the same shape and size per brain region was used for
each mouse. The same light and threshold conditions were employed for all sections except for the
dentate gyrus, where a higher threshold was used due to the high density of stained cells in this area.
Nuclei were counted individually and expressed as number of FOS-positive nuclei per 0.1 mm2. The
anteroposterior (AP) coordinates relative to bregma of the areas (Franklin and Paxinos, 1997) included
for detailed analysis were: AP -1.22, medial nucleus of the amygdala; AP -1.34 central, cortical,
basomedial and basolateral nucleus of the amygdala, hippocampal CA1, CA2, CA3 regions and dentate
gyrus; AP + 0.98, dorsomedial, dorsolateral, ventromedial and ventrolateral parts of the caudate
nucleus. Statistical analysis of behavioral and immunohistochemical data were performed by ANOVA
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followed by the Bonferonni-Dunn test for post-hoc comparisons. The results are presented as mean ±
SEM.

Figure 1. FOS levels in the hippocampus (a), amygdala (b) and caudate nucleus (c)
of mice injected i.p. with saline (A). Schematic representation of the analyzed brain
areas (B). Scale bar = 200 µm.
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RESULTS

In all brain areas subjected to quantitative analysis of FOS-positive nuclei,
saline injection resulted in low to undetectable FOS levels (Fig. 1). Dose-response
studies with NMDA and SKF 38393 were carried out with the aim to establish the
lowest dose of each drug producing significant FOS production in the hippocampus,
amygdala and caudate nucleus. This effect was achieved with 30 mg/kg of NMDA
and 7.5 mg/kg of SKF 38393 (Figs. 2 and 3).

Figure 2. Effects of NMDA (A), SKF 38393 and sulpiride (B) on FOS production in
the hippocampus, amygdala and caudate nucleus. No. of mice per group was four to
seven. Statistically significant differences: *p < 0.05 or greater vs. saline, ap < 0.05
or greater vs. NMDA 15 mg/kg, bp < 0.05 or greater vs. SKF 38393 3.75 mg/kg.
Abbreviations: CA1, CA2, CA3, hippocampal subfields; DG, dentate gyrus; BLA,
basolateral amygdala; BMA, basomedial amygdala; CeA, central amygdala; CoA,
cortical amygdala; MeA, medial amygdala; DLC, dorsolateral caudate nucleus;
DMC, dorsomedial caudate nucleus; VLC, ventrolateral caudate nucleus; VMC,
ventromedial caudate nucleus.
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Figure 3. Effect of combined treatment of mice with NMDA and SKF 38393 on FOS
production in the hippocampus, amygdala and caudate nucleus. No. of mice per
group was four to six. Statistically significant differences: *p < 0.05 or greater vs.
SKF 38393.
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The dose of 60 mg/kg of NMDA was excluded on the basis of our
observations that it produced convulsions. The dose of 15 mg/kg of NMDA was not
sufficient to trigger FOS production, although it produced similar behavioral
changes (decreased activity) as the dose 30 mg/kg (data not shown). Interestingly,
significant regional differences were observed in response to NMDA and SKF.
Thus, i.p. injection of 30 mg/kg of NMDA strongly increased FOS levels in all
hippocampal subfields, F (2,14) = 20.1, p < 0.001,  for CA1, F (2,14) = 6.4 , p <
0.05 for CA2, F (2,14) = 8.4, p < 0.01,  for CA3 and F (2,14) = 54.8, p < 0.001, the
dentate gyrus, and the central amygdala, F (2,14) = 10.8, p < 0.01, but not in the
other nuclei of the amygdala and the striatum (Figs. 2 and 4). In contrast, i.p.
injection of 7.5 mg/kg of SKF 38393 resulted in significant FOS production
throughout the caudate nucleus, F (2,13) = 31.5, p < 0.001, as well as in the
basomedial, F (2,13) = 4.3, p < 0.05, cortical, F (2,13) = 11.05, p < 0.01, and medial
amygdala, F (2,13) = 5.6, p < 0.05, but not in the CA1, CA2 and CA3 subfields of
the hippocampus (Figs. 2 and 5). Both drugs induced FOS production only in the
dentate gyrus, however, the effect of NMDA was significantly stronger than the one
of SKF 38393, t (1,8) = 4.3, p < 0.01. In the basolateral amygdala, neither NMDA
nor SKF 38393 elicited FOS production that was different from the FOS production
after saline injection.

In order to determine the receptor types involved in the NMDA- and SKF
38393-mediated FOS production, NMDA, D1 and D2 receptor antagonists were
used in additional experiments. Injection of the NMDA receptor antagonist CGS
19755 and the D1 receptor antagonist SCH 23390 did not produce significant FOS
levels in any of the tested forebrain areas (data not shown). The D2 receptor
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antagonist sulpiride increased the number of FOS-positive nuclei in the dorsomedial,
F (6.587, p < 0.01, and ventromedial, F (3,15) = 5.91, p < 0.01, areas of the caudate
nucleus (Fig. 2), but not in the hippocampus and amygdala (Fig. 2).

Combined treatment of mice with 30 mg/kg of NMDA followed by 7.5
mg/kg of SKF 38393 was performed to investigate whether the drugs exhibit
additive effects on FOS production in the hippocampus, amygdala and caudate
nucleus. The results obtained by FOS immunohistochemical analysis did not provide
any evidence for additive interactions between NMDA and SKF 38393 (Fig. 3).
FOS levels in the hippocampus and central amygdala, elicited by coadministration
of NMDA and SKF 38393 were similar to the ones induced by NMDA alone.
Moreover, in the medial, F (3, 19) = 4.7, p < 0.05, and cortical, F (3, 19) = 7.3, p <
0.01, nuclei of the amygdala and in the caudate nucleus, F (3, 19) = 11.3, p < 0.01,
FOS levels were significantly lower after coadministration of NMDA and SKF
38393 from the levels induced by SKF 38393 alone. A reversed sequence of agonist
administration (SKF 38393 preceding NMDA) also failed to show additive effects
on FOS production (Fig. 3), in fact, a tendency for a lower FOS response was
observed than after SKF 38393 injection, but this difference was not statistically
significant. A possibility for an additive effect was also excluded by
coadministration of NMDA (30 mg/kg) and a lower dose (3.75 mg/kg) of SKF
38393 (data not shown).

NMDA-triggered FOS production in the hippocampus and central amygdala
was completely prevented by systemic pretreatment of mice with the NMDA
receptor antagonist CGS 19755 (Fig. 6a and b). In the hippocampus and central
amygdala the number of FOS-positive nuclei found after NMDA injection was
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significantly reduced by pretreatment with the D1 receptor antagonist SCH 23390
(Fig. 6a and b). In contrast, the D2 receptor antagonist sulpiride did not affect FOS
production in the hippocampus and central amygdala.. In the dorsolateral and
ventrolateral areas of the caudate nucleus (Fig. 6c), FOS levels induced by sulpiride
and NMDA were significantly higher than the ones induced by sulpiride alone [t
(1,8) = 2.982, p < 0.05, for dorsolateral striatum and t (1,8) = 2.688, p < 0.05, for
ventrolateral striatum].

Figure 6. Effect of NMDA and dopamine receptor antagonists on NMDA-triggered
FOS production in the hippocampus (A), amygdala (B) and striatum (C). Mice were
pretreated with saline, CGS 19755, SCH 23390, or sulpiride. Scale bar = 200 µm.
No. of mice per group was four to six. Statistically significant differences: *p < 0.05
or greater vs. saline, ap < 0.05 or greater vs. NMDA.
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SKF 38393-triggered FOS production was fully antagonized by both D1 and
NMDA receptor antagonists in all examined brain areas (Fig. 7a-c). The effect of the
D2 receptor antagonist sulpiride, however, showed marked regional differences.
Sulpiride completely prevented SKF 38393-induced FOS production in the dentate
gyrus and amygdala (Fig. 7a and b). In contrast, co-administration of sulpiride and
SKF 38393 resulted in significantly increased FOS production in the dorsomedial
and ventromedial striatum (Fig. 7c).

Figure 7. Effect of NMDA and dopamine receptor antagonists on SKF 38393-
triggered FOS production in the hippocampus (A), amygdala (B) and striatum (C).
Mice were pretreated with saline, CGS 19755, SCH 23390, or sulpiride. No. of mice
per group was four to six. Statistically significant differences: *p < 0.05 or greater
vs. saline, ap < 0.05 or greater vs. SKF 38393.
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DISCUSSION

Significant regional differences in the coupling of D1 and NMDA receptor
stimulation with FOS production are demonstrated in this study. In most of the
examined forebrain areas only one of the employed agonists (for D1 receptors or
NMDA receptors) was able, in the required presence of endogenous agonists for the
other receptor, to induce FOS production. Thus, one receptor played a triggering, the
other a permissive role. The requirement of both receptors and the assignment of
their triggering or permissive role was demonstrated in experiments with receptor-
specific antagonists.

In agreement with previous studies, the D1 receptor agonist was found to
elicit FOS production in the striatum (Lange et al., 1997; Mons and Cooper, 1995;
Ruskin and Marshall, 1994; Sgamboto et al., 1997). Full D1 receptor agonists have
been shown to induce robust formation of c-fos mRNA or to increase production of
the FOS protein in the striatum of intact rats (Le Moine et al., 1997; Nakazato et al.,
1998; Wang and Ginty, 1996; Wirtshafter and Asin, 1994), whereas the partial
dopamine D1 receptor agonist  SKF 38393 triggered FOS only in the supersensitive
striatum (Cole et al., 1992; Robertson et al., 1992). In the present work, the recently
developed partial D1 receptor agonist SKF-38393 hydrobromide, which crosses
efficiently the blood brain barrier (Murray and Waddington, 1989), elicited
substantial FOS production in the normosensitive striatum. Accordingly, we found
that i.p. injection of SKF 38393 hydrobromide, but not SKF-38393 hydrochloride
increased FOS production in the brain (data not shown). Striatal FOS production in
response to D1 receptor stimulation was previously found exclusively in neurons
expressing the protein phosphatase inhibitor DARPP-32 (dopamine and cAMP-
regulated phosphoprotein) (Beretta et al., 1992) which mediates the potentiation of
NMDA currents by activation of the protein kinase A pathway (Blank et al., 1997).
It is possible that this interaction contributed to the permissive role of NMDA
receptors in the D1 receptor-triggered FOS response, in view of the particularly high
amounts of DARPP-32 in areas such as caudate nucleus and amygdala (Ouimet et
al., 1984). Accordingly, mice lacking DARPP-32 respond with significantly lower
striatal FOS production to the D1/D2 receptor agonist amphetamine than wild-type
controls (Fienberg et al., 1998). In addition, the observed interactions could be also
mediated by intracellular mechanisms encompassing the protein kinase C pathway
leading to FOS production upon stimulation of D1 receptors (Simpson and Morris,
1995).

The mechanisms of a triggering or permissive action of D1 and NMDA
receptors on FOS production in a region-specific manner are unknown at this time.
Interestingly, in striatal cultures, both NMDA and D1 receptor agonists are capable
to trigger c-fos mRNA and FOS production (Conderelli et al., 1994; Konradi et al.,
1994; Lerea and Mac Namara, 1993; Liu et al., 1995). In contrast to in vitro
experiments, in vivo administration of NMDA alone did not trigger any FOS
production in the striatum. This finding was in full agreement with the inability of
NMDA to induce FOS after intrastriatal injection (Ciani et al., 1994). However,
blockade of NMDA receptors prior to D1 receptor stimulation prevented D1
receptor-mediated FOS production both in vivo and in vitro. Application of NMDA
antagonists in striatal cultures results in decreased Ca2+ influx, pCREB levels, and
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FOS production (Das et al., 1997; Konradi et al., 1996). These findings demonstrate
that both signalling cascades are functional in striatal neurons and converge most
probably at pCREB which might regulate c-fos expression through the calcium and
cAMP response element of the fos gene promoter.

It appears, that the regulation of FOS production in vivo occurs under
complex circuitry mechanisms, probably by reciprocal interactions among brain
structures through axonal projections. It is known, for example, that electrical
stimulation of the sensorimotor, auditory and limbic cortex elicits FOS production in
the striatum in areas corresponding to the primary projection site of the stimulated
cortical cells (Sgambato et al., 1997). It is also possible that in vivo  the Mg2+ block
of NMDA receptors prevented FOS production, since striatal neurons are more
hyperpolarized than their limbic counterparts (Hernandez-Lopez et al., 1997). In
addition, the NMDA receptor function was found to be tonically inhibited by D2
receptors in the striatum. Evidence supporting these observations was found in mice
lacking the D2 receptor. Tetanic stimulation, which induces dopamine receptor-
dependent long-term depression (LTD) in wild-type mice (Calabresi et al., 1992),
results in NMDA receptor-dependent long-term potentiation (LTP) in D2R-deficient
mice (Calabresi et al., 1997). D2 receptors also inhibit glutamate release (Yamamoto
and Davy, 1992), and its relief by sulpiride could additionally account for FOS
production observed after administration of sulpiride alone. Thus, it seems likely
that blockade of D2 receptors facilitates FOS production by NMDA in the lateral
caudate nucleus, as observed in the present study, although it is also possible that the
NMDA treatment modulated the response to sulpiride.

The FOS production pattern induced by sulpiride alone was consistent with
previous reports demonstrating, that typical neuroleptics, such as haloperidol, induce
FOS production in the dorsolateral/lateral striatum (Semba et al., 1999), whereas
atypical neuroleptics, such as sulpiride, elevate FOS levels in the medial striatum
(Robertson et al., 1994). It was also found that D2 antagonists induce c-fos mRNA
in the rat caudate putamen and nucleus accumbens and enhance c-fos mRNA
formation in response to selective D1 agonists (Dragunow et al., 1990).
Accordingly, it is proposed that D2 receptors, which are negatively coupled to the
cAMP pathway (Stoof and Kebabian, 1981) tonically inhibit FOS production in
response to D1 agonists. Our results demonstrated that simultaneous blockade of D2
receptors and stimulation of D1 receptors enhanced FOS production in the medial
caudate nucleus. Although D2 receptors may exert a tonic inhibition of D1 receptor
function in this brain region, it is equally likely that the observed increase of FOS
production was due to additive effects of both treatments. Interestingly, co-
activation of D1 and D2 receptors produced by exogenous administration of
nonselective dopamine receptor agonists, such as the psychostimulants amphetamine
and cocaine, or combined treatment with selective D1 and D2 agonists
synergistically activates FOS production in a characteristic patchy pattern. Under
those experimental conditions, D2 antagonists were found to prevent c-fos mRNA
expression (Ruskin and Marshall, 1994). These findings suggest that tonic and
phasic stimulation of D2 receptors may differentially affect the activity of D1
receptors.

Combined treatment of mice with NMDA followed by SKF 38393 or a
reversed sequence of these agonists did not show evidence for additive effects. In
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fact, in the striatum and some nuclei of the amygdala FOS levels were significantly
lower than FOS levels after the injection of the D1 receptor agonist alone. This
finding seems paradoxical in view of the observation that NMDA receptor activity
was necessary for D1 receptor-triggered FOS production in these areas. However,
Ca2+ influx may also exert multiple inhibitory effects on the D1 receptor-mediated
signalling pathway. It was found that Ca2+ inactivates phosphorylated DARPP-32
(Halpain et al., 1990). Ca2+ also inhibits the adenylyl cyclase V, which is present at
high levels and almost exclusively in the striatum (Glatt and Syder, 1993; Mons and
Cooper, 1995) and reduces dopamine-induced elevation of cAMP (Schinelli et al.,
1994). Thus, synergistic or antagonistic effects between D1 and NMDA receptors on
FOS production observed in the present study may be due to different interactions
between the Ca2+ and adenylyl cyclase signalling pathways.

As in the striatum, D1 receptor stimulation triggered NMDA receptor-
dependent FOS responses in the basomedial, cortical and medial amygdala, whereas
NMDA was ineffective. Although some of the mechanisms underlying the
D1/NMDA receptor interactions may be shared by the amygdala and striatum,
existing data demonstrate that the dopaminergic signalling markedly differs between
these two areas. D1 receptors mediate LTD in the striatum but LTP in the amygdala
(Huang and Kandel, 1996). In contrast to the striatum, where D1 receptors appear to
be coupled to adenylyl cyclase (Glatt and Syder, 1993), the amygdaloid D1
receptors were found to be positively coupled to the phosphoinositol pathway
(Undie and Friedman, 1990). The inefficiency of NMDA to trigger FOS production
in the amygdala suggested that the NMDA system may be also inhibited as assumed
for the striatum. However, our results excluded the involvement of D2 receptors.
Thus, it is remarkable that both brain areas exhibited identical FOS responses to D1
and NMDA receptor agonists despite the described regional differences in receptor
coupling to signal transduction.

In the hippocampus and central amygdala, the triggering and permissive
roles of D1 and NMDA receptors were reversed. The D1 receptor agonist was not
able to trigger FOS production, but played a permissive role, as demonstrated by the
ability of the D1 receptor antagonist to reduce significantly NMDA-triggered FOS
production. It is well established that the hippocampal regulation of the fos gene
expression requires the activation of several regulatory elements within its promoter,
which may only be achieved by multiple intracellular signalling pathways
(Robertson et al., 1995). In contrast to NMDA receptor stimulation, which could
activate all necessary elements (c-Sis inducible element, serum response element,
calcium and cAMP response element) of the fos gene promoter (Ghosh et al., 1994),
stimulation of the D1 receptor, which is mainly coupled to the cAMP signalling
pathway, did not appear to be sufficient. However, the cAMP pathway may be
important for the permissive role of D1 receptors.

Another type of dopamine/NMDA interaction was observed in the dentate
gyrus, which allowed for both D1 and NMDA receptors to trigger and permit FOS
production. Furthermore, the D2 receptor antagonist fully prevented D1 receptor-
triggered FOS production indicating a D1/D2 receptor synergism. A molecular basis
for D1/D2 synergistic interactions in the dentate gyrus, as well as some amygdalar
nuclei, may be the D2 receptor-mediated release of arachidonic acid (Di Marzo et
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al., 1992; Piomelli et al., 1991) which was found to be required for FOS production
in distinct brain areas (Lerea et al., 1997).

The observed, highly differentiated and reciprocal dopamine and NMDA
interactions in the regulation of the FOS response may enable the brain to integrate
dopaminergic and glutamatergic signalling in a region-specific manner in vivo.
Thus, the regional specificity of the roles of dopamine and NMDA receptors in the
control of FOS production may have broad implications for the neuronal plasticity,
which occurs in the basal ganglia and the limbic system.
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CHAPTER 5

In vivo CREB phosphorylation mediated by dopamine

and NMDA receptor activation in mouse hippocampus

and caudate nucleus
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ABSTRACT

The pattern of CREB phosphorylation was investigated in the caudate nucleus and
hippocampus 10 min or 3 h after i.p. injection of dopamine or NMDA receptor
agonists alone, or in combination with antagonists. Ten minutes after C57BL/6J
mice were injected with either the dopamine D1 receptor agonist SKF-38393
hydrobromide or NMDA, immunoreactivity of phosphorylated CREB (pCREB) was
significantly increased in all parts of the caudate nucleus but not in hippocampal
regions. However, 3 h after the injection of SKF-38393, pCREB levels in the
caudate nucleus did not differ significantly from the pCREB levels in control
animals, whereas pCREB levels were still elevated 3 h after NMDA injection.
Except for the D1 receptor antagonist SCH-23390, which induced CREB
phosphorylation in the caudate nucleus, dopamine and NMDA receptor antagonists
had little effect on pCREB levels by themselves. However, the NMDA receptor
antagonist CGS-19755 injected i.p. blocked both the NMDA- and SKF-38393-
induced rise of pCREB levels in the caudate nucleus. Similarly, the D1 receptor
antagonist SCH-23390 inhibited the effects produced by SKF-38393 or NMDA.
Interestingly, the D2 receptor antagonist sulpiride also blocked the SKF-38393-
triggered rise of pCREB. The results demonstrated that NMDA and dopamine
receptors modulate pCREB levels in the caudate nucleus and suggest mutual
permissive roles for both receptors.
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In earlier experiments, using FOS as a marker, we demonstrated the
interdependent relationship of dopamine and NMDA signaling in a brain region-
specific manner (Radulovic et al., 2000). The promotor region of c-fos contains a
binding site for the cAMP response element-binding protein (CREB). CREB
phosphorylation (pCREB) was shown to mediate c-fos expression in response to
agents that increase intracellular concentrations of cAMP or Ca2+ (Ginty et al.,
1992; Sheng et al., 1991). Here, we investigated the regional distribution of pCREB
immunoreactivity after activation of NMDA and dopamine receptors in intact mouse
brains to evaluate the possible regional correlation with FOS production. CREB
phosphorylation was detected using a specific antibody raised against the serine-
133-phosphorylated form of CREB (pCREB) (Ginty et al., 1993).

Unlike FOS production, phosphorylation of CREB was detectable in low
levels in most neurons throughout the brain of untreated animals (data not shown).
We have previously demonstrated (Radulovic et al., 2000) that FOS production in
the hippocampus was highly responsive to the activation of NMDA and dopamine
receptors. Surprisingly, i.p. injection of NMDA or the dopamine D1 receptor agonist
SKF-38393 did not exhibit any significant effect on the number of pCREB-positive
cells in the hippocampus 10 min or 3 h after injection when compared with vehicle-
injected animals (Fig. 1).

Figure 1. Effect of dopamine or NMDA receptor agonists and antagonists on pCREB
production in hippocampus. pCREB production in the hippocampus 10 min or 3 h
after systemic injection of vehicle or SKF-38393, SCH-23390, sulpiride, NMDA or
CGS-19755 as measured by optical density. Bars represent mean ± SEM. Number of
mice per group was 6-13.
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Previous work has identified two control regions in the c-fos promoter, the
cyclic AMP response element (CRE) and the serum response element (SRE), as
calcium-responsive promoter/enhancer elements (Sheng et al., 1988). On the basis of
our data it might be speculated, that in the hippocampus NMDA and SKF-38393
enhanced FOS production mainly via SRE in view of the observation that neither
NMDA nor SKF-38393 induced phosphorylation on serine-133 of CREB which
interacts in its phosphorylated form with CRE (Sheng et al., 1991). The D1 receptor
antagonist SCH-23390, the NMDA receptor antagonist CGS-19755 and the D2
receptor antagonist sulpiride injected alone did not affect CREB phosphorylation in
the hippocampus 10 min after injection (Fig. 1).

In contrast, the number of pCREB-positive cells in the caudate nucleus was
strongly increased 10 min (p < 0.001) and 3 h (p < 0.05) after injection of NMDA.
SKF-38393 also caused a significant enhancement of CREB phosphorylation 10 min
after the injection (p < 0.001), whereas 3 h after injection, no significant difference
in pCREB-positive cells between SKF-38393- and vehicle-injected animals was
found (Fig. 2,3). Injection of the antagonist SCH-23390 alone significantly
enhanced the number of pCREB-positive cells in the caudate nucleus 10 min after
injection (p < 0.05). CGS-19755 did not significantly affect CREB phosphorylation
(Fig. 2). After sulpiride treatment, the level of pCREB positive cells was not
significantly increased (p = 0.08).

Figure 2. Effect of dopamine or NMDA receptor agonists and antagonists on pCREB
production in the caudate nucleus. pCREB production in the caudate nucleus 10 min
or 3 h after systemic injection of vehicle or SKF-38393, SCH-23390, sulpiride,
NMDA or CGS-19755 as measured by the number of pCREB-positive nuclei. The
number of nuclei was normalized to the average of the vehicle groups. Bars represent
mean ± SEM Number of mice per group was 6-13. Statistically significant differences:
*, p < 0.05 vs. vehicle.
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The NMDA receptor antagonist CGS-19755 prevented the NMDA- and
SKF-38393-triggered rise in CREB phosphorylation (Fig. 3). This result suggests
that the D1 receptor signaling pathway needs Ca2+ influx through NMDA channels
to increase CREB phosphorylation in the caudate nucleus. Activation of D1
receptors in the striatum has been demonstrated to increase phosphorylation of
NMDA receptors by a chain of events including cAMP-dependent phosphorylation
of the dopamine and cAMP-regulated phosphoprotein (DARPP-32) which, by
inhibiting protein phosphatase-1, is believed to inhibit dephosphorylation of NMDA
receptors, thus enhancing NMDA receptor-mediated currents (Blank et al., 1997;
Snyder et al., 1998). The subsequent increase in Ca2+ influx after D1 receptor
activation is inhibited by the NMDA receptor antagonist preventing an SKF-38393-
mediated rise of pCREB levels. The D1 receptor antagonist SCH-23390 blocked the
increased pCREB levels after SKF-38393 and NMDA injection (Fig. 3). Sulpiride,
the D2 receptor antagonist, was also able to prevent the SKF-38393-induced
increase of pCREB levels (Fig. 3). This finding was unexpected, since sulpiride and
SKF-38393 given alone induced CREB phosphorylation in the caudate nucleus.
Similarly, the enhancement of CREB phosphorylation by SCH-23390 and SKF-
38393 in the caudate nucleus canceled each other out when both compounds were
applied together. Activation of D1 receptors may increase the number of pCREB
positive cells via stimulation of adenylyl cyclase in view of the finding that D1
receptors are positively coupled to adenylyl cyclase in striatal neurons (Arnauld et
al., 1998). This stimulation of adenylyl cyclase can be blocked by the selective D1
receptor antagonist SCH-23390. On the other hand, blockade of D1 receptors by
SCH-23390 alone might shift the balance of D1/D2 receptor activation by
endogenous dopamine towards activation of D2 receptors. Activation of D2
receptors has been shown to enhance CREB phosphorylation by activation of
protein kinase C and Ca2+/calmodulin-dependent protein kinase requiring DARPP-
32 (Yan et al., 1999). In the presence of endogenous dopamine, the blockade of D2
receptors results in an increased activity of adenylyl cyclase (Jaber et al., 1996;
Vallone et al., 2000) which might be responsible for the increase of CREB
phosphorylation after sulpiride treatment. The observation that blockade of D2
receptors prevented SKF-38393-induced increase of pCREB levels suggests
cooperative mechanisms of both receptors to modulate CREB phosphorylation. This
view is supported by data of Jung and Schmauss (Jung and Schmauss, 1999)
describing that pretreatment of mice with the D2 receptor antagonist eticlopride
reduced the magnitude of FOS responses to D1 agonist stimulation in striatum.
Thus, maximum FOS or pCREB responses after D1 receptor stimulation may
require a steady-state activity of D2 and possibly D3 receptors, which can also be
blocked by sulpiride (Levant, 1997).

In combination with our previous findings (Radulovic et al., 2000), the
present results show a clear brain region-specific interaction of NMDA and the
dopamine signaling system on the level of immediate early genes. Several studies
have reported an interaction of both transmission systems in learning and memory
(Adriani et al., 1998), especially in the encoding of spatial information. Since CREB
has been associated with various forms of memory formation (Frank and Greenberg,
1994), it may represent a molecular target involved in the modulation of learning
and memory processes by glutamatergic and dopaminergic neurotransmission.
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Figure 3. Representative photomicrographs of the caudate nucleus of agonist and
antagonist-injected animals. D1, D2 and NMDA receptor antagonists block the SKF-
38393- or NMDA-induced production of pCREB in caudate nucleus. Animals
received either agonist alone or antagonist 30 min before agonist injection. Scale bar
= 100 µm.



 Chapter 5

84

METHODS AND PROTOCOLS

All animal procedures are in strict accordance with the guidelines of the animal
experimentation committee of the State Government of Lower Saxony.

Subjects
Eight-week-old, male, inbred C57BL/6J mice ± 25 g were obtained from Elevage Janvier (Le

Genest St Isle, France). Animals were housed individually in macrolon cages placed in an
environmentally controlled room (22 ± 1˚C, 55 ± 10% humidity) maintained on a 12 h light/dark cycle
(light on between 7 am and 7 pm). Water and standard pelleted diet were available ad libitum. Mice
underwent treatment at least one week after adaptation to the housing conditions.

Treatment
Treatment was performed essentially as described (Radulovic et al., 2000). All drugs were

injected i.p. SKF-38393 (7.5 mg/kg) was injected as D1 receptor agonist and NMDA (30 mg/kg) was
used as NMDA receptor agonist. Antagonist studies were performed with D1 receptor antagonist SCH-
23390 (1 mg/kg), D2 receptor antagonist sulpiride (50 mg/kg) and NMDA receptor antagonist CGS-
19755 (10 mg/kg). When both agonist and antagonist were injected i.p., the antagonist was injected 30
min before i.p. injection of the agonist. All substances were dissolved in phosphate-buffered saline
(PBS) to their final concentration. When necessary, the pH of the injected solution was adjusted to 7.4
with NaOH or HCl. Each mouse received 100 µl of drug solution. Control animals were injected with
100 µl of the appropriate vehicle. Experiments were always performed at the same time of the day.

Immunohistochemistry
At 10 min or 3 h after the final treatment animals were deeply anaesthetized with 0.02 ml/g

b/w. avertin (tribromethanol 1 g; amylalcohol 0.81 g; millipore 71.49 g; pH 7.4). Then, they were
transcardially perfused with ice cold 0.1 M phosphate buffer (PB; pH 7.4) followed by 4%
paraformaldehyde solution (in 0.1 M PB, pH 7.4). Brains were postfixed and subsequently dehydrated
in 10%, 20% and 30% sucrose in 0.01 M phosphate buffered saline. Immunohistochemical staining of
free-floating coronal sections (50 µm) was performed as described previously (Radulovic et al., 2000)
and summarized here. After elimination of endogenous peroxidase activity and a preincubation step,
sections were incubated for 48 h with rabbit anti-pCREB antibody (1:3000 dilution; New England
Biolabs). Subsequently, sections were incubated with biotinylated goat anti-rabbit antibody (1:200;
Vector ABC kit) and with the ABC complex (Vector ABC kit) before being reacted with
diaminobenzidine (DAB). Sections were mounted on gelatin-coated slides, air-dried, dehydrated,
coverslipped with Eukitt, and examined using light microscopy.

Quantification and Analysis
The number of pCREB positive cells was counted in mouse hippocampus and caudate

nucleus with a Macintosh-based image analysis system (NIH Image), as was described previously
(Radulovic et al., 1998). Counting was performed at a magnification X10. The anteroposterior (AP)
coordinates relative to bregma of the areas (Franklin and Paxinos, 1997) included for detailed analysis
were: AP +0.98 caudate nucleus and AP –1.34 hippocampus. In the caudate nucleus individual nuclei
were counted and expressed as number of pCREB positive nuclei per 0.1 mm2. The density of stained
cells in the hippocampus made it impossible to measure individual cells. Therefore, computerized
microdensity was used to determine the intensity of staining. The data reflect optical density of the
pyramidal cell layer, determined after subtraction of the mean gray value found for the stratum oriens.
Statistical analysis of immunohistochemical data was performed using ANOVA and the Bonferroni-
Dunn test for posthoc comparisons.



NMDA and dopamine modulate pCREB levels in mouse brain

85

ACKNOWLEDGMENTS

We would like to thank Dr. Jelena Radulovic for helpful discussions and
Birgit Grafelmann and Eleanor Chen who worked as students in our laboratory.

REFERENCES

Adriani W, Felici A, Sargolini F, Roullet P, Usiello A, Oliverio A and Mele A (1998) N-methyl-D-
aspartate and dopamine receptor involvement in the modulation of locomotor activity and memory
processes. Exp. Brain Res. 123: 52-59.

Arnauld E, Arsaut J and Demotes-Mainard J (1998) Conditional coupling of striatal dopamine D1
receptor to transcription factors: ontogenic and regional differences in CREB activation. Mol. Brain
Res. 60: 127-32.

Blank T, Nijholt I, Teichert U, Kügler H, Behrsing H, Fienberg A, Greengard P and Spiess J (1997)
The phosphoprotein DARPP-32 mediates cAMP-dependent potentiation of striatal N-methyl-D-
aspartate responses. Proc. Natl. Acad. Sci. USA 94: 14859-14864.

Frank DA and Greenberg ME (1994) CREB: a mediator of long-term memory from mollusks to
mammals. Cell 79: 5-8.

Franklin KBJ and Paxinos G (1997) In: The mouse brain in stereotaxic coordinates. San Diego:
Academic Press.

Ginty DD, Bading H and Greenberg ME (1992) Trans-synaptic regulation of gene expression. Curr.
Opin. Neurobiol. 2: 312-316.

Ginty DD, Kornhauser JM, Thompson MA, Bading H, Mayo KE, Takahashi JS and Greenberg ME
(1993) Regulation of CREB phosphorylation in the suprachiasmatic nucleus by light and a circadian
clock. Science 9: 238-241.

Jaber M, Robinson SW, Missale C and Caron MG (1996) Dopamine receptors and brain function.
Neuropharmacology 35: 1503-1519.

Jung MY and Schmauss C (1999) Decreased c-fos responses to dopamine D(1) receptor agonist
stimulation in mice deficient for D(3) receptors. J. Biol. Chem. 274: 29406-29412.

Levant B (1997) The D3 dopamine receptor: neurobiology and potential clinical relevance. Pharmacol.
Rev. 49: 231-252.

Radulovic J, Blank T, Nijholt I, Kammermeier J and Spiess J (2000) In vivo NMDA/dopamine
interaction resulting in FOS production in the limbic system and basal ganglia of the mouse brain. Mol.
Brain Res. 75: 271-280.

Radulovic J, Kammermeier J and Spiess J (1998) Relationship between Fos production and classical
fear conditioning: effects of novelty, latent inhibition, and unconditioned stimulus preexposure. J.
Neurosci. 18: 7452-7461.

Sheng M, Dougan ST, McFadden G and Greenberg ME (1988) Calcium and growth factor pathways of
c-fos transcriptional activation require distinct upstream regulatory sequences. Mol. Cell Biol. 8: 2787-
2796.



 Chapter 5

86

Sheng M, Thompson MA and Greenberg ME (1991) CREB. A Ca2+-regulated transcription factor
phosphorylated by calmodulin-dependent kinases. Science 252: 1427-1430.

Snyder GL, Fienberg AA, Huganir RL and Greengard P (1998) A dopamine/D1 receptor/protein kinase
A/dopamine- and cAMP-regulated phosphoprotein (Mr 32 kDa)/protein phosphatase-1 pathway
regulates dephosphorylation of the NMDA receptor. J. Neurosci. 18: 10297-10303.

Vallone D, Picetti P and Borrelli E (2000) Structure and function of dopamine receptors. Neurosci.
Biobehav. Rev. 24: 125-132.

Yan Z, Feng J, Fienberg AA and Greengard P (1999) D(2) dopamine receptors induce mitogen-
activated protein kinase and cAMP response element-binding protein phosphorylation in neurons. Proc.
Natl. Acad. Sci. USA 96: 11607-11612.



CHAPTER 6

The corticotropin-releasing factor receptor 1

antagonist CP-154,526 markedly enhances associative

learning and paired-pulse facilitation immediately

after a stressful experience

Submitted

ABSTRACT

The neuropeptide corticotropin-releasing factor (CRF) coordinates the
endocrine responses to stress as a major physiological regulator of the hypothalamic-
pituitary-adrenal (HPA) axis. We assessed the effect of the non-peptidic
corticotropin-releasing factor receptor 1 (CRFR1) antagonist CP-154,526 in
combination with exposure to an acute stressor on hippocampus-dependent memory
and hippocampal synaptic plasticity. Mice that received intraperitoneal injection of
CP-154,526 before exposure to 1 hr immobilization revealed improved context-
dependent fear conditioning when trained immediately after immobilization in
comparison to animals which were stressed without CP-154,526 treatment. It was
determined that exposure to the stressor reduced the amount of autophosphorylated
Ca2+/calmodulin-dependent protein kinase II (CaMKII) in the hippocampal CA1
area. When animals were pretreated with CP-154,526, the amount of hippocampal
autophosphorylated CaMKII was elevated. Electrophysiological studies in the
hippocampal CA1 region of stressed animals revealed no significant effects of the
CP-154,526 pretreatment on various forms of long-term potentiation (LTP) but a
drastic elevation of paired-pulse facilitation (PPF). The CP-154,526-induced
enhancements in fear conditioning and PPF could be prevented by the selective
CaMKII inhibitor KN-62. Our results demonstrated that stress in combination with
CP-154,526 pretreatment increased CaMKII activity and short-term synaptic
plasticity in the mouse CA1 area which correlated with improved hippocampus-
dependent memory.
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INTRODUCTION

Exposure to stressful stimuli is known to affect hippocampal learning and
memory. However, it appears that the duration and intensity of the stressor
determine the direction of the stress effects on learning and memory and on synaptic
plasticity. It was demonstrated in numerous studies that induction of hippocampal
LTP by high frequency stimulation or by multiple bursts of electrical pulses
delivered in a theta-related pattern is inhibited after restraint stress and inescapable
tail shock (Foy et al., 1987; Garcia et al., 1997; Kim et al., 1996; Shors and Dryver,
1994). In contrast, long-term depression (LTD) observed after low frequency
stimulation is known to be facilitated by such stress (Kim et al., 1996; Xu et al.,
1997). In addition, several experiments suggest that stress also impairs short-term
potentiation in the CA1 area of hippocampal slices prepared immediately after the
stress episode (Garcia et al., 1997; Kim et al., 1996) as well as in vivo (Diamond et
al., 1994). Possible explanations for the impaired synaptic efficacy after stress range
from LTP saturation produced by the stress episode (Kim et al., 1996) to elevated
levels of corticosterone which have been shown to decrease the magnitude of LTP
and favor the induction of LTD (Kerr et al., 1994).

It has been shown that the activation of the HPA axis by stress is initiated by
the action of CRF (Spiess et al., 1981; Vale et al., 1981). However, there are no data
available on the contribution of the CRF receptor system to the described effects of
acute stress on synaptic plasticity. In this study, we used the CRFR1 antagonist CP-
154,526 (Arborelius et al., 2000; Schulz et al., 1996) to elucidate the contribution of
CRF to changes in hippocampal synaptic plasticity and the possible correlation to
hippocampal learning and memory in mice immediately after acute stress.

MATERIALS AND METHODS

Materials
Male Balb/c mice were obtained from Charles River (Sultzfeld, Germany). Double guide

cannulae (C235) were from Plastics One (Roanoke, VA, U.S.A.). CP-154,526 (butyl-[2,5-dimethyl-7-
(2,4,6-trimethylphenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl]-ethylamine) was provided by Dr. Eric
Ronken (Solvay Pharmaceuticals, Netherlands). KN-62 was from Calbiochem (La Jolla, CA, U.S.A.).
Antisauvagine-30 (Ruehmann et al., 1998) and [Glu11,16]astressin (Eckart et al., 2001) were synthesized
in our laboratory as described previously. All other drugs and salts were purchased from Sigma (St.
Louis, MO, U.S.A.).

Animals
Experiments were carried out on male Balb/c mice aged 9-12 weeks with an average weight

between 20-25 g. The mice were individually housed and maintained on a 12 hr light/dark cycle (lights
on at 7 a.m.) with free access to food and water. All experimental procedures were in accordance with
the European Council Directive (86/609/EEC) by permission of the Animal Section Law enforced by
the District Government of Braunschweig, Lower Saxony, Germany.

Hippocampal Slice Electrophysiology
Transverse hippocampal slices (400 µM) were obtained on a McIllwain tissue chopper and

kept submerged (minimum of 1 hr at room temperature before recordings) in artificial cerebrospinal
fluid (aCSF) solution of the following composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5
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MgSO4, 2 CaCl2, 24 NaHCO3, and 10 glucose. Extracellular field potentials were recorded in a
chamber maintained at 32°C with recording electrodes pulled from borosilicate glass and filled with 2
M NaCl (3-5 mΩ). All recordings were performed using a SEC-05L amplifier (npi Electronics,
Germany). To record field potentials in the CA1 pyramidal cell body layer, Schaffer collaterals were
stimulated with a bipolar electrode placed on the surface of the slice. At the beginning of each
experiment, a stimulus response curve was established by increasing the stimulus intensity and
measuring the amplitude of the population spike. Based on the input-output function, the stimulus was
adjusted to elicit a population spike with an amplitude of half of the maximum and was fixed at this
level throughout the experiments. Traces were stored on a computer using Pulse 7.4 software (HEKA,
Lambrecht, Germany) for off-line analysis.

Cannulation
Double guide cannulae were implanted with the help of a stereotactic holder during 1.2%

avertin anesthesia (0.02 ml/g, i.p.) under aseptic conditions as previously described (Radulovic et al.,
1999; Stiedl et al., 2000). Each double guide cannula with inserted dummy cannula and dust cap was
fixed to the skull by dental cement. The cannulae were placed into both lateral brain ventricles,
anteroposterior (AP) –0.0 mm, lateral 1 mm, depth 3 mm or directed toward both dorsal hippocampi,
AP –1.5 mm, lateral 1 mm, depth 2 mm (Franklin and Paxinos, 1997). The animals were allowed to
recover for 4-5 d before the experiments started. On the day of the experiment, bilateral injections were
performed using an infusion pump (CMA/Microdialysis) at a constant rate of 0.33 µl/min (final
volume: 0.25 µl per side). Cannula placement was verified post hoc in all mice by injection of
methylene blue. For electrophysiological experiments double cannula placement was verified by
unilateral methylene blue injection just before the decapitation procedure.

Statistics
Statistical comparisons were made by using either Student`s t -test or ANOVA. Data were

expressed as mean ± SEM. Significance was determined at the level of p ≤ 0.05.

Drug Treatment
CP-154,526 (100 µl per injection) in an acidic vehicle (HCl, final concentration 0.1 N) was

administered (20 mg/kg, i.p.) 15 min prior to immobilization. Approximately 400 µg CP-154,526 was
applied per mouse. CP-154,526 has been shown to penetrate the blood-brain barrier and to exhibit
activity in vivo (Schulz et al., 1996). KN-62 was dissolved in DMSO to a concentration of 4 mg/ml. For
cannula injection the stock was diluted in aCSF to a final concentration of 64 ng/µl. Mifepristone and
spironolactone were dissolved in 1% EtOH and aCSF. Antisauvagine-30 was prepared as 80 µg/µl
stock solution in 0.01 M HOAc and diluted to the final concentration of 800 ng/µl in aCSF prior to
injection. [Glu11,16]astressin was dissolved in aCSF.

Immobilization Stress
An acute immobilization stress of mice consisted of taping their limbs to a Plexiglas surface

for 1 hr (Smith et al., 1995).

Fear Conditioning
The fear conditioning experiments were performed as previously described (Stiedl et al.,

2000) using a computer-controlled fear conditioning system (TSE, 303410, Bad Homburg, Germany).
Fear conditioning was performed in a Plexiglas cage (36 x 21 x 20 cm) within a constantly illuminated
(12 V, 10 W halogen lamp, 100-500 lux) fear conditioning box. In the conditioning box, a high-
frequency loudspeaker (Conrad, KT-25-DT, Hirschau, Germany) provided constant background noise
[white noise, 68 dB sound pressure level (SPL)]. The training (conditioning) consisted of a single trial.
The mouse was exposed to the conditioning context (180 sec) followed by a tone (CS, 30 sec, 10 kHz,
75 dB SPL, pulsed 5 Hz). After termination of the tone, a footshock (US, 0.7 mA, 2 sec, constant
current) was delivered through a stainless steel grid floor. The mouse was removed from the fear
conditioning box 30 sec after shock termination to avoid an aversive association with the handling
procedure. Memory tests were performed 24 hr after fear conditioning. Contextual memory was tested
in the fear conditioning box for 180 sec without CS or US presentation (with background noise).
Freezing, defined as the lack of movement except for respiration and heart beat, was assessed as the
behavioral parameter of the defensive reaction of mice (Blanchard and Blanchard, 1969; Bolles and
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Riley, 1973; Fanselow and Bolles, 1979) by a time-sampling procedure every 10 s throughout the
memory tests. In addition, activity-derived measures (inactivity, mean activity, and exploratory area)
were recorded by a photo beam system (10 Hz detection rate) controlled by the fear conditioning
system.

Western Blotting
CA1 areas of hippocampal slices were dissected out and homogenized. The insoluble

material was removed by centrifugation at 15,000 x g for 10 min at 4°C. Protein concentrations were
determined with the Bradford assay (BioRad, Muenchen, Germany). Equal amounts of protein for each
group were separated on a 10% SDS gel and transferred to an Immobilon-P membrane using a semidry
transfer apparatus. The blot was probed using an anti-active CaMKII antibody (Promega, Madison, WI)
or antibody directed against total CaMKII (Chemicon, Temecula, CA) and detected with alkaline
phosphatase-conjugated second antibody. Western blots were developed using the chemiluminescence
method.

RESULTS

Effects of CP-154,526, a selective CRFR1 antagonist, on fear conditioning and
CaMKII activity

When mice were trained immediately after 1 hr immobilization the
conditioned fear to context was mildly, however not significantly, attenuated in
comparison to controls (p > 0.05). Interestingly, when mice received intraperitoneal
(i.p.) injections of the specific CRFR1 antagonist CP-154,526 15 min before the
stress session the fear conditioning to context was significantly enhanced when
compared to untreated mice. The injection of CP-154,526 alone without stressing
the mice had no effect on fear conditioning (Fig. 1A). Because context-dependent
fear conditioning is a hippocampus-dependent learning task (Holland and Bouton,
1999; Kim and Fanselow, 1992; Phillips and LeDoux, 1992) we next determined if
intrahippocampal (i.h.) injection of CRFR antagonists immediately before
immobilization could mimic the CP-154,526 effect. However, i.h. administration of
either the non-selective CRFR antagonist [Glu11,16]astressin (Eckart et al., 2001) or
the CRFR2 antagonist antisauvagine-30 (Ruehmann et al., 1998) had no effect on
conditioned fear to context (Fig. 1C). Similarly, both compounds did not
significantly improve contextual fear conditioning when given
intracerebroventricularly (i.c.v.) before immobilization (p = n.s.; data not shown).
Previous studies have shown that the CRF-induced increase in plasma
adrenocorticotropic hormone is blocked by CP-154,526 in rats (Schulz et al., 1996).
We expected that the subsequent corticosterone reduction could be responsible for
the observed CP-154,526 effect, and therefore, we investigated the effects of
corticosteroid receptor antagonists on conditioned fear to context. However,
administration (i.h.) of the specific mineralocorticoid receptor antagonist,
spironolactone (Kim et al., 1998), or the specific glucocorticoid receptor antagonist,
mifepristone (Kim et al., 1998), immediately before immobilization had no effect on
fear conditioning in comparison to vehicle-treated animals (Fig. 1D).
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Figure 1. CP-154,526 enhances fear conditioning after immobilization stress. A,
Mice were injected i.p. with either CP-154,526 (20 mg/kg ) or vehicle (0,1 N HCl) 15
min before the 1 hr stress session and trained immediately after stress cessation.
Control mice were naive, untreated mice. B, Animals preinjected with CP-154,526 or
vehicle were injected i.h. with KN-62 (32 ng per mouse) immediately before the stress
session. C, Mice were injected i.h. with either vehicle (aCSF), antisauvagine-30 (400
ng per mouse) or [Glu11,16]astressin (200 ng per mouse) immediately before the stress
session. D, Mice were injected i.h. with either vehicle (1% EtOH in aCSF),
mifepristone (1 ng per mouse) or spironolactone (1 ng per mouse) immediately before
the stress session. Data represent mean ± SEM from 4 to 9 animals. Statistically
significant differences: * p < 0.05.

In various forms of hippocampus-dependent memory, the involvement of
the multifunctional CaMKII has been demonstrated (Cammarota et al., 1998; Silva
et al., 1992). Therefore, with the help of Western blots, we evaluated CaMKII
activation in the CA1 area of mice that had experienced 1 hr immobilization with
and without CP-154,526 treatment. We used antibodies that selectively recognize
the CaMKII autoinhibitory domain phosphorylated at threonine 286 (Thr286). This
phosphorylation correlates with the activation of the enzyme. Acute stress resulted
in a modest reduction of activated CaMKII, whereas the CP-154,526 pretreatment
caused a substantial activation of CaMKII compared to controls (Fig. 2A). Mice
received i.h. injection of the selective CaMKII inhibitor KN-62 after the CP-154,526
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injection to further explore whether elevated hippocampal CaMKII activity might be
involved in the observed improved fear conditioning after CP-154,526 treatment
prior to immobilization stress. Now the learning improvement was completely
prevented when compared to animals that were treated with CP-154,526 alone
before the stress session (Fig. 1B). Similarly, KN-62 antagonized the CP-154,526
effect when injected i.c.v. (p < 0.05; data not shown). Again, activated CaMKII
levels corresponded to enhanced learning ability. CaMKII activity was reduced
when the CP-154,526 treatment was followed by KN-62 injection. Vehicle injection
had no effect on CaMKII activity (Fig. 2B).

Figure 2. CP-154,526 injection increases the amount of active CaMKII following
acute stress. A, Representative CaMKII Western blots of area CA1 subregions from
control (non-stressed) mice, mice that were subjected to 1 hr immobilization and
decapitated immediately after end of the stress session and from mice that were
pretreated with CP-154,526 (i.p.; 20 mg/kg) 15 min before immobilization. Detection
was performed using an antibody specific for Thr286-phosphorylated CaMKII (upper
lane), or an antibody recognizing total CaMKII (lower lane). B, Mice were injected
with CP-154,526 (i.p.; 20 mg/kg) and KN-62 (i.h.; 32 ng per mouse) (left), CP-
154,526 (i.p.; 20 mg/kg) and aCSF (i.h.; vehicle for KN-62) (middle) and 0,1 N HCl
(i.p.; vehicle for CP-154,526) and aCSF (i.h.; vehicle for KN-62) (right) before the 1
hr stress session and decapitated immediately after end of the stress session. Results
are representative of four independent Western blots
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Effects of immobilization and CP-154,526 treatment on short-term and long-
term synaptic plasticity

We examined the synaptic transmission in acute hippocampal slice
preparation to detect possible electrophysiological correlates for the behavioral
findings. A PPF study, in which double pulses were applied to the Schaffer
collaterals at intervals of 10-200 ms, showed no difference in the CA1 pyramidal
cell region in slices from stressed animals in comparison to slices from control
animals. The ratio of the second response to the first response was significantly
enhanced in slices from animals that were pretreated with CP-154,526 before the
immobilization session. This enhancement was completely abolished when the CP-
154,526 treatment was combined with an i.c.v. injection of KN-62 (Fig. 3A).

We next investigated the effect of stress and CP-154,526 on long-term
synaptic transmission in the CA1 area from hippocampal slices. After stimulation of
the Schaffer-collateral pathway by two 100 Hz (1 s) trains, LTP was not
significantly different in slices from stressed animals compared to LTP induced in
slices from animals that were pretreated with CP-154,526 before immobilization
(Fig. 3B). Similarly, LTP induced by theta burst stimulation (TBS), consisting of 10
x 100 Hz bursts, was not significantly different in slices from stressed animals, non-
stressed controls or CP-154,526-pretreated and subsequently stressed animals (Fig.
3C). In contrast to the moderate inhibitory effect of stress on LTP induced by the
standard 100 Hz tetanus protocol, we found modest facilitation of LTP after acute
stress when LTP was induced by TBS, consisting of 5 x 100 Hz bursts. However,
there was no significant difference in the degree of LTP between slices obtained
from vehicle-treated and CP-154,526-treated mice (Fig. 3D).

DISCUSSION

We showed here that pretreatment of mice with the selective non-
peptidergic CRFR1 antagonist CP-154,526 enhanced context-dependent fear
conditioning after immobilization stress which correlated with elevated PPF in the
CA1 area of hippocampal brain slices. Both, elevated short-term synaptic
transmission as well as increased conditioned fear to context were prevented by
inhibition of CaMKII with KN-62. CP-154,526 treatment caused an increase in
CaMKII activity after stress but had no detectable effect on various types of LTP. A
similar observation is made in mutant mice expressing CaMKII-Asp286 which is
more active in the absence of Ca2+ than CaMKII-Thr286 (Mayford et al., 1995).
The mutant mice exhibit normal LTP in response to stimulation at 100 Hz. In
contrast to our results, Mayford et al. (1995) did not observe significant differences
in PPF between these transgenic and wild-type animals whereas in our experiments
increased PPF was prevented by inhibition of CaMKII activity. On the other hand,
mice heterozygous for a αCaMKII mutation exhibit decreased PPF, highly reduced
contextual fear conditioning, but normal LTP in the CA1 region (Silva et al., 1996).
PPF is a short-lasting (< 1 s) enhancement in synaptic strength that is thought to be
mediated by a presynaptic mechanism (Kamiya and Zucker, 1994). Activation of
protein kinases in presynaptic terminals, particularly CaMKII was shown to
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correlate with neurotransmitter release (Nichols et al., 1990). For example, in rat
striatum the enhanced dopamine release after repeated amphetamine treatment is
mediated by increased CaMKII activity (Kantor et al., 1999).

Figure 3. A, Plot of paired-pulse facilitation (amplitude of population spike response
to second stimulus divided by amplitude of population spike response to first stimulus)
in the CA1 pyramidal cell region. Hippocampal slices were prepared from non
stressed control mice (n = 16), stressed mice (immediately after 1 hr immobilization
stress, n = 15) and stressed mice which were pretreated with either CP-154,526 (i.p.;
20 mg/kg; 15 min before stress, n = 13) or CP-154,526 and KN-62 (i.c.v.; 32 ng per
mouse ; 0 min before stress; n = 5). There were no significant effects when vehicle for
KN-62 and CP-154,526 was injected alone. Control versus stressed mice: p < 0.05;
control versus CP-154,526 + stressed: p < 0.0001; control versus CP-154,526 + KN-
62 + stressed: p = 0.18; stressed versus CP-154,526 + stressed: p < 0.05; stressed
versus CP-154,526 + KN-62 + stressed: p = 0.17; CP-154,526 + stressed versus CP-
154,526 + KN-62 + stressed: p < 0.005.
B, LTP induced by two 100 Hz, 1 s trains (10 s interval): 211% ± 18% (control; n =
6); 136% ± 14% (stressed mice; n = 6); 145% ± 13% (CP-154,526 + stressed; n =
7). Control versus CP-154,526 + stressed: p < 0.05; control versus stressed: p <
0.05; stressed versus CP-154,526 + stressed: p = 0.673.
C, LTP induced by theta burst stimulation (TBS) consisting of 10 x 100 Hz bursts (10
diphasic pulses per burst, 200 ms interburst interval): 133% ± 14% (control; n = 5);
129% ± 12% (stressed mice; n = 6); 161% ± 23% (CP-154,526 + stressed; n = 4).
There were no significant differences between groups.
D, LTP induced by TBS consisting of 5 x 100 Hz bursts: 105% ± 11% (control; n =
5); 137% ± 18% (stressed mice; n = 6); 133% ± 13% (stressed + CP-154,526; n =
8). There were no significant differences between groups. LTP values are the
percentage of prestimulation baseline measured 1 hr after stimulation (mean ± SEM;
n = number of animals
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There are several possible target molecules to regulate neurotransmitter
release in the hippocampal CA1 area after phosphorylation by CaMKII. The v-
SNARE protein synaptotagmin may play the role of a calcium sensor in exocytosis
(Verona et al., 2000) and has been demonstrated to be a substrate for CaMKII in
isolated synaptic vesicles (Popoli, 1993). Synapsin I, which is found exclusively in
neuronal presynaptic terminals (Nayak et al., 1996) is believed to link synaptic
vesicles to the presynaptic cytoskeleton and restricts the availability of those vesicles
for release. The on-vesicle phosphorylation of synapsin I by CaMKII and the
subsequent dissociation of the protein from the vesicle membrane may represent a
prompt and efficient mechanism for the modulation of neurotransmitter release and
presynaptic plasticity (Stefani et al., 1997).).The intriguing question remains how
CP-154,526 enhances hippocampal CaMKII activity and hippocampus-dependent
memory in combination with immobilization. Considering the i.h. injection
experiments it seems unlikely that CP-154,526 was acting directly in the
hippocampus because neither inhibition of hippocampal CRF receptors by
[Glu11,16]astressin or antisauvagine-30 nor inhibition of hippocampal corticosteroid
receptors by specific inhibitors enhanced contextual fear conditioning after
immobilization as did CP-154,526. It has further been shown that i.h. injection of
human/rat CRF enhances conditioned fear to context (Radulovic et al., 1999). In
view of this observation, it is unlikely that the blockade of hippocampal CRF
receptors by CP-154,526 elicited a similar effect. Therefore it is assumed that CP-
154,526 blocked CRFR1 at one or more different non-hippocampal sites which were
not reached by our local i.h. and i.c.v. injections. CP-154,526 might potentially
influence hippocampal function via the amygdala which contains CRFR1 protein
(Radulovic et al., 1998) and mRNA (Van Pett et al., 2000) and projects to the
hippocampal CA1 area (Aggleton, 1986; Pikkarainen et al., 1999). In a recent study,
it was demonstrated that amygdalar lesions block stress effects on CA1 LTP with no
effect in unstressed animals (Kim et al., 2001). Similarly, CP-154,526 was only
effective in combination with a stressful event but did not affect synaptic plasticity
in unstressed animals. It may be speculated, that CP-154,526 reduced synaptic
transmission from the amygdala to the hippocampus during immobilization which
might have caused the changes in hippocampal CaMKII activity. In the amygdala
h/rCRF increases neuronal excitability (Rainnie et al., 1992). This increase of
excitability may enhance neuronal transmission from the amygdala to the
hippocampus and subsequently induce elevated Ca2+ influx in neurons of the CA1
region during exposure to immobilization. The increase of intracellular Ca2+
initially increases CaMKII autophosphorylation but also produces a delayed,
phosphatase-dependent decrease in the levels of autophosphorylated CaMKII
(Dosemeci and Reese, 1993), an effect most probably mediated by protein
phosphatase 1 (Shen et al., 2000) or Ca2+/calmodulin-dependent protein kinase
phosphatase (CaMKPase) (Ishida et al., 1998). Since h/rCRF increases neuronal
excitability in the amygdala (Rainnie et al., 1992), the blockade of CRF receptors by
CP-154,526 during immobilization would be presumed to prevent the enhancement
of neuronal transmission from the amygdala to the hippocampus. In the presence of
CP-154,526 a slower rise of intracellular Ca2+ in the hippocampus and thus, a
slower activation of CaMKII is expected (Miller and Kennedy, 1986). Because
CaMKPase has to be phosphorylated by CaMKII for activation, delayed activation
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of CaMKII would particularly slow down activation of CaMKPase and the
subsequent dephosphorylation of autophosphorylated Thr286 of CaMKII
(Kameshita et al., 1999). A delayed activation of CaMKII and the subsequent
delayed dephosphorylation would provide a possible explanation for elevated
CaMKII activity observed in the hippocampus of CP-154,526-injected animals
following immobilization.

Taken together our results indicated a central role for CRFR1 outside the
hippocampus in the regulation of hippocampal CaMKII activity during a period of
acute stress with a decisive influence on short-term synaptic plasticity and
hippocampus-dependent memory.

ACKNOWLEDGMENTS

We are grateful to Dr. Jeansok Kim for constructive suggestions on this
manuscript.

REFERENCES

Aggleton JP (1986) A description of the amygdalo-hippocampal interconnections in the macaque
monkey. Exp. Brain Res. 64: 515-526.

Arborelius L, Skelton KH, Thrivikraman KV, Plotsky PM, Schulz DW and Owens MJ (2000) Chronic
administration of the selective corticotropin-releasing factor 1 receptor antagonist CP-154,526:
behavioral, endocrine and neurochemical effects in the rat. J. Pharmacol. Exp. Ther. 294: 588-597.

Blanchard RJ and Blanchard DC (1969) Passive and active reactions to fear-eliciting stimuli. J. Comp.
Physiol. Psychol. 68: 129-135.

Bolles RC and Riley AL (1973) Freezing as an avoidance response: another look at the operant-
respondent distinction. Learn. Motiv. 4: 268-275.

Cammarota M, Bernabeu R, Levi De Stein M, Izquierdo I and Medina JH (1998) Learning-specific,
time-dependent increases in hippocampal Ca2+/calmodulin-dependent protein kinase II activity and
AMPA GluR1 subunit immunoreactivity. Eur. J. Neurosci. 10: 2669-2676.

Diamond DM and Rose GM (1994) Stress impairs LTP and hippocampal-dependent memory. Ann.
N.Y. Acad. Sci. 746: 411-414.

Dosemeci A and Reese TS (1993) Inhibition of endogenous phosphatase in a postsynaptic density
fraction allows extensive phosphorylation of the major postsynaptic density protein. J. Neurochem. 61:
550-555.

Eckart K, Jahn O, Radulovic J, Tezval H, van Werven L and Spiess J (2001) A single amino acid
serves as an affinity switch between the receptor and the binding protein of corticotropin-releasing
factor: Implications for the design of agonists and antagonists. Proc. Natl. Acad. Sci. USA 98: 11142-
11147.



CP-154,526 enhances learning and PPF after an acute stress

97

Fanselow MS and Bolles RC (1979) Naloxone and shock-elicited freezing in the rat. J. Comp. Physiol.
Psychol. 93: 736-744.

Foy MR, Stanton ME, Levine S and Thompson RF (1987) Behavioral stress impairs long-term
potentiation in rodent hippocampus. Behav. Neur. Biol. 48: 138-149.

Franklin KBJ and Paxinos G (1997) In: The mouse brain in stereotaxic coordinates. San Diego:
Academic Press.

Garcia R, Musleh W, Tocco G, Thompson RF and Baudry M (1997) Time-dependent  blockade of STP
and LTP in hippocampal slices following acute stress. Neurosci. Lett. 233: 41-44.

Holland PC and Bouton ME (1999) Hippocampus and context in classical conditioning. Curr. Opin.
Neurobiol. 9: 195-202.

Ishida A, Kameshita I and Fujisawa H (1998) A novel protein phosphatase that dephosphorylates and
regulates Ca2+/calmodulin-dependent protein kinase II. J. Biol. Chem. 273: 1904-1910.

Kameshita I, Ishida A and Fujisawa H (1999) Phosphorylation and activation of Ca2+/calmodulin-
dependent protein kinase phosphatase by Ca2+/calmodulin-dependent protein kinase II. FEBS Lett.
456: 249-252.

Kamiya H and Zucker RS (1994) Residual Ca2+ and short-term synaptic plasticity. Nature 371: 603-
606.

Kantor L, Hewlett GH and Gnegy ME (1999) Enhanced amphetamine- and K+-mediated dopamine
release in rat striatum after repeated amphetamine: differential requirements for Ca2+- and calmodulin-
dependent phosphorylation and synaptic vesicles. J. Neurosci. 19: 3801-3808.

Kerr DS, Huggett AM and Abraham WC (1994) Modulation of hippocampal long-term potentiation
and long- term depression by corticosteroid receptor activation. Psychobiol. 22: 123-133.

Kim JJ and Fanselow MS (1992) Modality-specific retrograde amnesia of fear. Science 256: 675-677.

Kim JJ, Foy MR and Thompson RF (1996) Behavioral stress modifies hippocampal plasticity through
NMDA receptor activation. Proc. Natl. Acad. Sci. USA 93: 4750-4753.

Kim PJ, Cole MA, Kalman BA and Spencer RL (1998) Evaluation of RU28318 and RU40555 as
selective mineralocorticoid receptor and glucocorticoid receptor antagonists, respectively: receptor
measures and functional studies. J. Steroid Biochem. Mol. Biol. 67: 213-222.

Kim JJ, Lee HJ, Han JS and Packard MG (2001) Amygdala is critical for stress-induced modulation of
hippocampal long-term potentiation and learning. J. Neurosci. 21: 5222-5228.

Miller SG and Kennedy MB (1986) Regulation of brain type II Ca2+/calmodulin-dependent protein
kinase by autophosphorylation: a Ca2+-triggered molecular switch. Cell 28: 861-870.

Mayford M, Wang J, Kandel ER and O`Dell TJ (1995) CaMKII regulates the frequency-response
function of hippocampal synapses for the production of both LTD and LTP. Cell 81: 891-904.

Nayak AS, Moore CI and Browning MD (1996) Ca2+/calmodulin-dependent protein kinase II
phosphorylation of the presynaptic protein synapsin I is persistently increased during long-term
potentiation. Proc. Natl. Acad. Sci. USA 93: 15451-15456.

Nichols RA, Sihra TS, Czernik AJ, Nairn AC and Greengard P (1990) Calcium/calmodulin-dependent
protein kinase II increases glutamate and noradrenaline release from synaptosomes. Nature 343: 647-
651.



 Chapter 6

98

Phillips RG and LeDoux JE (1992) Differential contribution of amygdala and hippocampus to cued and
contextual fear conditioning. Behav. Neurosci. 106: 274-285.

Pikkarainen M, Ronkko S, Savander V, Insausti R and Pitkanen A (1999) Projections from the lateral,
basal, and accessory basal nuclei of the amygdala to the hippocampal formation in rat. J. Comp.
Neurol. 403: 229-260.

Popoli M (1993) Synaptotagmin is endogenously phosphorylated by Ca2+/calmodulin protein kinase II
in synaptic vesicles. FEBS Lett. 317: 85-88.

Radulovic J, Ruehmann A, Liepold T and Spiess J (1999) Modulation of learning and anxiety by
corticotropin-releasing factor (CRF) and stress: differential roles of CRF receptors 1 and 2. J. Neurosci.
19: 5016-5025.

Radulovic J, Sydow S and Spiess J (1998) Characterization of native corticotropin-releasing factor
receptor type 1 (CRFR1) in the rat and mouse central nervous system. J. Neurosci. Res. 54: 507-521.

Rainnie DG, Fernhout BJ and Shinnick-Gallagher P (1992) Differential actions of corticotropin
releasing factor on basolateral and central amygdaloid neurones, in vitro. J. Pharmacol. Exp. Ther. 263:
846-858.

Ruehmann A, Bonk I, Lin CR, Rosenfeld MG and Spiess J (1998) Structural requirements for peptidic
antagonists of the corticotropin-releasing factor receptor (CRFR): development of CRFR2beta-selective
antisauvagine-30. Proc. Natl. Acad. Sci. USA 95: 15264-15269.

Schulz DW, Mansbach RS, Sprouse J, Braselton JP, Collins J, Corman M, Dunaiskis A, Faraci S,
Schmidt AW, Seeger T, Seymour P, Tingley FD 3rd, Winston EN, Chen YL and Heym J (1996) CP-
154,526: a potent and selective nonpeptide antagonist of corticotropin releasing factor receptors. Proc.
Natl. Acad. Sci. USA 93: 10477-10482.

Shen K, Teruel MN, Connor JH, Shenolikar S and Meyer T (2000) Molecular memory by reversible
translocation of calcium/calmodulin–dependent protein kinase II. Nat. Neurosci. 3: 881-886.

Shors TJ and Dryver E (1994) Effect of stress and long-term potentiation (LTP) on subsequent LTP
and the theta burst response in the dentate gyrus. Brain Res. 15: 232-238.

Silva AC, Paylor R, Wehner J and Tonegawa S (1992) Impaired spatial learning in α-calcium-
calmodulin-kinase II mutant mice. Science 257: 206-211.

Silva AJ, Rosahl TW, Chapman PF, Marowitz Z, Friedman E, Frankland PW, Cestari V, Cioffi D,
Sudhof TC and Bourtchuladze R (1996) Impaired learning in mice with abnormal short-lived plasticity.
Curr. Biol. 6: 1509-1518.

Smith MA, Makino S, Kvetnansky R and Post RM (1995) Stress and glucocorticoids affect the
expression of brain-derived neurotrophic factor and neurotrophin-3 mRNAs in the hippocampus. J.
Neurosci. 15: 1961-1970.

Spiess J, Rivier J, Rivier C and Vale W (1981) Primary structure of corticotropin-releasing factor from
ovine hypothalamus. Proc. Natl. Acad. Sci. USA 78: 6517-6521.

Stefani G, Onofri F, Valtorta F, Vaccaro P, Greengard P and Benfenati F (1997) Kinetic analysis of the
phosphorylation-dependent interactions of synapsin I with rat brain synaptic vesicles. J. Physiol. 504:
501-515.

Stiedl O, Birkenfeld K, Palve M and Spiess J (2000) Impairment of conditioned contextual fear of
C57BL/6J mice by intracerebral injections of the NMDA receptor antagonist APV. Behav. Brain Res.
116: 157-168.



CP-154,526 enhances learning and PPF after an acute stress

99

Verona M, Zanotti S, Schafer T, Racagni G and Popoli M (2000) Changes of synaptotagmin interaction
with t-SNARE proteins in vitro after calcium/calmodulin-dependent phosphorylation. J. Neurochem.
74: 209-221.

Vale W, Spiess J, Rivier C and Rivier J (1981) Characterization of a 41-residue ovine hypothalamic
peptide that stimulates secretion of corticotropin and β–endorphin. Science 213: 1394-1397.

Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C, Prins GS, Perrin M, Vale W and
Sawchenko PE (2000) Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat and
mouse. J. Comp. Neurol. 428: 191-212.

Xu L, Anwyl R and Rowan MJ (1997) Behavioural stress facilitates the induction of long-term
depression in the hippocampus. Nature 387: 497-500.

Xu L, Holscher C, Anwyl R and Rowan MJ (1998) Glucocorticoid receptor and protein/RNA
synthesis-dependent mechanisms underlie the control of synaptic plasticity by stress. Proc. Natl. Acad.
Sci. USA 95: 3204-3208.





CHAPTER 7

Priming of long-term potentiation in mouse

hippocampus by corticotropin-releasing factor and

acute stress: implications for hippocampus-dependent
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ABSTRACT

In the present experiments we characterized the action of human/rat
corticotropin-releasing factor (h/rCRF) and acute stress (1 hr immobilization) on
hippocampus-dependent learning and on synaptic plasticity in mouse hippocampus.
We first showed that h/rCRF application and acute stress facilitated (primed) long-
term potentiation of population spikes (PS-LTP) in the mouse hippocampus and
enhanced context-dependent fear conditioning. Both the priming of PS-LTP and the
improvement of context-dependent fear conditioning were prevented by the CRF
receptor antagonist [Glu11,16]astressin. PS-LTP priming and improved learning were
also reduced by the protein kinase C inhibitor bisindolylmaleimide I. Acute stress
induced the activation of Ca2+/calmodulin-dependent kinase II (CaMKII) 2 hr after
the end of the stress session. The CaMKII inhibitor KN-62 antagonized the stress-
mediated learning enhancement, however, with no effect on PS-LTP persistence.
Thus, long-lasting increased neuronal excitability as reflected in PS-LTP priming
appeared to be essential for the enhancement of learning in view of the observation
that inhibition of PS-LTP priming was associated with impaired learning.
Conversely, it was demonstrated that inhibition of CaMKII activity reduced
contextual fear conditioning without affecting PS-LTP priming. This observation
suggests that priming of PS-LTP and activation of CaMKII represent two essential
mechanisms that may contribute independently to long-term memory.
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INTRODUCTION

Corticotropin-releasing factor (CRF) is a 41 amino acid neuropeptide that is
synthesized in the hypothalamus and mediates the release of adrenocorticotropic
hormone from the anterior pituitary (Spiess et al., 1981; Vale et al., 1981). The
anatomical distribution of CRF in the brain suggests that this peptide not only
stimulates the release of corticotropin from the pituitary but also may modulate the
neuronal activity of various other brain areas (Chalmers et al., 1995; Chang et al.,
1993; De Souza et al., 1985; Potter et al., 1994). CRF has been shown to modulate
learning, food intake, arousal, startle and fear responses, general motor activity,
body temperature, and sexual activity (Buwalda et al., 1997; Heinrichs et al., 1995;
Holahan et al., 1997; Linthorst et al., 1997; Radulovic et al., 1999). Exogenous
application of CRF to hippocampal slices reduces the slow afterhyperpolarization
and spike frequency accommodation (Aldenhoff et al., 1983; Haug and Storm, 2000)
and enhances the amplitude of CA1 population spikes evoked by stimulation of the
Schaffer collateral pathway in rats (Hollrigel et al., 1998). Recent studies have
demonstrated that CRF produces a long-lasting enhancement of synaptic efficacy in
the rat hippocampus in vivo (Wang et al., 1998, 2000). CRF has also been implicated
in learning in view of the observation that CRF injection into the mouse
hippocampus a few minutes before training enhances classical fear conditioning
significantly (Radulovic et al., 1999). When injected directly into the dentate gyrus
of the hippocampus, CRF improves the retention of a one-way inhibitory avoidance
learning in rats (Lee et al., 1992). However, no electrophysiological studies on the
function of CRF in the mouse hippocampus have been performed to date.

The following series of experiments were aimed at further defining the
effect of acute stress and human/rat CRF (h/rCRF) on hippocampus-dependent
learning and on long-term synaptic plasticity in mouse hippocampus. In view of the
possibility that acute stress can induce changes in thresholds for synaptic plasticity
necessary for long-term potentiation (LTP) induction (Foy et al., 1987; Kim et al.,
1996; Kim and Yoon, 1998), which has been referred to as “metaplasticity”
(Abraham and Bear, 1996), we investigated the effects of h/rCRF and
immobilization stress on the induction and persistence of LTP of population spikes
(PS-LTP). The threshold for hippocampus-dependent synaptic plasticity and
memory storage is thought to be determined by protein phosphorylation (Huang,
1998). In particular, activation of protein kinase C (PKC) (Wang and Feng, 1992),
Ca2+/calmodulin-dependent kinase II (CaMKII) (Malenka et al., 1989), or both
(Malinow et al., 1989) has been suggested to be indispensable for induction of
excitatory postsynaptic field potential (fEPSP)-LTP in the hippocampal CA1 region.
Thus, we assessed the roles of PKC and CaMKII, in the regulation of hippocampal
long-term synaptic plasticity and in the performance of mice in a hippocampus-
dependent learning task.
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MATERIALS AND METHODS

Animals

Experiments were performed on 9-12 week-old male Balb/c mice (Charles River, Sultzfeld,
Germany). The mice were individually housed and maintained on a 12 hr light/dark cycle (lights on at
7 am) with free access to food and water ad libitum. All experimental procedures were in accordance
with the European Council Directive (86/609/EEC) by permission of the Animal Section Law enforced
by the District Government of Braunschweig (Lower Saxony, Germany).

Hippocampal Slice Electrophysiology
Mice were briefly anesthetized with isofluran and then decapitated. In <1 min the skull was

opened, and the brain was removed and transferred to ice cold artificial CSF solution of the following
composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5 MgSO4, 2 CaCl2, 24 NaHCO3 and 10
glucose, equilibrated with 95% O2/5% CO2 (pH 7.4). Hippocampi were dissected from the chilled brain
hemispheres on ice. Transverse hippocampal slices (400 µm) were obtained on a McIlwain tissue
chopper (The Mickle Laboratory Engineering Co. LTD, Surrey, England) and kept submerged
(minimum of 1 hr at room temperature before recordings) in aCSF. Extracellular field potentials were
recorded in a recording chamber maintained at 32°C with recording electrodes pulled from borosilicate
glass and filled with 2 M NaCl (3-5 mΩ). All recordings were made using a SEC-05L amplifier (npi
Electronics, Tamm, Germany). To record field potentials in the CA1 pyramidal cell body layer,
Schaffer collaterals were stimulated with a bipolar electrode placed on the surface of the slice. At the
beginning of each experiment, a stimulus-response curve was established by increasing the stimulus
intensity and measuring the amplitude of the population spike. On the basis of the input-output
function, the stimulus was adjusted to elicit a population spike with an amplitude of half the maximum
and was fixed at this level throughout the experiments. PS-LTP was induced by theta burst stimulation
(TBS) at the test pulse intensity, consisting of 5 x 100 Hz bursts (five diphasic pulses per burst) with a
200 msec interburst interval. Traces were stored on a computer using Pulse 7.4 software (Heka,
Lambrecht, Germany) for off-line analysis. Short-term potentiation (STP) and PS-LTP were measured
5 and 60 min after tetanic stimulation, respectively.

Cannulation
Double guide cannulas (C235, Plastics One, Roanoke, VA) were implanted using a

stereotactic holder during 1.2% avertin anesthesia (0.02 ml/g, i.p.) under aseptic conditions as
described previously (Radulovic et al., 1999; Stiedl et al., 2000). Each double guide cannula with
inserted dummy cannula and dust cap was fixed to the skull with dental cement. The cannulas were
placed into both lateral brain ventricles, with anteroposterior (AP) coordinates zeroed at Bregma (AP, 0
mm; lateral, 1 mm; depth, 3 mm) or directed toward both dorsal hippocampi (AP, –1.5 mm; lateral, 1
mm; depth, 2 mm) (Franklin and Paxinos, 1997). The animals were allowed to recover for 4-5 d before
the experiments started. On the day of the experiment, bilateral injections were performed using an
infusion pump (CMA/100, CMA/Microdialysis, Solna, Sweden) at a constant rate of 0.33 µl/min (final
volume, 0.25 µl/side). Cannula placement was verified post hoc in all mice by injection of methylene
blue dye. For electrophysiological experiments, double guide cannula placement was verified by
unilateral methylene blue injection. We never observed any effects of cannulation itself or vehicle
injection.

Drugs
h/rCRF (Rühmann et al., 1996) and [Glu11,16]astressin (Eckart et al., 2001) were synthesized

in our laboratory as described. KN-62 and bisindolylmaleimide I (BIS-I) were from Calbiochem (San
Diego, CA).

Drug Treatment
[Glu11,16]astressin was dissolved in aCSF solution. h/rCRF stock solutions were prepared in

10 mM acetic acid. Final dilutions in aCSF to 400 ng/µl were prepared immediately before the
experiments. The final pH of the peptide solution was 7.4. KN-62 was dissolved in DMSO to a
concentration of 4 mg/ml. For injection the stock was diluted in aCSF to a final concentration of 64
ng/µl. BIS-I was stored as 1 mM stock solution in DMSO. For injection the solution was diluted with
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aCSF to a final concentration of 0.4 nmol/µl. DMSO in the concentrations used did not exhibit any
significant effect by itself on synaptic responses or learning.

Immobilization Stress
An acute immobilization stress of mice consisted of taping their limbs to a plastic surface for

1 hr (Smith et al., 1995).

Fear Conditioning
The fear-conditioning experiments were performed as described previously (Stiedl et al.,

2000) using a computer-controlled fear-conditioning system (TSE, Bad Homburg, Germany). Fear
conditioning was performed in a Plexiglas cage (36 x 21 x 20 cm) within a fear-conditioning box that
was constantly illuminated (12 V, 10 W halogen lamp, 100-500 lux). In the conditioning box, a high-
frequency loudspeaker (KT-25-DT, Conrad, Hirschau, Germany) provided constant background noise
[white noise, 68 dB sound pressure level (SPL)]. The training (conditioning) consisted of a single trial.
The mouse was exposed to the conditioning context (180 sec) followed by a tone [conditioned stimulus
(CS) 30 sec, 10 kHz, 75 dB SPL, pulsed 5 Hz]. After termination of the tone, a foot shock
[unconditioned stimulus(US) 0.7 mA, 2 sec, constant current] was delivered through a stainless steel
grid floor. The mouse was removed from the fear-conditioning box 30 sec after shock termination to
avoid an aversive association with the handling procedure. Under these conditions, the context served
as background stimulus. Background contextual fear conditioning but not foreground contextual fear
conditioning, in which the tone is omitted during training, has been shown to involve the hippocampus
(Phillips and LeDoux, 1994). Memory tests were performed 24 hr after fear conditioning. Contextual
memory was tested in the fear conditioning box for 180 sec without CS or US presentation (with
background noise). Freezing, defined as the lack of movement except for respiration and heart beat,
was assessed as the behavioral parameter of the defensive reaction of mice (Blanchard and Blanchard,
1969; Bolles and Riley, 1973; Fanselow and Bolles, 1979) by a time-sampling procedure every 10 sec
throughout memory tests. In addition, activity-derived measures (inactivity, mean activity, and
exploratory area) were recorded by a photo beam system (10 Hz detection rate) controlled by the fear-
conditioning system.

Western Blotting
Hippocampal slices were prepared as described above. CA1 subregions of hippocampal slices

were dissected out and immediately homogenized at 4°C with a plastic homogenizer in homogenization
buffer containing 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 4 mM EGTA, 15 mM sodium phosphate,
100 mM β-glycerophosphate, 10 mM sodium fluoride, 2 µg/ml aprotinin, 2 µg/ml leupeptin, 0.7 µg/ml
pepstatin and 1 mM phenylmethylsulfonyl fluoride, pH 7.4. The insoluble material was removed by
centrifugation at 15,000 x g for 10 min at 4°C. Protein concentrations were determined with a Bradford
assay (BioRad, Munich, Germany). Equal amounts of protein for each group were separated on a 10%
SDS gel and transferred to an Immobilon-P membrane (Millipore Corporation, Bedford, MA) using a
semidry transfer apparatus. The blot was probed using an anti-active CaMKII antibody (Promega,
Madison, WI) or antibody directed against total CaMKII (Chemicon, Temecula, CA) and detected with
horseradish peroxidase-conjugated second antibody. Western blots were developed using the
chemiluminescence method.

Statistics
Statistical comparisons were made using Student’s t test and ANOVA. Data were expressed

as mean ± SEM. Significance was determined at the level of p < 0.05.

RESULTS

Activation of CRF receptors primes PS-LTP
Using intracellular recordings, we have found previously that h/rCRF

increased pyramidal cell excitability in the hippocampal CA1 area of Balb/c mice,
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Recordings from slices obtained 2 hr after immobilization revealed that
[Glu11,16]astressin (104 ± 6%, n = 5) and BIS-I (108 ± 7%, n = 5) (Fig. 2B) had
completely blocked the persistence of PS-LTP. These values were not significantly
different from those of non stressed controls (Fig. 2A). In addition, STP was
significantly attenuated in slices from stressed animals after injection of
[Glu11,16]astressin (140 ± 5%, n = 5, p < 0.05) (Fig. 2B). Western blot experiments
showed that exposure of the animals to 1 hr immobilization resulted in elevated
immunoreactivity of active, phosphorylated CaMKII, with a maximum at 2 hr after
the stress session (Fig. 3). However, intracerebroventricular injection of the selective
CaMKII inhibitor KN-62 before the stress session did not significantly reduce PS-
LTP persistence (155 ± 10%, n = 5) (Fig. 2B) compared with PS-LTP induced in
slices from stressed animals (Fig. 2A).

Figure 3. Acute stress induces activation of CaMKII in the hippocampal CA1 area.
A , CA1 homogenates dissected from animals at several time points after 1 hr
immobilization were probed with an antibody specific for Thr286-phosphorylated
CaMKII, or an antibody recognizing total CaMKII. Non-stressed mice are shown as
controls. Results are representative of four independent Western blots. B, the bar
graph summarizes Western blot data of four experiments and shows the levels of
Thr286-phosphorylated CaMKII expressed as a percentage of nonstressed controls.
The dashed line represents the normalized average of nonstressed controls (set to
100%). Statistically significant differences: * p < 0.05 versus nonstressed controls.

Acute stress and fear conditioning
The previous experiments have shown that acute stress facilitated PS-LTP in

the hippocampus and that this facilitation was prevented only by BIS-I and
[Glu11,16]astressin but not by KN-62. In the next series of experiments, we
investigated whether the same compounds exhibited effects on learning of
conditioned fear. Thus, mice received bilateral aCSF intrahippocampal injections
immediately before 1 hr immobilization  and were trained at 0, 1, 2, and 3 hr after
termination of the stress session. At 1 hr (p < 0.01; n = 11), 2 hr (p < 0.001; n = 12)
and 3 hr (p < 0.001; n = 10) after exposure to immobilization, contextual fear was
significantly enhanced compared with non-stressed controls (n = 30) (Fig. 4).
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Injection of KN-62 intrahippocampally before stress significantly reduced freezing 2
hr (p < 0.001; n = 8) and 3 hr (p < 0.01; n = 5) after the end of the stress session
compared with stressed, aCSF-injected mice (Fig.4). Similarly, freezing was reduced
2 hr after exposure to immobilization (p < 0.005; n = 8) when KN-62 was injected
intracerebroventricularly (Fig.4). However, KN-62 injection alone
(intrahippocampally) without exposing the animal to immobilization significantly
reduced freezing 3 hr after injection compared with non stressed, aCSF-injected
controls (p < 0.001, n = 5; data not shown). Freezing was also significantly reduced
2 hr after the stress session when mice were injected before stress with BIS-I
intrahippocampally (p < 0.01; n = 5) and intracerebroventricularly (p < 0.01; n = 9)
(Fig. 4). Likewise, [Glu11,16]astressin significantly reduced conditioned contextual
fear 2 hr after the end of immobilization when injected intrahippocampally (p <
0.001; n = 5) and intracerebroventricularly (p < 0.01; n = 8) compared with stressed,
aCSF-injected mice. Both compounds, BIS-I and [Glu11,16]astressin, had no
significant effect on freezing when mice were injected intrahippocampally and
intracerebroventricularly without immobilization (data not shown).

Figure 4. Inhibition of CRF receptors, PKC and CaMKII in the dorsal hippocampus
prevent stress-mediated enhancement of context-dependent fear conditioning. A, Mice
were injected intrahippocampally (i.h.) or intracerebroventricularly (i.c.v.) with
aCSF, KN-62 or BIS-I immediately before the start of the stress session and trained at
several timepoints after the end of the stress session. B , mice were injected
intrahippocampally or intracerebroventricularly with [Glu11,16]astressin immediately
before the stress session and trained 2 hr after immobilization. Freezing was
measured in the memory test performed 24 hr after training. Statistically significant
differences: * p < 0.05 versus aCSF; ** p < 0.05 versus control.
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DISCUSSION

Recent behavioral studies have shown that stress (Conrad et al., 1999; Deak
et al., 1999) and intracerebroventricular injection of h/rCRF (Radulovic et al., 1999)
enhance, under defined conditions, contextual fear conditioning, which represents a
hippocampus-dependent learning task in rats (Holland and Bouton, 1999; Kim and
Fanselow, 1992; Phillips and LeDoux, 1992) and mice (Abel et al., 1997; Chen et
al., 1996; Logue et al., 1997). At the same time, stress blocks hippocampal high
frequency stimulation (HFS)-induced LTP and facilitates long-term depression
(LTD) (Xu et al., 1997). In the present experiments, we found that activation of CRF
receptors mediated the PS-LTP priming observed after acute stress in the CA1 area
of the mouse hippocampus. CRF can be directly secreted from nerve terminals
located in the hippocampus during exposure to stress. Specifically, numerous, large
CRF-immunoreactive neurons have been found in the hippocampal CA1 and CA3
region (Merchenthaler , 1984; Swanson et al., 1983).

A similar priming effect has been observed after activation of group I
metabotropic glutamate receptors (mGluRs). The mGluR agonist 1S,3R-
aminocyclopentanedicarboxylic acid (ACPD) was found to facilitate the persistence
of fEPSP-LTP in area CA1 of rat hippocampal slices (Cohen and Abraham, 1996;
Cohen et al., 1999; Raymond et al., 2000). In contrast to ACPD, h/rCRF did not
significantly enhance STP.

It is important to note that in all our electrophysiological experiments, brain
slices were equilibrated in aCSF for at least 2-3 hr after slice preparation before PS-
LTP was induced. Consequently, it appears that the mechanisms critical for PS-LTP
priming either have a slow turnover rate or reveal high stability to be detectable in
brain slices from stressed mice even hours after preparation. This assumption is also
confirmed by the finding that bath-applied h/rCRF was still effective at PS-LTP
priming at least 2 hr after wash-out (Blank and Nijholt, unpublished observations).
Recently, it was shown that previous activity which generates protein synthesis-
dependent LTP may also prime the persistence of LTP in a second input (Frey and
Morris, 1997). Similarly, activation of group I mGluRs facilitates the persistence of
LTP in area CA1 of rat hippocampal slices by triggering de novo protein synthesis
from existing mRNA (Raymond et al., 2000). In the case of mGluR-mediated
enhancement of LTP the new proteins seem to be synthesized in close proximity to
the activated synapses. This observation implies for our experiments that newly
synthesized proteins would have to be preserved or protein synthesis would have to
continue during equilibration of the slices in aCSF to still affect PS-LTP persistence
several hours after slice preparation.

The capability of the PKC inhibitor BIS-I to prevent PS-LTP priming by
h/rCRF and stress is consistent with the described priming effect of group I mGluR
activation which can lead to the liberation of inositol triphosphate and to the
subsequent activation of PKC in hippocampal slices (Cohen et al., 1998).
Interestingly, the PKC inhibitor BIS-I prevented only h/rCRF-mediated priming
when it was applied 1 hr before administration of h/rCRF. BIS-I had no effect on
PS-LTP persistence when applied to slices already primed after TBS. This finding
contradicts the hypothesis that persistent activation of PKC underlies the observed
PS-LTP maintenance (Colley et al., 1990; Wang and Feng, 1992).
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On the basis of the observation that [Glu11,16]astressin and BIS-I in
combination with h/rCRF or stress reduced STP in hippocampal slices, it appeared
possible that hippocampal CRF receptors and PKC were tonically activated. In
support of this hypothesis, activation of PKC has been shown to be involved in LTP
induction in rat hippocampal CA1 cells (Hvalby et al., 1994). However, BIS-I and
[Glu11,16]astressin exhibited no effect on STP or contextual fear conditioning when
applied individually, findings that argue against a possible involvement of tonically
active hippocampal CRF receptors or tonically active PKC. It seems notable that
[Glu11,16]astressin and BIS-I affected induction of PS-LTP only when neuronal
activity was enhanced, but not under baseline conditions. However, in the presence
of BIS-I or [Glu11,16]astressin, only a limited enhancement of neuronal activity can
be expected, which most likely generated only a modest elevation of intracellular
Ca2+ concentrations. Low levels of Ca2+ favor the activation of protein
phosphatases, which, in turn, would lower the probability of LTP induction (Kato et
al., 1999; Mulkey et al., 1994).

In addition, our findings revealed that pharmacological inhibition of
hippocampal CRF receptors and PKC impaired the observed stress-mediated
learning enhancement. These data are consistent with previous observations
indicating that the contextual learning impairment of DBA mice can be reversed by
activation of hippocampal PKC as determined by the fear conditioning task
(Fordyce et al., 1995).

In the present study, we found elevated levels of active CaMKII in the
mouse CA1 area 2 hr after exposure to immobilization. Injection of the selective
CaMKII inhibitor KN-62 did not prevent priming of PS-LTP persistence observed
when hippocampal brain slices were prepared 2 hr after the end of the stress session.
Although CaMKII activity was increased at this time, there was no evidence that
baseline synaptic transmission was altered. Conflicting data about the effects of
CaMKII activation on basal synaptic transmission and LTP induction in the CA1
region of the hippocampus have been reported. For example, it was found that
increasing CaMKII activity in CA1 neurons by viral transfection (Pettit et al., 1994)
or by injection of the active enzyme (Lledo et al., 1995) results in an enhancement of
synaptic transmission and impairment of LTP induction. Direct injection of a
constitutively active form of CaMKII into postsynaptic CA1 neurons potentiates
evoked EPSCs significantly within 15-30 min (Lledo et al., 1995). In contrast, in
CaMKII-Asp286 transgenic mice expressing activated CaMKII, no change in basal
synaptic transmission has been observed (Mayford et al., 1995). Nevertheless,
transgenic expression of activated CaMKII eliminates LTP in the range of 5 to 10
Hz with no effect on LTP in response to 100 Hz tetanus stimulation (Mayford et al.,
1995). In previous experiments (Blank and Nijholt, unpublished observations), we
found significant PS-LTP impairment in the CA1 area of stressed mice (2 hr after
the end of immobilization) when PS-LTP was induced with the standard 100 Hz
HFS protocol, which produced saturating PS-LTP in control animals. At that time,
we also found elevated CaMKII activity in the hippocampal CA1 area, as
demonstrated in the present study. Our finding that the facilitatory effects of acute
stress on hippocampus-dependent learning paralleled those of PS-LTP induced by
TBS but not by HFS might be explained by the fact that the impact of GABAergic
transmission on LTP expression is highly dependent on tetanization parameters
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(Chapman et al., 1998). However, reduced GABAergic inhibition would be expected
to result in elevated basal synaptic transmission in brain slices of stressed animals.
We did not observe such effect. If acute stress already induces maximal LTP-like
phenomena in the mouse hippocampus, strong stimulation of hippocampal brain
slices would not be expected to produce additional LTP (Kim et al., 1996). Thus, the
question may not be whether TBS instead of HFS is responsible for facilitation of
LTP in brain slices obtained from stressed animals but rather whether to use weak
LTP stimulation instead of a strong stimulation protocol. In support of this
hypothesis, Cohen and Abraham (1996) described that activation of mGluRs only
facilitates the induction of LTP induced by weak TBS but does not enhance LTP
induced by strong stimulation.

LTP is the most extensively studied form of neuroplasticity and is widely
believed to be the substrate for learning and memory (Bear and Abraham, 1996;
Bliss and Collingridge, 1993; Maren and Baudry, 1995). However, a definitive
linkage of LTP to learning or memory has not been achieved. Our data show a clear
correlation between improved learning and facilitation of TBS-induced PS-LTP
persistence, and both phenomena appeared to be PKC-dependent. At the same time,
inhibition of CaMKII activity prevented learning improvement without impairment
of PS-LTP persistence. The performance in a hippocampus-dependent task was
affected without interference with the long-lasting enhancement of hippocampal
synaptic transmission. This result suggests that the underlying synaptic mechanisms
of PS-LTP priming seem to be necessary, but not sufficient, for learning
enhancement.
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signaling cascades in mouse hippocampus

Submitted

ABSTRACT

Corticotropin-releasing factor (CRF) exerts a key neuroregulatory control on
stress responses in various regions of the mammalian brain including the
hippocampus. However, the signal transduction pathways that mediate the responses
to CRF in the hippocampus are largely uncharacterized. In the present study, we
investigated the effects of human/rat CRF (h/rCRF) on hippocampal neuronal
excitability and hippocampus-dependent learning in two mouse inbred strains,
Balb/c and C57BL/6N. In hippocampal brain slices from mice of both inbred strains,
h/rCRF increased the neuronal activity of pyramidal cells in the CA1 region. This
enhancement was blocked by the CRF receptor antagonist [Glu 11,16]astressin.
Pretreatment of slices with bisindolylmaleimide I, a protein kinase C (PKC)
inhibitor, prevented the h/rCRF effect only in slices from Balb/c mice but not in
slices from C57BL/6N mice. On the other hand, H-89, an inhibitor of cAMP-
dependent protein kinase (PKA), abolished the h/rCRF effect in pyramidal neurons
from C57BL/6N mice with no effect in slices from Balb/c mice. In support of the
finding, that, depending on the mouse inbred strain, h/rCRF enhanced hippocampal
neuronal activity either through activation of the PKC- or PKA-pathway, we
demonstrated that h/rCRF elevated PKA activity in hippocampal slices from
C57BL/6N mice. In contrast, h/rCRF increased endogenous PKC activity in the
hippocampus of Balb/c mice. Additional experiments using hippocampal membrane
suspensions to analyze receptor-mediated guanine-nucleotide binding protein
activation revealed that, upon stimulation by h/rCRF, CRF receptors mainly coupled
to Gq/11 in the hippocampus of Balb/c mice and to Gs, Gq/11 and Gi in the
hippocampus of C57BL/6N mice. Following intracerebroventricular injection of
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h/rCRF, context-dependent fear conditioning was improved in Balb/c mice, but
unchanged in C57BL/6N mice.

Our findings demonstrated, that CRF receptors in mouse hippocampus
couple to various G proteins to activate at least two different intracellular signaling
pathways. These differences may contribute to contrasting effects of h/rCRF on
hippocampus-dependent learning observed in various mouse inbred strains.
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INTRODUCTION

Corticotropin releasing factor (CRF) is a 41 amino acid neuropeptide, which
has been implicated in both physiological and behavioral responses to stress. (Spiess
et al., 1981; Vale et al., 1981). Two G protein-coupled receptor subtypes, CRFR1
(Chang et al., 1993; Chen et al., 1993) and CRFR2 (Lovenberg et al., 1995), were
recently cloned. The expression pattern of CRFR2 in brain is distinct and more
restricted than that of CRFR1 (Van Pett et al., 2000). However, mRNA encoding for
both receptors is colocalized in several brain regions like the hippocampus (Van Pett
et al., 2000). Mice deficient for CRFR1 display decreased anxiety-like behavior and
have an impaired stress response (Smith et al., 1998; Timpl et al., 1998). Studies of
mice lacking the CRFR2 gene suggest that this receptor is responsible for the
modulation of stress responses and maintenance of homeostasis after hypothalamic-
pituitary-adrenal (HPA) axis activation (Bale et al., 2000; Coste et al., 2000;
Kishimoto et al., 2000). During exposure to stress CRF can be directly secreted from
nerve terminals located in the hippocampus. Specifically, numerous, large CRF-
immunoreactive neurons have been found in the hippocampal CA1 and CA3 region
(Merchenthaler I, 1984; Swanson et al., 1983). Previous studies have shown the
modulation of hippocampus-dependent learning and memory by CRF. Human/rat
CRF (h/rCRF) directly injected into the dentate gyrus consistently enhanced
memory retention in rats in a one-way passive avoidance task (Lee et al., 1993).
Injection of h/rCRF into the dorsal hippocampus shortly before the training
enhanced context- and tone-dependent fear conditioning in mice through CRFR1
(Radulovic et al., 1999). Besides the effects on hippocampal learning tasks, CRF
exerts a profound effect on hippocampal neuronal activity. In recent studies, it was
demonstrated that h/rCRF produces a long-lasting enhancement of synaptic efficacy
in the rat hippocampus in vivo (Wang et al., 1998, 2000). h/rCRF reversibly
increases the spiking of rat hippocampal pyramidal cells (Aldenhoff et al., 1983) and
enhances the amplitude of CA1 population spikes evoked by stimulation of the
Schaffer collateral pathway (Hollrigel et al., 1998). We recently showed that
application of h/rCRF facilitates the induction and stability of long-term potentiation
(LTP) in area CA1 of mouse hippocampal slices (Blank et al., in press).

To examine the signal transduction pathways of h/rCRF in mouse
hippocampus, we studied the G protein and second-messenger activation following
CRF receptor stimulation in hippocampi of two mouse inbred strains, C57BL/6N
and Balb/c. We have chosen these two inbred strains because C57BL/6 and Balb/c
mice have repeatedly been found to differ strongly in several behavioral responses
(Beuzen and Belzung, 1995; Oliverio et al., 1973; Peeler and Nowakowski, 1987) as
well as in neurodevelopmental and neurochemical parameters (Nowakowski, 1984).
For example, Balb/c mice exhibit stronger anxiety-like responses in the light/dark
choice test (Beuzen and Belzung, 1995), in the open-field paradigm (Oliverio et al.,
1973), and in a runway traversal locomotor activity test (Peeler and Nowakowski,
1987). The impact of h/rCRF on neuronal excitability of CA1 pyramidal cells was
investigated in hippocampal slices from both mouse inbred strains. Finally, we
investigated the influence of h/rCRF on hippocampus-dependent learning in
C57BL/6N and Balb/c mice.
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MATERIALS AND METHODS

Animals
Experiments were carried out with male Balb/c and C57BL/6N mice (Charles River,

Sultzfeld, Germany) 9-12 weeks old. The mice were individually housed and maintained on a 12 hr
light/dark cycle (lights on at 7 am) with free access to food and water. All experimental procedures
were in accordance with the European Council Directive (86/609/EEC) by permission of the Animal
Section Law enforced by the District Government of Braunschweig, Lower Saxony, Germany.

Electrophysiology
Mice were briefly anesthetized with isofluran and then decapitated. In less than one minute

the skull was opened, the brain removed and transferred to ice cold artificial cerebrospinal fluid (aCSF)
solution of the following composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5 MgSO4, 2
CaCl2, 24 NaHCO3, 10 glucose, equilibrated with 95% O2/5% CO2 (pH 7.4). Hippocampi were
dissected from the chilled brain hemispheres on ice. Transverse hippocampal slices (400 µM) were
obtained on a McIlwain tissue chopper and kept submerged (minimum of 1 hr at room temperature
before recordings) in aCSF.

Conventional intracellular recording techniques were employed using glass microelectrodes
filled with 3 M potassium acetate. Microelectrodes were pulled from borosilicate glass capillaries
(WPI, Sarasota, FL) on a horizontal electrode puller (Zeitz-Instrumente, Augsburg, Germany). The
microelectrode tip resistances ranged from 60 to 100 MΩ for recordings from mouse hippocampal
neurons. Intracellular signals were recorded with a single-electrode voltage-clamp amplifier (SEC-05L,
npi Electronics, Germany) which performed current-clamp measurements at high switching frequencies
in the range of 25-30 kHz. Bridge balance was monitored throughout the experiment and adjusted as
required. Traces were stored on a computer using Pulse 7.4 software (HEKA, Lambrecht, Germany) for
off-line analysis. For intracellular recordings only neurons were included, which exhibited
overshooting action potentials, stable membrane potentials of at least -60 mV and input resistances of ≥
35 MΩ. Input resistance was determined by measuring the voltage deflection at the end of a 100 ms
hyperpolarization current step (-0.2 nA). Depolarizing current pulses of 3-5 ms duration were injected
through the recording electrode to elicit single action potentials. Spike frequency adaptation was
investigated by injecting each cell with a series of 600 ms depolarizing current pulses (0.2-1 nA;
increment 100 pA). In order to compare neuronal responses, the membrane potential of each cell was
manually clamped to -65 mV by discontinuous current injection.

Drugs
h/rCRF (Rühmann et al., 1996) and [Glu 11,16]astressin (Eckart et al., 2001) were synthesized

in our laboratory as described. H-89 and bisindolylmaleimide I (BIS-I) were from Calbiochem (San
Diego, CA). Phorbol 12,13-dibutyrate (PDBu) and 4α−phorbol were both from Sigma (St. Louis, MO).

Drug Treatment
[Glu 11,16]astressin was dissolved in aCSF to a solution of 280 µM. h/rCRF stock solutions

were prepared in 10 mM acetic acid. For cannula injections final dilutions in aCSF to 400 ng/µl were
prepared immediately before the experiments. The final pH of the peptide solution was 7.4. BIS-I was
stored as 1 mM stock solution in dimethylsulfoxide (DMSO). For injection, the solution was diluted
with aCSF to a final concentration of 0.4 nmol/µl. Phorbol 12,13-dibutyrate (PDBu) and 4α−phorbol
were both dissolved in DMSO to 5 µg/µl. For injection, the solutions were diluted with aCSF to a final
concentration of 10 ng/µl.

Cannulation
Double guide cannulae (C235, Plastics One, Roanoke, VA) were implanted using a

stereotactic holder during 1.2% avertin anesthesia (0.02 ml/g, intraperitoneal) under aseptic conditions
as previously described (Blank et al., in press; Stiedl et al., 2000). Each double guide cannula with
inserted dummy cannula and dust cap was fixed to the skull of the mouse with dental cement. The
cannulae were placed into both lateral brain ventricles, with anteroposterior (AP) coordinates zeroed at
Bregma AP 0 mm, lateral 1 mm, depth 3 mm (Franklin and Paxinos, 1997). The animals were allowed
to recover for 4-5 d before the experiments started. On the day of the experiment, bilateral injections
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were performed using an infusion pump (CMA/Microdialysis) at a constant rate of 0.33 µl/min (final
volume: 0.25 µl per side). Cannula placement was verified post hoc in all mice by injection of
methylene blue. For electrophysiological experiments double guide cannula placement was verified by
unilateral methylene blue injection.

Fear Conditioning
The fear conditioning experiments were performed as previously described (Blank et al., in

press; Stiedl et al., 2000) using a computer-controlled fear conditioning system (TSE, Bad Homburg,
Germany). Fear conditioning was performed in a Plexiglas cage (36 x 21 x 20 cm) within a fear
conditioning box constantly illuminated (12 V, 10 W halogen lamp, 100-500 lux). In the conditioning
box, a high-frequency loudspeaker (Conrad, KT-25-DT, Hirschau, Germany) provided constant
background noise [white noise, 68 dB sound pressure level (SPL)]. The training (conditioning)
consisted of a single trial. The mouse was exposed to the conditioning context (180 sec) followed by a
tone (CS, 30 sec, 10 kHz, 75 dB SPL, pulsed 5 Hz). After termination of the tone, a footshock (US, 0.7
mA, 2 sec, constant current) was delivered through a stainless steel grid floor. The mouse was removed
from the fear conditioning box 30 sec after shock termination to avoid an aversive association with the
handling procedure. Under these conditions, the context served as background stimulus. Background
contextual fear conditioning but not foreground contextual fear conditioning, where the tone is omitted
during training, has been shown to involve the hippocampus (Phillips and LeDoux, 1994). Memory
tests were performed 24 hr after fear conditioning. Contextual memory was tested in the fear
conditioning box for 180 sec without CS or US presentation (with background noise). Freezing, defined
as a lack of movement except for respiration and heart beat, was assessed as the behavioral parameter
of the defensive reaction of mice (Blanchard and Blanchard, 1969; Bolles and Riley, 1973; Fanselow
and Bolles, 1979) by a time-sampling procedure every 10 sec throughout the memory test. In addition,
activity-derived measures (inactivity, mean activity, and exploratory area) were recorded by a photo
beam system (10 Hz detection rate) controlled by the fear conditioning system.

PKA and PKC Assays
cAMP-dependent protein kinase (PKA) and protein kinase C (PKC) activities were assayed

using the PepTag Assay for non-radioactive detection of PKC or PKA (Promega Corp., Madison,
WI) based on the phosphorylation of fluorescent-tagged PKC- or PKA-specific peptides. After
incubation in either aCSF or 250 nM h/rCRF for 30 min, hippocampal slices were placed in ice-cold
homogenization buffer (20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 2 mM EGTA, 48 mM
mercaptoethanol, 0.32 M sucrose and freshly added protease inhibitor cocktail tablet (Boehringer
Mannheim). The tissue was homogenized with a teflon-plastic homogenizer and centrifuged at 100,000
x g for 30 min in a Beckman XL-80 ultracentrifuge. The resulting supernatant contained the PKA
preparation. The pellet was rehomogenized in homogenization buffer and sonicated 4 x 15 s, incubated
for 30 min with Triton X-100 (0.2%) and centrifuged at 100,000 x g for 30 min. The supernatant
contained the membrane-bound PKC preparation, which was used for the PKC assay. Protein
concentrations were determined with the Bradford assay (BioRad, München, Germany). The assay was
performed as described in the manufacturer’s protocol. An aliquot of the PKA preparation was
incubated for 30 min at 30°C in PepTag PKA 5x reaction buffer (100 mM Tris-HCl, pH 7.4, 50 mM
MgCl2, 5mM ATP) and 0.4 µg/µl of the PKA-specific peptide substrate PepTag  A1 (L-R-R-A-S-L-
G, Kemptide). The same procedure was used for the PKC preparations which were incubated in
PepTag PKC reaction buffer (100 mM HEPES, pH 7.4, 6.5 mM CaCl2, 5 mM DTT, 50 mM MgCl2, 5
mM ATP) containing 0.4 µg/µl of the PKC-specific peptide substrate PepTag  C1 (P-L-S-R-T-L-S-V-
A-A-K). The reaction was stopped by heating to 95°C for 10 min. Phosphorylation of the PKA- and
PKC-specific substrates was used to measure kinase activity. Phosphorylated and unphosphorylated
PepTag peptides were separated on a 0.8% agarose gel by electrophoresis. The gel was photographed
with a transilluminator, and bands indicating substrate phosphorylated by PKA or PKC were quantified
by densitometry (WinCam 2.2, Cybertech). The protein amount used for each assay was: PKA 4.5 µg
and membrane-bound PKC 6.5 µg.

Western Blotting
Hippocampi of C57BL/6N or Balb/c mice were dissected out and homogenized in TBS (10

mM Tris, pH 7.6 and 150 mM NaCl), 10% sucrose and a protease inhibitor cocktail tablet (Boehringer
Mannheim). The homogenate was centrifuged at 20,000 x g for 30 min at 4°C. The supernatant was
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removed, and the membrane pellet was resuspended in a second identical wash step and centrifuged
again at 20,000 x g for 30 min at 4°C. The supernatant was removed and the membrane pellet was
resuspended in TBS, 1 mM EDTA, 1% sodium cholate and incubated for 60 min with constant mixing
at 4°C. By centrifugation at 155,000 x g for 60 min (4°C) the supernatant containing soluble membrane
proteins was obtained. Protein concentrations were determined with a Bradford assay (BioRad,
München, Germany). Equal amounts of protein for each group were separated on a 10% SDS gel and
transferred to an Immobilon-P membrane using a semidry transfer apparatus. The blot was probed
using an anti-Gq/11α subunit antibody (1:4000; Calbiochem, San Diego, CA), an anti-Gsα subunit
antibody (1:1000; NEN, Boston, MA) or an antibody directed against Gαi-1,2,3 protein (1:200;
Calbiochem, San Diego, CA) and detected by secondary antibodies conjugated to alkaline phosphatase.
As a chemiluminescence substrate CDP-Star ®  (Tropix Inc., Bedford, MA) was used. Upon
dephosphorylation, the substrate decomposes, producing a prolonged emission of light that was imaged
on photographic film (Fuji Super RX). The relative density of the bands was measured by densitometry
using the software WinCam 2.2 for Windows.

Preparation of Hippocampal Membranes
Membranes were prepared as described (Grammatopoulos et al., 2001). Hippocampi of

C57BL/6N or Balb/c mice were homogenized in Dulbecco`s phosphate-buffered saline (extraction
buffer) containing 10 mM MgCl2, 2 mM EGTA, 1.5 g/l bovine serum albumin (BSA) (w/v), 0.15 mM
bacitracin, 1 mM phenylmethylsulfonylfluoride (PMSF), pH 7.2 at 22°C. The homogenate was
centrifuged at 1,500 x g for 30 min at 4°C. The pellet was discarded and the supernatant spun at 45,000
x g for 60 min at 4°C. The final pellet was resuspended in 10 ml of the described extraction buffer
using the homogenizer. The protein concentration of the membrane suspension was determined using
the bicinchoninic acid method (Smith et al., 1985) with BSA as a standard.

Synthesis of 32P-GTP-γ-azidoanilide (32P-GTP-AA) and Photolabelling of Gα-subunits
32P-GTP-AA was synthesized as previously described (Schwindinger et al., 1998). Mouse

hippocampal membranes were incubated in a darkroom with or without h/rCRF (100 nM) for 5 min at
30°C before the addition of 5 µCi of 32P-GTP-AA in 120 µl of 50 mM HEPES buffer, pH 7.4,
containing 30 mM KCl, 10 mM MgCl2, 1 mM benzamidine, 5 µM GDP, 0.1 mM EDTA. After
incubation for 3 min at 30°C, membranes were collected by centrifugation and resuspended in 100 µl
of the above buffer containing 2 mM glutathione, placed on ice and exposed to UV light (254 nm) at a
distance of 5 cm for 5 min.

G Protein Immunoprecipitation
32P-GTP-AA-labelled G proteins were precipitated by centrifugation and solubilized in 120 µl

of 2% SDS. Then, 360 µl of 10 mM Tris-HCl buffer, pH 7.4, containing 1% (v/v) Triton X-100, 1%
(v/v) deoxycholate, 0.5% (w/v) SDS, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.2 mM PMSF, 10
µg/ml aprotinin was added, and insoluble material was removed by centrifugation. Solubilized
membranes were divided into 100 µl aliquots, and each aliquot was incubated with 10 µl of undiluted
G protein antiserum at 4°C. Subsequently, 50 µl of protein A-Sepharose beads (10% w/v in the above
buffer) was added, and the incubation was continued at 4°C overnight. The beads were collected by
centrifugation, washed twice and dried under vacuum. The immune complexes were dissociated from
protein A by reconstitution in Laemmli`s buffer (100 µl) and boiling for 5 min. Samples were then
subjected to gel electrophoresis. The gels were stained with Coomassie Blue, dried and exposed to Fuji
X-ray film at –70°C for 2-5 d. The relative density of the bands was measured by optical density
scanning using the software Scion Image-Beta 3b for Windows (Scion Corporation, Frederick, MD).

Statistics
Statistical comparisons were made by using Student’s t-test and ANOVA. Data were

expressed as mean ± SEM. Significance was determined at the level of p < 0.05.
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RESULTS

In both, C57BL/6N and Balb/c mice, stable intracellular recordings were
obtained from CA1 pyramidal neurons. The resting membrane potentials of
C57BL/6N mice (-68.4 ± 0.9 mV, n = 38) and Balb/c mice (-69.6 ± 1.2 mV, n = 33)
did not differ significantly. Neither did the membrane input resistance of CA1 cells
of C57BL/6N mice (56.5 ± 3.5 MΩ, n = 38) and Balb/c mice (58.7 ± 3 MΩ, n = 33)
differ from each other. Likewise, there were no significant differences between the
spike amplitudes with values of 63.4 ± 1.2 mV (n = 19) found for C57BL/6N mice
and 62.2 ± 1.3 mV (n = 13) for Balb/c mice.

When mouse CA1 pyramidal cells of either strain were excited by prolonged
depolarizing current pulses, they responded with prolonged spiking (Fig. 1A). The
discharge rate was highest at the beginning of the current pulse (1 nA) and declined
to a steady rate during the course of the depolarizing pulse (Fig. 1B). Increasing
stimulus intensities elicited enhanced neuronal spiking. In response to strong
depolarizing current pulses (1 nA, 600 ms), C57BL/6N and Balb/c mouse pyramidal
cells fired 18.7 ± 2.5 (n = 12) and 18.6 ± 7.3 (n = 7) spikes, respectively (Fig. 1C).

Figure 1. A, Representative intracellular recordings from CA1 pyramidal neurons in
hippocampal slices from C57BL/6N mice and Balb/c mice showing responses to 600
ms depolarizing current pulses. B, Number of spikes elicited in 100 ms fragments
during a single depolarizing current pulse (600 ms, 1 nA). C, Plot of the number of
spikes elicited by a 600 ms depolarizing pulse vs. stimulus intensity.
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h/rCRF was added to mouse hippocampal slices to investigate the effects on
the neuronal spiking behavior. The number of spikes elicited by a 600 ms
depolarizing current pulse was increased by 88 ± 24% (n = 7; p < 0.05) in
C57BL/6N (data not shown) mice and by 87 ± 39% (n = 8; p < 0.05) in Balb/c mice
when compared to controls (Fig. 2A). In CA1 hippocampal neurons from both
mouse strains, the h/rCRF effect was antagonized by the CRF receptor antagonist
[Glu 11,16]astressin (Fig. 2B).

Figure 2. Responses of
Balb/c mouse CA1
pyramidal cells to 600
m s  d e p o l a r i z i n g
current pulses before
and 20 min after
application of h/rCRF
(250 nM) over a
period of 10 min (A)
and before and 20 min
after coapplication of
h/rCRF (250 nM) and
[Glu 11,16]astressin (1
µM) over a period of
10 min (B ). Pulse
intensity was kept
constant during each
experiment; holding
potential –65 mV.

In subsequent experiments, we investigated the underlying second-
messenger pathways activated by h/rCRF to increase the neuronal excitability in
mouse hippocampus. When slices were preincubated with the selective and cell-
permeable PKA inhibitor H-89, the firing rate of hippocampal neurons from
C57BL/6N mice was not significantly changed by h/rCRF (n = 6; p = n.s.; Fig. 3A).
In contrast, following the H-89 treatment h/rCRF still enhanced the neuronal activity
of hippocampal neurons from Balb/c mice by 55 ± 10% (n = 5; p < 0.05; Fig. 3B).
When hippocampal slices from Balb/c mice were preincubated with BIS-I, a highly
selective cell-permeable protein kinase C (PKC) inhibitor, subsequent h/rCRF
application had no modulatory effect on the neuronal firing rate (n = 5; p = n.s.; Fig.
3D). In contrast, following BIS-I treatment, h/rCRF application still enhanced
neuronal spiking in CA1 cells from C57BL/6N mice by 52 ± 9% (n = 6; p < 0.05;
Fig. 3C).

Under basal conditions, PKA activity, as measured by the phosphorylated
state of a PKA-specific target peptide, was lower in hippocampal brain slices from
C57BL/6N mice in comparison to hippocampal brain slices from Balb/c mice.

Control h/r CRF
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         +h/r CRF
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Following h/rCRF treatment, PKA activity in hippocampal slices from
C57BL/6N mice was increased, whereas it was decreased in hippocampal slices
from Balb/c mice when compared to the corresponding PKA activities in control
slices (Fig. 4A). Since membrane translocation of PKC is considered to be an
indicator of PKC activation (Kraft and Anderson, 1983), we assayed PKC activity in
the membrane-bound fraction of hippocampal slice homogenates. After h/rCRF
incubation of slices, PKC activity was only apparent in hippocampal slices of Balb/c
mice (Fig. 4B) with no detectable PKC activity in hippocampal slices of C57BL/6N
mice.

Figure 3. Effect of the PKC inhibitor BIS-I and of the PKA inhibitor H-89 on h/rCRF-
mediated modulation of excitability. Representative recordings in CA1 pyramidal
cells from (A, C) C57BL/6N and (B, D) Balb/c mice showing the effect of 250 nM
h/rCRF applied over a period of 20 min after preincubation with BIS-I (1.2 µM, 1 hr)
or H-89 (10 µM, 3 hr). Pulse intensity was kept constant during each experiment.

The observed differences in the activation of second-messenger pathways
following h/rCRF application can be attributed to variations in the abundance of G
proteins. Thus, we examined the levels of Gs, Gi, and Gq/11 proteins in the
hippocampus of both mouse inbred strains. Using immunoblots we did not observe
any significant differences in the amount of G proteins (Fig. 5). To further
investigate which G proteins were activated following h/rCRF application,
hippocampal membrane suspensions were analyzed for the ability of h/rCRF to
stimulate incorporation of 32P-GTP-AA into various G protein α-chains. In
hippocampal membranes of C57BL/6N mice, h/rCRF induced activation of Gs, Gi

and Gq/11 with an order of potency Gs>Gq/11>Gi, whereas in hippocampal membranes
of Balb/c mice only stimulation of Gq/11 was detectable after h/rCRF treatment (Fig.
6)
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Figure 4. PKA and PKC
activity in hippocampal
slices of C57BL/6N and
Balb/c mice. Hippocampal
slices were incubated in
either 250 nM h/rCRF (30
min) or aCSF (30 min as
control). Partially purified
homogenates of these slices
(n = 11) from six animals
were tested for the ability to
phosphorylate a PKA-
specific (L-R-R-A-S-L-G,
Kemptide) (A ) or a PKC-
specific peptidic substrate
(P-L-S-R-T-L-S-V-A-A-K)
(B ) in a nonradioactive
assay. Identical amounts of
protein were used for each
sample.

Figure 5. Expression of Gs, Gi and Gq/11

in hippocampal membrane fractions of
C57BL/6N and Balb/c mice. The bar
graph summarizes Western blot data
(mean ± SEM) of three independent
experiments each with five animals per
mouse strain.

To further delineate the impact of the observed different h/rCRF-mediated
signaling pathways on learning and memory mice were subjected to contextual fear
conditioning, a hippocampus-dependent associative learning paradigm (Kim and
Fanselow, 1992; Phillips and LeDoux, 1992; Phillips and LeDoux, 1994). When
Balb/c mice received a bilateral h/rCRF-injection i.c.v. (n = 7; Fig. 7A) and were
trained 2 hr following the injection, contextual fear was significantly enhanced
compared to naive (P < 0.05; n = 9; Fig. 7A) and vehicle treated animals (P < 0.01; n
= 30; Fig. 7A). This h/rCRF effect was prevented by either [Glu 11,16]astressin (n = 7)
or BIS-I (n = 7). Both compounds had no effect when applied alone (Fig. 7A). In
C57BL/6N mice freezing was not significantly changed when h/rCRF was injected 2
hr (n = 15; p = n.s.; Fig. 7B) before the training session. However, injection of the
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potent PKC-activator PDBu 2 hr before the training (n = 9) significantly enhanced
contextual fear compared to naive (p < 0.05; n  = 9; Fig. 7B) and vehicle treated
animals (p < 0.05; n = 27; Fig. 7B). There was no significant change of contextual
fear after injection of the inactive isomer 4α−phorbol (p = n.s.; n = 4; Fig. 7B).

Figure 6. Autoradiograph of h/rCRF-induced photolabelling of G α-subunit subtypes
from hippocampal membranes of C57BL/6N (n = 30) and Balb/c (n = 30) mice.
Membranes were incubated with 32P-GTP-AA in the presence and absence of h/rCRF
(100 nM), followed by UV crosslinking and immunoprecipitation of the G α-subunit
subtypes using specific antibodies. Proteins were resolved by SDS-PAGE, followed by
autoradiographic visualization.

DISCUSSION

In this study, we provide evidence that signal processing of h/rCRF in
mouse hippocampus can be mediated through two different signal transduction
pathways. h/rCRF increased CA1 hippocampal neuronal activity via PKC in the
hippocampus of Balb/c mice and via PKA in C57BL/6N mice. Hippocampus-
dependent learning evaluated by context-dependent fear conditioning was only
improved in Balb/c mice after h/rCRF injection with no effect in C57BL/6N mice.
Western blots from mouse hippocampal membrane proteins showed identical
amounts of the relevant G protein subunits in both mouse strains. However, in the
hippocampus of Balb/c mice application of h/rCRF was accompanied by activation
of Gq/11, whereas h/rCRF activated Gs, Gq/11 and Gi in the hippocampus of C57BL/6N
mice. All of the known effects of CRF in the rat hippocampus involve receptor-
coupled activation of Gs, adenylate cyclase and an increase in cellular levels of
cAMP (Battaglia et al., 1987; Chen et al., 1986; Haug and Storm, 2000; Pihoker et
al., 1992), which is in agreement with our findings in hippocampi of C57BL/6N
mice.
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Figure 7. Effect of h/rCRF on context-dependent fear conditioning of (A) Balb/c and
(B) C57BL/6N mice, injected with aCSF, h/rCRF, [Glu 11,16]astressin, PDBu or 4α-
phorbol 2 hr before the training as indicated. For combined treatment [Glu
11,16]astressin and BIS-I were given 15 min before h/rCRF application. Freezing was
measured in the retention test performed 24 hr after training. Statistically significant
differences: * p < 0.05 vs. vehicle-injected animals and naives.

In recent studies, however, it was reported that h/rCRF also activates the
phospholipase C (PLC)/PKC-pathway in rat Leydig cells (Ulisse et al., 1990), in
cultured rat astrocytes (Takuma et al., 1994), in rat cerebellum (Miyata et al., 1999)
and in rat cerebral cortex (Grammatopoulos et al., 2001). In addition, Malenka and
colleagues (1986) reported that activation of PKC markedly reduces accommodation
of neuronal spiking in rat hippocampal pyramidal cells. In combination, both aspects
suggest that in Balb/c mice Gq/11–dependent PKC activation was responsible for the
h/rCRF-mediated increase in neuronal activity. Surprisingly, PKA activity in
hippocampal slices from Balb/c mice was reduced upon application of h/rCRF. This
effect might be initiated by Gq/11 stimulation, which is accompanied by an increase in
G protein βγ-subunits. These subunits can inhibit type I adenylyl cyclase and thus
PKA activity directly (Taussig et al., 1993). Aside from Gs and Gi activation, which
may stimulate adenylyl cyclase via synergistic interaction (Federman et al., 1992),
we also observed that h/rCRF activated Gq/11 in the hippocampus of C57BL/6N mice,
allowing the stimulation of the PLC/PKC-pathway. However, in the membrane-
bound fraction of hippocampal slice homogenates prepared from C57BL/6N mice
no PKC activity was detected following h/rCRF application and we did not detect
any significant contribution of PKC to the h/rCRF-mediated increase in neuronal
spiking behavior of CA1 pyramidal cells.

This discrepancy might result from the fact that h/rCRF was applied to
hippocampal membrane preparation when Gq/11 activation was observed. In contrast,
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for the PKC assay and the electrophysiological recordings h/rCRF was applied to
intact hippocampal cells. Several lines of evidence suggest that due to
compartmentalization of G protein subtypes into distinct pools, receptors do not
have free access in intact cells to all G proteins with which they are capable of
coupling in reconstituted systems (Neubig, 1994). Thus, complex interactions of
receptors and G proteins with their effectors and the properties of the membrane,
possibly including the resting membrane potential, appear to play an important role
in the receptor coupling characteristics. An additional possible explanation for
mainly detecting activation of PKA in the hippocampus of C57BL/6N mice upon
application of h/rCRF is that receptors with dual signaling properties often stimulate
different pathways with different efficacies. A3 adenosine receptors, for example,
interact with Gi proteins and, to a lesser extent, with Gq/11 proteins in CHO cells
(Palmer et al., 1995). These receptors were shown to inhibit adenylyl cyclase in all
cell types tested, whereas stimulation of PLC was cell type dependent. From this
point of view it might be speculated that hippocampal CRF receptors in C57BL/6N
mice can in fact couple to the Gq/11/PLC/PKC-pathway in intact neurons. However,
the potential stimulation of PKC by h/rCRF might not have been sufficient to
enhance the conditioned fear response in C57BL/6N mice as observed after PKC-
activation by PDBu. In the hippocampus of Balb/c mice h/rCRF stimulated the
Gq/11/PLC/PKC cascade and improved hippocampus-dependent learning. Similar
results were reported by Fordyce et al. (1995) who described that stimulation of
hippocampal PKC activity enhances contextual learning as determined by the fear
conditioning task in DBA mice. In mouse hippocampus, a PKA-dependent period
for contextual memory consolidation develops between 1 hr and 3 hr after training
(Bourtchouladze et al., 1998). Considering the activation of the PKA system in the
hippocampus of C57BL/6N mice upon h/rCRF application, it seems surprising that
h/rCRF exhibited no facilitating effect on contextual fear conditioning in C57BL/6N
mice. In a recent study, the crucial temporal relationship between PKA inhibition
and training necessary to produce impairment of fear memory consolidation was
demonstrated (Bourtchouladze et al., 1998). PKA-inhibitor-injected animals show
significantly less freezing, when injected immediately after the training. However,
inhibition of PKA has no effect on contextual memory when given at 1, 4, 6, 8, or
23.5 hr after training. A similar narrow time window exists for PKA inhibition
before the training. When mice are PKA inhibitor-treated 20-30 min before
contextual conditioning they show dramatic amnesia. However, inhibition of PKA 3
hr before training does not affect retention at 24 hr after training. Thus, in the
present study h/rCRF might have had no effect on long-term contextual memory in
C57BL/6N mice because PKA was not activated within the decisive time window.

To summarize, in mouse hippocampus we have demonstrated that h/rCRF
activated at least two different signaling cascades, the PLC/PKC pathway (via
interaction with Gq/11) and the cAMP/PKA pathway (via interaction with Gs, Gq/11

and Gi). Future experiments will have to determine whether hippocampal CRF
receptors bear two independent G protein-specific interaction domains which allow
the coupling of one receptor to different G protein subunits. Alternatively, the
observed multi-signaling activity of h/rCRF might be caused by the activation of
different hippocampal CRF receptors.
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In view of the contribution of the hippocampus to numerous forms of
learning (reviewed in: Kesner et al., 2000; Kim and Baxter, 2001; Maren, 2001) and
the fact that h/rCRF represents an early signal in the neuroendocrine response to
stress (Koob and Bloom, 1985), our present findings may be an important step
toward understanding the cellular and molecular processes underlying interstrain
variability concerning the impact of stress on learning and memory (Brush et al.,
1988; Francis et al., 1995; Palmer and Printz, 1999).
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SUMMARY AND GENERAL

DISCUSSION

Synaptic plasticity is a feature of the brain, which allows neuronal structure
and function to accommodate to patterns of electrical activity. Synaptic plasticity
proceeds through different stages in time: short-term effects are due to post-
translational modifications like phosphorylation of existing proteins, while
consolidation of the process leading to a long-lasting change in synaptic efficiency
and structural modifications requires and depends on a coordinated program of
changes in gene transcription and synthesis of new proteins.

The magnitude and kinetics of calcium concentrations at the synapse are
thought to be major determinants of short- and long-term effects on synaptic
efficacy (Abraham and Bear, 1996; Kauer et al., 1988; Lisman, 1989). The N-
methyl-D-aspartate (NMDA) subtype of glutamate receptors in the mammalian brain
is linked to many downstream signal transducing pathways in the neuron through its
Ca2+ permeability. Although the NMDA receptor is widely distributed in the brain,
it can be speculated that the control of its signaling characteristics differs in a brain
region-specific manner in order to fulfil diverse demands.

In this thesis we first addressed the intriguing question of how NMDA
receptor signaling can be modulated in a brain region-specific fashion and thus
contribute to long- and short-lasting episodes of synaptic plasticity.

Changes in synaptic plasticity have been suggested to be the basis of certain
types of learning and memory. Therefore, in the final part of this thesis we
investigated the relation between stress- and CRF-induced alterations in synaptic
strength and changes in learning and memory.

1. Brain regional differences in the modulation of the NMDA receptors by
phosphorylation events

In the first Chapters of this thesis we investigated how phosphorylation
events can modulate NMDA receptor function. Using the oocyte expression system
we found that the function of NMDA receptors expressed from mRNA isolated from
various brain regions could be modulated by protein kinase C (PKC) activation
whereas NMDA receptor modulation by adenosine-3',5'-cyclic monophosphate
(cAMP) dependent protein kinase (PKA) shows strong regional differences.
Activation of PKC was shown to increase NMDA receptor function from total brain,
hippocampus, striatum, cortex and hypothalamus, whereas PKA could only enhance
the function of NMDA receptors in striatum and hypothalamus. This modulation of
hypothalamic and striatal NMDA receptors by PKA was investigated in more detail
in Chapters 2 and 3. It appeared that the increase in NMDA receptor signaling was
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not due to direct phosphorylation of the receptor by PKA but rather that PKA caused
the inhibition of protein phosphatases via activation of a third messenger. Inhibition
of protein phosphatases may result in a prolonged phosphorylation state of the
NMDA receptor and thereby increase NMDA receptor function. In the striatum this
third messenger could be identified as the phosphoprotein dopamine- and cAMP-
regulated phosphoprotein with an apparent Mr 32000 (DARPP-32). Thus, activation
of PKA leads to the phosphorylation and thereby activation of DARPP-32. DARPP-
32 acts as an inhibitor of protein phosphatase 1 (PP1) upon activation. Considering
the important role of NMDA receptor function in synaptic plasticity, these regional
differences in NMDA receptor modulation by protein kinases and phosphatases may
have a strong impact on regional differences in the contribution of NMDA receptor
signaling to synaptic plasticity.

1.1 DARPP-32
In view of the central role of DARPP-32 in NMDA receptor function,

region-specific distribution of phosphoproteins like DARPP-32 might underlie the
brain regional differences in NMDA receptor signaling. Indeed, DARPP-32 was
found at particularly high levels in the substantia nigra, olfactory tubercle, bed
nucleus of the stria terminalis, globus pallidus, caudato putamen, nucleus
accumbens, portions of the amygdaloid complex, and corticothalamic neurons
(Ouimet et al., 1984). In these brain areas DARPP-32 can participate in the control
of the phosphorylation-state of NMDA receptors thereby controlling the excitability
of the neurons and the efficacy of synaptic transmission.

On the other hand, stimulation of NMDA receptors in rat striatal slices has
been shown to induce dephosphorylation of phosphorylated DARPP-32, presumably
by the calcium-dependent phosphatase calcineurin (Halpain et al., 1990). This
mechanism might reflect a negative feedback-loop protecting striatal cells from
NMDA receptor-mediated toxicity in the presence of high amounts of
phosphorylated DARPP-32 (Colwell et al., 1996).

The inhibition of PP1 by DARPP-32 does not only modulate the
phosphorylation state of the NMDA receptor but does also affect the
phosphorylation state of various other proteins, including voltage-dependent Na+
channels, L-, N-, P-type voltage-dependent Ca2+ channels, the electrogenic ion
pump Na+, K+-ATP-ase, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and γ-aminobutyric acid (GABA) type A receptors (Flores-Hernandez
et al., 2000; Greengard et al., 1998; Yan et al., 1999b). Thus DARPP-32 may play a
general role in coordinating the excitability of the cells. A major step in
understanding the role of DARPP-32 in these processes has been achieved by the
characterization of mice with DARPP-32 deficiency (Fienberg et al., 1998). The
results obtained with these mice demonstrate an obligatory role for DARPP-32 in
dopaminergic neurotransmission (Fienberg and Greengard, 2000).

Besides DARPP-32, several other phosphoproteins with apparent equivalent
functions are present in the mammalian brain. Similar to DARPP-32, inhibitor-1 can
also inhibit PP1 upon activation by PKA however inhibitor-1 shows a more
ubiquitous distribution in the brain (Gustafson et al., 1991; Hemmings et al., 1992;
MacDougall et al., 1989). This raises the question whether these phosphoproteins
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play different roles in the regulation of neuronal activity in the brain. Besides the
distinct regional distribution in some specific neuronal structures like neocortex,
hippocampus and amygdala (Barbas et al., 1993; Gustafson et al., 1991), DARPP-32
and inhibitor-1 may be expressed in different types of neurons in those areas where
both are present. In support of this suggestion is the finding that in the cerebellum
DARPP-32 is mainly found in the Purkinje cells and inhibitor-1 in granule cells
(Alder and Barbas, 1995). Furthermore, a distinctive feature of the primary structure
of DARPP-32 is the existence of several clusters of acidic residues (Williams et al.,
1986). Therefore, DARPP-32 can be phosphorylated by casein kinase I and II in
contrast to inhibitor-1, which can not be modulated by casein kinases (Desdouits et
al., 1995; Girault et al., 1989). Phosphorylation at the casein kinase I site inhibits
dephosphorylation of DARPP-32 by calcineurin (Desdouits et al., 1995) presenting
an additional way to modulate DARPP-32.

Even in those areas where either inhibitor-1 or DARPP-32 is present, the
contribution of the phosphoprotein to synaptic plasticity may be synapse-selective.
A striking example was found in mice lacking inhibitor-1 (Allen et al., 2000). In
wildtype animals long-term-potentiation (LTP) could be induced in both the lateral
perforant pathway (lpp) which makes excitatory synaptic contact onto dentate
granule cell dendrites in the outer third, and the medial perforant pathway (mpp)
which forms synapses in the middle third of the dentate molecular layer. Inhibitor-1
is present in both pathways. However, in the inhibitor-1 deficient mice there was a
prominent difference in the ability to produce LTP in these two pathways. LTP
production was normal in the mpp but LTP in the lpp was significantly reduced. One
can conclude that inhibitor-1 is not required in the mpp but is important in the lpp.
Thus, even within a particular brain area there may be heterogeneous molecular
mechanisms leading to changes in synaptic plasticity.

This heterogeneity of underlying molecular mechanisms is supported by our
study. NMDA responses recorded from oocytes injected with rat hippocampal
poly(A+) mRNA were not affected by stimulation of PKA, indicating that the
amount of inhibitor-1, which is present in hippocampus, was not sufficiently
abundant to mediate the effect of forskolin, a PKA activator, on NMDA responses.
However, when oocytes were injected with hippocampal poly(A+) mRNA plus
complementary RNA (cRNA) coding for DARPP-32 (resulting in a greatly elevated
level of this PP1 inhibitor), NMDA responses were potentiated after stimulation of
PKA.

In conclusion, we demonstrated that DARPP-32 is a crucial element in the
region-specific modulation of synaptic plasticity. A more complete understanding of
the functional role of DARPP-32 in the forebrain is important while the
dopaminergic system is a key element in the control of movement (Nestler, 1994), in
the neuronal circuits that control motivation (Salamone, 1991) and the regulation of
memory and attention (Williams and Goldman-Rakic, 1995). In addition,
imbalances in dopaminergic and glutamatergic synaptic transmission have been
implicated in several neurological disorders, including Parkinson’s disease,
Huntington’s disease, addictive behavior and schizophrenia (Albin et al., 1989; Beal,
1992; Davis et al., 1991; Nestler, 1994).
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1.2 Possible physiological relevance of PKA-mediated NMDA receptor modulation
in the hypothalamus

Interestingly, in parallel to our finding that NMDA receptor function in the
hypothalamus was enhanced upon phosphorylation by PKA, behavioral studies
report that either activation of NMDA receptors containing NR2A and/or NR2B, or
activation of PKA within the lateral and perifornical hypothalamus stimulates eating
behavior in rats (Stanley, 1996; Stanley et al., 1993a,b, 1997; Gillard et al., 1997,
1998a,b; Khan et al., 1999). On the basis of these and our findings, it may be
speculated that phosphorylation of the NMDA receptor by PKA may contribute to
alterations in both food intake and body weight.

1.3 Direct versus indirect phosphorylation of the NMDA receptor
In Chapter 3 it was described that NMDA-induced currents recorded from

Xenopus oocytes injected with cRNA encoding the NMDA receptor subunits NR1,
NR2A, and/or NR2B, were not affected by PKA activation but were increased by
PKC stimulation. NMDA receptors contain multiple consensus sites for
phosphorylation by PKA and PKC (Hollmann and Heinemann 1994). NR1, NR2A
and NR2B can be directly phosphorylated by PKA and various PKC isoforms in
vitro (Leonard and Hell, 1997; Tingley et al. 1993, 1997). Interestingly, our finding
that PKA did not modulate NMDA receptor activity in oocytes injected with cRNA
encoding NMDA receptor subunits, suggests that direct phosphorylation of the
receptor subunits by PKA may not be responsible for elevated NMDA receptor
activity. Direct phosphorylation of the receptor by PKA could instead play a role in
other processes like subunit assembly and receptor targeting (Crump et al., 2001).

PKC has been shown to substantially modulate physiological properties of
the NMDA receptor (Chapters 2 and 3; Chen and Huang 1992; Xiong et al., 1998).
However, the relation of PKC-induced phosphorylation of the NR1 and NR2
subunits to PKC-induced potentiation of NMDA receptor activity remains unclear.
PKC was shown to affect currents through the NMDA receptor channels by direct
action on phosphorylation sites in the NR2B C-terminus (Liao et al., 2001).
However, several other studies report that PKC-mediated potentiation of NMDA
receptor activity is not necessarily due to direction phosphorylation of the receptor
(Yamakura et al., 1993; Sigel et al., 1994; Zheng et al., 1999). Experiments
involving various truncation mutants revealed the unexpected finding that NMDA
receptors assembled from subunits lacking all known sites of PKC phosphorylation
can still show PKC potentiation (Zheng et al., 1999). These results indicate that
PKC-induced potentiation of NMDA receptor activity may not only occur by direct
phosphorylation of the receptor protein but may also imply associated targeting,
anchoring, or signaling protein(s) to increase open probability and/or insertion of
new channels in the plasma membrane. Like PKA, phosphorylation of receptors by
PKC could also play a role in processes such as subcellular distribution of receptor
subunits. In studies where NR1 was expressed in fibroblasts, phosphorylation of
NR1 by PKC at serine-889 (Ser889) and Ser890 disrupted the subcellular
distribution of NR1 protein, suggesting that phosphorylation may play an important
role in receptor clustering (Ehlers et al., 1995).
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To summarize, a protein kinase can respond to multiple signals and regulate
numerous cellular functions. Although the mechanisms by which specificity is
achieved are still not completely understood, the use of multiple isoforms with
different regulation and distribution patterns in the brain provides one possible
implement. Similarly, different distribution and regulation of regulatory subunits of
protein phosphatases modulates substrate specificity and targeting. Together, protein
kinases and phosphatases can regulate the activity of third messengers like the
phosphoproteins inhibitor-1 and DARPP-32, which also show a strong regional
distribution.

The described regional differences in distribution of protein kinases,
phosphatases and phosphoproteins may not only underlie the brain regional
differences in the modulation of NMDA receptor signaling but can also be involved
in the regulation of several other neurotransmitter systems.

2. Brain regional differences in gene expression

The brain regional differences found in the modulation of NMDA receptor
function by PKA (Chapters 2 and 3) suggest that dopamine type 1 (D1) and D2
receptors, which are positively and negatively coupled to adenylate cyclase,
respectively (Stoof and Kebabian, 1981; Dal Toso et al., 1989) may modulate
NMDA receptor function in a brain region-specific manner. Dopamine and NMDA
activate multiple signaling pathways that are able to regulate gene expression. In
Chapter 4 and 5 dopamine and NMDA interactions in the regulation of immediate
early genes (IEG) were investigated and compared in the basal ganglia and the
limbic system monitoring phosphorylation of the transcription factor cAMP
responsive element binding protein (CREB) (Chapter 5) and production of FOS
protein (Chapter 4). Dopaminergic and/or NMDA receptor systems were stimulated
by intraperitoneal injection of agonist and/or antagonists. Indeed, strong regional
differences in the coupling of D1 and NMDA receptor stimulation with CREB
phosphorylation and FOS production were observed. The D1 receptor agonist was
found to elicit CREB phosphorylation and FOS production in the caudate nucleus.
The NMDA receptor agonist also triggered CREB phosphorylation in the caudate
nucleus however FOS production was not affected. Both drugs induced FOS
production in the dentate gyrus, but only the NMDA receptor agonist also increased
levels in the hippocampal CA1-3 region. Levels of phosphorylated CREB (pCREB)
in the hippocampus were not affected by any of the two drugs.

Interestingly, in those brain regions where the D1 receptor agonist induced
CREB phosphorylation or FOS production, this rise in IEG expression could be
blocked by the D1 receptor antagonist and also by the NMDA receptor  antagonist.
Similarly, the increase in pCREB or FOS levels after NMDA receptor agonist
application was prevented by a NMDA receptor antagonist and a D1 receptor
antagonist. Thus, interactions between the cyclic AMP and NMDA receptor
pathways at the cellular level are required for dopamine- and NMDA-regulated gene
expression in the brain. These results are in agreement with earlier studies which
found that dopamine receptor-stimulated phosphorylation of CREB and FOS
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production can be prevented by NMDA receptor antagonists (Keefe et al., 1998;
Konradi et al., 1996; Nakazato, 1998; Tomitaka et al., 1995).

An additional brain region-specific regulation of gene responses by
dopamine and NMDA interactions was achieved by D2 receptors, as revealed by the
ability of a D2 receptor antagonist to increase CREB phosphorylation and FOS
production only in the caudate nucleus and to inhibit (in the amygdala and dentate
gyrus) or enhance (in the caudate nucleus) D1 receptor agonist-induced FOS
production.

The observed, highly differentiated dopamine and NMDA receptor
interaction in the regulation of pCREB and FOS may enable the brain to integrate
dopaminergic and glutamatergic signaling to meet multiple diverse demands in a
brain region-specific manner.

2.1 Specificity in signaling pathways
The intracellular mechanisms allowing for this triggering or permissive role

of D1 and NMDA receptors in pCREB or FOS production in a brain region-specific
manner are unknown at this time, but there are several explanations possible for the
observed regional differences in CREB and FOS expression upon activation of the
dopaminergic and NMDA signaling system.

CREB phosphorylation and FOS production can be induced by multiple
second messenger pathways (see Introduction). As addressed above, there may be
differences in second messenger pathways in various brain regions, which are the
result of tissue specific distribution of phosphoproteins, protein kinases and
phosphatase subtypes.

For example, DARPP-32 may be an important third messenger in the
interaction between dopaminergic and NMDA receptor signaling in the caudate
nucleus. In Chapter 3 it was shown that activation of PKA (e.g. by dopamine
receptor activation) can lead to enhanced NMDA responses via the activation of
DARPP-32. Furthermore, glutamate, acting through NMDA receptors has been
shown to inactivate  phosphorylated DARPP-32 through calcineurin (Halpain et al.,
1990). The involvement of DARPP-32 in FOS production was also indicated by the
finding that DARPP-32-deficient mice have lower striatal FOS production after
application of the D1/D2 receptor agonists than wild-type controls (Fienberg et al.,
1998; Svenningsson et al., 2000). Yan and colleagues (1999a) also used the
DARPP-32 deficient mouse to show that DARPP-32 is an important component of
the signaling cascades that mediate the D2 receptor-induced phosphorylation of
CREB. Thus, DARPP-32 may represent an intracellular target for dopamine and
NMDA interactions. Indeed, activation of D1 produces FOS exclusively in striatal
neurons expressing DARPP-32 (Beretta et al., 1992).

In addition, differences in second messenger pathway coupling of the
dopamine receptors may also contribute to the regional differences in IEG
expression. A striking example is the D1 receptor, which is coupled to adenylate
cyclase type V in striatum and thus activates cAMP (Glatt and Snyder, 1993),
whereas the amygdaloid D1 receptors were found to be positively coupled to the
phosphoinositol pathway (Undie and Friedman,1990). This would result in different
pathways underlying the FOS production in these two areas.
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Although the promotor region of c-fos contains the Ca2+/ cAMP responsive
element (CRE), where phosphorylated CREB can bind to induce gene expression, it
is interesting to note that CREB phosphorylation did not always lead to FOS
production. We found that in the caudate nucleus D1 receptor activation increased
CREB phosphorylation and subsequent FOS production whereas NMDA induced
CREB phosphorylation but not FOS production. It is unlikely that levels of CREB
phosphorylation were not high enough in response to NMDA injection to promote
gene expression since comparable levels of CREB phosphorylation have been
observed in our study (Chapter 5, Fig 2) and several other studies after stimulation
of cAMP and non-cAMP signals (Brindle et al., 1995; Seternes et al., 1999). Thus,
there can be a difference in the ability of a CREB target gene like the c-fos gene to
respond to one signal but not the other, despite comparable phosphorylation of
CREB. Similar to our finding that CREB phosphorylation may not always lead to
FOS production, NMDA injection was shown to increase FOS production in the
hippocampus although there was no rise in CREB phosphorylation observed.

The finding that CREB phosphorylation leads to FOS production only in the
caudate nucleus upon D1 receptor stimulation and not following NMDA receptor
activation, is in agreement with the recent findings that phosphorylation of CREB is
sufficient to induce cellular gene expression in response to cAMP. However,
additional promotor-bound factors are required for target gene activation by CREB
in response to factors other than cAMP, indicating the presence of cellular
components in the CREB pathway that discriminate between different inputs (Mayr
et al., 2001). The structure of CREB complexed with its coactivator CREB binding
protein (CBP) has provided new insights into potential mechanisms underlying this
signal discrimination. It appeared that, in addition to mediating Ser133
phosphorylation of CREB, PKA regulates additional proteins that are required for
CREB-CBP complex formation and thus recruitment of the transcriptional apparatus
to cAMP-responsive genes (Brindle et al., 1995). In addition to PKA activated
factors other transactivators may be necessary for phosphorylated CREB to induce
gene expression (Nakajima et al., 1996, Ginty, 1997). Thus, many extracellular
stimuli can induce CREB phosphorylation at Ser133, yet, only some of these stimuli
can induce CREB-mediated transcription in the absence of other transactivators.

Whether phosphorylation of CREB may lead to c-fos gene expression, may
also depend on the state of phosphorylation of CREB at other sites. For example,
phosphorylation of CREB at Ser142 by casein kinase II and CaMKII has been
shown to block activation of target genes and formation of the CREB-CBP complex
in vitro (Parker et al., 1998; Sun et al., 1994). However, substantial phosphorylation
of this site has not yet been observed in vivo.

Differences in CREB-mediated gene expression activity after treatment with
cAMP versus non-cAMP signals were also traced to the promotor level of the target
gene. A single consensus CRE is sufficient for target-gene activation through CREB
in response to cAMP and calcium signals. But cellular activation in response to
growth factors requires additional promotor-bound factors such as serum response
factor which synergize with CREB in a phosphorylated Ser133 dependent manner
(Bonni et al., 1995). Many other studies state the importance of the occupation of
the several cis-elements on the promotor of the target gene. The integrity of all of
the major cis-regulatory  elements was shown to be required for proper calcium
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sensitive activation of c-fos transcription in transgenic animals (Robertson et al.,
1995). Although D1-triggered FOS production was shown to be mediated by
pCREB which acts on the CRE (Das et al., 1997), Sharp and colleagues (1995)
observed that the activation of CRE in striatum might not be sufficient to trigger
FOS expression and that Ca2+ entry through NMDA receptor may be required to
provide an additional activation of the serum responsive element (SRE). This could
explain the permissive role of NMDA in the D1 receptor agonist-induced  increase
in FOS production in the caudate nucleus (Chapter 4). From our results it is also
evident that NMDA receptor activation by itself was not sufficient to induce FOS
production in the caudate nucleus. This was in contrast to the findings in the
hippocampus where both NMDA and SKF-38393 enhanced FOS production without
a significant change in CREB phosphorylation. It might be speculated, that in the
hippocampus NMDA and SKF-38393 enhanced FOS production mainly via SRE.

In addition, control of the duration of CREB phosphorylation may be a
critical regulator of CRE-mediated gene expression by dopamine and calcium (Liu
and Graybiel, 1996). Interestingly, Ca2+, depending on its mode of entry into
neurons either via NMDA receptor or L-type Ca2+ channels, can activate two
distinct signaling pathways (Ginty, 1997). Calcium influx through L-type Ca2+
channels leads to sustained CREB Ser-133 phosphorylation whereas the entry of
calcium through NMDA receptors, except in very young neurons, triggers only
transient phosphorylation of CREB (Hardingham et al., 1999; Sala et al., 2000).
Recently, it has been demonstrated that calcium entry through the NMDA receptor
activates a phosphatase that dephosphorylates CREB. This might explain the
transient nature of the phosphorylation (Sala et al., 2000). PP1 has been shown to
associate with the NMDA receptor (Westphal et al., 1999), however, it remains to be
determined whether the local tethering of this phosphatase near the receptor is
required for the rapid dephosphorylation of CREB at Ser133.

The use of intraperitoneal drug administration to investigate in vivo IEG
expression has been a broadly accepted approach (e.g. Konradi et al., 1994, 1996, Le
Moine et al., 1997). In vivo studies provide insight at the level of the complex
circuitry control of neuronal functions. This is important because the regulation of
pCREB and FOS may not occur on the basis of simple convergence of intracellular
signaling, but may rather rely on tissue-specific and circuitry-related interactions. A
striking example of the importance to investigate the regulation of CREB
phosphorylation and FOS production in vivo is given by the finding that, although
NMDA agonists are capable of triggering c-fos mRNA and FOS production in
striatal cultures (Condorelli et al., 1994; Lerea et al., 1993), we did not find any FOS
production in the striatum after in vivo administration of NMDA (Chapter 4). There
are several explanations possible for this difference in c-fos expression in the in vitro
and in vivo approach. It is possible that in vivo the Mg2+ block of NMDA receptors
prevented FOS production in the striatum, since striatal neurons are more
hyperpolarized relative to their limbic counterparts (Hernandez-Lopez et al., 1997).
Another explanation for the inability of NMDA to trigger FOS production can be
found in the tonic inhibition of NMDA receptor function in this brain region by D2
receptors (Chapter 4).
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3. Synaptic plasticity and learning and memory

In the last part of this thesis, the relation between stress- and CRF-induced
alterations in synaptic strength and changes in learning and memory was
investigated. Electrophysiological recordings from the CA1 area in hippocampal
slices were combined with experiments assessing learning using context-dependent
fear conditioning which represents a hippocampus-dependent behavior test (Kim and
Fanselow, 1992; Phillips and LeDoux, 1994).

3.1 Metaplasticity
Alterations in the strength of synaptic connections have been proposed to

underlie the cellular mechanisms that are involved in learning and memory. Within
this general hypothesis, the potential for bidirectional changes in the strength of
synaptic connections (LTP and long-term depression (LTD)) is crucial for
preserving the capability for change at a given synapse. In addition to bidirectional
modification of synaptic strength, there is growing recognition of the existence of
modifications of synaptic plasticity based on previous activation of the synapse
(Christie and Abraham, 1992; Huang et al., 1992). In our studies, stress was used as
a stimulus to induce changes in synaptic plasticity, and the effect of this change on
subsequent LTP induction and hippocampus-dependent learning was investigated.
The acute behavioral stress consisted of one-hour immobilization.

It has long been known that hippocampal plasticity is susceptible to
modulation by stress. Diamond and colleagues showed that 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 is blocked after a stressful exposure to a novel
environment (Diamond et al., 1994). Several other studies demonstrated that the
induction of hippocampal LTP by high frequency stimulation (HFS) was inhibited
after stress (Foy et al., 1987; Kim et al., 1996). In our study, we also found reduced
LTP when hippocampal slices from animals, that were decapitated 2 hr after stress,
were stimulated with a standard 100 Hz HFS protocol producing saturating LTP in
hippocampal slices of control animals. Interestingly, when slices from these animals
were stimulated with a weak theta burst stimulation (TBS; 5 X 100 Hz) protocol,
which does not produce LTP in control animals, LTP persistence was facilitated.
Our present results are the first to show that stress primes LTP persistence (Chapter
7). The involvement of corticotropin-releasing factor (CRF) in this effect was
indicated by the finding that priming could be prevented by the CRF receptor
antagonist [Glu 11,16]astressin. Furthermore, the same priming effect was seen in
hippocampal slices preincubated with human/rat CRF (h/rCRF).

This phenomenon where prior synaptic activity can influence a subsequent
change in  synaptic plasticity in the brain is called ‘metaplasticity’ (Abraham,1996).
In our study, metaplasticity was induced by stress or h/rCRF application. It is not
necessarily expressed as a change in the efficacy of baseline synaptic transmission
but it is manifested as a change in the threshold for LTP induction.

Modulation of NMDA receptor activation is a likely target for metaplasticity
expression. Several studies reported that prior low level activation of NMDA
receptors in the CA1 area inhibits subsequent induction of LTP (Coan et al., 1989;
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Fujii et al., 1991; Huang et al., 1992; Izumi et al., 1992; O’Dell and Kandel, 1994;
but see Moody et al., 1999). Similarly, the NMDA receptor was shown to be
involved in the detrimental effects of stress on HFS-induced LTP since the effect on
LTP was prevented in animals that were given a competitive NMDA receptor
antagonist before experiencing stress (Kim et al., 1996). The inhibition of LTP in
these experiments was however not absolute and could be overcome by stronger
tetanic stimulation (Huang et al., 1992).

The priming effect observed in hippocampal slices from stressed animals
stimulated with the 5 X 100 Hz TBS protocol is similar to the facilitation of LTP
persistence observed after activation of group I metabotropic glutamate receptors
(mGluRs) or muscarinic receptor activation (Bortolotto et al., 1994; Christie et al.,
1995; Cohen and Abraham, 1996; Cohen et al., 1998, 1999; Raymond et al., 2000).
Both mGluR and muscarinic receptors are positively coupled to phosphoinositide
turnover and thus capable to stimulate PKC activation. Bortolotto and Collingridge
(2000) reported that PKC is involved in a form of metaplasticity that regulates the
induction of LTP at CA1 synapses. PKC activation was also involved in the priming
effect in our study. In Balb/c mice, h/rCRF application increased neuronal
excitability via the PKC pathway (Chapter 8) and a PKC inhibitor (Chapter 7) could
block the stress- and h/rCRF-induced priming effect. To date, there is no relation
known between NMDA receptor activation and LTP facilitation. Activation of
mGluR enhances NMDA receptor function but this persists only for the period of
mGluR activation (Aniksztejn et al., 1992; Challis et al., 1994; Harvey and
Collingridge, 1993). Cohen and Abraham (1996) propose that this form of
metaplasticity, where prior activity leads to facilitation of LTP, is NMDA receptor
independent since the facilitation of LTP outlasted the enhancement of NMDA
receptor-mediated responses.

Besides the CRF receptor system, several other stress-related hormones are
potent regulators of LTP and LTD (Diamond et al., 1992; Kim et al., 1996) and
these hormones could thus play an important role in the stress-induced changes in
synaptic plasticity (Chapter 7). Stress leads to the release of corticosterone from the
adrenals during stress. Circulating corticosterone exerts negative feedback onto
specific brain regions including the hippocampus to inhibit further release. The
hippocampus is enriched with both the high affinity (type I) mineralocorticoid and
the lower-affinity (type II) glucocorticioid receptors. Binding of corticosterone to
mineralocorticoid receptors seems to be a prerequisite for optimal LTP, while
activation of glucocorticoid receptors promotes LTD induction (Diamond et al.,
1992; Joels, 2001; Joels and de Kloet, 1992, Pavlides et al., 1993). This suggests that
low levels of corticosterone enhance potentiation through stimulation of the
mineralocorticoid receptors and during stressful situations glucocorticoid receptors
become important because levels of of corticosterone become high to activate this
receptor (McEwen and Sapolsky, 1995). Direct evidence for a role of the
glucocorticoid receptor in the control of synaptic plasticity by stress came from Xu
and colleagues (Xu et al., 1998). They showed that the glucocorticoid receptor
antagonist RU 38486 blocked the effects of stress on LTD.
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In summary, it can be speculated that LTP induction in CA1 under normal
conditions varies as an inverted U-shaped form with applied stimulus strength (Fig
1). HFS induced strong LTP in our control animals whereas TBS stimulation was
subthreshold to induce LTP. Stress may change the state of the synapses in such a
way that the whole LTP induction curve is shifted to the left, so that weak
stimulation is more likely and strong stimulation is less likely to produce LTP. In
some experiments, the same stimulation patterns that subsequently facilitate LTD
induction were also found to be effective at inhibiting LTP induction (Christie and
Abraham, 1992; Christie et al., 1995). Thus, inhibition of LTP may favor LTD
induction. Similarly, stress paradigms that inhibited LTP induction enhanced LTD
(Kim et al., 1996; Xu et al., 1997).

In spite of the wealth of data described to date, we are far from being able to
assemble a coherent molecular picture of metaplasticity. In principle, stress or
h/rCRF alter the environment (pre- and postsynaptic) of the synapse by activating
kinases and phosphatases in such a way that subsequent stimulation of the synapse
will have different effects on synaptic plasticity depending on the phosphorylation
status or several target molecules at the time the signal is received. Depending on the
intensity of the subsequent stimulation signal, synaptic plasticity is either inhibited
or enhanced.

Figure 1. Model for activity-dependent variation in the threshold for LTP (adapted
from the Bienenstock-Coope-Munro (BCM) theory) The relation between inducing
stimulus level and changes in synaptic strength is not fixed, but shifts according to the
history of prior activity (modified from Kim and Yoon, 1996).
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3.2 Correlation between synaptic plasticity and learning
Stress and h/rCRF induced a metaplastic change in the state of synapses that

lasted for at least two hours. The persistence of such changes allows for an
integration of synaptic events that occurs widely in time, which is important for
normal learning and memory functions (Abraham, 1996).

Former studies reported that stressful events block the induction of
hippocampal HFS-induced LTP and suggested that deficits in spatial learning
following stress may be related to this suppression of LTP-like phenomena in the
hippocampus (Diamond and Rose, 1994; Garcia, 2001). However, in our study, 2 hr
after immobilization LTP induction was facilitated after 5 X 100 Hz TBS
stimulation. This was paralleled by increased fear conditioning in animals that were
trained 2 hr after the stress session. Similar to the priming effect, this learning
improvement could also be blocked by the antagonist [Glu 11,16]astressin and
bisindolylmaleimide (BIS), a PKC inhibitor (Chapter 7). The finding, that LTP
induced by electrical stimulation modeled after endogenous theta-rhythm activity
patterns bears more relevance to behavior than LTP induced by arbitrary tetanic
trains, parallels a study from Stäubli and colleagues (1999). They found that the
facilitatory effects on memory induced by GABA type B receptor antagonists
corresponded to those on LTP induced by TBS but not HFS.

To investigate the possible role of CRF receptors in the changes in synaptic
plasticity and learning and memory immediately after the end of the stress session,
animals were injected with the CRFR antagonist CP-154,526. Systemic injection of
this CRF receptor antagonist 15 min before the stress turned the stress into a
learning-enhancing stimulus. CP-154,526 pretreatment had no significant effects on
various forms of LTP but produced an increase in paired-pulse facilitation (PPF).
PPF, in which double pulses were applied with differing intervals, is a measure for
short-lived plasticity and is thought to be mediated by a presynaptic mechanism
(Kamiya and Zucker, 1994). Several other studies also investigated the relation
between PPF and learning. However, a clear role for PPF in learning and memory
can still not be determined. For example, behavioral experiments were performed in
four lines of mutant mice lacking key presynaptic proteins and thus showed
abnormal PPF but apparently normal LTP (Silva et al., 1996). It was shown that
mutant mice which have decreased PPF, have also profound impairments in learning
tasks including context-dependent fear conditioning, whereas behavioral analysis
revealed that mutant mice that had increased PPF performed equally well as
wildtype animals in learning tasks (Silva et al., 1996). Furthermore, Sacchetti and
colleagues (2001) found a clear-cut correlation between the increase in excitability
of the Schaffer collateral-CA1 dendrite synapses and freezing response
consolidation but this did not appear to imply presynaptic transmitter release
modifications, because they were not accompanied by PPF modifications.

It remains rather difficult to conclude, how the observed hippocampal
functional changes are related to memory. Further investigations will be needed to
ascertain whether these modifications are due to a change in hippocampal activity
during stress, or whether they are, by themselves, a prerequisite of learning.
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3.2.1 Possible role of calcium/calmodulin-dependent protein kinase II
A main factor in setting the direction of synaptic activity after afferent

stimulation is the intracellular Ca2+ concentration. Low concentrations of
intracellular Ca2+ may activate protein phosphatases required for LTD (Mulkey et
al., 1994) whereas high concentrations activate protein kinases required for LTP
(Malenka et al., 1989; Malinow et al., 1989). One consequence of increased Ca2+
levels is activation of calcium/calmodulin-dependent protein kinase II (CaMKII).
Interestingly, Lisman (1985, 1989) has developed a hypothesis involving CaMKII as
the key molecule for the storage of memory at individual synapses. Calcium-
dependent activation of this kinase leads to autophosphorylation upon which it
becomes calcium-independent, and thus gives a degree of permanence to the signal,
which could be important for memory. Therefore, we investigated the importance of
the activated form of this kinase in our stress-induced effects on synaptic plasticity
and learning and memory. Stress induced the activation of CaMKII with a maximum
2 hr after the end of the stress session, which paralleled the learning improvement
found when animals were trained 2 hr after immobilization. The CaMKII inhibitor
KN-62 antagonized this stress-mediated learning enhancement (Chapter 7).

Interestingly, application of KN-62 before stress did not block LTP
persistence after weak TBS stimulation. Thus, in our study, CaMKII may not have
played a role in the metaplastic effect where prior synaptic activity facilitates
subsequent persistence of LTP. This finding is rather unexpected with respect to the
role of CaMKII as a molecular switch. If prior synaptic events set a molecular
switch so that CaMKII becomes persistently autophosphorylated, a subsequent
incoming signal may be less effective in inducing LTP. Important is the observation
from Mayford and colleagues (1995, 1996) who showed that a point mutation of
CaMKII, that mimics the effect of autophosphorylation and makes the kinase less
Ca2+-dependent, both raises the threshold for LTP induction and makes LTD more
likely after low-frequency stimulation. Work by Giese and colleagues (1998)
complemented these studies. They introduced a point mutation into the gene
encoding CaMKII to block autophosphorylation. CA1 LTP could not be elicited in
the mutant mice across a range of stimulation frequencies. These mice also exhibited
profound deficits in spatial learning in the water maze. Interestingly, we also
observed an impairment of HFS-induced LTP 2 hr after stress and found highest
levels of activated CaMKII at this timepoint (Chapter 8). High levels of active
CaMKII may phosphorylate ion channels important for LTP induction to such a
degree that they may not respond to a second burst of transmitter so effectively
(Lledo et al., 1995; Pettit et al., 1994). Activated CaMKII may serve as a sink for
free Ca2+ and calmodulin (Meyer et al., 1992), preventing the Ca2+/calmodulin
complex from activating enzymes involved in the induction of LTP. A reduction in
free Ca2+ levels may result in a preferential activation of calcineurin. An alternative
biophysical hypothesis for the involvement of activated CaMKII in metaplasticity
was offered by Tompa and Friedrich (1998) who suggested that, because of the high
abundance of this kinase in the hippocampus, autophosphorylation of CaMKII
molecules in the postsynaptic density can result in a significant local
hyperpolarization of the postsynaptic membrane which possibly affects the
subsequent induction of LTP.
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Although one can thus speculate that CaMKII activation after stress changes
the possibility to induce LTP, the finding that stress-induced LTP persistence after
weak TBS was unaffected by KN-62 suggest that the involvement of CaMKII in
LTP induced after stress, depends on the stimulus protocol used. In support of this
suggestion, it was found that the transgenic animals with the mutation that mimics
autophosphorylation, only showed impaired LTP in response to stimuli in the range
of 5 to 10 Hz whereas LTP in response to 100 Hz-tetanus was unaltered (Mayford et
al., 1995, 1996).

It is also important to note that our measurements do not differentiate
between presynaptic and postsynaptic activated CaMKII. The CaMKII mechanisms
described above concentrate on postsynaptic mechanisms of action. However, both
pre- and postsynaptic changes can contribute substantially to changes in synaptic
plasticity in the hippocampal CA1 area and besides its role in LTP, CaMKII was
also shown to play a crucial role in presynaptic function (Chapman et al., 1995). In
Chapter 6 increase in learning induced by the CRF receptor antagonist CP-14,526
was paralleled by a rise in active CaMKII. The selective CaMKII inhibitor KN-62
could block enhanced learning. The increased PPF after CP-154,526 pretreatment
could also be blocked by KN-62. Because a presynaptic mechanism is thought to
underlie PPF, it can be speculated that a modification in presynaptic Ca2+
homeostasis may have caused the changes in synaptic activity. Activation of protein
kinases in presynaptic terminals, particularly CaMKII was shown to correlate with
neurotransmitter release (Chapman et al., 1995; Nichols et al., 1990). Our data are in
agreement with the finding that mice heterozygous for a αCaMKII mutation have
decreased PPF but normal LTP in the CA1 region and demonstrate highly reduced
contextual fear conditioning (Silva et al., 1996).

When it comes to making the connection between synaptic plasticity and
memory, it is clearly to simplistic to associate changes in short-term and long-term
plasticity with hippocampus-dependent memory formation. The key observations we
made, are, that LTP priming appeared to be essential for the enhancement of
learning 2 hr after stress in view of the observation that inhibition of LTP priming
by [Glu 11,16]astressin and the PKC inhibitor BIS was associated with impaired
learning when [Glu 11,16]astressin or BIS were injected before stress. On the other
hand, it was demonstrated that inhibition of CaMKII activity reduced contextual fear
conditioning without affecting LTP priming. This observation suggests that priming
of LTP and activation of CaMKII represent two essential mechanisms, which may
contribute independently to long-term memory. Furthermore, the CP-154,526-
induced increase in learning immediately after stress did not seem to be associated
with a change in LTP induction but rather with an enhancement of short-term
potentiation (STP). CaMKII appeared to play a profound role in this effect.

3.2.2 Comparison between two mouse inbred strains Balb/c and C57BL/6N
In pilot studies Balb/c and C57BL/6N mice showed differences in context-

dependent fear conditioning following acute stress. Since CRF is an important
mediator of the stress response, we investigated possible differences of CRF
receptor activation in the hippocampus of both mouse strains that could account for
this difference.
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Using intracellular recordings from hippocampal slices, h/rCRF was shown
to enhance the excitability of hippocampal CA1 neurons as was observed by an
increase in neuronal firing after h/rCRF application in both Balb/c and C57BL/6N
mice (Chapter 8). However, the underlying second messenger pathways seemed to
differ in the two mouse strains. PKA was involved in the h/rCRF-induced increase
in excitability in C57BL/6N mice whereas in Balb/c mice PKC appeared to play the
main role. In addition, h/rCRF application did not influence learning in C57BL/6N
mice whereas it increased learning in Balb/c mice (Chapter 8).

Our finding that the PKC pathway was involved in the increased
hippocampal excitability in Balb/c mice after h/rCRF application (Chapter 8) and
that priming could be induced in Balb/c mice after h/rCRF application (Chapter 7) is
in agreement with Cohen and colleagues (1998) who showed the importance of PKC
in priming. One question arising from the above interpretation is whether C57BL/6N
mice, which show increased hippocampal excitability after h/rCRF application via
the PKA pathway, may be able to show increased LTP persistence after h/rCRF
application. Several studies report that PKA is involved in learning and the
induction of long-lasting synaptic potentiation in the hippocampal CA1 area. The
involvement of PKA in LTP may depend on the stimulus protocol used. LTP
induced by multiple bursts of 100 Hz stimulation is long-lasting and critically
dependent on PKA whereas LTP induced by a single 100 Hz burst of stimulation is
relatively less robust and less dependent on PKA activation (Blitzer et al., 1995;
Huang and Kandel, 1994).

Differences in second messenger coupling of the CRF receptor in the
hippocampus of both mouse strains may at least in part explain why h/rCRF
enhanced hippocampus-dependent learning in Balb/c mice, with no effect in
C57BL/6N mice.

4. Concluding remarks

Neurons have the remarkable ability to undergo changes in the strength and
patterns of their signaling to other neurons. Several recent studies have suggested
that long-lasting changes in synaptic structure and function depend in part on gene
transcription and new protein synthesis. In this thesis we focused on the brain
region-specific phosphorylation mechanisms (e.g. DARPP-32) that modulate
neuronal signals, such as the function of NMDA receptor channels, which may
subsequently stimulate the activation of particular transcription factors within the
nucleus such as CREB and c-fos.

The relationship between the activation of these pathways and a particular
biological response in various brain areas is complex, and we observed considerable
cross-talk between these cascades. Thus, an important unanswered question is how
different synaptic signals can activate the same signal transduction cascades but
elicit distinct biological responses. Although our understanding of signaling
specificity in the nervous system remains rudimentary, it appears that temporal and
spatial features of the synaptic signal itself may be critical for determining which
signal transduction pathways are activated and lead to changes in gene expression as
we have demonstrated in the case of NMDA receptor- and dopamine receptor-
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signaling. Besides gene transcription, synaptic stimulation can also alter synaptic
strength through the modification of existing proteins like PKA, PKC and CaMKII.
It is a fast developing view that these second messengers play a role in neuronal
plasticity, and hence in learning and memory. To figure out the exact nature of such
mechanisms, and their contributions to higher cognitive processes is a task for the
future. However, in the short term, it is very well possible to elucidate the
relationships that exist in the metabolic pathways with which second messengers
interact. In addition to their reported interaction with IEGs, we found that activation
of the second messenger PKC by CRF or acute stress plays a key role in changing
the threshold for LTP induction which correlated with changes in associative
learning. Non-linear properties, such as threshold, play a key role in the information
processing of biological neural networks and, based on our findings, it appears
especially interesting to further investigate the meaning of changing thresholds for
several kinds of learning.
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Wat verandert er in het zenuwstelsel als een dier iets leert? Hoe worden

herinneringen opgeslagen in de hersenen? Hieraan ten grondslag ligt het vermogen

van het zenuwstelsel om zich aan wisselende omstandigheden aan te passen, of, met

andere woorden, plastisch te zijn. Zoals elk orgaan zijn onze hersenen opgebouwd

uit afzonderlijke cellen, de hersencellen ofwel neuronen. De werking van de

hersenen berust op de communicatie tussen de neuronen. De communicatie vindt

plaats op plaatsen waar de membranen van neuronen heel dicht bij elkaar liggen, de

zogenaamde synapsen. Neuronen en de verbindingen daartussen zijn geen

onveranderlijke structuren. De synapsen vertonen plasticiteit. Hiermee wordt

bedoeld dat de elektrische prikkelbaarheid van neuronen verandert als gevolg van

hun eigen activiteit. Veranderingen in de synapsen tussen neuronen worden vaak

beschouwd als processen die essentieel zijn voor leren, geheugen en aanpassing.

Aan synaptische plasticiteit liggen zowel korte termijn als ook lange termijn

veranderingen in neuronale transmissie ten grondslag. Korte termijn veranderingen

bestaan voornamelijk uit post-translationele wijzigingen zoals fosforylatie van

bestaande proteïnen door proteïne kinases of defosforylatie door proteïne fosfatases,

terwijl lange termijn veranderingen ontstaan door een gecoördineerd programma van

veranderingen in gen transcriptie en de synthese van nieuwe proteïnen.

In deze dissertatie wordt geprobeerd meer inzicht te krijgen in de

moleculaire mechanismen die ten grondslag liggen aan veranderingen in synaptische

plasticiteit in het centrale zenuwstelsel en de rol van deze veranderingen bij leer- en

geheugenprocessen. Omdat dit een veelomvattend gebied is dat onmogelijk in zijn

totaliteit onderzocht kan worden, hebben we ons geconcentreerd op twee centrale

onderzoeksvragen.

Veranderingen in synaptische plasticiteit kunnen tot stand komen door

veranderingen in inhiberende of exciterende neurotransmissie of beide. Een van de

belangrijkste exciterende neurotransmitters in de hersenen is glutamaat. Glutamaat
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kan binden aan een veelvoud van receptoren die benoemd zijn op basis van hun

elektrofysiologische en farmacologische eigenschappen. Meerdere studies hebben

aangetoond dat met name de fosforylatie status van de zogenaamde N-methyl-D-

aspartaat (NMDA) receptor belangrijk is bij veranderingen in synaptische

plasticiteit.

Als eerste wordt in de hoofdstukken 2 tot en met 5 gekeken of er regionale

verschillen zijn in de modulatie van de NMDA receptor door twee van de

voornaamste proteïne kinases, genaamd proteïne kinase C (PKC) en cyclisch AMP-

afhankelijke proteïne kinase (PKA). Het blijkt dat activatie van PKC leidt tot

vergroting van NMDA geïnduceerde stromen in alle onderzochte hersengebieden

(cortex, hippocampus, striatum en hypothalamus), terwijl de activatie van PKA maar

in enkele specifieke hersengebieden (striatum en hypothalamus) leidt tot vergroting

van NMDA geïnduceerde stromen.

In hoofdstuk 2 hebben we de modulatie van de NMDA receptor uit de

hypothalamus  door PKA nader onderzocht. De experimenten wijzen erop dat het

functioneren van de NMDA receptor niet gemoduleerd wordt door directe

fosforylatie van de receptor door PKA. Eerder zorgt activatie van PKA ervoor dat

proteïne fosfatases geremd worden, waardoor de defosforylatie van de receptor

verminderd wordt.

In hoofdstuk 3 wordt het mechanisme waardoor de activatie van PKA leidt

tot verhoogd functioneren van de NMDA receptor in het striatum, beschreven. In het

striatum wordt het fosfoproteïne dopamine- en cAMP-gereguleerd fosfoproteïne

(DARPP-32) door PKA gefosforyleerd waarna het werkt als een remmer van

proteïne fosfatases. DARPP-32 laat een sterke hersengebied-specifieke verdeling in

de hersenen zien. Dit zou een verklaring kunnen zijn voor het feit dat activatie van

PKA niet in alle hersengebieden een vergroting van NMDA geïnduceerde stromen

tot gevolg heeft. Gezien de belangrijke rol van NMDA receptoren in synaptische

plasticiteit, zouden deze regionale verschillen in NMDA receptor modulatie door

proteïne kinases en fosfatases een sterke invloed kunnen uitoefenen op regionale

verschillen in NMDA receptorgekoppelde signalen die leiden tot veranderingen in

synaptische plasticiteit.
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De regionale verschillen in de modulatie van de NMDA receptor door PKA

wijzen erop dat receptoren die gekoppeld zijn aan PKA ook het functioneren van de

NMDA receptor zouden kunnen beïnvloeden op een hersengebied-specifieke

manier. Een van de belangrijkste neurotransmitter receptoren in het striatum, die,

afhankelijk van het receptor subtype, zowel positief als negatief gekoppeld kan zijn

aan PKA, is de dopamine receptor. Daarom hebben we activatie van het

dopaminerge systeem gebruikt om modulatie van de NMDA receptor in vivo te

onderzoeken.

In veel modellen van synaptische plasticiteit worden veranderingen in de

activatie van de transcriptie factor cAMP-respons element bindend proteïne (CREB)

en c-fos gen expressie beschouwd als cruciale factoren voor de inductie en

handhaving van langdurige veranderingen in synaptische plasticiteit. Dus

veranderingen in de aanwezigheid van deze ‚immediate early genes‘ zouden inzicht

kunnen geven in de intracellulaire mechanismen die ten grondslag liggen aan

veranderingen in synaptische plasticiteit. Een veelvoud aan signaaltransductie-

wegen worden door NMDA en dopamine geactiveerd die ‚immediate early gene‘

expressie kunnen reguleren.

In de hoofdstukken 4 en 5 wordt onderzoek naar de interactie tussen NMDA

en dopamine receptor systemen in de regulatie van de immediate early genes FOS

(hoofdstuk 4) en CREB (hoofdstuk 5) in het striatum en het limbische systeem in

vivo beschreven.

In hoofdstuk 4 wordt beschreven hoe de expressie van FOS proteïne

verandert na intraperitoneale injectie van dopamine of NMDA receptor agonisten

en/of antagonisten. Inderdaad vinden we sterke regionale verschillen in de expressie

van het FOS proteïne na injectie van de agonisten. NMDA injectie verhoogt FOS

proteïne expressie in de hippocampus en de centrale amygdala, terwijl de dopamine

receptor subtype 1 (D1) receptor agonist FOS proteïne expressie verhoogt in het

striatum en de basomediale, corticale en mediale amygdala. In alle onderzochte

gebieden kan de NMDA receptor antagonist zowel de NMDA als ook de D1

receptor-geïnduceerde verhoging van het FOS proteïne blokkeren. Evenzo kan de

D1 receptor antagonist de D1 receptor en NMDA receptor-geïnduceerde verhoging
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blokkeren. Dus NMDA en dopamine receptoren reguleren FOS produktie via

regionaal gedifferentieerde mechanismen maar het functioneren van de ene receptor

is wel onontbeerlijk voor het functioneren van de ander.

De promotor van het c-fos gen heeft een bindingsplaats voor de geactiveerde

vorm van CREB (gefosforyleerd CREB, pCREB). CREB kan geactiveerd worden

door PKA en door verhoogde intracellulaire calcium concentraties. Daarom is het

interessant te kijken of de regionale verschillen in FOS productie na injectie van

dopamine en NMDA receptor agonisten correleren met veranderingen in de

expressie van gefosforyleerd CREB. Hoewel ook de distributie van pCREB na

agonist injectie sterke regionale verschillen vertoont (hoofdstuk 5), correleert de

pCREB distributie niet in alle hersengebieden met FOS expressie. Er is dus een

duidelijk gedifferentieerde interactie tussen dopamine en NMDA receptor systemen

in de regulatie van pCREB en FOS in de verschillende hersengebieden.

De tweede centrale onderzoeksvraag in dit proefschrift luidt: Is er een relatie

tussen stress geïnduceerde veranderingen in synaptische plasticiteit en leren en

geheugen? Deze vraag wordt behandeld in de hoofdstukken 6, 7 en 8. Stress in de

vorm van een één uur durende immobilisatie wordt in deze dissertatie gebruikt als

stimulus om veranderingen in synaptische plasticiteit te induceren. Het effect van

deze veranderingen in synaptische plasticiteit op korte en lange termijn

hippocampale plasticiteit en het presteren in een hippocampus-afhankelijke leertaak

wordt onderzocht.

De veranderingen in hippocampale plasticiteit en leervermogen meteen na

einde van de stress sessie worden besproken in hoofdstuk 6. De nadruk wordt

daarbij gelegd op de rol van ‚corticotropin-releasing factor (CRF)‘ één van de

belangrijkste neuropeptides betrokken bij de gedrags, autonome en neuroendocriene

responsen op stress. Intraperitoneale injectie van een CRF receptor antagonist kort

voor immobilisatie blijkt ervoor te kunnen zorgen dat dieren die getraind worden in

de leertaak meteen na einde van de stress sessie, significant beter leren. Deze

verbetering in leerprestatie gaat gepaard met veranderingen in korte termijn

plasticiteit in de hippocampus maar niet met veranderingen in lange termijn

plasticiteit.
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Training twee uur na einde van de stress sessie leidt ook tot een verbetering

van het leervermogen (hoofdstuk 7). Electrofysiologische metingen in het CA1

gebied van de hippocampus laten zien dat twee uur na immobilisatie lange termijn

potentiatie (LTP) geïnduceerd kan worden na een stimulatie die in controle dieren

niet leidt tot LTP. De rol van CRF in dit effect valt af te leiden uit het feit dat

incubatie van CRF evenzo resulteert in LTP.

In beide studies (hoofdstuk 6 en 7) blijkt het niveau van de actieve vorm van

de proteïne kinase calcium/calmodulin-afhankelijke proteïne kinase te correleren

met het leervermogen.

Nu de rol van CRF in de door stress veroorzaakte veranderingen in

plasticiteit en leervermogen vastgesteld is, onderzoeken we in hoofdstuk 8 het effect

van CRF op neuronale exciteerbaarheid en leervermogen in twee verschillenden

muizenstammen namelijk Balb/c en C57BL/6N in meer detail. Hoewel CRF in beide

muizenstammen leidt tot verhoogde exciteerbaarheid in de hippocampus, zijn de

signaaltransductie-wegen die hiertoe leiden verschillend in beide

muizenstammen.Verder beïnvloedt CRF in Balb/c muizen wel het leervermogen,

terwijl het leervermogen in C57BL/6N onveranderd blijft.

In de algemene discussie van dit proefschrift (hoofdstuk 9) wordt een

samenvatting van de resultaten gegeven en wordt besproken hoe deze resultaten

zouden kunnen bijdragen aan een beter inzicht in de mechanismen van synaptische

plasticiteit. Zo wordt er nader ingegaan op de mechanismen die ten grondslag

zouden kunnen liggen aan de hersengebied-specifieke modulatie van NMDA

receptoren en de regionale verschillen in ‚immediate early gene‘ expressie. Naar

aanleiding van de tweede centrale onderzoeksvraag wordt gespeculeerd over een

mogelijke relatie tussen veranderingen in synaptische plasticiteit en leervermogen.
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ABSTRACT

In this study, we examined the effects of a novel, water-soluble, putative
competitive AMPA receptor antagonist, 1,2,3,6,7,8-hexahydro-3-(hydroxyimino)-
N,N,7-trimethyl-2-oxobenzo[2,1-b:3,4-c’]dipyrrole-5-sulfonamide (NS-257) on
AMPA, kainate and NMDA receptors using the two-electrode voltage-clamp
technique in Xenopus oocytes. All glutamate receptor subtypes were inhibited by
NS-257 in a voltage-independent way. When kainate was applied to oocytes injected
with total mouse brain mRNA, mainly AMPA receptors were activated. The
antagonistic effects of NS-257 on these kainate-induced currents were
concentration-dependent and competitive. In the same way, NS-257 blocked
kainate-induced currents recorded from oocytes expressing homomeric GluR-1
receptors. In our experiments higher concentrations (> 1 µM) of NS-257 also
produced inhibitory effects on kainate and to a lesser extent on NMDA receptor
function as indicated by recordings from GluR-6 or NR-1b/2A cRNA injected
oocytes. While NMDA receptor function was inhibited in a competitive fashion,
kainate responses recorded from homomeric GluR-6 receptors were blocked in a
mixed competitive-noncompetitive manner. This mixed antagonistic action of NS-
257 might have been caused by preincubating oocytes with concanavalin A, which
blocks desensitization of kainate receptors. Although NS-257 appeared to be a less
potent AMPA receptor antagonist then other known antagonists like NBQX, its
main advantage over all other  reported compounds so far is its higher aqueous
solubility which still represents the major weakness of the other AMPA receptor
antagonists, especially for clinical use.
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INTRODUCTION

Glutamate, the principal excitatory neurotransmitter in the brain, acts on two
classes of ionotropic glutamate receptors, namely NMDA and non-NMDA
receptors. The non-NMDA receptor group is further divided into AMPA and kainate
receptor subtypes. Although AMPA receptors can be activated by both AMPA and
kainate, they can be distinguished from kainate receptors by the different molecular
structure of their subunits. Molecular biological studies have determined that AMPA
receptors are composed of subunits GluR1-4 that can form functional channels. The
cDNAs encoding five different kainate receptor subunits have been cloned and
classified as either high affinity (KA-1 and KA-2) or low affinity (GluR5-7) kainate
receptor subunits (Hollmann and Heinemann, 1994). Besides studying these
differences on the molecular level, it is important to investigate the physiological
functions of these two receptor subtypes. It is well established that AMPA receptors
mediate fast synaptic responses at most excitatory synapses in the mammalian brain
(Collingridge and Lester, 1989). However, the physiological functions of the kainate
receptor subtype are still largely unknown (Lerma, 1997; Lerma et al., 1997).

Despite the widespread distribution of both [3H]kainate-binding sites
(Honoré et al., 1986; London and Coyle, 1979) and mRNAs coding for kainate
receptors in brain (Wisden and Seeburg, 1993), it has been difficult to demonstrate
kainate receptor-mediated currents in neurons. This may be due to the rapid
desensitization of kainate receptors after exposure to kainate as demonstrated in
dorsal root ganglia and cultured hippocampal neurons (Huettner, 1990; Lerma et al.,
1993) and the ‘masking’ of kainate responses by the large nondesensitizing response
that kainate induces at AMPA receptors (Paternain et al., 1995). Recently, a first
step towards the elucidation of kainate receptor function was made when this
subclass of glutamate receptor was shown to be synaptically activated in mossy
fiber/CA3 neuron contacts (Castillo et al., 1997; Vignes and Collingridge, 1997).
Rodriquez-Moreno et al. demonstrated that activation of kainate receptors down-
regulates GABAergic inhibition in hippocampal CA1 pyramidal neurons involving
metabotropic receptors (Rodriquez-Moreno et al., 1997; Rodriquez-Moreno and
Lerma, 1998).

Figure 1. Structure of NS-257.
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The lack of specific pharmacological tools to discriminate between
responses of AMPA and kainate receptors has impeded the analysis of the synaptic
function of kainate receptors. Therefore, specific AMPA receptor antagonists or
kainate receptor agonists are required to discriminate between the two subtypes of
non-NMDA receptors. Recently, a potent and competitive non-NMDA antagonist,
NS-257 {1,2,3,6,7,8-hexahydro-3-(hydroxyimino)-N,N,7-trimethyl-2-oxobenzo[2,1-
b:3,4-c’]dipyrrole-5-sulfonamide} (Fig. 1), was described (Nielsen et al., 1995;
Porter and Greenamyre, 1994; Wätjen et al., 1994). In binding experiments using rat
cortical membrane tissue, NS-257 showed an 18-fold higher affinity for [3H]AMPA-
binding sites than for [3H]kainate-binding sites. These results suggested selectivity
for AMPA receptors (Nielsen et al., 1995). Using quantitative receptor
autoradiography, NS-257 was shown to compete for [3H]AMPA binding sites in
several rat forebrain regions and cerebellar cortex (Porter and Greenamyre, 1994). It
has been assumed that NS-257 is capable of crossing the blood-brain barrier on the
basis of its anticonvulsant activity after systemic administration (Wätjen et al.,
1994). Its highly aqueous solubility made it an interesting candidate for clinical
consideration to treat neuronal degenerative conditions depending upon glutamate
toxicity such as stroke, Huntington’s disease, amyotrophic lateral sclerosis and
Alzheimer’s disease (Lipton et al., 1994; Meldrum and Garthwaite, 1990).

In this study, we investigated the potency and selectivity of this new
compound, NS-257, on different glutamate receptor subtypes using the two-
electrode voltage-clamp technique in Xenopus oocytes injected with either total
mouse brain mRNA or cRNA encoding for GluR-1, NR-1b/2A or GluR-6.

MATERIALS AND METHODS

RNA Preparation and Expression in Xenopus Oocytes
Total RNA was isolated from the whole brain of adult male C57BL/6J mice by extraction of

fresh tissue with guanidine thiocyanate and precipitation with LiCl (Cathala et al., 1983). Poly (A)+

mRNA was purified by oligo(dT)-cellulose chromatography (Pharmacia mRNA Purification Kit) and
dissolved in RNase-free water at a concentration of 0.5 µg/µl. Plasmids containing the cDNA clones
encoding the NR-1b, NR-2A, GluR-1 and GluR-6 receptor subunits were linearized by digestion with
PvuI (NR-1b), XhoI (GluR-1) or NotI (NR-2A and GluR-6) and used as transcription templates. In vitro
transcription was carried out by T7 or T3 RNA polymerase in the presence of the capping reagent
m7G(5')ppp(5')G. RNA transcripts were precipitated with ethanol and the precipitate was dissolved in
DEPC-water. Oocytes were collected from anaesthetized specimens of Xenopus laevis as described
(Kushner et al., 1988). Follicular cell layers were removed manually after incubation for 2 h at room
temperature in Ca2+-free modified Barth's solution containing 3.2 mg/ml collagenase, type II. Stage V
and stage VI oocytes were pressure-injected with 50 ng poly (A)+ total brain mRNA/oocyte within 24 h
after harvesting. In some experiments, oocytes were injected with 10 ng GluR-1 or GluR-6
cRNA/oocyte. The NR-1b cRNA was coinjected with NR-2A cRNA in the ratio 1:2 (10 ng: 20 ng).
Oocytes were kept at 18°C in modified Barth's solution.

Electrophysiological Recordings
Four to seven days after injection, oocytes were placed in a recording chamber (volume ± 40

µl) and continuously superfused (1.5 ml/min) with recording solution at room temperature (20-24°C).
Oocytes were voltage-clamped by a conventional two-microelectrode voltage-clamp technique
(Stühmer, 1992). The membrane potential of the oocytes was held at -80 mV using a Turbo Clamp Tec
01C amplifier (N.P.I. Electronic, Tamm, Germany). The two microelectrodes were filled with 3 M KCl
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and had resistances between 1-3 MΩ. Drugs were applied to the depression where the oocyte was held
with a micropipette (200 µl) after stopping the superfusion. The depression where the oocyte was held
had a volume of ± 5 µl, therefore any dilution or superfusion artefacts could be neglected. In some
experiments, oocytes were preincubated with a solution containing either concanavalin A (300 µg/ml;
type IV; 10 min before concentration response curve establishment) or cyclothiazide (100 µM; 1 min
before recording each response). Following cyclothiazide preincubation, cyclothiazide was also added
to the agonist solution. NS-257 and 6-nitro-7-sulphamoyl-benzo(f)quinoxaline-2-3-dione (NBQX) were
prepared as a 1 mM stock solution in bidistilled water and DMSO, respectively. Cyclothiazide was
dissolved in DMSO to a concentration of 20 mM. The final DMSO concentration never exceeded 0.5%
(v/v), which, upon application, induced no change in membrane current on its own and which had no
effect on kainate-induced currents. Stock solutions of all other substances were prepared in recording
solution. The pH of the kainate stock solution was adjusted to 7.2. Stock solutions were diluted with
recording solution to the final concentrations. Concentration response curves of kainate and NMDA,
starting with the lowest concentration, were recorded after at least 2-3 identical responses could be
elicited. Glycine (10 µM) was routinely added to the NMDA solution. Each response was followed by
a 2 min wash-out period with recording solution before the next response was elicited. This wash-out
procedure was sufficient to prevent interference of subsequent treatments. Concentration response
curves before and after treatment were always measured in the same oocyte. The stability of responses
was tested by applying 100 µM agonist before and after establishment of concentration response
curves. Both response amplitudes never significantly differed from each other excluding that a decrease
of responses was simply due to a time-dependent “run-down” of response amplitudes upon agonist
application. The voltage dependence of the blocking activity of NS-257 was determined by stepping the
membrane potential through a series of voltage commands (from -120 to +30 mV). Leakage currents
were estimated by applying the same series of voltage steps in the absence of agonist. The difference
between these two currents at each potential was taken as the agonist-induced current. The same
procedure was followed for the agonist in the presence of NS-257. The concentration of NS-257 used
in these experiments was the IC50 concentration of NS-257 as calculated from the appropriate inhibition
curves. For all experiments at least two different batches of oocytes were used. Oocytes were not
further used if reproducible responses could not be recorded within 30 min. Current signals were low-
pass filtered at 30 Hz employing a four pole Bessel filter and digitized by an ITC 16-MAC interface
(Instrutech, Great Neck, NY, U.S.A.). Data were sampled at 100 Hz and stored on a Macintosh
(7100/66) computer using data acquisition software (Pulse 7.40, HEKA electronic, Lambrecht/Pfalz,
Germany).

Data Analysis
The maximal response amplitude, the agonist concentration causing half maximal response

(EC50), and the slope coefficient (n) were determined with a non-linear least square curve-fitting
program by fitting the data to the logistic equation:
amplitude = maximal amplitude / [1+(EC50/[agonist])n].

For each oocyte, absolute response amplitude values were first fitted to the above equation.
The absolute values were then normalized relative to the extrapolated maximal response amplitude
calculated. The curves shown were obtained by reapplying the equation to the normalized average
values. The reduction in maximal amplitude was obtained by subtracting the maximal amplitude, as
calculated from the equation, in the presence of NS-257 from the maximal amplitude in the absence of
NS-257. Statistical comparisons were made using the Student's t test. Results were expressed as mean ±
SEM. p-values ≥ 0.05 were regarded as not significant.

Solutions
Modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO3, 15 Hepes, 0.8

MgSO4, 0.3 Ca(NO3)2 and 0.6 CaCl2, and 50 U/ml penicillin and 50 µg/ml streptomycin (adjusted to
pH 7.6 with NaOH). Ca2+-free modified Barth's solution contained (in mM): 88 NaCl, 1 KCl, 2.4
NaHCO3, 15 Hepes, 0.8 MgSO4, and 50 U/ml penicillin and 50 µg/ml streptomycin (adjusted to pH 7.6
with NaOH). Electrophysiological recordings were carried out in recording solution containing (in
mM): 115 NaCl, 2.5 KCl, 1.8 Ba Cl2, 10 Hepes (pH adjusted to 7.2 with NaOH). Ba2+ ions were
chosen as a substitute for Ca2+ ions in order to minimize secondary activation of Ca2+-dependent Cl-

currents.
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Materials
Mature female specimens of X. laevis were obtained from Kähler (Hamburg, Germany).

Collagenase, type II, was from Worthington Biochemicals (Freehold, NJ, U.S.A.), mRNA Purification
Kit from Pharmacia LKB Biotechnology (Uppsala, Sweden). Penicillin and streptomycin were from
Gibco (Paisley, U.K.). NS-257 hydrochloride was obtained from RBI (Natick, MA, U.S.A.) and NBQX
from Tocris (Bristol, U.K.). All other drugs and salts were purchased from Sigma (St. Louis, MO,
U.S.A.).

RESULTS

Properties of kainate-induced currents recorded from oocytes injected with
total mouse brain mRNA

Xenopus oocytes injected with total mouse brain mRNA were voltage-
clamped at a holding potential of -80 mV. From the kainate concentration response
curve a slope coefficient of 1.51 ± 0.03 and an EC50 concentration of 155.9 ± 6.2 µM
were calculated. When oocytes were preincubated with concanavalin A (con A),
which is known to prevent kainate receptor desensitization (Partin et al., 1993;
Wong and Mayer, 1993), kainate-induced currents were not affected (EC50

concentration 167.3 ± 8.8, slope coefficient 1.47 ± 0.09; n = 4; Fig. 2).

Figure 2. Cyclothiazide but not concanavalin A (con A) strongly affects responses
recorded from oocytes expressing total mouse brain mRNA. A, Representative inward
currents evoked by 100 µM kainate after 10 min incubation with con A (300 µg/ml;
10 min) or before and during 100 µM cyclothiazide application. B, Concentration
response relationships for kainate with or without preincubation with either
cyclothiazide or con A. Each point represents the mean ± SEM of four to twelve
oocytes. The smooth curves are the result of nonlinear least square fit of the data to
the logistic equation and are plotted relative to the extrapolated maximal current.

In contrast, responses were markedly potentiated by cyclothiazide, a
compound that is known to block glutamate-induced desensitization of the AMPA
receptor subtype (Fig. 2A) (Partin et al., 1994). The data indicated much greater
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cyclothiazide-mediated potentiation of kainate responses at low compared to high
doses of agonist (data not shown). Cyclothiazide produced a leftward shift of the
kainate concentration response curve (Fig. 2B). Data analysis revealed a decrease of
the EC50 concentration for kainate from a control concentration of 155.9 ± 6.2 µM to
92.8 ± 5.7 µM and a change in the slope coefficient from 1.47 ±  0.09 to 1.22 ± 0.04
(n = 8).

Antagonism of kainate-induced currents by NS-257
The potency of NS-257 to block these kainate-induced currents recorded

from oocytes injected with total mouse brain mRNA was examined. Bath
application of kainate (1-1000 µM) induced inward currents with a larger amplitude
as concentration increased. Co-application of NS-257 (0.5 or 1 µM) resulted in a
reversible inhibition of the response to kainate. NS-257 reduced the kainate-induced
current competitively, with a increase in the EC50 for kainate (control: 154.0 ± 17.1
µM; + 0.5 µM NS-257: 253.5 ± 16.7 µM; + 1.0 µM NS-257: 371.4 ±  15.6 µM; n =
4) and no significant effect on the slope coefficient (control: 1.37 ± 0.05; + 0.5 µM
NS-257: 1.36 ± 0.03; + 1.0 µM NS-257: 1.37 ± 0.03) or maximal response (Fig. 3).

Figure 3. Effect of NS-257 on
kainate-induced currents recorded
from total mouse brain mRNA
injected oocytes. A, Representative
currents evoked by 100 µM
kainate with and without 1.0 µM
NS-257 .  B , Concentration
response curves show the
inhibition of kainate-induced
currents by 0.5 µM and 1.0 µM
NS-257. Values were normalized
to the extrapolated maximal
agonist-induced current in the
absence of NS-257. The curves
shown were obtained by applying
the logistic equation to the relative
average values. Points represent
mean ± SEM of four oocytes.

Antagonistic activity of NS-257 on recombinant AMPA receptors
Kainate-induced currents were recorded from oocytes injected with GluR-1

cRNA. In the absence of NS-257, the kainate EC50 concentration was 72.7 ± 6.6 µM
whereas in the presence of 1.0 µM NS-257 the kainate concentration response curve
showed a shift to the right giving an average EC50 concentration of 196.2 ± 12.6 µM
(n = 9; Fig. 4). NS-257 did neither change the maximal response nor the slope
coefficient (control: 1.02 ± 0.03; + 1.0 µM NS-257: 1.07 ± 0.02) compared to
control conditions.
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Figure 4. NS-257 antagonizes
cur ren t s  r ecorded  f rom
recombinant AMPA receptors. A,
Responses evoked by 100 µm
kainate in the presence and
absence of 1.0 µM NS-257 from
oocytes injected with GluR-1
cRNA. B, Concentration response
curve of kainate-induced currents
with and without 1.0 µM NS-257.
Data are presented as described
for Fig. 3. Points represent mean ±
SEM of four oocytes.

Antagonistic effect of NS-257 on kainate-induced currents recorded from
oocytes injected with GluR-6 cRNA

The pharmacological properties of NS-257 on kainate receptors were
investigated in Xenopus oocytes injected with cRNA coding for the GluR-6 subunit.
GluR-6 was used on the basis of previous studies demonstrating that GluR-6
subunits form functional homomeric channels, which behave like native kainate
receptors (Lerma et al., 1993; Patneau et al., 1994).

Figure 5. Mixed competitive-
noncompetitive block of kainate
receptors by NS-257. A , Inward
current activated by 100 µM
kainate before and after a 10 min
incubation with 300 µg/ml con A.
NS-257 reduced the kainte-induced
current. B, After con A treatment
GluR-6 cRNA injected oocytes
were exposed to increasing kainate
concentrations with and without 50
µM NS-257. Points represent mean
± SEM of eight oocytes. Data are
shown as described for Fig. 3
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Receptor desensitization was routinely prevented by preincubation with con
A for 10 min. From the kainate concentration response curve, an EC50 concentration
of 1.28 ± 0.21 µM and a slope coefficient of 1.17 ±  0.09 were deduced. Fifty µM
NS-257 produced a reversible inhibition of kainate-induced currents in a mixed
competitive-noncompetitive manner (EC50 concentration 34.49 ± 2.74 µM; slope
coefficient 1.46 ± 0.10; n = 8; Fig. 5). The maximal response was reduced by 14 ±
3%.

Antagonistic effect of NS-257 on NMDA-induced currents
Finally, the effect of NS-257 on the NMDA receptor subtype was tested.

NMDA responses were elicited in oocytes injected with NR-1b/2A cRNA by
application of NMDA (1-1000 µM) and its coagonist glycine (10 µM).
Concentration response curves generated for NMDA in 4 oocytes showed an EC50

concentration of 75.1 ± 9.8 µM and a slope coefficient of 1.45 ±  0.04. When
subsequently a constant concentration of NS-257 (30 µM) was combined with
increasing concentrations of NMDA, it was evident that NS-257 shifted the NMDA
concentration response curve to the right (EC50 concentration 134.1 ± 16.5 µM; Fig.
6). There was no significant change in the maximal response but the slope
coefficient changed from 1.45 ± 0.04 to 1.82 ± 0.09.

Figure 6. Effect of NS-257 on
recombinant NMDA receptors.
A, Representative current evoked
by 100 µM NMDA and its
coagonist glycine (10 µM) in the
absence and presence of 30 µM
NS-257. B , The concentration
response relationships for
NMDA with and without 30 µM
NS-257 in NR-1b/2A cRNA
injected oocytes is shown.
Glycine (10 µM) was routinely
added to the NMDA solution.
Points represent mean ± SEM of
four oocytes. Data are presented
as described for Fig. 3.

Potency and selectivity of NS-257
The potency of NS-257 (0-100 µM) to block kainate-induced currents which

were recorded from oocytes injected with total mouse brain mRNA, was compared
to the potency of NBQX (0-50 µM), a known potent and selective competitive
AMPA receptor antagonist. Kainate was used at a concentration producing a half
maximal response (EC50 concentration 155 µM) as determined from the
concentration response curves. The IC50 concentrations estimated from inhibition
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curves were 1.05 ± 0.04 µM for NS-257 (n  = 5) and 0.08 ± 0.01 µM for NBQX (n =
4; Fig. 7A). The slope coefficients did not significantly differ, -1.31 ± 0.02 and -1.40
± 0.12 for NS-257 and NBQX, respectively.

To determine the selectivity of NS-257 for recombinant AMPA, kainate or
NMDA receptors, a range of concentrations (0-100 µM) was tested for their ability
to block currents evoked by the EC50 agonist concentration as calculated from the
appropriate concentration response curves. Increasing concentrations of NS-257
(from 0 to 100 µM) potently blocked kainate-induced currents recorded from GluR-
1 receptors (IC50 concentration: 0.97 ± 0.08 µM; slope coefficient: -1.28 ±  0.05; n =
5). Interestingly, NS-257 blocked kainate-induced currents from recombinant
AMPA receptors in the same way as kainate-induced currents recorded from oocytes
injected with total mouse brain mRNA, as reflected by overlapping inhibition curves
(Fig. 7B). NS-257 was less potent in blocking responses recorded from GluR-6 or
NR-1b/2A receptors (Fig. 7B). The IC50 concentrations were 2.30 ± 0.05 µM (n  = 5)
and 28.3 ± 4.4 µM (n = 3), respectively. The slope coefficients, however, did not
significantly differ from GluR-1 receptors (GluR-6: -1.26 ± 0.03 and NR-1b/2A: -
1.38 ± 0.12).

Figure 7. Potency of NS-257. A,
Concentration-dependent effect of
NS-257 and NBQX on kainate-
induced currents recorded from
total mouse brain mRNA injected
oocytes. NS-257 or NBQX was
added to the EC50 concentration of
kainate (155 µM) as calculated from
the concentration response curve. B,
Comparison of the blocking activity
of NS-257 on the different glutamate
receptor subtypes as recorded from
oocytes injected with GluR-1, GluR-
6, NR-1b/2a cRNA or total mouse
brain mRNA. NS-257 (0-100 µM)
was added to the EC50 concentration
of agonist .  Responses are
normalized relative to the current
evoked by the EC50 concentration of
agonist in the absence of the
antagonist. Points represent mean ±
SEM of four to five oocytes.

0

20

40

60

80

'AMPAR'

GluR-1
GluR-6
NR-1b/2A

10 -2 10-1 100 101 102 10
NS-257 concentration (µM)

0

B

3

100

0

20

40

60

80

100

NS-257
NBQX

10-2 10 -1 100 101 102

Antagonist concentration (µM)
0

A

%
 o

f 
co

nt
ro

l
%

 o
f 

co
nt

ro
l



 Supplement

174

Voltage dependence of the NS-257 block
An examination of the I-V relationship was used to assess whether the

inhibition induced by NS-257 was voltage-dependent. The I-V curves for kainate-
induced currents (100 µM) recorded from oocytes injected with GluR-1 over a
membrane potential range from -120 to +30 mV, exhibited a strong inward
rectification. This characteristic inward rectification was unaffected by NS-257 (0.97
µM; n  = 7; Fig. 8A). Similar results were obtained by using kainate (1 µM) as
receptor agonist for homomeric GluR-6 receptors. This I-V curve also displayed a
strong inward rectification, which was not changed by NS-257 (2.3 µM; n = 6; Fig.
8B). The I-V relationship for the response to 100 µM NMDA and its coagonist
glycine (10 µM) recorded from NR-1b/2A cRNA injected oocytes was linear and
had a reversal potential close to 0 mV. Both linearity of the I-V curve and reversal
potential for NMDA-induced currents were unchanged in the presence of 28 µM
NS-257 (n = 6; Fig. 8C).

DISCUSSION

In recent years, numerous attempts were made to discriminate
pharmacologically between AMPA and kainate receptors. The lack of specific
antagonists has precluded the analysis of kainate receptor function without
interference from activated AMPA receptors. In this electrophysiological study we
examined the inhibitory action of NS-257, a novel AMPA receptor antagonist
(Nielsen et al., 1995; Porter and Greenamyre, 1994; Wätjen et al., 1994), on NMDA
and non-NMDA glutamate receptors using the Xenopus oocyte expression system.

Radioligand binding studies suggested that NS-257 binds preferentially to
AMPA receptors with limited affinity for NMDA and kainate receptors (Wätjen et
al., 1994). In agreement, our electrophysiological experiments exhibited a selectivity
of NS-257 for AMPA receptors with confined inhibitory effects on kainate and to a
lesser extent on NMDA receptors. The blocking activity of NS-257 was voltage-
independent for both kainate-activated currents recorded from homomeric GluR-1
and GluR-6 receptors (both displayed inward-rectifying I-V relationships) as well as
for NMDA-activated currents recorded from heteromeric NR-1b/2A receptors
(linear I-V relationship). This lack of voltage dependence pointed that NS-257 was
binding in all cases at the receptor complex largely outside the transmembrane
electric field of the channel pore region. The two compounds cyclothiazide and
concanavalin A (con A) were used to characterize the kainate-induced currents
recorded from total mouse brain mRNA injected oocytes. Previous studies of
recombinant glutamate receptors expressed in Xenopus oocytes and human
embryonic kidney (HEK 293) cells demonstrated that cyclothiazide-mediated
potentiation is highly selective for AMPA receptor function. In contrast, con A is
only effective at kainate but not at AMPA receptors (Partin et al., 1993; Wong and
Mayer, 1993).
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Figure 8. Voltage-dependence of the NS-257 blocking activity.
I-V relationships determined from GluR-1 (A), GluR-6 (B) or NR-1b/2A (C) cRNA
injected oocytes before and after the application of NS-257 (IC50 concentration as
calculated from the appropriate inhibition curves).

Since in our experimental paradigm cyclothiazide, but not con A, affected
kainate-induced currents recorded from oocytes expressing total mouse brain
mRNA, it was concluded that these currents were mainly caused by the activation of
AMPA receptors. The EC50 concentration and slope coefficient calculated from the
obtained kainate concentration response curve were in the range reported for oocytes
injected with mRNA isolated from rat cortex (Okada et al., 1996) and hippocampal
neurons (Patneau et al., 1993).

Interestingly, cyclothiazide appeared to enhance responses more potently at
low than at high kainate concentrations, which resulted in a distorted concentration
response curve for low kainate concentrations in the presence of cyclothiazide.
These functional properties might be explained by the fact that heteromeric AMPA
receptors contain subunit splice variants with different sensitivity to cyclothiazide
and/or kainate (Partin et al., 1994).

The kainate concentration response curve recorded from total mouse brain
mRNA injected oocytes revealed a parallel shift to the right without change in the
maximal response, when NS-257 was added to the agonist. This was consistent with
the suggestion that NS-257 acted as a competitive antagonist at kainate recognition
sites of AMPA receptors.

A similar mode of antagonism was found when kainate-induced responses
were recorded from GluR-1 receptors. Kainate concentration response curves from
total mouse brain mRNA injected oocytes and GluR-1 cRNA injected oocytes
showed different EC50 concentrations. This might be explained by a difference in
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receptor subunit composition. However, receptor subunit composition did not
influence NS-257 block as evidenced by the two overlapping concentration response
curves showing the inhibition of kainate-induced currents by different NS-257
concentrations. The observation that the inhibition curves were overlapping, also
indicated that kainate-induced responses from total mouse brain mRNA injected
oocytes were mainly caused by AMPA receptor activation.

Concentration response curves established from oocytes expressing total
brain mRNA, GluR-1 or NR-1b/2A cRNA all exhibited a competitive antagonism of
NS-257. In contrast, concentration response curves for GluR-6 receptors showed a
mixed competitive-noncompetitive nature of NS-257 antagonism. Although this
finding might suggest that NS-257 was binding at two different kainate receptor
binding sites it can not be excluded that the preincubation with con A was at least
partially responsible for this mixed character of NS-257 inhibition.

When the potency of NS-257 to block kainate-induced currents recorded
from total mouse brain mRNA injected oocytes was compared to the potency of
NBQX, a well-characterized AMPA receptor antagonist, it was shown that NBQX
was ~13-fold more potent. This was in agreement with former binding studies,
which showed that NS-257 is a less potent AMPA receptor antagonist compared to
NBQX (Porter and Greenamyre, 1994; Wätjen et al., 1994).

Receptor antagonists are not only interesting as experimental tools for
investigating fundamental central nervous mechanisms, but also as potential drugs
for CNS disorders. Various competitive and noncompetitive AMPA receptor
antagonists have been shown to be neuroprotective in animal models of ischemic
injury or other neurodegenerative conditions (Gill, 1994). But the use of most
AMPA/kainate antagonists like NBQX was hampered by solubility problems, which
resulted in nephrotoxicity following intravenous administration (Xue et al., 1994).
The higher aqueous solubility of NS-257 compared to other potent AMPA receptor
antagonists and the finding that systemic administration of NS-257 protected against
seizures (Wätjen et al., 1994) makes it a highly interesting compound for clinical
use. We showed that, besides blocking AMPA receptor function, NS-257 exhibited
distinct inhibition of responses recorded from kainate and NMDA receptor channels.
Therefore, to further consider the use of NS-257 for experimental or therapeutic
purposes a concentration around 1µM is recommendable to suppress AMPA
receptor-mediated currents with minor side effects on kainate and NMDA receptor
function.
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STELLINGEN
behorende bij het proefschrift

MOLECULAR MECHANISMS OF SYNAPTIC PLASTICITY:
Implications for immediate early gene expression and learning

Ingrid Nijholt

1. De regionale verschillen in de verdeling van zogenaamde ‚third messengers‘
maken het mogelijk dat één en dezelfde receptor de synaptische plasticiteit in
verscheidene hersengebieden verschillend beïnvloedt (dit proefschrift).

2. De activatie van ‚immediate early genes‘ is hersengebied-specifiek
gereguleerd (dit proefschrift).

3. Verhoogde neuronale exciteerbaarheid correleert niet per definitie met
verbeterd leervermogen (dit proefschrift).

4. Stress kan het leervermogen zowel verminderen als verbeteren afhankelijk
van het tijdsinterval tussen de stress en het aanleren van de taak (dit
proefschrift).

5. Gezien de verschillen die er al bestaan tussen twee verschillende inbred
muizenstammen, moet men uiterst voorzichtig zijn met het generaliseren van
resultaten en uiteindelijk het overdragen daarvan naar de mens (n.a.v. dit
proefschrift).

6. Everybody knows what stress is and nobody knows what it is (Hans Selye,
1973).

7. In het kader van een verenigd Europa zou het zinvol zijn in alle landen een
zelfde procedure voor het verlenen van de doktorgraad in te stellen.

8. Het is te betreuren dat in de wetenschap tegenwoordig vaak de individuele
ambitie prevaleert boven het gezamenlijk bereiken van een gemeenschappelijk
doel.

9. De Nederlandse termen proefschrift en promotieonderzoek doen
onvoldoende recht aan zowel de inhoud als de totstandkoming van het
voorliggende product. De Duitse termen Doktorarbeit en Wissenschaftliche
Arbeit doen dit veel meer.

10. Hoe meer talen je beheerst, hoe meer je moet zoeken naar woorden.

11. Zelfs in Nederland kan men mountainbiken.




