
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.

REFERENCES

Abraham WC (1996) Activity-dependent regulation of synaptic plasticity (metaplasticity) in the
hippocampus. In: The hippocampus: functions and clinical relevance, pp. 15-26. ED. N. Kato. Elsevier
Science B.V: Amsterdam.

Abraham WC and Bear MF (1996) Metaplasticity: the plasticity of synaptic plasticity. Trends
Neurosci. 19: 126-130.

Albin RL, Young AB and Penney JB (1989) The functional anatomy of basal ganglia disorders. Trends
Neurosci. 12: 366-375.

Alder R and Barbas H (1995) Complementary distribution of the phosphoproteins DARPP-32 and I-1
in the cerebellar system. Neuroreport 6: 2368-2372.

Allen PB, Hvalby O, Jensen V, Errington ML, Ramsay M, Chaudhry FA, Bliss TV, Storm-Mathisen J,
Morris RG, Andersen P and Greengard P (2000) Protein phosphatase-1 regulation in the induction of
long-term potentiation: heterogeneous molecular mechanisms. J. Neurosci. 20: 3537-3543.

Aniksztejn L, Otani S and Ben-Ari Y (1992) Quisqualate metabotropic receptors modulate NMDA
currents and facilitate induction of long-term potentiation through protein kinase C. Eur. J. Neurosci. 4:
500-505.

Barbas H, Gustafson EL and Greengard P (1993) Comparison of the immunocytochemical localization
of DARPP-32 and I-1 in the amygdala and hippocampus of the rhesus monkey. J. Comp. Neurol. 334:
1-18.

Beal MF (1992) Mechanisms of excitotoxicity in neurologic diseases. FASEB J. 6: 3338-3344.

Beretta S, Robertson HA and Graybiel AM (1992) Dopamine and glutamate agonists stimulate neuron-
specific expression of Fos-like protein in the striatum. J. Neurophysiol. 68: 767-777.

Blitzer RD, Wong T, Nouranifar R, Iyengar R and Landau EM (1995) Postsynaptic cAMP pathway
gates early LTP in hippocampal CA1 region. Neuron 15: 1403-1414.



Summary and general discussion

151

Bonni A, Ginty DD, Dudek H and Greenberg ME (1995) Serine 133-phosphorylated CREB induces
transcription via a cooperative mechanism that may confer specificity to neurotrophin signals. Mol.
Cell Neurosci. 6: 168-183.

Bortolotto ZA, Bashir ZI, Davies CH and Collingridge GL (1994) A molecular switch activated by
metabotropic glutamate receptors regulates induction of long-term potentiation. Nature 368: 740-743.

Bortolotto ZA and Collingridge GL (2000) A role for protein kinase C in a form of metaplasticity that
regulates the induction of long-term potentiation at CA1 synapses of the adult rat hippocampus. Eur. J.
Neurosci. 12: 4055-4062.

Brindle P, Nakajima T and Montminy M (1995) Multiple protein kinase A-regulated events are
required for transcriptional induction by cAMP. Proc. Natl. Acad. Sci. USA  92: 10521-10525.

Challis RA, Mistry R, Gray DW and Nahorski SR (1994) Modulation of muscarinic cholinoceptor-
stimulated inositol 1,4,5-trisphosphate accumulation by N-methyl-D-aspartate in neonatal rat cerebral
cortex. Neuropharmacology 33: 15-25.

Chapman PF, Frenguelli BG, Smith A, Chen CM and Silva AJ (1995) The alpha-Ca2+/calmodulin
kinase II: a bidirectional modulator of presynaptic plasticity. Neuron 14: 591-597.

Chapman CA, Perez Y and Lacaille JC (1998) Effects of GABA(A) inhibition on the expression of
long-term potentiation in CA1 pyramidal cells are dependent on tetanization parameters. Hippocampus
8: 289-298.

Chen L and Huang LY (1992) Protein kinase C reduces Mg2+ block of NMDA-receptor channels as a
mechanism of modulation. Nature 356: 521-523.

Christie BR and Abraham WC (1992) NMDA-dependent heterosynaptic long-term depression in the
dentate gyrus of anaesthetized rats. Synapse 10: 1-6.

Christie BR, Stellwagen D and Abraham WC (1995) Reduction of the threshold for long-term
potentiation by prior theta-frequency synaptic activity. Hippocampus 5: 52-59.

Coan EJ, Irving AJ and Collingridge GL (1989) Low-frequency activation of the NMDA receptor
system can prevent the induction of LTP. Neurosci. Lett. 105: 205-210.

Cohen AS and Abraham WC (1996) Facilitation of long-term potentiation by prior activation of
metabotropic glutamate receptors. J. Neurophysiol. 76: 953-962.

Cohen AS, Coussens CM, Raymond CR and Abraham WC (1999) Long-lasting increase in cellular
excitability associated with the priming of LTP induction in rat hippocampus. J. Neurophysiol. 82:
3139-3148.

Cohen AS, Raymond CR and Abraham WC (1998) Priming of long-term potentiation induced by
activation of metabotropic glutamate receptors coupled to phospholipase C. Hippocampus 8: 160-170.

Colwell CS, Altemus KL, Cepeda C and Levine MS (1996) Regulation of N-methyl-D-aspartate-
induced toxicity in the neostriatum: a role for metabotropic glutamate receptors? Proc. Natl. Acad. Sci.
USA 93: 1200-1204.

Condorelli DF, Dell'Albani P, Amico C, Lukasiuk K, Kaczmarek L and Giuffrida-Stella AM (1994)
Glutamate receptor-driven activation of transcription factors in primary neuronal cultures. Neurochem.
Res. 19: 489-499.

Crump FT, Dillman KS and Craig AM (2001) cAMP-dependent protein kinase mediates activity-
regulated synaptic targeting of NMDA receptors. J. Neurosci. 21: 5079-5088.



 Chapter 9

152

Dal Toso R, Sommer B, Ewert M, Herb A, Pritchett DB, Bach A, Shivers BD and Seeburg PH (1989)
The dopamine D2 receptor: two molecular forms generated by alternative splicing. EMBO J. 8: 4025-
4034.

Das S, Grunert M, Williams L and Vincent SR (1997) NMDA and D1 receptors regulate the
phosphorylation of CREB and the induction of c-fos in striatal neurons in primary culture. Synapse  25:
227-233.

Davis KL, Kahn RS, Ko G and Davidson M (1991) Dopamine in schizophrenia: a review and
reconceptualization.  Am. J. Psychiatry 148: 1474-1486.

Desdouits F, Siciliano JC, Greengard P and Girault JA (1995) Dopamine- and cAMP-regulated
phosphoprotein DARPP-32: phosphorylation of Ser-137 by casein kinase I inhibits dephosphorylation
of Thr-34 by calcineurin. Proc. Natl. Acad. Sci. USA 92: 2682-2685.

Diamond DM, Bennett MC, Fleshner M and Rose GM (1992) Inverted-U relationship between the
level of peripheral corticosterone and the magnitude of hippocampal primed burst potentiation.
Hippocampus 2: 421-430.

Diamond DM, Fleshner M, Ingersoll N and Rose GM (1996) Psychological stress impairs spatial
working memory: relevance to electrophysiological studies of hippocampal function. Behav. Neurosci.
110: 661-672.

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

Ehlers MD, Tingley WG and Huganir RL (1995) Regulated subcellular distribution of the NR1 subunit
of the NMDA receptor. Science 269: 1734-1737

Fienberg AA and Greengard P (2000) The DARPP-32 knockout mouse. Brain Res. Rev. 31: 313-319.

Fienberg AA, Hiroi N, Mermelstein PG, Song W-J, Snyder GL, Nishi A, Cheramy A, O’Callaghan JP,
Miller DB, Cole DG, Corbett R, Haile CN, Cooper DC, Onn SP, Grace AA, Ouimet CC, White FJ,
Hyman SE, Surmeier DJ, Girault JA, Nestler EJ and Greengard P (1998) DARPP-32: Regulator of the
efficacy of dopaminergic neurotransmission. Science 281: 838-842.

Flores-Hernandez J, Hernandez S, Snyder GL, Yan Z, Fienberg AA, Moss SJ, Greengard P and
Surmeier DJ (2000) D(1) dopamine receptor activation reduces GABA(A) receptor currents in
neostriatal neurons through a PKA/DARPP-32/PP1 signaling cascade. J. Neurophysiol. 83: 2996-3004.

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

Frey U, Frey S, Schollmeier F and Krug M (1996) Influence of actinomycin D, a RNA synthesis
inhibitor, on long-term potentiation in rat hippocampal neurons in vivo and in vitro. J. Physiol. 490:
703-711.

Fujii S, Saito K, Miyakawa H, Ito K and Kato H (1991) Reversal of long-term potentiation
(depotentiation) induced by tetanus stimulation of the input to CA1 neurons of guinea pig hippocampal
slices. Brain Res. 555: 112-122.

Garcia R (2001) Stress, hippocampal plasticity, and spatial learning. Synapse 40: 180-183.

Giese KP, Fedorov NB, Filipkowski RK and Silva AJ (1998) Autophosphorylation at Thr286 of the
alpha calcium-calmodulin kinase II in LTP and learning. Science 279: 870-873.



Summary and general discussion

153

Gillard ER, Khan AM, Grewal RS, Mouradi B, Wolfsohn SD and Stanley BG (1998a) The second
messenger cAMP elicits eating by an anatomically specific action in the perifornical hypothalamus. J.
Neurosci. 18: 2646-2652.

Gillard ER, Khan AM, Haq AU, Grewal RS, Mouradi B and Stanley BG (1997) Stimulation of eating
by the second messenger cAMP in the perifornical and lateral hypothalamus. Am. J. Physiol. 273:
R107-112.

Gillard ER, Khan AM, Mouradi B, Nalamwar O and Stanley BG (1998b) Eating induced by
perifornical cAMP is behaviorally selective and involves protein kinase activity. Am. J. Physiol. 275:
R647-653.

Ginty DD (1997) Calcium regulation of gene expression: isn't that spatial? Neuron 18: 183-186.

Girault JA, Hemmings HC Jr, Williams KR, Nairn AC and Greengard P (1989) Phosphorylation of
DARPP-32, a dopamine- and cAMP-regulated phosphoprotein, by casein kinase II. J. Biol. Chem. 264:
21748-21759.

Glatt CE and Snyder SH (1993) Cloning and expression of an adenylyl cyclase localized to the corpus
striatum. Nature 361: 536-538.

Greengard P, Nairn AC, Girault JA, Ouimet CC, Snyder GL, Fisone G, Allen PB, Fienberg A and
Nishi A (1998) The DARPP-32/protein phosphatase-1 cascade: a model for signal integration. Brain
Res. Rev. 26: 274-284.

Gustafson EL, Girault JA, Hemmings HC Jr, Nairn AC and Greengard P (1991) Immunocytochemical
localization of phosphatase inhibitor-1 in rat brain. J. Comp. Neurol. 310: 170-188.

Halpain S, Girault JA and Greengard P (1990) Activation of NMDA receptors induces
dephosphorylationof DARPP-32 in rat striatal slices. Nature 343: 369-372.

Hardingham GE, Chawla S, Cruzalegui FH and Bading H (1999) Control of recruitment and
transcription-activating function of CBP determines gene regulation by NMDA receptors and L-type
calcium channels. Neuron 22: 789-798.

Harvey J and Collingridge GL (1993) Signal transduction pathways involved in the acute potentiation
of NMDA responses by 1S,3R-ACPD in rat hippocampal slices. Br. J. Pharmacol. 109: 1085-1090.

Hemmings HC Jr, Girault JA, Nairn AC, Bertuzzi G and Greengard P (1992) Distribution of protein
phosphatase inhibitor-1 in brain and peripheral tissues of various species: comparison with DARPP-32.
J. Neurochem. 59: 1053-1061.

Hernandez-Lopez S, Bargas J, Surmeier DJ, Reyes A and Galarraga E (1997) D1 receptor activation
enhances evoked discharge in neostriatal medium spiny neurons by modulating an L-type Ca2+
conductance. J. Neurosci. 17: 3334-3342.

Hollmann M and Heinemann S (1994) Cloned glutamate receptors. Annu. Rev. Neurosci. 17: 31-108.

Hsu KS, Ho WC, Huang CC and Tsai JJ (1999) Prior short-term synaptic disinhibition facilitates long-
term potentiation and suppresses long-term depression at CA1 hippocampal synapses. Eur. J. Neurosci.
11: 4059-4069.

Huang YY, Colino A, Selig DK and Malenka RC (1992) The influence of prior synaptic activity on the
induction of long-term potentiation. Science 255: 730-733.



 Chapter 9

154

Huang YY and Kandel ER (1994) Recruitment of long-lasting and protein kinase A-dependent long-
term potentiation in the CA1 region of hippocampus requires repeated tetanization. Learn. Mem. 1: 74-
82.

Izumi Y, Clifford DB and Zorumski CF (1992) Inhibition of long-term potentiation by NMDA-
mediated nitric oxide release. Science 257: 1273-1276.
Joels M (2001) Corticosteroid actions in the hippocampus. J. Neuroendocrinol. 13: 657-669.

Joels M and de Kloet ER (1992) Control of neuronal excitability by corticosteroid hormones. Trends
Neurosci. 15: 25-30.

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

Kauer JA, Malenka RC and Nicoll RA (1988) NMDA application potentiates synaptic transmission in
the hippocampus. Nature 334: 250-252.

Keefe KA and Ganguly A (1998) Effects of NMDA receptor antagonists on D1 dopamine receptor-
mediated changes in striatal immediate early gene expression: Evidence for involvement of
pharmacologically distal NMDA receptors? Dev. Neurosci. 20: 216-228.

Khan AM, Curras MC, Dao J, Jamal FA, Turkowski CA, Goel RK, Gillard ER, Wolfsohn SD and
Stanley BG (1999) Lateral hypothalamic NMDA receptor subunits NR2A and/or NR2B mediate
eating: immunochemical/behavioral evidence. Am. J. Physiol. 276: R880-891.

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
N-methyl-D-aspartate receptor activation. Proc. Natl. Acad. Sci. USA 93: 4750-4753.

Kim JJ and Yoon KS (1998) Stress: metaplastic effects in the hippocampus. Trends Neurosci. 21: 505-
509.

Konradi C, Cole RL, Heckers S and Hyman SE (1994) Amphetamine regulates gene expression in rat
striatum via transcription factor CREB. J. Neurosci. 14: 5623-5634.

Konradi C, Leveque JC and Hyman SE (1996) Amphetamine and dopamine-induced immediate early
gene expression in striatal neurons depends on postsynaptic NMDA receptors and calcium. J. Neurosci.
16: 4231-4239.

Lledo PM, Hjelmstad GO, Mukherji S, Soderling TR, Malenka RC and Nicoll RA (1995)
Calcium/calmodulin-dependent kinase II and long-term potentiation enhance synaptic transmission by
the same mechanism. Proc. Natl. Acad. Sci. USA 92: 11175-11179.

Le Moine C, Svenningsson P, Fredholm BB and Bloch B (1997) Dopamine-adenosine interactions in
the striatum and the globus pallidus: inhibition of striatopallidal neurons through either D2 or A2A
receptors enhances D1 receptor-mediated effects on c-fos expression. J. Neurosci. 17: 8038-8048.

Leonard AS and Hell JW (1997) Cyclic AMP-dependent protein kinase and protein kinase C
phosphorylate N-methyl-D-aspartate receptors at different sites. J. Biol. Chem. 272: 12107-12115.

Lerea LS and McNamara JO (1993) Ionotropic glutamate receptor subtypes activate c-fos transcription
by distinct calcium-requiring intracellular signaling pathways. Neuron 10: 31-41.

Liao GY, Wagner DA, Hsu MH and Leonard JP (2001) Evidence for direct protein kinase-C mediated
modulation of N-methyl-D-aspartate receptor current. Mol. Pharmacol. 59: 960-964.



Summary and general discussion

155

Lisman JE (1985) A mechanism for memory storage insensitive to molecular turnover: a bistable
autophosphorylating kinase. Proc. Natl. Acad. Sci. USA 82: 3055-3057.

Lisman JE (1989) A mechanism for the Hebb and the anti-Hebb processes underlying learning and
memory. Proc. Natl. Acad. Sci. USA 86: 9574-9578.

Liu FC and Graybiel AM (1996) Spatiotemporal dynamics of CREB phosphorylation: transient versus
sustained phosphorylation in the developing striatum. Neuron 17: 1133-1144.

MacDougall LK, Campbell DG, Hubbard MJ and Cohen P (1989) Partial structure and hormonal
regulation of rabbit liver inhibitor-1; distribution of inhibitor-1 and inhibitor-2 in rabbit and rat tissues.
Biochim. Biophys. Acta. 1010: 218-226.

Malenka RC, Kauer JA, Perkel DJ, Mauk MD, Kelly PT, Nicoll RA and Waxham MN (1989) An
essential role for postsynaptic calmodulin and protein kinase activity in long-term potentiation. Nature
340: 554-557.

Malinow R, Schulman H and Tsien RW (1989) Inhibition of postsynaptic PKC or CaMKII blocks
induction but not expression of LTP. Science 245: 862-866.

Mayford M, Bach ME, Huang YY, Wang L, Hawkins RD and Kandel ER (1996) Control of memory
formation through regulated expression of a CaMKII transgene. Science 274: 1678-1683.

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.

Mayr BM, Canettieri G and Montminy MR (2001) Distinct effects of cAMP and mitogenic signals on
CREB-binding protein recruitment impart specificity to target gene activation via CREB. Proc. Natl.
Acad. Sci. USA 98: 10936-10941.

McEwen BS and Sapolsky RM (1995) Stress and cognitive function. Curr. Opin. Neurobiol. 5: 205-
216.

Meyer T, Hanson PI, Stryer L and Schulman H (1992) Calmodulin trapping by calcium-calmodulin-
dependent protein kinase. Science 256: 1199-1202.

Moody TD, Carlisle HJ and O'Dell TJ (1999) A nitric oxide-independent and beta-adrenergic receptor-
sensitive form of metaplasticity limits theta-frequency stimulation-induced LTP in the hippocampal
CA1 region. Learn. Mem. 6: 619-633.

Mulkey RM, Endo S, Shenolikar S and Malenka RC (1994) Involvement of a calcineurin/inhibitor-1
phosphatase cascade in hippocampal long-term depression. Nature 369: 486-488.

Nakajima T, Fukamizu A, Takahashi J, Gage FH, Fisher T, Blenis J and Montminy MR (1996) The
signal-dependent coactivator CBP is a nuclear target for pp90RSK. Cell 86: 465-474.

Nakazato E, Ohno M and Watanabe S (1998) MK-801 reverses Fos expression induced by the full
dopamine D1 receptor agonist SKF-82958 in the rat striatum. Eur. J. Pharmacol. 342: 209-212.

Nestler EJ (1994) Hard target: understanding dopaminergic neurotransmission. Cell 79: 923-926.

Ngezahayo A, Schachner M and Artola A (2000) Synaptic activity modulates the induction of
bidirectional synaptic changes in adult mouse hippocampus. J. Neurosci. 20: 2451-2458.

Nguyen PV, Abel T and Kandel ER (1994) Requirement of a critical period of transcription for
induction of a late phase of LTP. Science 265: 1104-1107.



 Chapter 9

156

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.

O'Dell TJ and Kandel ER (1994) Low-frequency stimulation erases LTP through an NMDA receptor-
mediated activation of protein phosphatases. Learn. Mem. 1: 129-139.

Ouimet CC, Miller PE, Hemmings HC Jr, Walaas SI and Greengard P (1984) DARPP-32, a dopamine-
and adenosine 3':5'-monophosphate-regulated phosphoprotein enriched in dopamine-innervated brain
regions. III. Immunocytochemical localization. J. Neurosci. 4: 111-124.

Parker D, Jhala US, Radhakrishnan I, Yaffe MB, Reyes C, Shulman AI, Cantley LC, Wright PE and
Montminy M (1998) Analysis of an activator:coactivator complex reveals an essential role for
secondary structure in transcriptional activation. Mol. Cell 2: 353-359.

Pavlides C, Watanabe Y and McEwen BS (1993) Effects of glucocorticoids on hippocampal long-term
potentiation. Hippocampus 3: 183-192.

Pettit DL, Perlman S and Malinow R (1994) Potentiated transmission and prevention of further LTP by
increased CaMKII activity in postsynaptic hippocampal slice neurons. Science 266: 1881-1885.

Phillips RG and LeDoux JE (1994) Lesions of the dorsal hippocampal formation interfere with
background but not foreground contextual fear conditioning. Learn. Mem. 1: 34-44.

Raymond CR, Thompson V, Tate WP and Abraham WC (2000) Metabotropic glutamate receptors
trigger homosynaptic protein synthesis to prolong long-term potentiation. J. Neurosci. 20: 969-976.

Robertson LM, Kerppola TK, Vendrell M, Luk D, Smeyne RJ, Bocchiaro C, Morgan JI and Curran T
(1995) Regulation of c-fos expression in transgenic mice requires multiple interdependent transcription
control elements. Neuron 14: 241-252.

Sacchetti B, Lorenzini CA, Baldi E, Bucherelli C, Roberto M, Tassoni G and Brunelli M (2001) Long-
lasting hippocampal potentiation and contextual memory consolidation. Eur. J. Neurosci. 13: 2291-
2298.

Sala C, Rudolph-Correia S and Sheng M (2000) Developmentally regulated NMDA receptor-
dependent dephosphorylation of cAMP response element-binding protein (CREB) in hippocampal
neurons. J. Neurosci. 20: 3529-3536.

Salamone JD (1991) Behavioral pharmacology of dopamine systems: a new synthesis. In Willner P &
Scheel-Krieger J (Eds). The mesolimbic dopamine system: from motivation to action. John Wiley and
Sons, NY, pp 599-613.

Seternes OM, Johansen B and Moens U (1999) A dominant role for the Raf-MEK pathway in
forskolin, 12-O-tetradecanoyl-phorbol acetate, and platelet-derived growth factor-induced CREB
(cAMP-responsive element-binding protein) activation, uncoupled from serine 133 phosphorylation in
NIH 3T3 cells. Mol. Endocrinol. 13: 1071-1083.

Sharp FR, Liu J, Nickolenko J and Bontempi B (1995) NMDA and D1 receptors mediate induction of
c-fos and junB genes in striatum following morphine administration: implications for studies of
memory. Behav. Brain Res. 66: 225-230.

Sigel E, Baur R and Malherbe P (1994) Protein kinase C transiently activated heteromeric N-methyl-D-
aspartate receptor channels independent of the phosphorylatable C-terminal splice domain and of
consensus phosphorylation sites. J. Biol. Chem. 269: 8204-8208.



Summary and general discussion

157

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.

Stanley BG, Butterfield BS and Grewal RS (1997) NMDA receptor coagonist glycine site: evidence for
a role in lateral hypothalamic stimulation of feeding. Am. J. Physiol. 273: R790-796.

Stanley BG, Ha LH, Spears LC and Dee MG 2nd (1993a) Lateral hypothalamic injections of glutamate,
kainic acid, D,L-alpha-amino-3-hydroxy-5-methyl-isoxazole propionic acid or N-methyl-D-aspartic
acid rapidly elicit intense transient eating in rats. Brain Res. 613: 88-95.

Stanley BG, Willett VL 3rd, Donias HW and Dee MG 2nd, Duva MA (1996) Lateral hypothalamic
NMDA receptors and glutamate as physiological mediators of eating and weight control. Am. J.
Physiol. 270: R443-449.

Stanley BG, Willett VL 3rd, Donias HW, Ha LH and Spears LC (1993b) The lateral hypothalamus: a
primary site mediating excitatory amino acid-elicited eating. Brain Res. 630: 41-49.

Stanton PK (1995) Transient protein kinase C activation primes long-term depression and suppresses
long-term potentiation of synaptic transmission in hippocampus. Proc. Natl. Acad. Sci. USA 92: 1724-
1728.

Stäubli U, Scafidi J and Chun D (1999) GABAB receptor antagonism: facilitatory effects on memory
parallel those on LTP induced by TBS but not HFS. J. Neurosci. 19: 4609-4615.

Stoof JC and Kebabian JW (1981) Opposing roles for D-1 and D-2 dopamine receptors in efflux of
cyclic AMP from rat neostriatum. Nature 294: 366-368.

Sun P, Enslen H, Myung PS and Maurer RA (1994) Differential activation of CREB by
Ca2+/calmodulin-dependent protein kinases type II and type IV involves phosphorylation of a site that
negatively regulates activity. Genes Dev. 8: 2527-2539.

Svenningsson P, Fienberg AA, Allen PB, Moine CL, Lindskog M, Fisone G, Greengard P and
Fredholm BB (2000) Dopamine D(1) receptor-induced gene transcription is modulated by DARPP-32.
J. Neurochem. 75: 248-257.

Tingley WG, Ehlers MD, Kameyama K, Doherty C, Ptak JB, Riley CT and Huganir RL (1997)
Characterization of protein kinase A and protein kinase C phosphorylation of the N-methyl-D-aspartate
receptor NR1 subunit using phosphorylation site-specific antibodies. J. Biol. Chem. 272: 5157-5166.

Tingley WG, Roche KW, Thompson AK and Huganir RL (1993) Regulation of NMDA receptor
phosphorylation by alternative splicing of the C-terminal domain. Nature 364: 70-73.

Tomitaka S-I, Hashimoto K, Narita N, Minabe Y and Tamura A (1995) Amantadine induces c-fos in
rat striatum: reversal with dopamine D1 and NMDA receptor antagonists. Eur. J. Pharmacol. 285: 207-
211.

Tompa P and Friedrich P (1998) Synaptic metaplasticity and the local charge effect in postsynaptic
densities. Trends Neurosci. 21: 97-102.

Undie AS and Friedman E (1990) Stimulation of a dopamine D1 receptor enhances inositol phosphates
formation in rat brain. J. Pharmacol. Exp. Ther. 253: 987-992.

Westphal RS, Tavalin SJ, Lin JW, Alto NM, Fraser ID, Langeberg LK, Sheng M and Scott JD (1999)
Regulation of NMDA receptors by an associated phosphatase-kinase signaling complex. Science 285:
93-96.



 Chapter 9

158

White IM, Christensen JR, Flory GS, Miller DW and Rebec GV (1995) Amphetamine, cocaine, and
dizocilpine enhance performance on a lever-release conditioned avoidance response task in rats.
Psychopharmacology 118: 324-331.

Williams GV and Goldman-Rakic PS (1995) Modulation of memory fields by dopamine D1 receptors
in prefrontal cortex. Nature 376: 572-575.

Williams KR, Hemmings HC Jr, LoPresti MB, Konigsberg WH and Greengard P (1986) DARPP-32, a
dopamine- and cyclic AMP-regulated neuronal phosphoprotein. Primary structure and homology with
protein phosphatase inhibitor-1. J. Biol. Chem. 261: 1890-1903.

Xiong ZG, Raouf R, Lu WY, Wang LY, Orser BA, Dudek EM, Browning MD and MacDonald JF
(1998) Regulation of N-methyl-D-aspartate receptor function by constitutively active protein kinase C.
Mol. Pharmacol. 54: 1055-1063.

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.

Yamakura T, Mori H, Shimoji K and Mishina M (1993) Phosphorylation of the carboxyl-terminal
domain of the zeta 1 subunit is not responsible for potentiation by TPA of the NMDA receptor channel.
Biochem. Biophys. Res. Commun. 196: 1537-1544.

Yan Z, Feng J, Fienberg AA and Greengard P (1999a) 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.

Yan Z, Hsieh-Wilson L, Feng J, Tomizawa K, Allen PB, Fienberg AA, Nairn AC and Greengard P
(1999b) Protein phosphatase 1 modulation of neostriatal AMPA channels: regulation by DARPP-32
and spinophilin. Nat. Neurosci. 2: 13-17.

Zheng X, Zhang L, Wang AP, Bennett MV and Zukin RS (1999) Protein kinase C potentiation of N-
methyl-D-aspartate receptor activity is not mediated by phosphorylation of N-methyl-D-aspartate
receptor subunits. Proc. Natl. Acad. Sci. USA 96: 15262-15267.


