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Abstract

Cell adhesion and extracellular matrix (ECM) molecules play a significant role in neuronal plasticity both
during development and in the adult. Plastic changes in which ECM components are implicated may underlie
important nervous system functions, such as memory formation and learning. Heparin-binding growth-
associated molecule (HB-GAM, also known as pleiotrophin), is an ECM protein involved in neurite outgrowth,
axonal guidance and synaptogenesis during perinatal period. In the adult brain HB-GAM expression is
restricted to the regions which display pronounced synaptic plasticity (e.g., hippocampal CA3-CA1 areas,
cerebral cortex laminae II-1V, olfactory bulb). Expression of HB-GAM is regulated in an activity-dependent
manner and is also induced in response to neuronal injury.

In this work mutant mice were used to study the in vivo function of HB-GAM and its receptor syndecan-3 in
hippocampal synaptic plasticity and in hippocampus-dependent behavioral tasks. Phenotypic analysis of HB-
GAM null mutants and mice overexpressing HB-GAM revealed that opposite genetic manipulations result in
reverse changes in synaptic plasticity as well as behavior in the mutants. Electrophysiological recordings
showed that mice lacking HB-GAM have an increased level of long-term potentiation (LTP) in the area CA1
of hippocampus and impaired spatial learning, whereas animals with enhanced level of HB-GAM expression
have attenuated LTP, but outperformed their wild-type controls in spatial learning. It was also found that
GABA, receptor-mediated synaptic transmission is altered in the transgenic mice overexpressing HB-GAM.
The results suggest that these animals have accentuated hippocampal GABAergic inhibition, which may
contribute to the altered glutamatergic synaptic plasticity.

Structural studies of HB-GAM demonstrated that this protein belongs to the thrombospondin type | repeat
(TSR) superfamily and contains two B-sheet domains connected by a flexible linker. It was found that di-
domain structure is necessary for biological activity of HB-GAM and electrophysiological phenotype
displayed by the HB-GAM mutants. The individual domains displayed weaker binding to heparan sulfate and
failed to promote neurite outgrowth as well as affect hippocampal LTP.

Effects of HB-GAM on hippocampal synaptic plasticity are believed to be mediated by one of its (co-)receptor
molecules, namely syndecan-3. In support of that, HB-GAM did not attenuate LTP in mice deficient in
syndecan-3 as it did in wild-type controls. In addition, syndecan-3 knockout mice displayed
electrophysiological and behavioral phenotype similar to that of HB-GAM knockouts (i.e. enhanced LTP and
impaired learning in Morris water-maze). Thus HB-GAM and syndecan-3 are important modulators of
synaptic plasticity in hippocampus and play a role in regulation of learning-related behavior.



Introduction

The ability of neurons to modify the efficacy of
synaptic transmission is important for various
aspects of neural function. Dramatic changes in
the synaptic connectivity occur during the perinatal
period when new contacts are being elaborated.
Refinement of synaptic connectivity in the course
of development critically depend on electrical
activity of the neurons and involves cooperative
and competitive interactions between converging
inputs, leading to stabilization or elimination of the
immature connections (Zhang and Poo, 2001).
However, neural plasticity is not only confined to
the developing brain but is also an essential
property of the mature nervous system where it is
a prerequisite for adaptation to the ever changing
world. It is also considered to be the biological
substrate for memory formation. In the adult brain
processes similar to those used during
development are thought to be employed for
lasting activity-dependent changes in synaptic
efficacy, namely long-term potentiation (LTP) and
long-term depression (LTD).

Evidently, the conversion of transient electrical
signals into persistent modifications in synaptic
structure requires intimate coupling between
electrical and molecular signalling within the
neuron and its microenvironment. Here an
important question is: What are the molecular
mechanisms that detect the neuronal activity
patterns, and link them to functional and structural
changes at the synapses? Recent studies have
pointed out the importance of cell surface adhesion
molecules, soluble growth factors, and in
particular, extracellular matrix (ECM)-associated
factors, in the formation of functional neuronal
connections during development, as well as in
neuronal plasticity in the adult (e.g. Luthi et al,,
1994; Lauri et al., 1998; see also Dityatev and
Schachner, 2003). These molecules mediate
transsynaptic signals in response to neuronal
activity in order to coordinate simultaneous pre-
and postsynaptic modifications (e.g. Contractor et
al., 2002). One of such ECM-associated
components implicated both in the nervous system
development and adult plasticity is heparin-binding
growth associated molecule (HB-GAM). This study
is concentrated on the role of HB-GAM and its
receptor syndecan-3 in the hippocampal activity-
dependent synaptic plasticity and learning and
memory.

Review of the literature

Special role of hippocampus in
learning and memory

Based on studies on amnesic patients such as
HM, long-term memory has been divided into
declarative and procedural type (for review see
Squire, 2004). Declarative memory contains
memory for facts and events and can be
consciously brought in mind, whereas procedural
memory expresses itself as perceptual biases and
improved performance upon repetition. Most types
of declarative memory depend on intact functions
of the hippocampus and patients with hippocampal
damage suffer anterograde amnesia and display
inability to remember e.g., particular facts, names
and places (Scoville and Milner, 1957). In contrast,
procedural memory includes several memory
systems that are all independent of the
hippocampus.

Initial experimental studies in rodents emphasized
the special contribution of the hippocampus for
spatial learning and claimed that non-spatial tasks
do not require the hippocampus. The discovery of
hippocampal “place cells” made a significant
advancement in understanding the role of
hippocampus in memory (O'Keefe and Dostrovsky,
1971). It was demonstrated that hippocampal
pyramidal cells are involved in encoding the
information about the particular spatial location of
the animal (Keefe, 1979).

More recent experimental studies have shown the
importance of the hippocampus in nonspatial tasks
that require flexible use of learned association and
thus compare to human declarative memory.
These include odor-based transitive inference and
social transmission of food preferences. The lesion
experiments  suggested that animals with
hippocampal damages had impaired ability to
explore other options and adopt new behavior
(reviewed by Eichenbaum and Cohen, 2001).

Behavioral analysis of learning
and memory

The intricate nature of the relationship between
different forms of memory in complex behavior
complicates the interpretation of behavioral results
in animal studies. Nevertheless, there are several
tests which measure the analogue of human



declarative memory (memories of places, objects,
odors) in rodents (Sweatt, 2003).

Spatial learning is hippocampus-dependent in both
humans and rodents. A variety of paradigms exist
to investigate spatial learning, for instance, Barnes
maze (Barnes, 1979), but the hallmark in
hippocampus-dependent behavioral studies is
Morris water maze. In this test animals use spatial
cues in the testing room to find a hidden
underwater platform in a circular swimming pool
(Morris, 1984). The test is based on the motivation
of the animal to escape water and climb the
platform as quickly as possible. Many other types
of mazes (radial maze, T-maze, Y-maze) are used
to study learning and memory (e.g. Olton and
Papas, 1979). In the working memory tests in the
radial maze animals are trained to remember
unique episodes in the maze for goal-directed
behavior as they visit radial arms of the maze
learning the places of the food rewards. Other
brain areas are also involved in the radial maze
memory tasks besides hippocampus (e.g.
prefrontal cortex, which has strong connections to
hippocampus). Though, it is usually difficult to
discriminate between the effects on learning,
memory and recall in animal experimental models
the variations in experimental design allow to
address diverse aspects of learning behavior
(Eichenbaum and Cohen, 2001).

The characteristic feature of declarative memory is
its associativity, meaning that learning occurs in
some context, and the memory episode associates
with this context. Thus, it was hypothesized that
associative molecular mechanisms (e.g. similar to
those used in LTP induction) are important for
learning and memory. Fear conditioning and taste
aversion are widely used associative learning
paradigms. Fear conditioning test evaluates the
ability of the animal to associate environmental
cues and stimuli to aversive stimulus (foot shock)
and is based on the tendency of mice to freeze in
response to fearful stimuli. There are two forms of
fear conditioning: context-dependent (foot shock is
associated with particular environment) and cued
fear conditioning (foot shock is associated with a
certain stimulus, e.g. auditory tone). Fear
conditioning tasks are generally dependent on the
amygdala. The contextual and cued fear is
assessed by measuring the duration of freezing in
the test conditions and in the altered context. Cued
conditioning task is usually used to assess general
hippocampus-independent associative learning
that is amygdala-dependent. Contextual fear
conditioning task in addition involves
hippocampus-dependent mechanisms (Phillips and
LeDoux, 1992; Holland and Bouton, 1999). Other
tests of hippocampus-dependent forms of fear
conditioning exist, for example, contextual

discrimination and trace fear conditioning
(Frankland et al., 1998; Huerta et al., 2000).

It is not unusual that revealing the aberrant
behavior especially in the case of 'mild’ phenotype
can be problematic. In addition, changes in some
forms of behavior may alter performance in other
tests and thus result in erroneous interpretations of
the results. For instance, increased anxiety could
be the reason for low performance in Barnes maze
though having no affect on learning behavior in
Morris water maze (Gerlai and Clayton, 1999).
Thus, it is often required that several tests from the
same behavioral domain are done to evaluate the
involvement of the gene under the study in
particular behavior. The increasing body of data
generated by the mutant mice studies requires that
the results should be comparable between
different laboratories. This resulted in the creation
of standard procedures and test batteries for
behavioral studies (Brown et al., 2000; Nolan et al.,
2000; Crawley and Paylor, 1997). However, each
new mutant can display novel behavioral
responses which are not detected by the standard
test arrays. Further, a number of tasks in
behavioral screening lack ethological relevance
and may be insensitive to the differences between
mutant animals and their wild-type controls (Gerlai
and Clayton, 1999).

Synaptic plasticity in
hippocampus

Long-term potentiation

LTP is defined as lasting use-dependent increase
in the efficacy of synaptic transmission. Originally
discovered by Bliss and Lomo (Bliss and Lomo,
1973) in dentate gyrus in response to high-
frequency stimulation (HFS) of the perforant path
of anesthetized rabbits, LTP was subsequently
found in all excitatory pathways of hippocampus as
well as some other brain regions (Racine et al.,
1995; Rogan et al., 1997). Thus, the ability of
synapses to display long-term changes in the
efficacy of neurotransmission is generally viewed
as a fundamental property of the majority of
synapses. The mechanisms underlying LTP
induction may vary. Some forms of lasting
potentiation require N-methyl-D-aspartate (NMDA)-
receptor activation while others do not. If not
indicated otherwise, here we will discuss the
NMDA-dependent form of LTP induced by HFS in
the pyramidal cells of the CA1 area of
hippocampus (fig. 1). Time course of LTP is
generally divided into several phases: the post-
tetanic potentiation (first several minutes following
tetanic stimulation), early LTP (up to ~60 minutes
after induction) and late LTP (potentiation lasting
longer that 1 hour).



Mossy fibers

Figure 1. Schematic representation of the synaptic
connectivity in the transverse hippocampal slice.
Granule cells of the dentate gyrus (DG) send their axons
(mossy fibers) to the proximal dendrites of the pyramidal
cells in the CA3 region. The CA3 primary neurons form
excitatory synaptic input to the CA1 pyramidal cells by
en passant synapses of Schaffer collaterals on the
apical dendrites.

Triggering mechanisms of LTP induction in the
area CA1 are well described (for recent review see
Lynch, 2004). During low-frequency basal synaptic
transmission glutamate released from the
presynaptic terminal activates postsynaptic o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) receptor channels which generate
synaptic response when the neurons are near their
resting potentials. The NMDA receptors, another
type of glutamate receptors, are voltage sensitive.
Their ion channels are blocked by the extracellular
Mg2+ when the membrane potential is close to the
resting values (fig. 2 a). Thus, unlike AMPA
receptors, NMDA channels contribute little to the
basal synaptic transmission. In order to remove
Mg® block from the channels the membrane
should be depolarized. This is achieved during
high frequency stimulation of the presynaptic
fibers. NMDA channels are permeable to Ca®* and
their activation let Ca®* to enter the cell (fig. 2 b).
The rise of intracellular Ca®* is crucial for LTP
induction as it triggers the activation of several
signalling pathways required for the increase in the
synaptic strength.

The maintenance of LTP is less well understood.
However, several cellular and molecular

mechanisms have been implicated in this process
both at the pre- and post-synaptic sites of the
contact (fig. 2 c). Activation of CaMKIl as well as
several other postsynaptic protein kinases (e.g.
PKC, PKA, MAPK, fyn, src) seem to be critical for
stabilizing LTP at least at the early stages. Initial
activation of kinases by Ca®* leads to their
autophosphorylation and thus the process
becomes independent of transient Cca® influx
(Soderling and Derkach, 2000). Lasting changes of
synaptic strength apparently involve regulation of
AMPA receptor function and trafficking. Evidence
that LTP is accompanied by an increase in single
channel conductance of AMPA receptors was
provided by Benke and co-authors (Benke et al.,
1998). Single-channel conductance of functional
AMPA receptors increases as the result of their
CaMKIl-mediated phosphorylation (Derkach et al.,
1999). Additional AMPA receptor subunits are
driven into the synapses after LTP-inducing
stimulation in vitro as well as during experience-
dependent plasticity in vivo. Conversely, LTD is
associated with AMPA receptor withdrawal from
the postsynaptic site (Hayashi et al., 2000).
Insertion of new AMPA receptors into the plasma
membrane of hippocampal neurons requires
transient synaptic activation of the NMDA
receptors similar to that occurring during LTP
induction (Pickard et al., 2001).

Regulation of glutamate uptake has been recently
suggested to be important to maintain LTP
(Levenson et al., 2002). Increased uptake may be
necessary to protect receptors in the potentiated
synapses from  desensitization. = Moreover,
glutamate uptake limits transmitter spillover from
the synaptic cleft and thus is crucial for maintaining
the specificity of LTP (Tsvetkov et al., 2004).

Another possible mechanism underlying changes
in synaptic strength during LTP may be alteration
in release kinetics. Due to the particular kinetics of
glutamate binding to the AMPA receptors rapid
elevations of glutamate concentration during
transmitter release more effectively activate AMPA
receptors that slower changes in the transmitter
concentrations (Renger et al., 2001). Alternatively,
fusion pore size may be changed affecting the
amount of glutamate released by the single vesicle
(reviewed by Krupa and Liu, 2004). A number of
studies indicate that postsynaptic cell can
communicate with the presynaptic compartment
and affect release parameters (e.g. release
probability and quantal size) via secreted diffusible
factors, retrograde messengers. Most popular
candidates for retrograde messengers include
membrane-permeable nitric oxide (NO),
superoxide anion (02'), carbon monoxide (CO),
arachidonic acid (AA), and neurotrophic factors
(e.g. brain-derived neurotrophic factor [BDNF])



Basal transmission HFS

Basal transmission

Retrograde signalling:
e.g., NO, CO, OF, BDNF

Physical coupling:
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Figure 2. Summary diagram illustrating mechanisms underlying LTP in the area CA1 of hippocampus. A-B) LTP
induction requires depolarization of the postsynaptic membrane and relieve of Mg2+ block of the NMDA receptor
channels. Activation of NMDA receptors allows Ca®" influx into the cell, which is critical to trigger LTP. C) LTP expression
may rely on both pre- and postsynaptic changes. Several mechanisms have been reported to account for the changes in
the efficacy of synaptic transmission following LTP induction including increase in single-channel conductance of AMPA
receptors by their phosphorylation, recruitment of additional AMPA receptors, upregulation of transmitter release.
Alterations in the glutamate release may be mediated by retrograde signalling via diffusible factors and molecules
involved in physical coupling of the presynaptic terminal and postsynaptic site. Further, structural changes have been
demonstrated to accompany LTP suggesting the role of cytoskeleton and molecules involved in cell-cell and cell-

extracellular matrix interactions.

(Medina and Izquierdo, 1995). Though no direct
evidence exists so far, protein complexes that
physically link the pre- and postsynaptic areas can
participate in retrograde signalling by means of
conformational changes. Such complexes may be
formed by adhesion molecules (e.g. integrins or
cadherins) known to be important modulators of
LTP (Chan et al.,, 2003; Tang et al., 1998). In
addition, cell-adhesion molecules through their
links to the cytoskeleton affect structural
remodelling of synapses during LTP (Wheal et al.,
1998).

It is generally agreed that LTP produces lasting
changes in synaptic morphology (see reviews by
Yuste and Bonhoeffer, 2001). However, despite
recent advances in imaging techniques it is still the
matter of controversy whether structural changes
of the synaptic connections during LTP involve
only alterations in the shape of synaptic contacts,
or the increase in synapse number. The last can
also occur as the result of splitting the existing
synapses and/or formation of new contacts (Fiala
et al., 2002; Hering and Sheng, 2001; Ostroff et al.,
2002). In addition, maintenance of the late-LTP is
dependent on gene expression and protein
synthesis (Kandel, 2001).

10

Intriguingly, certain forms of synaptic plasticity in
adults and activity-dependent mechanisms of
synaptogenesis  display striking similarities.
Though activity blockade does not prevent
formation of functional synaptic contacts, selective
stabilization of some inputs and elimination of
others depend on correlated activity both in central
and peripheral synapses (Bouwman et al., 2004;
Lauri et al., 2003; Zhang and Poo, 2001; Verhage
et al., 2000). One of the most important common
features for the activity-dependent input refinement
and LTP is their NMDA-dependency. NMDA
receptors serve as molecular detector of temporal
correlation of pre- and postsynaptic activation, and
both processes require activation of NMDA
receptors to be initiated (Cline, 2001; Hahm et al.,
1991; Shi et al, 2001). Both processes also
crucially depend on CaMKIl activation (Wu et al.,
1996). Further, postsynaptic receptor trafficking
involved in LTP expression is mechanistically
similar to the functional synapse maturation when
physiologically “silent synapses” acquire AMPA
receptors. Thus it was hypothesized that LTP-like
phenomena could be instrumental for the
maturation of excitatory synapses (Durand et al.,
1996; Liao et al., 1995). Remarkably, spontaneous
neural activity is sufficient to selectively deliver
GluR4-containing AMPA receptors into developing
synapses (Zhu et al., 2000). Apparently, activity-



dependent processes utilize common molecular
mechanisms early in development and in the adult
(Constantine and Cline, 1998), thus many
signalling molecules involved in development of
synaptic contacts are also important modulators of
synaptic plasticity in the adults.

Role of inhibition in

plasticity

GABA (y-aminobutyric acid)-mediated synaptic
inhibition plays a critical role in the control of
excitation in the hippocampus. The GABAergic
network controls excitability and coordinates
spatiotemporal integration properties of
hippocampal principal neurons. Though
GABAergic interneurons comprise a relatively
small subpopulation of hippocampal neurons their
extensive arborisation allows a single interneuron
to synapse many pyramidal cells forming up to 12
contacts with each postsynaptic neuron (Buhl et
al., 1994a; Buhl et al., 1994b). Some interneurons
terminate mainly on the perisomatic region of
principal hippocampal cells while others terminate
on the dendritic area of pyramidal neurons (Miles
et al., 1996). In addition, interneurons may target
other interneurons creating highly interconnected
inhibitory network (Acsady et al., 1996; Gulyas et
al., 1996). GABAergic neurons in hippocampus
provide two basic types of inhibition of CA1
pyramidal cells in response to Schaffer collateral
stimulation: feed-forward and feed-back (recurrent)
inhibition (fig. 3). In the case of feed-forward
inhibition, GABAergic neurons are directly
activated by the axons projected from the CA3
principal neurons and thus inhibit CA1 pyramidal
cells. Otherwise, excitatory input of CA3
projections activates CA1 pyramidal cells. The
latter send their axon collaterals to the
interneurons which in turn recurrently inhibits CA1
pyramidal cells. Feed-back inhibition is mediated
primarily by the perisomatic inhibition of pyramidal
neurons (Parra et al, 1998). GABAergic
transmission is mediated by ligand-gated
ionotropic GABA4 receptor channels permeable for
CI (HCO;) and K'-permeable metabotropic
GABAg receptors. GABA, receptors mediate fast
GABAergic  neurotransmission.  Activation  of
GABAg receptors mediates slow K" currents and
causes prolonged neuronal hyperpolarization. In
addition to postsynaptic localization, GABAg
receptors are expressed in the presynaptic
terminals, where they function as autoreceptors
suppressing transmitter release (Davies and
Collingridge, 1996).

synaptic

pyramidal cell

Feedforward \,

inhibition _ .
interneuron
+
i} Feedback
inhibition

Figure 3. Feedforward and feedback inhibitory circuits in
the CA1 area of hippocampus. “+” — excitatory synapse,
“-* —inhibitory synapse.

GABAergic transmission is involved in induction
and expression mechanisms of long-term plasticity
in the hippocampus as well as in the other brain
areas (e.g. visual cortex) (Feldman, 2000; Steele
and Mauk, 1999). Modulation of synaptic plasticity
by GABA receptor-mediated transmission is
dependent on temporal pattern and intensity of
stimulation (Chapman et al., 1998; Staubli et al.,
1999). Blockade of GABA, receptor-mediated
responses in hippocampus generally produces
enhanced LTP (Chapman et al., 1998; Wigstrom
and Gustafsson, 1985). Conversely, upregulation
of GABAergic neurotransmission suppresses LTP
(Levkovitz et al., 1999). Repetitive stimulation with
high-frequencies result in the fatigue of synaptic
inhibition (McCarren and Alger, 1985), thus leading
to increased depolarization during tetanic
stimulation. The mechanism of facilitated
depolarization involves GABAg receptor-mediated
autoinhibition of GABA release (Davies et al.,
1991; Mott and Lewis, 1991). However,
presynaptic GABAg receptor activation has been
demonstrated to be important only for theta-burst
stimulation-induced LTP but not for HFS-induced
potentiation (Staubli et al., 1999). Alternatively, as
demonstrated in several studies, GABAx
responses may produce depolarization in CA1
hippocampal neurons during high-frequency
stimulation (Kaila et al., 1997; Taira et al., 1997).
These data suggest that GABA-mediated
transmission can provide excitatory drive in the
adult hippocampus and play a facilitatory role in
LTP induction (c.f. Autere et al., 1999). This
depolarizing action of GABA also seems to be
regulated by GABAg receptor activation (Brown et
al., 2003; Cobb et al., 1999). However, the role of
excitatory GABA in plasticity of glutamatergic
synapses still remains unclear.

GABA, receptor-mediated responses switch
gradually from depolarizing to hyperpolarizing

11



towards the end of the second postnatal week
(Lamsa et al., 2000; Rivera et al., 1999). In the
developing brain the depolarization provided by
activation of GABA receptors is sufficient to
remove the voltage-dependent M92+ block from
NMDA channels, which makes the GABAergic
system also an attractive candidate for the
regulation of synaptic plasticity early in postnatal
life (Ben-Ari, 2002; Leinekugel et al., 1995).
Indeed, GABAergic transmission contributes
differently to the induction of LTD in the area CA1
of hippocampus during the course of maturation.
At the early stages of development depolarization
provided by GABA, receptor-mediated currents
promote activation of NMDARs, thus shifting the
threshold for the LTD induction and making the
synapses more prone for activity-dependent
plasticity (Pavlov et al., 2004). Different effects of
GABA, receptor blockade on LTD has been also
demonstrated for the juvenile and adult rats
(Wagner and Alger, 1995). Recent studies also
revealed the role of GABA, receptor-mediated
inhibition in the developmental shift of LTP
induction efficiency (Meredith et al., 2003).

Mutant mice approach to study
plasticity, learning and memory

Transgenic and gene-targeted mutant mice
provide an important tool to study the role of a
particular gene in the brain function in vivo.
Combining results of behavioral studies with data
obtained by the use of in vitro methods allows to
get insights into the molecular and cellular
mechanisms underlying complex forms of
behavior.

An extensive progress made by molecular
genetics, particularly in developing methods to
produce genetically modified organisms, boosted
the field of neuroscience during the past decade. A
brief overview of the available approaches in the
mutant studies is presented in the Table 1. The
use of genetically modified mice allows to analyse
the functions of a particular gene in behavior and
relate the results to the in vitro studies. Cellular
and molecular mechanisms underlying
hippocampal synaptic plasticity are widely
suggested to be implicated in memory formation.
Thus, many studies have focused on the link
between hippocampal synaptic plasticity and
performance in learning and memory tasks
(reviewed by Chen and Tonegawa, 1997; Lynch,
2004). The first mutant mice used in the studies of
molecular mechanisms underlying learning and
memory in hippocampus were Ca®*/calmodulin-
dependent protein kinase Il (CaMKII) (Silva et al.,
1992b; Silva et al., 1992a) and fyn (Grant et al.,
1992) knockouts. Both displayed impaired LTP and
deficit in spatial learning in the Morris water maze.
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Later the role of many other molecules (including
all major glutamate receptor subunits) in LTP and
learning and memory has been evaluated using
knockout and transgenic studies. Recent results of
microarray analysis of memory-related genes
recognized more genes, which previously have not
been related to synaptic plasticity or learning
behavior (Cavallaro et al., 2002; Robles et al.,
2003). Among those genes are the ones that
encode molecules responsible for cell-cell and cell-
matrix  interactions,  extracellular  signalling
molecules, growth factors and their receptors.

The major drawback of conventional gene
targeting and transgenic approach is that
irreversible changes in the genotype often
complicate the interpretation of phenotypic
analysis and may even preclude the study of the
mutant animal. Developmental compensation for
the loss-of-function or gain-of-function of the
particular gene could mask its function and result
in no phenotype in the mutant animal or lead to the
phenotype caused by altered expression of other
gene(s). Also, ablation of certain genes may cause
severe dysfunction in the course of development
leading to the perinatal lethality. In some instances
the potential problems may be circumvented by the
use of inducible and tissue-specific gene
expression systems which allow to control
expression temporally and spatially (Picciotto and
Wickman, 1998; Williams and Wagner, 2000).
Whatever the case, it is clear that studies of
mutants should be complemented by other
approaches and the interpretation of the
phenotype of the mutant mice should be correlated
to the results of other experimental paradigms.

A great concern of all mutant studies is that the
phenotypic changes crucially depend on genetic
background. Thus, controlling genetic background
is essential in the studies of mutants (Crawley et
al.,, 1997). It is a common practice to analyse the
mutations in a hybrid background thus eliminating
homozygosity of alleles which potentially may be
responsible for abnormalities. However F1 mice
are not always ideal and in some cases it may be
advantageous to perform the study of certain
phenotype in an inbred strain. Strain-dependent
differences in hippocampal synaptic plasticity as
well as behavioral variability have been well
documented (Bampton et al., 1999; Nguyen et al.,
2000 a, b; Voikar et al., 2001; Wolfer et al., 2002).
Nevertheless, different ability to perform in
behavioral tests and different electrophysiological
characteristics of inbred lines provide an additional
tool to study certain aspects of gene function. For
example, it is preferable to backcross the mutation,
which is supposed to reduce a particular function,
into an inbred line displaying ‘high-scores’ in the
relevant behavioral task.



Table 1.

Technique

Description

Possible pitfalls

Random mutagenesis

Transgenesis

Inducible transgenesis

Use of
genes”

“reporter

Targeted modifications
of endogenous genes
Knock-out

Conditional knock-out
¢ region-specific

Mutations are produced at random
and their rate enhanced e.g. by X-
rays. Widely used for instance in
Drosophila studies.

One or more exogenous copies of
the gene of interest are introduced
into genome in order to produce
constitutively  active  (“gain-of-
function mutants”) or dominant
negative (“loss-of-function mutants”)
forms of a specific protein.

The expression of transgene is
under the control of promoters
sensitive to exogenously applied
substances (e.g. tetracycline).

Easily detected proteins (e.g. GFP)
are used as the selective markers
of physiological activity or anatomic
characteristics.

Targeted gene deletion

Only selected cells lack the gene, or
the gene is switched “on” and “off”

Large populations of animals need
to be analysed

Insertional effects (function of
another gene is affected by the
transgene), ectopic expression,
undesirable effects caused by
chronic expression of the gene,
failure to express the transgene at
physiologically relevant levels.

Side effects of the triggering
substance, leakage transcription

Chronic absence of a gene may
cause abnormal development,
embryonic or early postnatal
lethality, functional compensation.
Functional redundancy (many
proteins are present as multiple
isoforms derived from different
genes).

e inducible by applied substances.

Knock-in Targeted mutations of the gene of

interest or introduction of a new

gene in the selected locus (e.g.

substitution of a gene by reporter

gene)

Sykova, 1998). More than a century ago Camillo
Cell-cell and cell-extracellular Golgi described reticular structure which surrounds
matrix interactions in cell bodies of neurons. This perineuronal net

hippocampal plasticity

Composition and function of the
ECM in the brain tissue

ECM accounts for a relatively large volume of the
nervous tissue. On average it has been estimated
to occupy about 20% of the brain in adults and
twice as much in newborn animals (Nicholson and

represents a complex of ECM molecules which
together with the meshwork of glial processes form
an envelope around nerve cells. Molecular
composition of the perineuronal nets associated
with different populations of neurons is unique and
changes in the course of development suggesting
functional significance of active dynamic regulation
of perineuronal net elements (Celio et al., 1998;
Fox and Caterson, 2002).
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Table 2

Major ECM components of the central nervous system

ECM componets

Examples

Glycoproteins

Laminins, fibronectin, tenascin,
thrombospondins

Proteoglycans

Syndecan, glypican, agrin,
aggrecan, versican, phosphacan

e glycosaminoglycans - chondroitin/dermatan

sulfate

- heparan sulfate/heparin
- keratan sulfate

hyaluronan

Secreted signalling molecules

bFGF, HB-GAM

The structure of ECM is highly organized and
consists of several components. Major constituents
in the ECM of the central nervous system (CNS)
include glycoproteins:  laminins, vitronectin,
thrombospondins, tenascins; and various
proteoglycans in which core protein is covalently
bound to glycosaminoglycans (GAGs) (Table 2).
ECM molecules provide adhesive substrate
necessary for neuronal migration and
morphogenesis during development. They also
create molecular network to maintain mechanical
support for the cells in the brain tissue. As an
adhesive substrate for cell-surface molecules,
such as integrins, the ECM is critical for the
regulation of the cell shape and motility (Nikonenko
et al., 2003; Suter et al., 1998). In the nervous

system, the ECM is crucial for many
developmental processes such as neuronal
migration, neurite  outgrowth, growth cone

guidance and synapse formation and stabilization
(Ruegg, 2001). In the adult brain, numerous
studies have demonstrated the role of ECM in
neuropathological conditions (Bruckner et al.,
1999; Gutowski et al., 1999; Knott et al., 1998;
Sobel and Ahmed, 2001) as well as in
physiological processes like synaptic plasticity
(reviewed by Dityatev and Schachner, 2003).
Chondroitin sulfate proteoglycans (CSPGs; e.g.
aggrecan, brevican, neurocan, phosphacan) and
heparan sulfate proteoglycans (HSPGs; e.g. agrin,
glypican, cerebroglycan, perlecan, and syndecans)
form two major categories of proteoglycans
present in the ECM (Bandtlow and Zimmermann,
2000; Hartmann and Maurer, 2001). Most of the
functions of the proteoglycans are mediated by
their glycosaminoglycan side chains, which bind to
various signalling factors and cell-surface
molecules. In addition to the integral components
of the ECM, several secreted growth/differentiation
factors, e.g. fibroblastic growth factors (FGF’s) and
HB-GAM are present in the extracellular space.
The biological activity of these factors can be
critically modulated by their interaction with the
ECM components. For example, heparan sulfate is
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essential for the biological activities of the FGFs
(Raman et al., 2003).

In the brain, the functional role of the ECM extends
beyond the regulation of cellular morphology. The
extracellular space serves as a low-resistance
conducting media for the transmembrane currents
created by neuronal activity. By its virtue, the ECM
regulates the diffusion of ions, neurotransmitters
and other neuroactive substances in the
extracellular space (Nicholson and Sykova, 1998).
For example, the main neurotransmitters GABA
and glutamate bind not only to the postsynaptic
receptors that mediate fast neurotransmission, but
also to presynaptic auto- and heteroreceptors that
regulate neurotransmitter release probability and
thereby short-term  dynamics of synaptic
transmission.  Activation of presynaptic and
extrasynaptic  receptors is dependent on
neurotransmitter ‘spillover’, which is regulated by
active uptake mechanisms but also by tortuousity
of the extracellular space. Consequently, changes
in the ECM composition can critically influence
synaptic efficacy, neuronal excitability, synapse
specificity and volume transduction in the brain
(Kullmann et al., 1999; Min et al., 1998).

Dynamic remodeling of ECM in the
nervous system

The ECM is no longer seen as a static embedding
in which cells reside. The ECM composition is
being constantly modified throughout the life both
in the peripheral nervous system (Connor, 1997;
Sanes et al.,, 1986) as well as in the CNS (e.qg.
Koppe et al., 1997; Yamaguchi, 1996). Given the
number of neuronal functions influenced by the
ECM, its remodelling during development, in
response to physiological stimuli and under
pathological conditions provides a powerful
mechanism for structural and functional regulation
of nervous tissue.



The physical parameters of the extracellular space
in brain are altered in several pathological
conditions and following neuronal trauma
(reviewed by Sykova et al., 2000). For example,
peripheral nerve axotomy causes an upregulation
of F (floor plate)-spondin mRNA and protein level
(Burstyn et al., 1998). HB-GAM, agrin, glypican,
and syndecans accumulate in amyloid plaques in
Alzheimer's disease (vanHorssen et al., 2002;
Verbeek et al., 1999; Wisniewski et al., 1996).
HSPGs were suggested to play an important role
in the formation and persistence of senile plaques.
A number of different CSPGs are increased in the
nervous system at the region where the glial scar
forms following the lesion. Up-regulation of these
molecules is believed to restrict axonal
regeneration at the site of injury (Morgenstern et
al., 2002; Properzi et al., 2003; Zuo et al., 1998).

Further, regulation of ECM components in
response to neuronal activity might provide a way
for physiological regulation of neuronal excitability,
plasticity and synchrony. In fact, expression of
several ECM components is regulated in response
to neural activity patterns. For example, Narp
(synaptic pentraxin enriched at glutamatergic
synapses on most aspiny but not spiny
hippocampal and spinal cord neurons) was
originally cloned as an immediate-early gene
rapidly induced in neurons by HFS or repeated
electroconvulsive seizures (Reti and Baraban,
2000; Tsui et al., 1996). Agrin expression in the
CNS, particularly in hippocampal neurons in vivo,
has been demonstrated to be regulated in an
activity-dependent manner (Cohen et al.,, 1997,
Lesuisse et al., 2000). Effects of activity blockade
on agrin expression depend on the degree of
synapse maturation. Action potential-dependent
neurotransmission blockade at early and late
phases of synapse maturation had contrasting
effects on the level of agrin mRNA (Lesuisse et al.,
2000). In addition, agrin has been demonstrated to
activate the immediate early gene c-fos in cortical
neurons through a Ca”-dependent mechanism
(Hilgenberg et al., 2002). Among other ECM and
cell adhesion molecules expressed in activity-
dependent manner are HB-GAM (Lauri et al,
1996), tenascin C (Nakic et al., 1998), N-cadherin,
neural cell adhesion molecule (NCAM) and L1
(Itoh et al., 1997).

In addition, fast activity-induced changes in the
composition of ECM might be obtained by the
activity of extracellular  proteases. Matrix
metalloproteinases (MMPs) are the group of ECM
degrading enzymes that play a crucial role in
neural migration, development, growth and repair
by matrix remodelling (Shapiro, 1998). There is
accumulating evidence that the balance of MMPs
and their tissue inhibitors (TIMPs) play an

important role in the brain function as they have
been implicated in a number of neural diseases
(reviewed by Skiles et al.,, 2001). Activity-
dependent mechanisms of regulation have been
demonstrated for both the activity of MMP
(Jourquin et al., 2003) and tissue-type
plasminogen activator (tPA) (Gualandris et al.,
1996). Thus, under normal conditions changes in
the activity of MMPs may contribute to the
expression of synaptic plasticity and learning and
memory (Wright et al.,, 2002). However, the
physiological significance of these mechanisms is
only beginning to be understood.

ECM and activity
synaptic plasticity

It is becoming increasingly evident that activity-
induced synaptic plasticity in the brain involves
changes in the neuronal morphology (Harris et al.,
2003; Yuste and Bonhoeffer, 2001). Initially,
structural alterations were proposed to be
necessary for long-term maintenance of functional
changes in the synaptic efficacy (Buchs and
Muller, 1996; Ostroff et al., 2002; Toni et al., 1999),
based on the findings that late but not early phases
of LTP are dependent on protein synthesis and
gene transcription. The first ECM receptors
reported to be involved in the regulation of
hippocampal LTP were the integrin type of cell
adhesion molecules. Blockade of extracellular
interactions of integrins inhibits expression of LTP
40 minutes after its induction (Bahr et al., 1997;
Xiao et al.,, 1991). Inhibition of other cell-matrix
receptors, including PSA-NCAM (Luthi et al., 1994;
Muller et al., 1996), cadherins (Tang et al., 1998)
and syndecans (Lauri et al., 1999) affects
expression of LTP even faster, consistent with
rapid remodelling of synaptic structures in
response to neuronal activity (Bonhoeffer and
Yuste, 2002; Dunaevsky and Mason, 2003).

dependent

Manipulations of ECM interactions do not seem to
influence baseline synaptic transmission. This is
consistent with a ‘passive’ role of ECM receptors
as an inhibitory constraint for synaptic remodelling
and/or growth in response to signals inducing
synaptic plasticity (reviewed by Abel et al., 1998;
Fields and Itoh, 1996). According to this view,
downregulation of cell-adhesion is necessary for
the HFS induced plastic changes in synaptic
function and morphology. Proposed mechanisms
for reduction of cell adhesion in synaptic plasticity
include internalization or proteolytic cleavage of
the cell-surface ECM receptors (Bukalo et al.,
2001; Mayford et al., 1992; Nakagami et al., 2000),
and calcium dependent downregulation of cadherin
mediated adhesion (Tamura et al., 1998; Tang et
al., 1998). Cleavage or shedding of HSPGs in
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response to neuronal activity might represent a
similar regulation mechanism (Asundi et al., 2003).

Instead of merely acting as a structural limit, an
active role for ECM components and cell surface
ECM receptors in regulation of synaptic
transmission has been proposed. This more recent
view is supported by several findings.

Narp selectively interacts with the AMPA receptor
subunits GIuR1-3 and directly affects receptor
clustering (Brien et al., 2002; Xu et al., 2003), a
mechanism proposed to be critical for expression
of LTP (Malinow and Malenka, 2002). Also heparin
has been reported to bind AMPA receptors and
alter kinetic properties of single channel activity
(Hall et al., 1996; Sinnarajah et al., 1999). Thus it
is possible that extracellular matrix components
can directly affect functional properties of AMPA
receptors. On the other hand, tenascin-R and
tenascin-C bind voltage-gated sodium channels
and have been suggested to play an important role
in modulation of their activity and localization in
neurons (Srinivasan et al., 1998; Xiao et al., 1999).
In addition, tenascin-C has been implicated in L-
type voltage-dependent Ca®* channel-mediated
signalling (Evers et al., 2002). ECM molecules
were also demonstrated to affect GABAergic
transmission. Tenascin-R and its associated
carbohydrate HNK-1  modulate  perisomatic
inhibition in hippocampus via regulation of GABA
release in perisomatic synapses suppressing
postsynaptic GABAg receptor activity (Saghatelyan
et al., 2001; Saghatelyan et al., 2003).

In addition, transmembrane proteins, which bind
ECM components, might act as independent
signalling receptors to mediate activity-induced
changes. HFS-induced changes in the interaction
of the cytosolic domain of syndecan-3, a functional
receptor of HB-GAM, with intracellular signalling
molecules has been reported (Lauri et al., 1999).
Already 10 minutes after induction of LTP in area
CA1 in the hippocampus, association of syndecan-
3 with tyrosine kinase fyn and an actin-binding
protein cortactin was significantly increased,
suggesting a role for this signalling complex in the
mechanism of LTP expression. Also, specific
signalling, which involves protein kinases Fnk and
Snk, has been proposed for laminin-binding
integrins during LTP induction (Kauselmann et al.,
1999).

HB-GAM and TSR domain
proteins in neuronal development
and plasticity

Thrombospondin type 1 repeats (TSRs) are
characteristic protein domains of thrombospondin-
1 (TSP-1) and thrombospondin-2 (TSP-2), and
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they are important for cellular effects of
thrombospondins. TSRs are ancient domains
present in a variety of species from C. elegans to
human and are characteristic for a number of
extracellular and cell-surface proteins. TSR
domains often bind to heparin and heparan sulfate
(HS) and are defined by a conserved
cysteine/tryptophan motif. The presence of these
repeats probably determines biological functions
and properties of the particular protein (reviewed
by Naitza et al., 1998).

TSR superfamily proteins contain from one to
seven TSR domains and specialize in cell surface
and matrix binding. They are abundantly
expressed in the developing nervous system and
are involved in the cell attachment and motility. For
example, F (floor plate)-spondin was initially
identified as an axon growth and guidance factor
(Klar et al., 1992). Among other neurite-promoting
TSR domain proteins are HB-GAM, midkine (MK),
UNC-5, semaphorins Sema5A and B, and TRAP
(Adams and Tucker, 2000; Kilpelainen et al.,
2000). It has been suggested that TSR domain
provides a basic cell surface-binding protein
module that is involved in neurite growth and
guidance (Rauvala et al., 2000).

Structure of HB-GAM

One of the ECM proteins implicated both in the
developmental formation of neuron-target contacts
and in neuronal plasticity in the adult hippocampus
is heparin-binding growth-associated molecule
(HB-GAM). HB-GAM, also known as pleiotrophin
(Ptn; Li et al., 1990), is a secreted 18 kDa protein
which is associated with the HS-containing
proteoglycans of the cell-surface and ECM
(Rauvala, 1989). HB-GAM consists of 136 amino
acids with a high proportion of cationic residues
(24%) stabilized by 5 intrachain disulfide bridges.
The HB-GAM sequence is highly conserved across
vertebrate species. It folds into a structure
containing two B-sheet domains connected by a
flexible linker (fig. 4) (Kilpelainen et al., 2000;
Iwasaki et al., 1997). Thus, HB-GAM domains are
relatively independent and in solution move in
respect to each other. Both domains consist of
three antiparallel B-strands, and show significant
homology to the TSR motif (Kilpelainen et al.,
2000). The lysine-rich N- and C- terminal regions
of HB-GAM form random caoils in solution. HB-GAM
binds with high affinity to heparin. Nuclear
magnetic resonance studies showed that heparin
binds to the p-sheet domains and induces
structural changes in the HB-GAM molecule. In
contrast the N- and C- tails apparently do not
contribute to the heparin binding of HB-GAM.
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Figure 4. Two-domain structure of HB-GAM. TSR
domains formed by three antiparallel B-sheet strands are
connected via flexible linker region.

TSR containing proteins in the

developing nervous system

HB-GAM is expressed in the nervous system in a
distinctive spatiotemporal manner. It is abundant in
the developing nervous system, where its
expression peaks around 1-2 weeks postnatally
coinciding with the differentiation of neurons and
glia. In some cells in the distinct brain regions the
expression of HB-GAM continues to adulthood
(Rauvala et al.,, 1994). The overall pattern of
expression as well as the in vitro functional results
support a role for HB-GAM as a component of the
extracellular matrix that regulates neuronal cell
motility and differentiation (for reviews, see
Rauvala and Peng, 1997; Bohlen and Kovesdi,
1991). Recombinant, matrix-bound HB-GAM
promotes neurite outgrowth and can act as an
axonal guidance factor in cell culture (Rauvala et
al., 1994). Further, HB-GAM localizes to the
developing fiber pathways as well as to embryonic
basement membranes, suggesting a role for HB-
GAM in the formation of neuron-target contacts.
Indeed, HB-GAM can promote both pre- and
postsynaptic differentiation in the neuromuscular
junction (Dai and Peng, 1996; Peng et al., 1995).
The effect of neuronal agrin isoform on AChR
clustering in the neuromuscular junction was
demonstrated to be strongly potentiated by HB--
GAM. Thus, it has been proposed that HB-GAM
acts as an integral component of agrin signalling
mechanism (Daggett et al., 1996).

Other TSR domain containing proteins also play an
important role in the development of nervous
system. F-spondin and mindin are secreted
adhesion proteins that share structural and
biochemical similarities (Klar et al., 1992; Umemiya
et al, 1997). Expression patterns of these

molecules overlap in developing and adult rat
cerebral cortex, particularly in pyramidal and
granule cells of hippocampus (Feinstein et al.,
1999). Both proteins promote adhesion and neurite
outgrowth in embryonic hippocampal and sensory
neurons. TSR domains of F-spondin have been
demonstrated to be sufficient to promote neurite
outgrowth (Feinstein et al., 1999). Similarly, TSR
domains of TSP-1 are critical for the neurite
outgrowth and cell attachment effects in
hippocampal neurons (Osterhout et al., 1992).

However, none of individual TSR domains are
indispensable for the development of the nervous
system as indicated by mutant mice studies. Mice
lacking HB-GAM are viable, breed normally and
show no major histological defects in the nervous
system (Amet et al., 2001). Similarly, no apparent
morphological abnormalities were detected in the
CNS of MK knockout mice (Nakamura et al.,
1998), TSP-1 (Lawler et al., 1998) and TSP-2
deficient mice (Kyriakides et al., 1998). TSP-
1/TSP-2 double knockout mice were generated
recently and demonstrated delayed wound healing
(Agah et al., 2002). Unfortunately, the study did not
address regeneration in the nervous tissue. Very
recently, however, TSP-1/TSP-2 deficient mice
were reported to have decreased number of
synapses in cortex (Washbourne et al., 2004).
Modular organization of the ECM components may
provide the structural basis to maintain a high level
of functional redundancy of these proteins.
Compensation between TSR proteins thus may
account for the lack of a pronounced
developmental phenotype in mutants without
particular TSR-containing molecule.

Expression of HB-GAM and other
TSR domain proteins in the adult
brain

In adults, the expression of HB-GAM is limited to
certain neuronal subpopulations, including the
pyramidal neurons of the hippocampus (Wanaka et
al., 1993). In addition to this basal level of
expression, HB-GAM is induced by stimuli causing
neuronal injury or seizures (Takeda et al., 1995;
Wanaka et al,, 1993). HB-GAM expression is
increased in rat brain following ischemic injury.
Sustained upregulation of HB-GAM expression
was observed e.g. in astrocytes from 7 to 14 days
after the injury (Yeh et al, 1998). Similarly,
following kainic acid treatment, the expression of
HB-GAM is downregulated in neurons (within 48
h), but induced in astrocytes 4 days after the injury.
On the other hand, a rapid (30 min) neuronal
induction of HB-GAM mRNA expression has been
reported in the hippocampal area CA1 in response
to pentylene-tetrazole induced seizures (Wanaka
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et al.,, 1993) and in the forebrain in response to
tetrahydrocannabinol, the major psychoactive
component of cannabis (Mailleux et al., 1994).
Interestingly, two active promoters have been
described for HB-GAM in mice (Sato et al., 1997),
suggesting that two distinct pathways may control
HB-GAM expression.

Neuronal expression of HB-GAM mRNA is induced
by high-frequency neuronal activation inducing
LTP (Lauri et al., 1996). HFS-induced expression
of HB-GAM was not completely blocked unless
antagonists of both NMDA-receptors and voltage-
gated calcium channels were used. Therefore,
calcium influx via both of these routes contributes
to the regulation of HB-GAM expression (Lauri et
al., 1996). The activity-dependent enhancement in
HB-GAM expression was the first finding
suggesting involvement of endogenous HB-GAM
in the regulation of synaptic plasticity in the
hippocampus. Further studies indicated that
application of recombinant HB-GAM into
hippocampal slices inhibits HFS-induced LTP in
area CA1, while single-pulse evoked synaptic
responses are not affected (Lauri et al., 1998).

Though significant levels of expression of F-
spondin and mindin in rat hippocampus persist
during adulthood, the functional role of these
proteins in adult brain remains unclear. Both
proteins were suggested to be involved in activity-
dependent neural plasticity and remodelling
(reviewed by Scherer and Salzer, 1996).
Modulation of F-spondin binding to the ECM by
plasmin supports the possible involvement of this
protein in activity-dependent processes (Tzarfaty
et al., 2001). In addition, it has been suggested
that during the activity-dependent synaptic
plasticity in hippocampus F-spondin acts as a
target for the serine protease tPA (Tzarfaty et al.,
2001). Further studies are warranted to explore the
involvement of other TSR domain proteins in the
regulation of hippocampal LTP.

Receptor molecules for HB-GAM

Currently there are three transmembrane proteins
identified as the receptor molecules for the HB-
GAM: syndecan-3, receptor-like protein tyrosine
phosphatase (/f (RPTPB/{ )and the orphan
receptor tyrosine kinase anaplastic lymphoma
kinase (ALK). Core proteins of syndecan-3 and
RPTPB/C carry GAG side chains which are
necessary for the HB-GAM binding.
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Syndecan family of HSPGs and their
role in the nervous system.
Syndecan-3

Expression patterns of syndecans in the
nervous system

Syndecans and glycosylphosphoinositide (GPI)-
linked proteins glypicans represent two families of
cell-surface  HSPGs. These two membrane-
associated protein classes are the major carriers of
heparin sulfates at the cell surface.

Syndecans are type | membrane-spanning
proteins present on the cell surface of most cell
types. They regulate a variety of biological
processes including cell-extracellular  matrix
interactions, cell adhesion and motility (reviewed
by Bandtlow and Zimmermann, 2000; Woods,
2001). There are 4 mammalian syndecans that are
the products of different genes: syndecan-1,
syndecan-2  (fibroglycan),  syndecan-3  (N-
syndecan) and syndecan-4 (ryodocan or
amphiglycan)  (fig.  5). Intracellular  and
transmembrane domains are highly conserved in
all four syndecans. However, ectodomains of
syndecans are structurally distinct.  The
extracellular side of the core proteins of different
syndecans carry various numbers of GAG chains.
Most of them are HS GAGs, but some are
chondroitin/dermatan sulfate chains.

The expression of syndecans is tightly regulated.
They are induced during development, after injury
and following various physiological stimuli
(Bernfield et al., 1999; Hsueh and Sheng, 1999;
Lauri et al., 1999). In addition, different syndecans
are expressed in a cell-specific manner. Each
syndecan has a different distribution in the brain.
The expression of syndecan-1 in the adult brain is
restricted mainly to the cerebellum, while
syndecan-2 and syndecan-3 are expressed in
many brain regions including cerebellum,
hippocampus, dentate gyrus, cerebral cortex, and
thalamus. In contrast to syndecan-2 and -3, which
are expressed predominantly by neurons,
syndecan-4 is produced specifically in the glial
cells and displays a diffuse distribution throughout
the brain (Ethell and Yamaguchi, 1999).
Syndecan-3 has also been demonstrated to be
expressed by oligodendrocyte progenitors but not
by terminally differentiated oligodendrocytes or by
astrocytes (Winkler et al., 2002).

In all brain regions syndecan-2 is predominantly
localized at the synaptic structures. Its spatial and
temporal expression pattern matches the one of
synaptic marker synaptophysin. Immunoelectron
microscopy studies revealed both pre- and
postsynaptic localization of syndecan-2. Though
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Figure 5. Syndecan family of transmembrane proteoglycans in mammalian tissues. Schematic representation of core
proteins with GAG side chains (wavy lines). Inset shows the structure of HS GAG. Conserved cytoplasmic domains C1
and C2 as well as variable region (V) are marked at the intracellular side.

the staining was mostly associated with the
synaptic membranes, some signal was also
detected outside of the synapses. In synapses
syndecan-2 binds to the postsynaptic density-
95/disc large/zona occludens (PDZ) domain of
calcium, calmodulin-associated serine/threonine
kinase (CASK) (rat homolog of abnormal cell
LINeage-2 [LIN-2]) via its COOH terminus (Hsueh
etal., 1998).

Unlike syndecan-2, syndecan-3 staining in the
brain is mainly associated with fiber tracts and
axon pathways suggesting that this HSPG is
concentrated in the axons (Hsueh and Sheng,
1999; Kinnunen et al, 1998a). However,
immunoelectron  microscopy also revealed
perisynaptic localisation of syndecan-3 in the area
CA1 of hippocampus following tetanic stimulation
of Schaffer collaterals (Lauri et al.,, 1999). The
expression level of syndecan-3 is more
pronounced during the early stage of postnatal
development than in the adult brain (Carey et al.,

1997; Nolo et al., 1995). Syndecan-3 expression
starts at the late stages of embryonic development
and increases during early postnatal period
reaching the maximum around postnatal day 7,
after which it declines (Carey, 1997). Low levels of
expression are maintained in some areas of the
nervous system in adults. In addition, syndecan-3
expression is enhanced in hippocampus-derived
neural stem cells following differentiation induced
by retinoic acid (Inatani et al., 2001). Syndecan-3
expression has been recently demonstrated to be
associated with the migrating neurons in
developing nervous system, particularly in the
migratory stream from the rat olfactory placode
(Toba et al., 2002).

Structure of syndecan-3
Syndecan-3 is a 120 kDa HSPG originally found in

rat Schwann cell membranes (Carey et al., 1992).
The core protein of syndecan-3 consists of 442
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amino acids and six structural domains. The
extracellular part of syndecan-3 core protein
contains an N-terminal signal peptide, two regions
for GAG attachment separated by mucin homology
domain enriched in proline and threonine. The
GAG attachment domains consist of ser-gly
dipeptides preceded and followed by acidic
residues. The GAG attachment site near the N-
terminus in all syndecans bears HS chains,
whereas the other one, near the plasma
membrane, in case of syndecan-1 and -4 may also
carry chondroitin sulfate chains. The membrane
proximal region of the cytoplasmic domain (C1) is
similar in all four members of the syndecan family
and displays a close sequence homology to some
other transmembrane proteins containing PDZ-
binding sites (e.g. neurexin /1l and glycophorin C)
(fig. 5). The tetrapeptide EFYA (glutamic acid-
phenylalanine-tyrosine-alanine), C2, at the end of
the C-terminus is also conserved in all syndecans,
suggesting that certain common mechanisms of
protein-protein interactions are important for
syndecan functions. Between the conserved C1
and C2 parts of the intracellular domain syndecans
have a variable part (V). This region is conserved
between species, but differs in syndecans 1-4. The
transmembrane domain and the ectodomains play
a role in oligomerization of syndecans (Asundi and
Carey, 1995). Oligomerization of syndecans
enhance their interaction and lateral association
with other cell surface molecules (e.g. integrins,
thus modulating cell adhesion) (Couchman and
Woods, 1999).

In addition to the membrane-anchored form of
syndecans they may be present in the ECM as the
released molecules shed from the plasma
membrane (Kim et al., 1994). Soluble fragments of
syndecan-3 have been suggested to contribute to
the structure of ECM (Akita et al., 2001). The
ectodomains shed from the plasma membrane
retain GAG chains and the ability to bind
extracellular ligands. The binding activity of the
shed syndecans is indistinguishable from that of
the  membrane-associated  forms.  Soluble
syndecans are important in the storage and
appropriate representation of the heparin-binding
growth factors (e.g. FGF-2). Syndecans may also
increase effective concentration of the growth
factors at the plasma membrane and modulate
their binding to the membrane receptors. Shedding
of the syndecan extracellular domains is tightly
regulated and requires the activity of the MMPs
(Asundi et al.,, 2003; Fitzgerald et al., 2000).
Certain other proteases and growth factors can
also modulate shedding of syndecan ectodomains
(Subramanian et al., 1997).

Extracellular ligands for syndecan-3
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Syndecans bind to a number of extracellular
adhesive molecules and growth factors, but the
binding ability varies between the family members.
In contrast to other syndecans, syndecan-3 does
not bind to most insoluble ECM components (e.g.
fibronectin, laminin, collagens) (Woods et al.,
2000; Salmivirta et al., 1994; Suzuki et al., 2003),
but it does bind to the FGF and heparin-binding
growth/differentiation factors HB-GAM and MK
(Chernousov and Carey, 1993; Nakanishi et al.,
1997; Raulo et al., 1994).

In the developing central nervous system
syndecan-3 is colocalised with HB-GAM on the cell
membrane of growing axons (Kinnunen et al.,
1998a). Syndecan-3 mediates HB-GAM-induced
neurite outgrowth acting as the receptor molecule
for HB-GAM (Kinnunen et al., 1996; Kinnunen et
al., 1998b; Raulo et al., 1994).

Syndecans may also function as co-receptors for
extracellular growth factors. For example, binding
to syndecans and other HSPGs can significantly
modify the ability of FGF to interact with its
transmembrane tyrosine kinase receptor (FGFR)
(Ornitz, 2000; Schlessinger et al., 2000). Biological
activity of FGF is dependent on its binding to
HSPGs. In particular, it is important whether it is
bound to the membrane-anchored of released
(shed) form of syndecan (Carey, 1997).

Possible interaction of syndecan-3 and NCAM has
been recently suggested; however no direct
evidence exists supporting this idea (Toba et al.,
2002). In the peripheral nervous system syndecan-
3 binding to the particular collagen type V protein
mediates Schwann cell adhesion to the ECM and
activates the Erk1/Erk2  protein  kinases
(Chernousov et al., 1996; Erdman et al., 2002).

Intracellular
syndecan-3

signalling  mediated by

Syndecans are important for transduction of
extracellular signals into the cells. Through their
cytoplasmic domains syndecans are involved in
regulation of cytoskeleton organization and thus
regulate cell shape and motility (reviewed
elsewhere Yoneda and Couchman, 2003). The C-
terminal EFYA sequence highly conserved in all
syndecans interacts with several PDZ domain-
containing proteins: syntenin, CASK/LIN and
synectin (Gao et al., 2000; Grootjans et al., 1997;
Hsueh et al., 1998). In addition, one more binding
partner, synbindin, has a region with limited
homology to the PDZ domain (Ethell et al., 2000).
The C1 domain in syndecan-3 interacts with c-src,
c-fyn, cortactin and tubulin (Kinnunen et al.,
1998a).



Since the C1 and C2 domains are highly
homologous in syndecans it is likely that the same
C1- and C2-dependent interactions are
characteristic for all syndecans. Indeed, for
example syntenin and CASK bind to all four
syndecans. However, while syntenin interacts
equally well with all syndecans, CASK binds more
easily to syndecan-2 and -4 than to syndecan-1
and -3 (Grootjans et al., 2000). It is possible that
the V domain can modulate the interactions of the
C1 and C2 domains with intracellular partners of
syndecans. Thus some signalling pathways may
be unique for individual syndecans, e.g., little is
known regarding the involvement of src-mediated
molecular cascade in the signal transduction
mechanisms employed by syndecans other than
syndecan-3.

RPTPB/C

RPTPB/C is a receptor-like protein tyrosine
phosphatase expressed specifically in the nervous
system (Levy et al.,, 1993). Three isoforms of
RPTPB/C have been identified as the products of
alternative RNA splicing: the short and long
receptor forms, and the secreted form (also known
as phosphacan) (fig. 6). The extracellular region of
all three isoforms contains a carbonic anhydrase
domain, fibronectin type Ill domain and a large
cysteine-rich spacer domain. Phosphacan consists
of the entire extracellular part of the molecule. The
receptor forms of RPTPB/{ have also a single
membrane-spanning domain and two cytoplasmic
phosphatase domains. In addition, the secreted
form and the long receptor form carry chondroitin
sulfate side chains attached to the 860-residue
insert in the cystein-rich region. Thus the long
receptor form and phosphacan are chondroitin
sulfate proteoglycans. RPTPB/C bears structural
and functional similarity to the cell adhesion
molecules (reviewed by Peles et al., 1998). All
three forms of RPTPB/{ are found in the
developing and adult nervous system. RPTPB/C is
mainly expressed on the surface of the radial glia
and astrocytes. However, its mRNA can also be
detected in some neuronal populations (e.g. in
hippocampal pyramidal cell, dentate granule cells,
cerebellar Purkinje cells, neurons in striatum,
neocortex, etc.) (Snyder et al., 1996). The receptor
forms of RPTPB/{ and phosphacan display a
different developmental profile of expression. The
amount of the secreted form of RPTP/C increases
progressively during development while the
expression of the transmembrane forms does not
change very much (Sakurai et al., 1996).
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Figure 6. Schematic representation of the structure of
three RPTPB/C isoforms: short receptor form(A), long
receptor form (B), and phosphacan (C). CAH, carbonic
anhydrase domain; FN, fibronectin type Ill domain; S,
cysteine-rich spacer domain (S); CS, chondroitin sulfate
chains.

RPTPB/C binds to a number of cell adhesion
molecules and ECM components and thus is
involved in a variety of functions mediated by the
cell-cell and cell-matrix contacts.
RPTPB/C interacts with the cell surface proteins
contactin (Peles et al., 1995), NCAM, neuron-glia
cell adhesion molecule (Ng-CAM) (Milev et al.,
1994), tenascins in the extracellular matrix (Barnea
et al., 1994; Milev et al., 1998), and heparin-
binding secreted proteins such as amphoterin
(Milev et al., 1998), MK (Maeda et al., 1999) and
HB-GAM (Maeda et al., 1996). During
development RPTP/C is implicated in the neuronal
migration, axon outgrowth and guidance by
coupling extracellular cues to the signal
transduction pathways in the cells (see Holland et
al.,, 1998). The extracellular variant of RPTPp/C,
phosphacan, displays an overlapping localization
pattern  with HB-GAM  during embryonic
development and in postnatal period (Milev et al.,
1998). High affinity binding of phosphacan to HB-
GAM is mediated mainly by chondroitin sulfate
chains and can be significantly diminished by
chondroitinase treatment. Interestingly, binding to
tenascin-R is dependent on the core protein of
phosphacan but not its GAGs (Milev et al., 1998).
Functional data that RPTPB/C and its secreted form
suppress HB-GAM-induced neuronal migration
and neurite outgrowth of cortical neurons (Maeda
et al., 1996; Maeda and Noda, 1998) also suggest
that RPTPB/{ and HB-GAM comprise a ligand-
receptor pair. Similarly to HB-GAM, the expression
of RPTPB/C is enhanced following CNS injury in
the areas of axonal sprouting as well as in the
regions of glial scarring (Snyder et al., 1996).
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Anaplastic lymphoma kinase

ALK is a member of the insulin receptor subfamily
of receptor tyrosine kinases with closest homology
to leukocyte tyrosine kinase (LTK). It is a
transmembrane protein (fig. 7) with the molecular
mass of 200-220 kDa, and it has recently been
shown to specifically bind HB-GAM in intact cells
and in cell-free binding assays (Stoica et al.,
2001). ALK was originally discovered in a
chromosomal rearrangement associated with
anaplastic large cells lymphomas (Morris et al.,
1994). The receptor tyrosine kinase ALK is
specifically expressed in both central and
peripheral nervous system. /n situ hybridization
studies revealed that ALK expression begins late
in embryonic development (not detected until
embryonic day 11 in mice) and peaks during the
neonatal period. Similarly to HB-GAM, ALK is
downregulated in older animals. The level of
expression reaches its minimum around three
weeks after birth and persists in adults only in
some cell populations (e.g. in thalamus,
hypothalamic area, cerebellum, cerebral cortex).
HB-GAM signalling through ALK has been
demonstrated to be important in the growth of
glioblastoma multiforme (Powers et al., 2002). HB-
GAM interaction with the extracellular domain of
ALK induces ALK phosphorylation and subsecuent
intracellular signal transduction via the adaptor Src
homology 2 domain-containing protein (Shc),
insulin receptor substrate-1 (IRS-1), extracellular
signal-regulated kinase (ERK) and
phosphatidylinositol 3 (PI-3) kinase (Stoica et al.,
2001). In  addition, HB-GAM leads to
phosphorylation of phospholipase C gamma (PLC-
v), which is typically activated by BDNF, basic FGF
(bFGF) and other growth factors (Schlessinger,
2000). However, no expression of ALK was found
in the hippocampus and dentate gyrus (lwahara et
al., 1997; Morris et al., 1997). Thus, though HB-
GAM/ALK interactions may be important for some
of the HB-GAM biological effects it is unlikely that
they play a role in the regulation of synaptic
plasticity or hippocampus-dependent learning.

LBS MAM ™ TK

. =

Figure 7. Schematic representation of anaplastic
lymphoma kinase. LBS, ligand-binding sequence; MAM,
meprin/A5/PTPmu domain; TM, transmembrane domain;
TK, tyrosine kinase domain.
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Summary

Previous studies demonstrated that in addition to
its role in the regulation of neurite outgrowth and
axonal guidance during development ECM-
associated molecule HB-GAM is involved in the
regulation of hippocampal LTP. HB-GAM binds
with high affinity to syndecan-3. This cell-surface
HSPG displays similar pattern of expression to that
of HB-GAM during development and in response
to LTP-inducing HFS. It also blocks LTP, which
makes it a good candidate for the role of functional
receptor mediating effects of HB-GAM on synaptic
plasticity. The involvement of HB-GAM and
syndecan-3 in the regulation of hippocampal LTP
also suggests that these molecules may be
implicated in the hippocampus-dependent learning
and memory. However, the data on the role of
endogenous HB-GAM as well as syndecan-3 in
hippocampal functions and regulation of learning
behavior is missing.

HB-GAM belongs to the diverse family of TSR
domain containing proteins sharing a common
property of binding to heparin-type glycans. TSR
proteins are ECM-associated and cell-surface
molecules mediating cell-cell and cell-matrix
interactions and involved in the various biological
functions. It is though unknown whether individual
TSR domains may act as independent signalling
units or higher order organization is required for
their effects in the nervous system.



Aims of the study

Mutant mice were used to study the in vivo function of HB-GAM and its receptor syndecan-3 in hippocampal
synaptic plasticity and hippocampus-related forms of behavior. The specific aims of this work were as
follows:

1. To study whether genetic manipulations leading to either lack or overexpression of HB-GAM in mutant
mice affect synaptic plasticity and/or learning and memory (1).

2. To determine whether the effects of HB-GAM on hippocampal functions are mediated by syndecan-3
using mice lacking this heparan sulfate proteoglycan (ll).

3. To study cellular mechanisms underlying altered synaptic plasticity in the HB-GAM mutant mice (lll,
unpublished data).

4. To characterise structure/function relations of the HB-GAM protein (V).
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Materials and methods

Here only a brief outline of the materials and
methods used in the current study is given. More
detailed descriptions of the experimental
procedures are provided in the corresponding
sections of the original publications (see Table 3
for the references).

Genetically modified mice were studied in the
present work to characterise the role of HB-GAM
and syndecan-3 in the synaptic plasticity and
learning and memory. Three different mutants
were generated: HB-GAM knockouts, HB-GAM
overexpressing mice and syndecan-3 deficient
mice. Previously described (Amet et al., 2001)
chimeric male HB-GAM knockouts on the
C57BL/6J % 129 hybrid background were mated to
129S2/SvHsd females in order to generate inbred
strain of HB-GAM deficient mice. Transgenic mice
overexpressing HB-GAM used in the studies were
hemizygous animals on inbred FVB/NHsd or in F1
FVB/NHsd x 129S2/SvHsd hybrid backgrounds.
Syndecan-3 deficient animals were 129SV x
C57BL/6J hybrids.

In vitro electrophysiological experiments were
done using transverse hippocampal slices.
Recordings were made from the CA1 area of
hippocampus. Field excitatory postsynaptic
potentials (fEPSPs) from stratum radiatum were
elicited by stimulation of Schaffer collaterals. The
relationships between the presynaptic fiber volley
amplitude and the slope of fEPSP at different
stimulation intensities were used to evaluate basal
synaptic transmission. Possible changes in short-
term plasticity and presynaptic functions were
checked by measuring paired-pulse facilitation
ratio. High-frequency and low-frequency
stimulation trains were applied to elicit long-term
changes in the efficacy of synaptic transmission.
Recordings from stratum pyramidale were
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conducted to measure population spike responses.
Visualized whole-cell patch-clamp recordings from
CA1 pyramidal cells were made using infrared
microscopy. Recordings were made in voltage-
clamp mode. To study the basic properties of
GABA, receptor-mediated transmission
GABAergic currents were pharmacologically
isolated and miniature and spontaneous inhibitory
postsynaptic currents (IPSC) were recorded.
Paired-pulse depression of evoked IPSCs was
used to assess functional properties of GABAergic
neurotransmission.

Behavioral testing included evaluation of basic
neurological functions, sensory and motor abilities
(postural, righting and visual placing reflexes, pain
sensitivity, rotarod, open field test), and tests
assessing anxiety-like behavior and learning and
memory. Morris water maze test was used to
assess hippocampus-dependent spatial learning.
Elevated plus maze test and light-dark exploration
tests were conducted to measure general level on
anxiety. In addition, contextual fear conditioning
and cue learning tests were carried out to evaluate
associative learning.

Histological methods included hematoxylin/eosin
for general evaluation of gross morphology and
estimation of cell densities; and Bielschowsky
silver impregnation to visualize axonal projections.
Golgi staining was used to visualize dendritic
spines on the hippocampal pyramidal cells.
Immunofluorescence of synaptophysin staining
was measured using confocal microscopy to
evaluate the density of presynaptic butons. Cell
cultures were used for neurite outgrowth assays,
transfilter migration assays and to study
distribution of AMPA and NMDA glutamate
receptors and syndecan-3 in hippocampal neurons
by means of immunostaining.



Table 3.

Method Publication

In vitro electrophysiology using hippocampal slices from rats and

transgenic mice
¢ Field potential recordings -1V
e Whole-cell patch-clamp recordings i

Production of genetically modified mice I, 1l

Behavioral testing of transgenic mice I, 1l

Morphological analysis
¢ Histological methods 1l
e Immunofluorescence and confocal microscopy Il

In vitro cell cultures I, IV
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Results

Morphology of the HB-GAM and syndecan-3
mutant mice (1,11)

Three different mutant mice lines were used in
electrophysiological and behavioral studies: HB-
GAM overexpressing transgenic mice, HB-GAM
knockouts (Amet et al., 2001) and syndecan-3
deficient mice. In the HB-GAM transgenic mice the
coding region of HB-GAM was under the control of
the human PDGF f-chain promoter, which
produces preferential expression in neurons
(Sasahara et al.,, 1991). Transgene-positive mice
showed about two-fold overexpression of the HB-
GAM protein in the hippocampus compared to the
endogenously occurring HB-GAM. The mutant
mice lacking HB-GAM and syndecan-3, as well as
the mice overexpressing HB-GAM, were all born in
expected Mendelian ratios, displayed normal life
span, and were apparently healthy and fertile.
None of the genetically manipulated mice lines
have obvious anatomical or histological brain
abnormalities.

Detailed morphological analysis of hippocampus
and motor cortex of the HB-GAM transgenic mice
using hematoxylin-eosin and Bielschowsky-silver
impregnation method did not reveal any changes
in the layer structure, cell density and major axonal
projections in the mutant mice as compared to the
wild-type controls. Similarly, the syndecan-3
knockout mice did not display any gross
morphological changes in brain histology (I: fig. 1c;
IIl: fig. 2a). Hippocampal neurons cultured in vitro
from the syndecan-3 knockouts appeared normal
in morphology (ll: fig.1d).

Syndecans are involved in regulation of cell shape
and motility during development through their
interactions with cytoskeleton. In particular,
syndecan-2 has been shown to induce maturation
of dendritic spines in hippocampal neurons through
signalling mechanism of EphB, the member of Eph
receptor tyrosine kinase family (Ethell and
Yamaguchi, 1999; Ethell et al., 2001). Syndecan-3
is also phosphorylated by EphB1 in vitro (Asundi
and Carey, 1997). Thus, we used Golgi
impregnation and Dil staining to visualize dendritic
spines in the hippocampal neurons in order to see
whether their morphology is affected by syndecan-
3 deletion. No differences in overall appearance of
the pyramidal neurons were detected between the
syndecan-3 knockout mice and the wild-type
controls. The shape of the dendritic spines, their
length and density were similar in both genotypes
(II: fig. 2b, c). To estimate synaptic density in the
area CA1 of hippocampus we also used
immunostaining with antibodies against the
presynaptic marker synaptophysin. No differences
between the syndecan-3 knockout mice and their
wild-type controls were found in the level of
synaptophysin immunofluorescence (ll: fig 2b; fig.
8).

Synaptic distribution of AMPA and NMDA
receptors in cultured hippocampal neurons as well
as the AMPA/NMDA ratio, assessed by
immunostaining, was indistinguishable in the
syndecan-3 deficient and the wild-type mice.

Figure 8. Synaptophysin immunofluorescence in the area CA1 of hippocampus is indistinguishable in wild-type (A) and

syndecan-3 deficient (B) mice.
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Synaptic plasticity in the HB-GAM knockout
mice (I, unpublished)

Mice lacking HB-GAM were originally produced in
the C57BL/6Jx129/0Ola hybrid background (Amet et
al,, 2001). In that first report of the HB-GAM
knockout mice the enhanced hippocampal
plasticity in the mutants was only revealed when
using sub-threshold protocol for LTP induction.
Here in the follow-up study we used HB-GAM
knockout mice after several back-crossings to
129S2/SvHsd strain in order to generate an inbred
line and thus to reduce the possible variation of the
phenotype caused by genetic background. The
input-output curves of single-pulse evoked
synaptic responses, which reflect the relationship
between the presynaptic fiber volley amplitude and
the fEPSP slope, were similar in the hippocampal
slices from the knockout mice and wild-type
controls (I: fig. 4a). Paired-pulse facilitation (PPF),
a form of short-term synaptic plasticity, was also
unaffected by the mutation in the interpulse interval
range from 20 to 200 ms (I: fig. 4b).

LTP induced by high-frequency stimulation in the
area CA1 of hippocampus, however, was
substantially enhanced in the mice lacking
endogenous HB-GAM compared to the control
animals (fig. 9 a). We did not find any difference in
synaptic responses evoked by high-frequency train
stimulation between the knockout and wild-type
mice. Slow NMDA receptor-mediated components
of field recordings after tetanic stimulation were
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also indistinguishable in both experimental groups
(I: fig. 4d, e). No differences between the
genotypes were found in LTP induced by lower
stimulation frequency trains (10Hz/1s) (fig. 9 b).
PPF measured one hour after LTP induction was
not affected either in the mutants or the wild-type
mice (I: fig. 4f).

To check whether deficiency of HB-GAM in the
mutant mice affects the properties of AMPA and
NMDA receptor-mediated responses we performed
whole-cell patch-clamp recordings from the
pyramidal neurons of the CA1 area of
hippocampus. The current-voltage relations of the
pharmacologically isolated AMPA component of
synaptic currents, obtained at the holding
potentials between -80 and +20 mV, revealed
normal responses in the mutant mice (Pavlov,
Segerstrale, Rauvala and Taira, unpublished
results; fig. 10 a). Both the wild-type and knockout
mice exhibit similar |-V relationships of the NMDA
receptor-mediated current (fig. 10 b). To estimate
whether the AMPA and NMDA components are
present in similar proportions in the mutant mice
and the control animals, we plotted the current-
voltage curves of the NMDA receptor-mediated
component normalized to the AMPA component at
-80 mV recorded from the same cells. Again no
difference between the genotypes was detected,
suggesting that the AMPA/NMDA ratio is not
changed in the mutants (fig. 10 c).
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Figure 9. (A) LTP in the area CA1 of hippocampus induced by the 100 Hz high-frequency stimulation protocol is
significantly higher in the HB-GAM knockout mice (n=6) that in the wild-type controls (n=6). (B) LTP induced by the 10 Hz
stimulation protocol. The mutant mice (n=3) exhibit a similar level of potentiation as compared to the wild-type control

animals (n=4). Data represent mean+SEM.
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Figure 10. Similar current-voltage curves for isolated AMPA and NMDA EPSCs in the CA1 region of hippocampus of the
HB-GAM knockouts and the wild-type mice (Pavlov, Segerstrale, Rauvala and Taira, unpublished results). Voltage
dependence of the EPSC amplitude normalized to the maximal inward current for the AMPAR- (A) and NMDAR-
mediated (B) responses. (C) Averaged amplitudes of NMDA receptor-mediated responses expressed as the percentage
of the AMPA receptor-mediated current at -80 mV recorded from the same cells.

Behavioral phenotype of the HB-GAM knockout
mice (l)

Mutant mice were examined in a number of
behavioral tests and did not display any
abnormalities in general health, neurological
reflexes, motor functions or sensory abilities.
Morris water maze test for spatial learning
revealed that though the escape time decreased
rapidly both in the wild-type and the knockout
mice, the mice lacking HB-GAM show a slightly
delayed escape time during the training period.
The mutant mice also performed poorly in the first
transfer test as compared to the control animals.
However, in the second transfer test, after nine
training blocks, both genotypes already had a
similar preference to the trained quadrant and
spent an equal time in the circle around the
platform. The third transfer test was made after the
mice had learned to find the platform moved to the
opposite quadrant. In this task the knockout mice
spent significantly less time in the previous target
zone. In addition, the HB-GAM deficient mice
spent a longer time in near the pool wall in the first
and third transfer tests than the wild-types (I: fig.
5). Fear conditioning experiments revealed a lower
context-dependent freezing in the knockout mice
compared to the control group, while no changes
were observed in the cued fear conditioning (I: fig.
6d). The HB-GAM knockout mice showed a higher
anxiety-like behavior than control animals in the
elevated plus maze test (I: fig. 6¢).

Synaptic plasticity in the HB-GAM
overexpressing mice ()
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Similarly to the HB-GAM knockout mice, animals
with an enhanced level of HB-GAM expression did
not have any changes in the basal properties of
synaptic transmission in the area CA1 of
hippocampus. Input-output curves and PPF ratios
before and one hour after LTP induction were
indistinguishable in the mice overexpressing HB-
GAM and wild-type littermate  controls.
Nevertheless, in contrast to the mice lacking HB-
GAM, the overexpressing mice displayed
attenuated LTP induced by tetanic stimulation.
Thus the effect of the enhanced expression of
endogenous HB-GAM is in agreement with the
previously reported suppressory action of
recombinant HB-GAM on LTP induction (Lauri et
al., 1998). Synaptic fatigue and the shape of
consecutive responses during the HFS stimulation
of Schaffer collaterals were similar in the HB-GAM
transgenic and wild-type mice.

HB-GAM and GABAergic inhibition in
hippocampus (lll)

GABAergic inhibition plays an important role in the
control of glutamatergic synaptic plasticity in the
hippocampus. Blockade of GABAergic
transmission is known to facilitate LTP while GABA
agonists favour induction of LTD instead of LTP in
a range of induction protocols (Steele and Mauk,
1999; Wigstrom and Gustafsson, 1983). Further
experiments were designed to test the hypothesis
that augmentation in GABAergic transmission
underlies attenuated LTP in the HB-GAM
transgenic mice. In support of that, the level of LTP
induced after application of GABA, receptor
blocker, picrotoxin, was similar in the HB-GAM
overexpressing mice and the wild-type controls.



Field recordings from the CA1 stratum pyramidale
demonstrated that picrotoxin wash-in  was
accompanied by a significantly increased
facilitation of the population spike responses in the
transgenic mice compared to the wild-type control
animals, suggesting that a more powerful inhibitory
control exists in the hippocampus of the mutants
under normal conditions (llI: fig. 2).

Whole-cell patch-clamp recordings from the
pyramidal cells in the area CA1 of hippocampus
were performed to investigate the basic properties
of GABAergic transmission. While the kinetics and
the mean amplitude of the spontaneous IPSCs
(sIPSCs) were similar in both genotypes, the
transgenic mice demonstrated an enhanced
frequency of sIPSCs compared to wild-type
litermate controls (lll: fig. 3). These data provide
further evidence for the enhanced GABAergic
transmission in the hippocampus of the transgenic
mice. GABA receptor-mediated synaptic currents
are known to decrease in response to repetitive
stimulation, thus functional inhibitory control
diminishes during high-frequency stimulation
(Davies et al., 1990). Paired-pulse depression of
evoked IPSCs was studied in the range of
interpulse intervals from 50 to 800 ms. In contrast
to the wild-type mice, which displayed marked
depression of the second IPSCs in the paired-
pulse stimulation, the HB-GAM overexpressing
mice demonstrated significantly reduced level of
paired-pulse depression (lll: fig. 5). The frequency
of miniature IPSCs (mIPSCs), however, was
similar in the HB-GAM overexpressing mice and in
the control group. No effect of the mutation on the
properties of single events was found.

Behavioral analysis of the mice overexpressing
HB-GAM (I)

The expression of the HB-GAM transgene did not
lead to any sensory or motor disabilities in the
mutant mice. Though the escape latencies did not
differ between the wild-type and the transgenic
mice during the training period in the water maze
task, significant differences were found between
the genotypes in the first and the second transfer
tests (I: fig. 3a, b, c). In both transfer tests the
transgenic mice spent more time swimming in the
platform quadrant than the wild-type mice.
Subsequent training to learn the position of the
platform moved to the opposite quadrant of the
water maze and the following, third, transfer test
showed similar results for the transgenic and
control animals (I: fig. 3 d). Wild-type mice
expressed more thigmotaxis during the first two
transfer tests. However, the difference reached the
level of significance only in the second transfer test
(I: fig. 3 e). In the fear conditioning test, the mice
overexpressing HB-GAM displayed less freezing to
the CS tone than control mice, but the context

dependent freezing was not different (I: fig. 6 b). In
the elevated plus maze test the transgenic mice
displayed reduced anxiety-like behavior. They
made more entries into the open arms and stayed
there longer than the wild-type animals. The
number  of  closed arm entries was
indistinguishable between the genotypes (I: fig. 6
a).

Synaptic plasticity in the syndecan-3 deficient
mice (Il)

The electrophysiological phenotype of the mice
lacking syndecan-3 very much resembled that of
the HB-GAM knockout mice. Deletion of the
syndecan-3 gene had no effect on the baseline
synaptic transmission or PPF (llI: fig. 3). LTP in the
area CA1 of hippocampus was strongly enhanced
in the mice lacking syndecan-3 (ll: fig. 4 a). A
similar increase of LTP level was demonstrated for
homo- and heterozygous mutants. Saturation of
the LTP was reached following the 3™ train
stimulus both in the wild-type and syndecan-3
deficient mice. However, the level of maximal
potentiation was higher in the knockouts (ll: fig. 4
c). No differences between the genotypes were
revealed in response to the low-frequency
stimulation (Il: fig. 4 d). Since syndecan-3 is
important for mediating neurite outgrowth effects of
HB-GAM during development (Kinnunen et al.,
1996) we tested whether it is also involved in
modulation of LTP by HB-GAM. Indeed, whereas
pressure injection of HB-GAM into the CA1
dendritic area attenuated LTP in the wild-type
mice, it had no effect on the level of potentiation in
the mice lacking syndecan-3 (ll: fig. 5).

Behavioral analysis of the mice lacking
syndecan-3 (ll)

Like the HB-GAM mutant mice, the syndecan-3
knockouts were indistinguishable from the wild-
type control animals in the tests for the basic
neurological reflexes, sensory and motor functions.
During the training period in the Morris water maze
the escape latency was slightly higher in the
knockout mice compared to the control group,
though the effect was significant only in one
training block (ll: fig. 6 a). However, in contrast to
the wild-type mice, the knockout animals did not
show any spatial preference to the platform
quadrant in the first transfer test. A better
performance in the wild-type group was also
retained in the second transfer test, when the mice
deficient of syndecan-3 spent significantly more
time swimming in the opposite quadrant (ll: fig. 6
b-e). No differences were revealed in thigmotaxis
between genotypes. Fear conditioning experiments
also revealed spatial learning deficits in the
syndecan-3 knockout mice. The mutants displayed
reduced freezing in the context discrimination task
as compared to the wild type mice (ll: fig. 7 a). In
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addition, no genotype-dependent changes were
detected in the taste aversion test (ll: fig. 7 c).
Anxiety-like behavior of the syndecan-3 knockout
mice in the elevated plus-maze and light-dark
exploration tests was similar to that of wild-type
mice.

Structure/function dissection of HB-GAM (IV,
unpublished data)

Binding studies wusing plasmon resonance
indicated that the lysine-rich tails had no effect on
heparin binding properties of HB-GAM since the
intact protein displayed the same affinity values as
the di-TSR domain of HB-GAM. However, the
individual N- and C-terminal domains of HB-GAM
bound heparin considerably weaker than the di-
TSR domain. Thus, though each TSR domain can
interact with heparin, both domains are clearly
required for high affinity binding. We next tested
whether the binding properties of the purified TSR
domains of HB-GAM correlate with their functional
activity. Injection of the di-TSR fragment effectively
inhibited LTP in the area CA1 of hippocampus,
while the single N- and C-terminal domains
displayed milder effects and did not abolish LTP
(IV: fig. 7). Intriguingly, despite striking structural
similarity with HB-GAM and similar heparin binding
affinity (Kilpelainen et al., 2000; Tumova, personal
communication) midkine (MK) application did not
abolish hippocampal LTP induced by high-
frequency stimulation, nor did the di-TSR domain
of MK (fig. 11). Neurite outgrowth assays
demonstrated that native HB-GAM as well as its di-
TSR domain induced neurites from the primary
cultured hippocampal neurons in matrix bound
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form. Both N- and C-terminal single TSR domains
failed to induce neurites at coating concentrations
tested. In addition, single TSR domains failed to
inhibit neurite outgrowth induced by intact coated
HB-GAM when applied to the assay medium, while
the di-domain polypeptide inhibited neurite
outgrowth at values close to the value of intact
protein (IV: fig. 6). Consistently with heparin-
binding experiments and neurite outgrowth assays
the di-domain polypeptide of HB-GAM produced
similar but slightly weaker inhibitory effect on
neuronal migration as compared to native HB-
GAM.
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Figure 11. Effect of MK and its di-TSR domain
polypeptide on LTP in the area CA1 of hippocampus
(Pavlov, Taira and Rauvala, unpublished results).
Pressure injection of the polypeptides into the stratum
radiatum was made 10 minutes before HFS stimulation.
Time of injection is marked by the arrow. Data represent
mean+SEM. N numbers refer to the number of slices;
the numbers of animals are given in parentheses.



Discussion and Conclusions

HB-GAM as a negative regulator
of synaptic plasticity in
hippocampus

The role of HB-GAM in hippocampal LTP and
spatial learning and memory was examined by
using two groups of mice in which the expression
of the molecule is either enhanced or abolished.
Opposite genetic manipulations in our study led to
opposite  electrophysiological and behavioral
consequences: overexpression of HB-GAM
resulted in attenuated LTP and better learning
performance while loss of expression led to
enhanced LTP and impaired learning and memory.
Finding of opposite changes in LTP and spatial
learning in the HB-GAM knockout and
overexpressing mice speaks for a gene-specific
effect rather than a general background gene
effect. Due to the technical reasons transgenic and
knockout mice were produced in different genetic
backgrounds. This  precluded the direct
comparison of the mutant mice in our study.
Instead, both mutant groups had their own
controls, respective wild-type littermates, which
allowed us to evaluate the direction of the changes
in plasticity or behavior caused by the mutation.

HB-GAM and LTP

The first report implicating HB-GAM in the
regulation of synaptic plasticity in the hippocampus
demonstrated that its expression is enhanced
following tetanic stimulation (Lauri et al., 1996).
Application of recombinant HB-GAM into
hippocampal slices was later shown to inhibit HFS-
induced LTP in the area CA1 without affecting
single-pulse evoked synaptic responses (Lauri et
al., 1998). However, it was impossible to exclude
the possibility that the suppressor effect on LTP
was due to the inhibition of the endogenous HB-
GAM by the injected protein (see also discussion
in 1). The use of mutant mice demonstrated that
the HB-GAM transgenic mice that display a
modest overexpression of the transgene in the
brain have a clearly attenuated LTP whereas
disruption of the HB-GAM gene enhances LTP in
the area CA1 of hippocampus. Thus our data
strongly support the idea that HB-GAM acts as an
inducible inhibitor of synaptic plasticity in the
hippocampus. The importance of negative
regulatory mechanisms of long-term plasticity and
memory storage is discussed elsewhere (Abel et
al., 1998). Such mechanisms might be of particular
importance in the course of maturation when LTP-
like processes occur during synaptic development.
The fact that LTP of the AMPA component of
fEPSP induced in young animals tend to decay at

the rate depending on the test stimulation
evidences in favour of an activity-dependent
mechanism compensating overall changes in
synaptic efficacy during development (Xiao et al.,
1996). In this respect an important question about
the role of HB-GAM in the neonatal plasticity still
remains open.

An important question in relation to the LTP
phenotype of the mutant mice is whether HB-GAM
suppresses NMDA receptor function (e.g. through
syndecan-3/tyrosine  kinase  signalling), and
deletion of HB-GAM facilitates NMDA receptor
activation. It is also possible that HB-GAM directly
affects AMPA receptor-mediated transmission or
shifts the AMPA/NMDA current ratio. However, we
did not find any supporting evidence for these
suggestions. The slow NMDA receptor-mediated
component of HFS trains in field recordings (c.f.
Davies et al., 1991) was not affected either by HB-
GAM deletion (see also Amet et al., 2001) or by
HB-GAM overexpression. Further, distribution of
AMPA and NMDA receptors in cultured
hippocampal neurons from the syndecan-3
knockout mice was also unaffected by the
mutation. Finally, there were no changes in either
NMDA or AMPA receptor-mediated
neurotransmission in the HB-GAM knockout mice
compared to the wild-type control animals. Thus,
our data together with previous results,
demonstrating that local application of recombinant
HB-GAM in the CA1 area of rat hippocampal slices
does not alter pharmacologically isolated AMPA
and NMDA receptor-mediated responses (Lauri et
al., 1998), suggest that HB-GAM is not directly
involved in the regulation of these glutamate
receptors.

Interestingly, along with a rather slow effect of HB-
GAM on LTP expression as demonstrated by the
injection studies [(Lauri et al., 1998) Il, IV], there
may exist an additional mechanism involved in the
immediate effect of the protein on the LTP
induction, which would explain the difference in the
post-tetanic potentiation in all mutants described
here. It is possible that in addition to syndecan-3
(see discussion below) HB-GAM also interacts with
other syndecans expressed in the nervous system
in a developmentally regulated and region specific
manner (e.g. Mitsiadis et al., 1995). Members of
the syndecan family seem to substitute each other
to some extend. For example, syndecan-1
overexpression in hypothalamus mimics a
physiological effect of syndecan-3 on feeding
behavior (Reizes et al., 2001). Another HSPG,
syndecan-2, is concentrated in the synaptic
junctions at the pre- and postsynaptic sites (Hsueh
et al., 1998). Its expression pattern increases in
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parallel with the synaptophysin suggesting its role
in synaptogenesis, in particular at the late stages
of synaptic development (Hsueh and Sheng,
1999). Indeed, syndecan-2 was demonstrated to
play a critical role in spine development being
phosphorylated by the EphB receptor tyrosine
kinase (Ethell and Yamaguchi, 1999; Ethell et al.,
2001). Further studies are warranted to
envestigate whether there are any changes in the
expression of other syndecans in the syndecan-3
defficient mice.

Another receptor that could mediate HB-GAM
signalling is RPTPB/{ (Maeda and Noda, 1996).
The interaction between HB-GAM and RPTP/C is
important for HB-GAM-induced neuronal migration
(Maeda and Noda, 1998) and morphogenesis of
cell dendrites (Tanaka et al., 2003). RPTPB/C is
expressed by subsets of neurons and astrocytes in
some brain areas including hippocampus (Shintani
et al, 1998). It is worth to note that
RPTPB/C associates with sodium channels and
affects sodium currents (Ratcliffe et al., 2000).
Remarkably, the electrophysiological phenotype of
the mice deficient in PTP3, which belongs to the
same receptor family as RPTPB/L, resembles the
phenotype of the HB-GAM and syndecan-3
knockouts in that these mutants display enhanced
hippocampal LTP (Uetani et al., 2000). The RPTP{
knockout mice have been generated recently and
were shown to have age-dependent enhancement
of hippocampal LTP and deficient learning in
Morris water maze. The effects of mutation are
believed to be due to the changes in Rho-
associated kinase pathway (Niisato et al., 2005).
Modulation of phosphatase activity by HB-GAM
may thus regulate excitability of the neurons and
contribute to the expression on plasticity.
Interaction of HB-GAM with RPTPB/{ has been
suggested to inhibit its catalytic activity, which may
lead to an increased level of phosphorylation of -
catenin (Meng et al, 2000). Depolarization
upregulates association of p-catenin with E-
cadherin and causes p-catenin redistribution into
the spines (Murase et al., 2002). On the contrary,
HB-GAM through B-catenin phosphorylation may
disrupt p-catenin/E-cadherin  association and
weaken cell-cell adhesion, which in turn would
affect activity-induced morphological changes and
attenuate LTP.

TSR family proteins in brain
development and plasticity

Apparently the native protein structure is required
for the biological effects of HB-GAM. Heparin
binding properties of the single HB-GAM TSR
domains are significantly diminished as compared
to the intact molecule. In line with these results
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functional data from the electrophysiological
experiments and neurite outgrowth assays
indicated that single TSR domains fail to induce
neurite outgrowth and show much less inhibitory
effect on LTP induction. Presumably some co-
operative process which involves both TSR-
domains of the molecule is essential for HB-GAM
activity. However, several other biological effects
of HB-GAM seem to rely on the different structural
determinants of its functions. For instance,
angiogenesis activity of HB-GAM functions
independently of its transforming activity. Both
effects rely on the specific amino-acid sequences
and do not require the intact molecule (Deuel et
al.,, 2002; Zhang et al., 1999). Thus, only certain
functions of HB-GAM are determined by the higher
order organization of its domains.

TSR containing proteins are important for neuronal
development participating in cell migration, neurite
outgrowth and axon pathfinding (Adams and
Tucker, 2000). They also play a role in
synaptogenesis and contribute to synaptic
plasticity. TSP1 and TSP2 released from
astrocytes induce synapse formation and are
necessary for aligning and maintaining adhesion
between pre- and postsynaptic sites (Washbourne
et al., 2004). Modulation of cell-cell and cell-
extracellular matrix interaction is also important for
synaptic plasticity and regulation of synapse
morphology in the adult brain.

TSR domains of the proteins belonging to the TSR
superfamily are known to mediate functional
interactions with ECM components through binding
to GAG chains of proteoglycans. Thus HSPGs and
CSPGs can modulate the biological effect of these
proteins through binding to their TSR domains.
Such mechanism has been demonstrated for
semaphorin Sema5A. TSR domains of Sema5A
are critical for regulatory interactions with sulfated
proteoglycans that determine whether the protein
would exert attractive or inhibitory effect on the
developing axons (Kantor et al., 2004).
Interestingly, Sema5A not only affects neurite
outgrowth in the developing CNS but also
contributes to axon inhibition after injury in the
adult suggesting that similar mechanisms remain
functional throughout the life span (Goldberg et al.,
2004).

Plasmin-mediated cleavage of the TSR domains
from F-spondin, another member of the TSR
superfamily, has been recently shown to be
important for the modulation of F-spondin
attachment to the ECM (Tzarfaty et al., 2001). It is
tempting to speculate that a similar mechanism
involving proteolytic cleavage may regulate the
activity of HB-GAM. However, it remains to be
determined whether individual TSR fragments of



the TSR domain proteins have the signalling
functions of their own. Given such complexity of
structure/function relationship, it is not very
surprising that although MK is highly homologous
to HB-GAM it produces much weaker effects on
LTP.

Implications for behavior

Modifications in the hippocampal synaptic plasticity
in the mutant mice reported here were
accompanied by alterations in the hippocampus-
dependent learning. Though, changes in the
behavioral phenotype of the HB-GAM mutants, as
well as of the syndecan-3 knockout mice, were
relatively mild compared to the wild-type control
animals. Abnormalities in spatial learning and
memory in the mutants were not severe and could
be revealed only as deficits in some particular
tasks. For example, the Morris water maze test
showed normal acquisition of the hidden platform
task and normal swimming and thigmotaxis in the
pool, but a deficit in the probe trial during the
transfer test in the syndecan-3 null mice. Thus,
only some components of the spatial navigation
seem to be affected by the mutation. Obviously,
many parallel learning processes take place in the
Morris water maze task. However, the transfer test
for spatial search is considered to be the most
specific for the hippocampus-dependent spatial
memory (Wolfer et. al., 1992).

It is also possible that behavioral phenotypes could
be partially masked by the genetic background.
Synaptic plasticity and learning vary in different
mouse strains routinely used for genetic
manipulations (Bampton et al., 1999; Nguyen et
al., 2000b; Nguyen et al., 2000a; Voikar et al.,
2001; Wolfer et al., 2002). Previous studies, which
utilized hybrid genetic background, revealed
enhanced plasticity in the HB-GAM knockout mice
using a sub-threshold protocol for LTP induction
(Amet et al., 2001). However, as demonstrated
here back-crossing of HB-GAM knockouts into the
129S2/SvHsd strain to generate an inbred line did
show enhanced LTP induced by the conventional
100Hz/1s high-frequency protocol. The differences
in the genetic background in which the mutation is
studied may account not only for the slight
variations in electrophysiological (e.g. the level of
LTP) and behavioral phenotype of the control
animals, but also qualitatively alter the
manifestation of the mutation. Accordingly, in this
study it was hard to differentiate whether
manipulations with the level of HB-GAM
expression have specific effects on the two forms
of fear conditioning, or whether this was due to an
effect of the genetic background. HB-GAM
deficient mice reported here displayed decreased
performance in both spatial learning tasks: Morris
water maze and context-dependent conditioning

test. However, in the transgenic mice, where
overexpression of HB-GAM enhanced spatial
learning in the water maze, the mutation had no
effect on context fear conditioning, but affected
cued fear conditioning. Similar to the HB-GAM
knockouts, syndecan-3 deficient mice displayed
compromised learning in water maze test and
reduced contextual freezing with no apparent
abnormalities found in a number of hippocampus-
independent behavioral tests. However, the
question whether HB-GAM/syndecan-3 actions are
also important in brain structures other than
hippocampus still remains opens. For example, it
is currently unknown whether HB-GAM expression
in amygdala undergoes activity-induced changes
in expression as it does in the hippocampus.

Interestingly, anxiety-like behavior in the elevated
plus maze task was affected in the HB-GAM
mutants, but not in the syndecan-3 deficient mice.
Decreased anxiety and improved performance in
spatial learning tests in mice overexpressing HB-
GAM is an intriguing finding, since the use of
anxiolytic drugs usually severely impairs memory
(e.g. Korneyev, 1997). Notably, similar to the HB-
GAM  knockouts, MK deficient mice also
demonstrated memory impairments and increased
anxiety (Nakamura et al., 1998).

Altered GABAergic transmission
in the HB-GAM transgenic mice

In the present work (Ill) we demonstrated that
enhanced expression of HB-GAM in transgenic
mice is accompanied by alterations in GABAergic
neurotransmission. Blockade of GABA, receptors
by picrotoxin resulted in a more prominent
increase of the CA1 population spike amplitude in
the transgenics compared to the wild-type animals.
This suggests that under normal conditions a more
powerful inhibitory control exists in the
hippocampus of the mutant mice. In line with field
recordings whole-cell patch-clamp experiments
showed that sIPSCs frequency is enhanced in the
mice overexpressing HB-GAM, indicating that
spontaneous GABAergic drive is accentuated in
the mutants. We suggest that increased
hippocampal GABA, receptor-mediated inhibition
in the transgenic mice contributes to suppressed
LTP in these animals. Indeed, under GABAa
receptor blockade the magnitude of LTP was
similar in the HB-GAM overexpressing mice and
their wild-type controls. In addition, transgenic
mice display decreased anxiety-like behavior
which could also be the result of the increase in
GABAergic inhibition in the hippocampus.
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A potential link between HB-GAM and the
GABAergic inhibition is bFGF. Recent results
suggested that HB-GAM inhibits the activity of
bFGF by competing for the binding the specific
GAG epitopes at the cell surface (Hienola et al.,
2004). It has been demonstrated that bFGF
modulates GABAergic neurotransmission (Tanaka
et al, 1996) and promotes hippocampal LTP
induced by high-frequency stimulation (Terlau and
Seifert, 1990). Thus, it may explain opposite
effects of HB-GAM and bFGF on LTP induction
(Ishiyama et al., 1991; Lauri et al., 1998). Activity
of bFGF has been shown to be regulated upon
binding to syndecan family of HSPGs. Notably
both bFGF and HB-GAM have similar affinity to
syndecan-3 and compete for binding with it in vitro
(Kinnunen et al.,, 1996; Raulo et al., 1994),
suggesting that interplay between bFGF and HB-
GAM could be mediated by syndecan-3. Further,
molecular mechanism underlying the effects of HB-
GAM on GABAergic system may also involve
HSPG agrin, the activity of which depend on its
interaction with HB-GAM (Daggett et al., 1996).
Agrin takes part in the maturation of pre- and
postsynaptic elements in hippocampal neurons
and recently has been shown to be critically
involved in the clustering of GABA receptors
(Ferreira, 1999), but see also (Li et al., 1999).

It is possible that changes in GABA, receptor-
mediated signalling are also involved in the neurite
outgrowth promoting effects of HB-GAM during
perinatal development. Apart from being a primary
inhibitory neurotransmitter in the CNS GABA is
implicated in the neural migration and development
stimulating neurite extension and maturation.
Further studies are warranted to explore whether
the GABAergic system is implicated in the HB-
GAM mediated cell motility.

It is unknown whether the number of GABAergic
neurons is changed in the hippocampus of the HB-
GAM and syndecan-3 mutant mice compared to
their wild-type controls. Such developmental
alterations may be one of the possible cauces of
the current findings. Unfortunately, one could not
distinguish between developmental changes and
regulation of GABAergic neurons in the adult using
conventional knockout mice. Inducible knockout
mice would be of a great advantage to clearly
differentiate between the two possibilities.

Role of syndecan-3 in HB-GAM
signalling

Biological effects of HB-GAM during development,
such as HB-GAM-induced neurite outgrowth, are

mediated by its interaction with the heparan sulfate
chains of syndecan-3 (Raulo et al., 1994).

34

Antibodies to syndecan-3 inhibit the neurite growth
of embryonal forebrain neurons on HB-GAM
coated matrix (Raulo et al., 1994). Syndecan-3 is a
transmembrane proteoglycan strongly expressed
in the developing nervous system, but it is also
present in the adult brain (Carey, 1996). The
expression pattern of syndecan-3 correlates
spatially and temporally very well with the
expression of HB-GAM in the nervous system
(Nolo et al., 1995). Like HB-GAM, syndecan-3 is
expressed in an activity-dependent manner in
hippocampal pyramidal neurons so that the
expression level of its mMRNA is enhanced after
induction of LTP by HFS (Lauri et al., 1999).

To study syndecan-3 function in vivo we produced
mice lacking this HSPG. Knockout animals were
viable and apparently healthy. No evident
developmental or morphological abnormalities
were detected. Nevertheless, the mutant mice
displayed specific alterations in hippocampal
synaptic plasticity and hippocampus-dependent
learning and memory. The enhanced level of HFS-
induced LTP in the area CA1 of hippocampus in
the syndecan-3 null mutant mice resembled the
one in the HB-GAM knockout mice. The similarity
of the biological effects of syndecan-3 and HB-
GAM is stressed by the fact that application of
soluble syndecan-3 blocks HFS-induced LTP
(Lauri et al., 1999) in the same way as HB-GAM
does (Lauri et al., 1998). Thus, exogenous
application of syndecan-3 and its lack in the
mutant mice produce opposite effects on LTP. To
confirm that syndecan-3 is involved in the HB-GAM
regulation of hippocampal LTP we evaluated the
effect of recombinant HB-GAM in the syndecan-3
mutant mice. HB-GAM administration did not affect
post-tetanic potentiation in slices from the wild-type
mice, but caused a rapid decay of LTP. However,
this phenomenon was not observed in slices from
the knockout mice, suggesting that syndecan-3
acts as a functional receptor for HB-GAM in the
regulation of LTP. The relevant issue, however, not
studied in the present work would be to examine
the expression profiles of syndecan-3 and another
HB-GAM receptor molecule RPTPB/¢ in the HB-
GAM transgenic mice.

Binding of HB-GAM to syndecan-3 results in the
phosphorylation of a kinase-active protein complex
containing src-family kinases c-Src and Fyn and
the Src-substrate cortactin in neuronal cultures
(Kinnunen et al., 1998b). Interestingly, assembly of
this molecular complex is strongly upregulated
following induction of LTP in the hippocampus,
thus speaking for involvement of syndecan-3
mediated transmembrane signalling in LTP (Lauri
et al., 1999). Cortactin in turn regulates actin
polymerization, which may lead to the structural
changes of the synaptic contact (Uruno et al.,



2001). On the other hand, there are several PDZ
domain containing molecules (e.g. syntenin,
CASKILin-2, synbindin and synectin) which interact
with the intracellular domain of syndecan-3 and
other syndecans (Ethell et al., 2000; Gao et al.,
2000; Grootjans et al., 1997; Grootjans et al.,
2000; Hsueh et al., 1998). All these molecules bind
to the C-terminal EFYA sequence, fully conserved
among syndecans. Notably, syntenin was recently
shown to interact with glutamate receptor subunits
GluR1-4 and mGIuR7b (Hirbec et al.,, 2002),
raising the possibility that syndecans are involved
in the glutamate receptor targeting, trafficking or
recycling.

Somewhat similar to the role in hippocampal
plasticity and behavior, syndecan-3 was found to
be an important modulator of hypothalamic feeding
signaling pathways. Activity-induced oscillations in
the level of syndecan-3 occur in hypothalamus and
are regulated by feeding state. Food deprivation
and refeeding entails several-fold changes in
syndecan-3 level, suggesting that these
fluctuations are involved in the regulation of
feeding behavior (Reizes et al., 2001). Loss of
syndecan-3 in the knockout mice results in
reduced hyperphagia after food deprivation
(Reizes et al., 2001). Additionally, altered feeding
behavior and energy metabolism make syndecan-
3 null mice resistant to the high-fat diet-induced
obesity due to lowered food intake in male mice
and an increase in energy expenditure in females
(Strader et al., 2004). However, it remains to be
determined if HB-GAM is involved in the regulation
of feeding behavior by syndecan-3. Another
intriguing question that warrants further studies is
whether the same plasticity mechanisms involving
syndecan-3 are utilized to provide sensitivity to
external stimuli in the hypothalamus and
hippocampus.

LTP and memory

Since the discovery of LTP in the hippocampus,
the brain region known to be associated with
learning and memory (Bliss and Lomo, 1973), this
phenomenon is generally considered as a putative
cellular mechanism of memory formation. LTP
exhibits several features making it an attractive
candidate for the cellular mechanism of learning
and memory. Similar to the memory formation, LTP
is triggered within seconds, and persists over a
period of time. The induction of LTP follows the
Hebbian rule (i.e. conjunctive pre- and
postsynaptic activation is required for a change in
the strength of a synaptic connection to occure),
which is believed to be necessary for the
mechanism of information storage as well. And
finally, LTP is characterized by the properties of
cooperativity, associativity, and input-specificity

(Bliss and Collingridge, 1993). Many studies,
indeed, clearly showed that pharmacological or
genetic manipulations leading to the ablation of
hippocampal LTP  suppress hippocampus-
dependent learning and memory (Roman et al.,
1999). Moreover, several elegant experimental
designs allowed to demonstrate an occlusion of
memory formation by saturation of LTP, indicating
that LTP-like changes are necessary for learning
and memory in vivo (Moser et al., 1998; Castro et
al., 1989; McNaughton et al., 1986). Molecular
mechanisms involved seem to be rather similar in
the case of LTP and certain forms of learning.
Such signaling molecules as CaMKIl, PKC and
ERK. are implicated in both LTP and spatial
learning. Further, expression of many molecules
crucial for memory formation is modulated by the
LTP-inducing stimuli (Lynch, 2004).

However, several controversies still exist. During
the past several years it became evident that there
is no straightforward relationship between LTP and
memory (for critical reviews see Gerlai, 2002;
Martin et al., 2000; Morris et al., 2003; Roman et
al., 1999; Stevens, 1998). Although many studies
using genetically modified mice showed that LTP
and hippocampus-dependent learning and memory
are correlated, there are an ever increasing
number of examples in which these two
phenomena dissociate. Several mutant mice lines
were characterized in which enhanced LTP was
accompanied by no changes in learning and
memory (Jun et al., 1998; Manabe et al., 2000) or
even impaired hippocampus-dependent learning
(Cox et al,, 2003; Gu et al., 2002; Migaud et al.,
1998; Pineda et al., 2004). Additional examples
include mice with normal LTP but improved
learning (Collinson et al., 2002), impaired LTP and
unaffected (Nosten-Bertrand et al, 1996;
Zamanillo et al., 1999) or improved (Koponen et
al., 2004) spatial learning and memory.

Changes in LTP induction and maintenance are
not necessarily linked to changes in learning and
memory. There may be several explanations why
LTP and memory are not co-varying. The findings
may imply the existence of multiple forms of LTP
with specific relevance to certain forms of learning
and memory. Also, even though in the current
study the syndecan-3 deficient mice along with
enhanced LTP displayed higher LTP saturation
level following repetitive HFS trains the possibility
that impaired learning in those mice as well as in
the HB-GAM knockouts was due to the constant
potentiation of synapses in the CA1 during the
lifetime may not be excluded. In this case
enhanced plasticity would preclude naturally
occurring LTP-like changes and thus perturb
memory formation (Moser et al., 1998; Brun et al.,
2001). Finally, it is often the case that one form of
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synaptic plasticity in a limited population of
synaptic contacts from a particular brain structure
(e.g. CA3-CA1 connections in the hippocampus) is
compared to the learning of a special task that
depends on a multitude of brain processes and
neural networks. So it is not strange at all, that the
correlation between measured LTP and learning at
the behavioral level is often weak. Whatever the
particular reason for the dissociation between LTP
and memory is, we interpret our results to mean
that manipulations, which interfere with the
mechanism of synaptic plasticity in the
hippocampus, would also affect spatial learning
and memory.

ECM molecules in regulation of
synaptic plasticity: possible
mechanisms

The functions attributed to the extracellular matrix
in the nervous system range from regulation of
early development and differentiation of neuronal
cells to modulation of activity-dependent plasticity
in the adult. Currently, the TSR domain containing
proteins, and in particular HB-GAM, are among the
best characterized examples of ECM factors
affecting both the development of neuron-target
contacts in the developing system, and activity-
dependent synaptic plasticity in the adult brain.

Three types of actions for the ECM components in
the synaptic plasticity can be proposed (fig. 12).
First (A), by regulating cellular motility and
morphology, the ECM may contribute to structural
alterations that are associated with the expression
of synaptic plasticity. Their role might be ‘passive’
and restrict morphological alterations in synaptic
plasticity; thus reorganization of ECM and cell-
ECM interactions is required to allow expression of
plasticity. Second (B), ECM components could
coordinate  transsynaptic  signalling  during
plasticity. According to this scheme, ECM ligands
would mediate signals related to expression of
synaptic plasticity via their cell surface receptors.
Third (C), the ECM defines the physical
parameters of the extracellular space, which
regulates diffusion of soluble signalling molecules
in the extracellular space. These mechanisms,
overlapping and acting in concert, provide powerful
means for structural and functional regulation of
the nervous system.
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Conclusions

The results of this study indicate an important role
of HB-GAM in brain function in adults. Genetic
manipulations leading to either deletion or
overexpression of HB-GAM in mutant mice
specifically affected the expression of LTP in the
area CA1 of hippocampus without changing the
properties of basal synaptic transmission. These in
vitro effects of mutations were paralleled by altered
performance in hippocampus-dependent learning
tasks in vivo. Remarkably, contrasting phenotypes
were observed as the result of opposite genetic
manipulations. Together with previous results our
findings suggest that HB-GAM acts as an inducible
factor restricting synaptic plasticity in the
hippocampus. Further characterisation of the HB-
GAM overexpressing mice revealed accentuated
hippocampal GABA, receptor-mediated inhibition.
The finding that may explain decreased level of
LTP in these mice as the result of lower
predisposition of glutamatergic synapses for LTP
induction. It is however unclear whether acute
effects of HB-GAM relay on the alteration of
GABAergic transmission.

Present data also support the suggestion that
syndecan-3 is involved in regulation of LTP by HB-
GAM. Mice lacking syndecan-3 displayed
electrophysiological and behavioral phenotype
similar to that of HB-GAM knockout mice, namely
enhanced level of LTP and impaired spatial
learning and memory. Further, application of
recombinant HB-GAM which suppresses LTP in
wild-type animals had no effect in the syndecan-3
deficient mice.

HB-GAM consists of two p-sheet domains
homologous to thrombospondin type | repeat and
hens is a member of a larger superfamily of ECM-
associated and cell surface molecules, TSR
domain-containing proteins. Our results indicate
that though individual domains of HB-GAM can
bind heparan sulfate this binding is much weaker
than binding of the di-TSR fragment. Accordingly
only di-domain polypeptide produced biological
effects similar to that of the native HB-GAM. The
linker region between two TSR domains had no
effect on protein function. Thus a co-operative
process involving both domains is implicated in the
biologically relevant interaction with cell surface
heparan sulfates.
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Figure 12. Proposed mechanisms by which activity-dependent changes in the extracellular matrix could affect neuronal
activity and synaptic plasticity (see text for details).

37



Acknowledgements

The present study was carried out at the Department of Biological and Environmental Sciences and
Neuroscience Center, University of Helsinki. It was supported by the funds of the Academy of Finland, the
Sigrid Juselius Foundation and the Center for International Mobility (CIMO), Finland.

| express my warmest thanks to my supervisors, Prof. Heikki Rauvala and Dr. Tomi Taira, for their scientific
guidance, support and discussions on theoretical problems and experimental designs. | thank the reviewers
of the thesis, Dr. Heikki Tanila and Dr. Claudio Rivera, for their valuable suggestions and help in improving
the manuscript.

| wish to thank heartily all previous and current members of Dr. Tomi Taira’s group for creating inspiring day-
to-day scientific atmosphere: Anna Kangasniemi, Karri Lamsa, Hemi Malkki, Ruusu Riekki, Sari Lauri, Mikael
Segerstrale, Aino Vesikansa. | am also very grateful to the people in Prof. Hiekki Rauvala’s lab: Carol Fages,
Kathleen Gransalke, Anni Hienola, Erja Huttu, Henri Huttunen, Marko Kaksonen, Sami Kaukinen, Marjaana
Kiiltomaki, Tarja Kinnunen, Juha Kuja-Panula, Evgeny Kulesskiy, Seija Lehto, Harri Rakkolainen, Erkki
Raulo, Ari Rouhiainen, Eeva-Liisa Saarikalle, Sarka Tumova, Paivi Vanttola, Vootele Voikar.

| would like to express my sincere thanks to Dr. Ceri H. Davies for agreeing to act as my opponent at the
public defence of this dissertation.

My special thanks to Eila Hagfors and Hannele Ahti (CIMO), the organizers of excellent series of Finnish-
Russian Schools in Neuroscience, for granting the possibility to work as a part of Finnish scientific
community.

| would like to thank all my Helsinki friends (the list would be too long for this chapter) who have supported
and encouraged me through all these years and who filled my life with exceptional occasions of social
events, winter sports and relaxed atmosphere.

Finally, my family and my parents deserve special thanks for their love, everyday support, understanding and
comfort. | do appreciate the patients you put up with my unlucky days and long evenings in the lab.

June, 2005

Ivan Pavlov

38



References

Abel T, Martin KC, Bartsch D, Kandel ER, 1998.
Memory suppressor genes: inhibitory constraints on the
storage of long-term memory. Science 279: 338-341.

Acsady L, Gores TJ, Freund TF, 1996. Different
populations of vasoactive intestinal polypeptide-
immunoreactive interneurons are specialized to control
pyramidal cells or interneurons in the hippocampus.
Neuroscience 73: 317-334.

Adams JC, Tucker RP, 2000. The thrombospondin type
1 repeat (TSR) superfamily: diverse proteins with
related roles in neuronal development. Dev Dyn 218:
280-99.

Agah A, Kyriakides TR, Lawler J, Bornstein P, 2002.
The lack of thrombospondin-1 (TSP1) dictates the
course of wound healing in double-TSP1/TSP2-null
mice. Am J Pathol 161: 831-839.

Akita K, Fushiki S, Fujimoto T, Munesue S, Inoue M,
Oguri K, Okayama M, Yamashina I, Nakada H, 2001.
Identification of the core protein carrying the Tn antigen
in mouse brain: specific expression on syndecan-3. Cell
Struct Funct 26: 271-278.

Amet LE, Lauri SE, Hienola A, Croll SD, Lu Y,
Levorse JM, Prabhakaran B, Taira T, Rauvala H, Vogt
TF, 2001. Enhanced hippocampal long-term
potentiation in mice lacking heparin- binding growth-
associated molecule. Mol Cell Neurosci 17: 1014-24.

Asundi VK, Carey DJ, 1995. Self-association of N-
syndecan (syndecan-3) core protein is mediated by a
novel structural motif in the transmembrane domain and
ectodomain flanking region. J Biol Chem 270: 26404-
26410.

Asundi VK, Carey DJ, 1997. Phosphorylation of
recombinant N-syndecan (syndecan 3) core protein.
Biochem Biophys Res Commun 240: 502-506.

Asundi VK, Erdman R, Stahl RC, Carey DJ, 2003.
Matrix metalloproteinase-dependent shedding of
syndecan-3, a transmembrane heparan sulfate
proteoglycan, in Schwann cells. J Neurosci Res 73: 593-
602.

Autere AM, Lamsa K, Kaila K, Taira T, 1999. Synaptic
activation of GABAA receptors induces neuronal
uptake of Ca2+ in adult rat hippocampal slices. J.
Neurophysiol. 81: 811-816.

Bahr BA, Staubli U, Xiao P, Chun D, Ji ZX, Esteban
ET, Lynch G, 1997. Arg-Gly-Asp-Ser-selective
adhesion and the stabilization of long-term potentiation:

pharmacological studies and the characterization of a
candidate matrix receptor. J Neurosci 17: 1320-1329.

Bampton ET, Gray RA, Large CH, 1999.
Electrophysiological characterisation of the dentate

gyrus in five inbred strains of mouse. Brain Res 841:
123-134.

Bandtlow CE, Zimmermann DR, 2000. Proteoglycans
in the developing brain: new conceptual insights for old
proteins. Physiol Rev 80: 1267-1290.

Barnea G, Grumet M, Milev P, Silvennoinen O, Levy
JB, Sap J, Schlessinger J, 1994. Receptor tyrosine
phosphatase beta is expressed in the form of
proteoglycan and binds to the extracellular matrix
protein tenascin. J Biol Chem 269: 14349-14352.

Barnes CA, 1979. Memory deficits associated with
senescence: a neurophysiological and behavioral study
in the rat. ] Comp Physiol Psychol 93: 74-104.

Ben-Ari Y, 2002. Excitatory actions of GABA during
development: The nature of the nurture. Nature Reviews
Neuroscience 3: 728-739.

Benke TA, Luthi A, Isaac JT, Collingridge GL, 1998.
Modulation of AMPA receptor unitary conductance by
synaptic activity. Nature 393: 793-797.

Bernfield M, Gotte M, Park PW, Reizes O, Fitzgerald
ML, Lincecum J, Zako M, 1999. Functions of cell
surface heparan sulfate proteoglycans. Annu Rev
Biochem 68: 729-77.

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

Bliss TV, Lomo T, 1973. Long-lasting potentiation of
synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the
perforant path. J. Physiol 232: 331-356.

Bohlen P, Kovesdi I, 1991. HBNF and MK, members of
a novel gene family of heparin-binding proteins with
potential roles in embryogenesis and brain function.
Prog Growth Factor Res 3: 143-157.

Bonhoeffer T, Yuste R, 2002. Spine motility.
Phenomenology, mechanisms, and function. Neuron 35:
1019-1027.

Bouwman J, Maia AS, Camoletto PG, Posthuma G,

Roubos EW, Oorschot VM, Klumperman J, Verhage M,
2004. Quantification of synapse formation and

39



maintenance in vivo in the absence of synaptic release.
Neuroscience 126: 115-126.

Brien R, Xu D, Mi R, Tang X, Hopf C, Worley P, 2002.
Synaptically targeted narp plays an essential role in the
aggregation of AMPA receptors at excitatory synapses
in cultured spinal neurons. J Neurosci 22: 4487-4498.

Brown JT, Gill CH, Farmer CE, Lanneau C, Randall
AD, Pangalos MN, Collingridge GL, Davies CH, 2003.
Mechanisms contributing to the exacerbated
epileptiform activity in hippocampal slices of GABAB1
receptor subunit knockout mice. Epilepsy Research 57:
121-136.

Brown RE, Stanford L, Schellinck HM, 2000.
Developing standardized behavioral tests for knockout
and mutant mice. ILAR J 41: 163-174.

Bruckner G, Hausen D, Hartig W, Drlicek M, Arendt T,
Brauer K, 1999. Cortical areas abundant in extracellular
matrix chondroitin sulfate proteoglycans are less
affected by cytoskeletal changes in Alzheimer's disease.
Neuroscience 92: 791-805.

Brun VH, Ytterbo K, Morris RG, Moser MB, Moser EI,
2001. Retrograde amnesia for spatial memory induced
by NMDA receptor-mediated long-term potentiation. J
Neurosci 21: 356-362.

Buchs PA, Muller D, 1996. Induction of long-term
potentiation is associated with major ultrastructural
changes of activated synapses. Proc Natl Acad Sci U S
A 93: 8040-8045.

Buhl EH, Halasy K, Somogyi P, 1994a. Diverse sources
of hippocampal unitary inhibitory postsynaptic
potentials and the number of synaptic release sites.
Nature 368: 823-828.

Buhl EH, Han ZS, Lorinczi Z, Stezhka VV, Karnup SV,
Somogyi P, 1994b. Physiological properties of
anatomically identified axo-axonic cells in the rat
hippocampus. J. Neurophysiol. 71: 1289-1307.

Bukalo O, Schachner M, Dityatev A, 2001.
Modification of extracellular matrix by enzymatic
removal of chondroitin sulfate and by lack of tenascin-R
differentially affects several forms of synaptic plasticity
in the hippocampus. Neuroscience 104: 359-369.

Burstyn C, Frumkin A, Xu YT, Scherer SS, Klar A,
1998. Accumulation of F-spondin in injured peripheral
nerve promotes the outgrowth of sensory axons. J
Neurosci 18: 8875-8885.

Carey DJ, 1996. N-syndecan: structure and function of a
transmembrane heparan sulfate proteoglycan. Perspect
Dev Neurobiol 3: 331-346.

40

Carey DJ, 1997. Syndecans: multifunctional cell-surface
co-receptors. Biochem J 327 ( Pt 1): 1-16.

Carey DJ, Conner K, Asundi VK, Mahony DJ, Stahl
RC, Showalter L, Cizmeci S, Hartman J, Rothblum LI,
1997. cDNA cloning, genomic organization, and in vivo
expression of rat N-syndecan. J Biol Chem 272: 2873-
2879.

Carey DJ, Evans DM, Stahl RC, Asundi VK, Conner
KJ, Garbes P, Cizmeci S, 1992. Molecular cloning and
characterization of N-syndecan, a novel transmembrane
heparan sulfate proteoglycan. J Cell Biol 117: 191-201.

Castro CA, Silbert LH, McNaughton BL, Barnes CA,
1989. Recovery of spatial learning deficits after decay
of electrically induced synaptic enhancement in the
hippocampus. Nature 342: 545-548.

Cavallaro S, Agata V, Manickam P, Dufour F, Alkon
DL, 2002. Memory-specific temporal profiles of gene
expression in the hippocampus. Proc Natl Acad Sci U S
A 99: 16279-16284.

Celio MR, Spreafico R, De Biasi S, Vitellaro-Zuccarello
L, 1998. Perineuronal nets: past and present. Trends
Neurosci. 21: 510-515.

Chan CS, Weeber EJ, Kurup S, Sweatt JD, Davis RL,
2003. Integrin requirement for hippocampal synaptic
plasticity and spatial memory. J. Neurosci. 23: 7107-
7116.

Chapman CA, Perez Y, 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 C, Tonegawa S, 1997. Molecular genetic analysis
of synaptic plasticity, activity-dependent neural
development, learning, and memory in the mammalian
brain. Annu Rev Neurosci 20: 157-84.

Chernousov MA, Carey DJ, 1993. N-syndecan
(syndecan 3) from neonatal rat brain binds basic
fibroblast growth factor. J Biol Chem 268: 16810-
16814.

Chernousov MA, Stahl RC, Carey DJ, 1996. Schwann
cells secrete a novel collagen-like adhesive protein that
binds N-syndecan. J Biol Chem 271: 13844-13853.

Cline HT, 2001. Dendritic arbor development and
synaptogenesis. Curr. Opin. Neurobiol. 11: 118-126.

Cobb SR, Manuel NA, Morton RA, Gill CH,
Collingridge GL, Davies CH, 1999. Regulation of
depolarizing GABA(A) receptor-mediated synaptic
potentials by synaptic activation of GABA(B)



autoreceptors in the rat hippocampus.
Neuropharmacology 38: 1723-1732.

Cohen NA, Kaufmann WE, Worley PF, Rupp F, 1997.
Expression of agrin in the developing and adult rat
brain. Neuroscience 76: 581-596.

Collinson N, Kuenzi FM, Jarolimek W, Maubach KA,
Cothliff R, Sur C, Smith A, Otu FM, Howell O, Atack
JR, McKernan RM, Seabrook GR, Dawson GR,
Whiting PJ, Rosahl TW, 2002. Enhanced learning and
memory and altered GABAergic synaptic transmission
in mice lacking the alpha 5 subunit of the GABAA
receptor. J Neurosci 22: 5572-5580.

Connor EA, 1997. Developmental regulation of
interstitial cell density in bullfrog skeletal muscle. J
Neurocytol 26: 23-32.

Constantine P, Cline HT, 1998. LTP and activity-
dependent synaptogenesis: the more alike they are, the
more different they become. Curr Opin Neurobiol 8:
139-148.

Contractor A, Rogers C, Maron C, et al. 2002. Trans-
synaptic Eph receptor-ephrin signaling in hippocampal
mossy fiber LTP. Science 296:1864—-1869.

Couchman JR, Woods A, 1999. Syndecan-4 and
integrins: combinatorial signaling in cell adhesion. J
Cell Sci 112 ( Pt 20): 3415-3420.

Cox PR, Fowler V, Xu B, Sweatt JD, Paylor R, Zoghbi
HY, 2003. Mice lacking Tropomodulin-2 show
enhanced long-term potentiation, hyperactivity, and
deficits in learning and memory. Mol Cell Neurosci 23:
1-12.

Crawley JN, Belknap JK, Collins A, Crabbe JC, Frankel
W, Henderson N, Hitzemann RJ, Maxson SC, Miner
LL, Silva AJ, Wehner JM, Wynshaw B, Paylor R, 1997.
Behavioral phenotypes of inbred mouse strains:
implications and recommendations for molecular
studies. Psychopharmacology (Berl) 132: 107-124.

Crawley JN, Paylor R, 1997. A proposed test battery
and constellations of specific behavioral paradigms to

investigate the behavioral phenotypes of transgenic and
knockout mice. Horm Behav 31: 197-211.

Daggett DF, Cohen MW, Stone D, Nikolics K, Rauvala
H, Peng HB, 1996. The role of an agrin-growth factor
interaction in ACh receptor clustering. Mol Cell
Neurosci 8: 272-285.

Dai Z, Peng HB, 1996. Dynamics of synaptic vesicles in
cultured spinal cord neurons in relationship to
synaptogenesis. Mol Cell Neurosci 7: 443-452.

Davies CH, Collingridge GL, 1996. Regulation of
EPSPs by the synaptic activation of GABAB
autoreceptors in rat hippocampus. J Physiol 496 ( Pt 2):
451-470.

Davies CH, Davies SN, Collingridge GL, 1990. Paired-
pulse depression of monosynaptic GABA-mediated
inhibitory postsynaptic responses in rat hippocampus. J
Physiol 424: 513-531.

Davies CH, Starkey SJ, Pozza MF, Collingridge GL,
1991. GABA autoreceptors regulate the induction of
LTP. Nature 349: 609-611.

Derkach V, Barria A, Soderling TR, 1999.
Ca2+/calmodulin-kinase II enhances channel
conductance of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate type glutamate receptors.
Proceedings of the National Academy of Sciences of the
United States of America 96: 3269-3274.

Deuel TF, Zhang N, Yeh HJ, Silos S, Wang ZY, 2002.
Pleiotrophin: a cytokine with diverse functions and a
novel signaling pathway. Arch Biochem Biophys 397:
162-171.

Dityatev A, Schachner M, 2003. Extracellular matrix
molecules and synaptic plasticity. Nat Rev Neurosci 4:
456-468.

Dunaevsky A, Mason CA, 2003. Spine motility: a
means towards an end? Trends Neurosci 26: 155-160.

Durand GM, Kovalchuk Y, Konnerth A, 1996. Long-
term potentiation and functional synapse induction in
developing hippocampus. Nature 381: 71-75.

Eichenbaum H, Cohen NJ, 2001. From conditioning to
conscious recollection: memory systems of the brain.
New York: Oxford University Press.

Erdman R, Stahl RC, Rothblum K, Chernousov MA,
Carey DJ, 2002. Schwann cell adhesion to a novel
heparan sulfate binding site in the N-terminal domain of
alpha 4 type V collagen is mediated by syndecan-3. J
Biol Chem 277: 7619-7625.

Ethell IM, Hagihara K, Miura Y, Irie F, Yamaguchi Y,
2000. Synbindin, A novel syndecan-2-binding protein in
neuronal dendritic spines. J Cell Biol 151: 53-68.

Ethell IM, Irie F, Kalo MS, Couchman JR, Pasquale EB,
Yamaguchi Y, 2001. EphB/syndecan-2 signaling in
dendritic spine morphogenesis. Neuron 31: 1001-1013.

Ethell IM, Yamaguchi Y, 1999. Cell surface heparan
sulfate proteoglycan syndecan-2 induces the maturation
of dendritic spines in rat hippocampal neurons. J Cell
Biol 144: 575-86.

41



Evers MR, Salmen B, Bukalo O, Rollenhagen A, Bosl
MR, Morellini F, Bartsch U, Dityatev A, Schachner M,
2002. Impairment of L-type Ca2+ channel-dependent
forms of hippocampal synaptic plasticity in mice
deficient in the extracellular matrix glycoprotein
tenascin-C. J Neurosci 22: 7177-7194.

Feinstein Y, Borrell V, Garcia C, Burstyn-Cohen T,
Tzarfaty V, Frumkin A, Nose A, Okamoto H,
Higashijima S, Soriano E, Klar A, 1999. F-spondin and
mindin: two structurally and functionally related genes
expressed in the hippocampus that promote outgrowth
of embryonic hippocampal neurons. Development 126:
3637-48.

Feldman DE, 2000. Inhibition and plasticity. Nat
Neurosci 3: 303-304.

Ferreira A, 1999. Abnormal synapse formation in agrin-
depleted hippocampal neurons. J. Cell Sci. 112 ( Pt 24):
4729-4738.

Fiala JC, Allwardt B, Harris KM, 2002. Dendritic spines
do not split during hippocampal LTP or maturation. Nat.
Neurosci. 5: 297-298.

Fields RD, Itoh K, 1996. Neural cell adhesion
molecules in activity-dependent development and
synaptic plasticity. Trends Neurosci 19: 473-480.

Fitzgerald ML, Wang Z, Park PW, Murphy G, Bernfield
M, 2000. Shedding of syndecan-1 and -4 ectodomains is
regulated by multiple signaling pathways and mediated
by a TIMP-3-sensitive metalloproteinase. J Cell Biol
148: 811-824.

Fox K, Caterson B, 2002. Neuroscience. Freeing the
bain from the perineuronal net. Science 298: 1187-1189.

Frankland PW, Cestari V, Filipkowski RK, McDonald
RJ, Silva AJ, 1998. The dorsal hippocampus is essential
for context discrimination but not for contextual
conditioning. Behav. Neurosci. 112: 863-874.

Gao Y, Li M, Chen W, Simons M, 2000. Synectin,
syndecan-4 cytoplasmic domain binding PDZ protein,
inhibits cell migration. J Cell Physiol 184: 373-379.

Gerlai R, 2002. Hippocampal LTP and memory in
mouse strains: is there evidence for a causal
relationship? Hippocampus 12: 657-666.

Gerlai R, Clayton NS, 1999. Analysing hippocampal
function in transgenic mice: an ethological perspective.
Trends Neurosci. 22: 47-51.

Goldberg JL, Vargas ME, Wang JT, Mandemakers W,

Oster SF, Sretavan DW, Barres BA, 2004. An
oligodendrocyte lineage-specific semaphorin, Sema5SA,

4

inhibits axon growth by retinal ganglion cells. J.
Neurosci. 24: 4989-4999.

Grant SG, O'Dell TJ, Karl KA, Stein PL, Soriano P,
Kandel ER, 1992. Impaired long-term potentiation,
spatial learning, and hippocampal development in fyn
mutant mice. Science 258: 1903-10.

Grootjans JJ, Reekmans G, Ceulemans H, David G,
2000. Syntenin-syndecan binding requires syndecan-
synteny and the co-operation of both PDZ domains of
syntenin. J Biol Chem 275: 19933-19941.

Grootjans JJ, Zimmermann P, Reekmans G, Smets A,
Degeest G, Durr J, David G, 1997. Syntenin, a PDZ
protein that binds syndecan cytoplasmic domains. Proc
Natl Acad Sci U S A 94: 13683-13688.

Gu Y, Mcllwain KL, Weeber EJ, Yamagata T, Xu B,
Antalffy BA, Reyes C, Yuva P, Armstrong D, Zoghbi
H, Sweatt JD, Paylor R, Nelson DL, 2002. Impaired
conditioned fear and enhanced long-term potentiation in
Fmr2 knock-out mice. J Neurosci 22: 2753-2763.

Gualandris A, Jones TE, Strickland S, Tsirka SE, 1996.
Membrane depolarization induces calcium-dependent
secretion of tissue plasminogen activator. J Neurosci 16:
2220-2225.

Gulyas Al Hajos N, Freund TF, 1996. Interneurons

containing calretinin are specialized to control other
interneurons in the rat hippocampus. J. Neurosci. 16:
3397-3411.

Gutowski NJ, Newcombe J, Cuzner ML, 1999.
Tenascin-R and C in multiple sclerosis lesions:
relevance to extracellular matrix remodelling.
Neuropathol Appl Neurobiol 25: 207-214.

Hahm JO, Langdon RB, Sur M, 1991. Disruption of
retinogeniculate afferent segregation by antagonists to
NMDA receptors. Nature 351: 568-570.

Hall RA, Vodyanoy V, Quan A, Sinnarajah S,
Suppiramaniam V, Kessler M, Bahr BA, 1996. Effects
of heparin on the properties of solubilized and
reconstituted rat brain AMPA receptors. Neurosci Lett
217:179-183.

Harris KM, Fiala JC, Ostroff L, 2003. Structural
changes at dendritic spine synapses during long-term
potentiation. Philos. Trans. R. Soc. Lond B Biol. Sci.
358: 745-748.

Hartmann U, Maurer P, 2001. Proteoglycans in the
nervous system--the quest for functional roles in vivo.
Matrix Biol 20: 23-35.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC,
Malinow R, 2000. Driving AMPA receptors into



synapses by LTP and CaMKII: requirement for GluR 1
and PDZ domain interaction. Science 287: 2262-2267.

Hering H, Sheng M, 2001. Dendritic spines: structure,
dynamics and regulation. Nat. Rev. Neurosci. 2: 880-
888.

Hienola A, Pekkanen M, Raulo E, Vanttola P, Rauvala
H, 2004. HB-GAM inhibits proliferation and enhances
differentiation of neural stem cells. Molecular and
Cellular Neuroscience 26: 75-88.

Hilgenberg LG, Ho KD, Lee D, Dowd DK, Smith MA,
2002. Agrin regulates neuronal responses to excitatory
neurotransmitters in vitro and in vivo. Mol Cell
Neurosci 19: 97-110.

Hirbec H, Perestenko O, Nishimune A, Meyer G,
Nakanishi S, Henley JM, Dev KK, 2002. The PDZ
proteins PICK1, GRIP, and syntenin bind multiple
glutamate receptor subtypes. Analysis of PDZ binding
motifs. J Biol Chem 277: 15221-15224.

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

Holland SJ, Peles E, Pawson T, Schlessinger J, 1998.
Cell-contact-dependent signalling in axon growth and
guidance: Eph receptor tyrosine kinases and receptor
protein tyrosine phosphatase beta. Curr Opin Neurobiol
8: 117-127.

Hsueh YP, Sheng M, 1999. Regulated expression and
subcellular localization of syndecan heparan sulfate
proteoglycans and the syndecan-binding protein
CASK/LIN-2 during rat brain development. J Neurosci
19: 7415-7425.

Hsueh YP, Yang FC, Kharazia V, Naisbitt S, Cohen
AR, Weinberg RJ, Sheng M, 1998. Direct interaction of
CASK/LIN-2 and syndecan heparan sulfate
proteoglycan and their overlapping distribution in
neuronal synapses. J Cell Biol 142: 139-151.

Huerta PT, Sun LD, Wilson MA, Tonegawa S, 2000.
Formation of temporal memory requires NMDA
receptors within CA1 pyramidal neurons. Neuron 25:
473-80.

Inatani M, Haruta M, Honjo M, Oohira A, Kido N,
Takahashi M, Honda Y, Tanihara H, 2001. Upregulated
expression of N-syndecan, a transmembrane heparan
sulfate proteoglycan, in differentiated neural stem cells.
Brain Res 920: 217-221.

Isaacson RL, Schmaltz LW, Douglas RJ, 1966.
Retention of a successive discrimination problem by
hippocampectomized and neodecorticate rats. Psychol.
Rep. 19: 991-1002.

Ishiyama J, Saito H, Abe K, 1991. Epidermal growth
factor and basic fibroblast growth factor promote the
generation of long-term potentiation in the dentate gyrus
of anaesthetized rats. Neurosci. Res. 12: 403-411.

Itoh K, Ozaki M, Stevens B, Fields RD, 1997. Activity-
dependent regulation of N-cadherin in DRG neurons:
differential regulation of N-cadherin, NCAM, and L1 by
distinct patterns of action potentials. J Neurobiol 33:
735-748.

Iwahara T, Fujimoto J, Wen D, Cupples R, Bucay N,
Arakawa T, Mori S, Ratzkin B, Yamamoto T, 1997.
Molecular characterization of ALK, a receptor tyrosine
kinase expressed specifically in the nervous system.
Oncogene 14: 439-449.

Iwasaki W, Nagata K, Hatanaka H, Inui T, Kimura T,
Muramatsu T, Yoshida K, Tasumi M, Inagaki F, 1997.
Solution structure of midkine, a new heparin-binding
growth factor. Embo J 16: 6936-6946.

Jourquin J, Tremblay E, Decanis N, Charton G,
Hanessian S, Chollet AM, Le D, Khrestchatisky M,
Rivera S, 2003. Neuronal activity-dependent increase of
net matrix metalloproteinase activity is associated with
MMP-9 neurotoxicity after kainate. Eur J Neurosci 18:
1507-1517.

Jun K, Choi G, Yang SG, Choi KY, Kim H, Chan GC,
Storm DR, Albert C, Mayr GW, Lee CJ, Shin HS, 1998.
Enhanced hippocampal CA1 LTP but normal spatial
learning in inositol 1,4,5-trisphosphate 3-kinase(A)-
deficient mice. Learn Mem 5: 317-30.

Kaila K, Lamsa K, Smirnov S, Taira T, Voipio J, 1997.
Long-lasting GABA-mediated depolarization evoked by
high-frequency stimulation in pyramidal neurons of rat
hippocampal slice is attributable to a network-driven,
bicarbonate-dependent K+ transient. J Neurosci 17:
7662-7672.

Kandel ER, 2001. The molecular biology of memory
storage: a dialog between genes and synapses. Biosci.
Rep. 21: 565-611.

Kantor DB, Chivatakarn O, Peer KL, Oster SF, Inatani
M, Hansen MJ, Flanagan JG, Yamaguchi Y, Sretavan
DW, Giger RJ, Kolodkin AL, 2004. Semaphorin 5A is a
bifunctional axon guidance cue regulated by heparan
and chondroitin sulfate proteoglycans. Neuron 44: 961-
975.

Kauselmann G, Weiler M, Wulff P, Jessberger S,
Konietzko U, Scafidi J, Staubli U, Bereiter H,
Strebhardt K, Kuhl D, 1999. The polo-like protein
kinases Fnk and Snk associate with a Ca(2+)- and
integrin-binding protein and are regulated dynamically
with synaptic plasticity. Embo J 18: 5528-5539.

43



Keefe J, 1979. A review of the hippocampal place cells.
Prog Neurobiol 13: 419-439.

Kilpelainen I, Kaksonen M, Avikainen H, Fath M,
Linhardt RJ, Raulo E, Rauvala H, 2000. Heparin-
binding growth-associated molecule contains two
heparin-binding beta -sheet domains that are
homologous to the thrombospondin type I repeat. J Biol
Chem 275: 13564-70.

Kim CW, Goldberger OA, Gallo RL, Bernfield M,
1994. Members of the syndecan family of heparan
sulfate proteoglycans are expressed in distinct cell-,
tissue-, and development-specific patterns. Mol Biol
Cell 5: 797-805.

Kinnunen A, Kinnunen T, Kaksonen M, Nolo R, Panula
P, Rauvala H, 1998a. N-syndecan and HB-GAM
(heparin-binding growth-associated molecule) associate
with early axonal tracts in the rat brain. Eur J Neurosci
10: 635-48.

Kinnunen T, Kaksonen M, Saarinen J, Kalkkinen N,
Peng HB, Rauvala H, 1998b. Cortactin-Src kinase
signaling pathway is involved in N-syndecan-
dependent neurite outgrowth. J Biol Chem 273: 10702-
8.

Kinnunen T, Raulo E, Nolo R, Maccarana M, Lindahl
U, Rauvala H, 1996. Neurite outgrowth in brain neurons
induced by heparin-binding growth- associated
molecule (HB-GAM) depends on the specific
interaction of HB- GAM with heparan sulfate at the cell
surface. J Biol Chem 271: 2243-8.

Klar A, Baldassare M, Jessell TM, 1992. F-spondin: a
gene expressed at high levels in the floor plate encodes
a secreted protein that promotes neural cell adhesion
and neurite extension. Cell 69: 95-110.

Knott JC, Mahesparan R, Garcia C, Bolge T, Edvardsen
K, Ness GO, Mork S, Lund J, Bjerkvig R, 1998.
Stimulation of extracellular matrix components in the
normal brain by invading glioma cells. Int J Cancer 75:
864-872.

Koponen E, Voikar V, Riekki R, Saarelainen T,
Rauramaa T, Rauvala H, Taira T, Castren E, 2004.
Transgenic mice overexpressing the full-length
neurotrophin receptor trkB exhibit increased activation
of the trkB-PLCgamma pathway, reduced anxiety, and
facilitated learning. Mol. Cell Neurosci. 26: 166-181.

Koppe G, Bruckner G, Brauer K, Hartig W, Bigl V,
1997. Developmental patterns of proteoglycan-
containing extracellular matrix in perineuronal nets and
neuropil of the postnatal rat brain. Cell Tissue Res 288:
33-41.

44

Korneyev AY, 1997. The role of the hypothalamic-
pituitary-adrenocortical axis in memory- related effects
of anxiolytics. Neurobiol Learn Mem 67: 1-13.

Krupa B, Liu G, 2004. Does the fusion pore contribute
to synaptic plasticity? Trends Neurosci. 27: 62-66.

Kullmann DM, Min MY, Asztely F, Rusakov DA,
1999. Extracellular glutamate diffusion determines the
occupancy of glutamate receptors at CA1 synapses in
the hippocampus. Philos Trans R Soc Lond B Biol Sci
354:395-402.

Kyriakides TR, Zhu YH, Smith LT, Bain SD, Yang Z,
Lin MT, Danielson KG, Iozzo RV, LaMarca M,
McKinney CE, Ginns EI, Bornstein P, 1998. Mice that
lack thrombospondin 2 display connective tissue
abnormalities that are associated with disordered
collagen fibrillogenesis, an increased vascular density,
and a bleeding diathesis. J Cell Biol 140: 419-430.

Lamsa K, Palva JM, Ruusuvuori E, Kaila K, Taira T,
2000. Synaptic GABA(A) activation inhibits AMPA-
kainate receptor-mediated bursting in the newborn (PO-
P2) rat hippocampus. J Neurophysiol 83: 359-366.

Lauri SE, Kaukinen S, Kinnunen T, Ylinen A, Imai S,
Kaila K, Taira T, Rauvala H, 1999. Reglulatory role
and molecular interactions of a cell-surface heparan
sulfate proteoglycan (N-syndecan) in hippocampal long-
term potentiation. J Neurosci 19: 1226-35.

Lauri SE, Lamsa K, Pavlov I, Riekki R, Johnson BE,
Molnar E, Rauvala H, Taira T, 2003. Activity blockade
increases the number of functional synapses in the
hippocampus of newborn rats. Mol. Cell Neurosci. 22:
107-117.

Lauri SE, Rauvala H, Kaila K, Taira T, 1998. Effect of
heparin-binding growth-associated molecule (HB-
GAM) on synaptic transmission and early LTP in rat
hippocampal slices. Eur J Neurosci 10: 188-94.

Lauri SE, Taira T, Kaila K, Rauvala H, 1996. Activity-
induced enhancement of HB-GAM expression in rat
hippocampal slices. Neuroreport 7: 1670-4.

Lawler J, Sunday M, Thibert V, Duquette M, George
EL, Rayburn H, Hynes RO, 1998. Thrombospondin-1 is
required for normal murine pulmonary homeostasis and
its absence causes pneumonia. J Clin Invest 101: 982-
992.

Leinekugel X, Tseeb V, Ben-Ari Y, Bregestovski P,
1995. Synaptic Gaba(A) Activation Induces Ca2+ Rise
in Pyramidal Cells and Interneurons from Rat Neonatal
Hippocampal Slices. Journal of Physiology-London
487:319-329.



Lesuisse C, Qiu D, Bose CM, Nakaso K, Rupp F, 2000.
Regulation of agrin expression in hippocampal neurons
by cell contact and electrical activity. Brain Res Mol
Brain Res 81: 92-100.

Levenson J, Weeber E, Selcher JC, Kategaya LS,
Sweatt JD, Eskin A, 2002. Long-term potentiation and
contextual fear conditioning increase neuronal
glutamate uptake. Nat Neurosci 5: 155-161.

Levkovitz Y, Avignone E, Groner Y, Segal M, 1999.
Upregulation of GABA neurotransmission suppresses
hippocampal excitability and prevents long-term
potentiation in transgenic superoxide dismutase-
overexpressing mice. J Neurosci 19: 10977-10984.

Levy JB, Canoll PD, Silvennoinen O, Barnea G, Morse
B, Honegger AM, Huang JT, Cannizzaro LA, Park SH,
Druck T, 1993. The cloning of a receptor-type protein
tyrosine phosphatase expressed in the central nervous
system. J Biol Chem 268: 10573-10581.

Li YS, Milner PG, Chauhan AK, Watson MA, Hoffman
RM, Kodner CM, Milbrandt J, Deuel TF, 1990. Cloning
and expression of a developmentally regulated protein
that induces mitogenic and neurite outgrowth activity.
Science 250: 1690-4.

Li Z, Hilgenberg LG, O'Dowd DK, Smith MA, 1999.
Formation of functional synaptic connections between
cultured cortical neurons from agrin-deficient mice. J.
Neurobiol. 39: 547-557.

Liao D, Hessler NA, Malinow R, 1995. Activation of
postsynaptically silent synapses during pairing-induced
LTP in CA1 region of hippocampal slice. Nature 375:
400-404.

Luthi A, Laurent JP, Figurov A, Muller D, Schachner
M, 1994. Hippocampal long-term potentiation and
neural cell adhesion molecules L1 and NCAM. Nature
372:777-9.

Lynch MA, 2004. Long-term potentiation and memory.
Physiol Rev 84: 87-136.

Maeda N, Ichihara-Tanaka K, Kimura T, Kadomatsu K,
Muramatsu T, Noda M, 1999. A receptor-like protein-
tyrosine phosphatase PTPzeta/RPTPbeta binds a
heparin-binding growth factor midkine. Involvement of
arginine 78 of midkine in the high affinity binding to
PTPzeta. J Biol Chem 274: 12474-9.

Maeda N, Nishiwaki T, Shintani T, Hamanaka H, Noda
M, 1996. 6B4 proteoglycan/phosphacan, an
extracellular variant of receptor-like protein-tyrosine
phosphatase zeta/RPTPbeta, binds pleiotrophin/heparin-
binding growth-associated molecule (HB-GAM). J Biol
Chem 271: 21446-21452.

Maeda N, Noda M, 1996. 6B4 proteoglycan/phosphacan
is a repulsive substratum but promotes morphological
differentiation of cortical neurons. Development 122:
647-58.

Maeda N, Noda M, 1998. Involvement of receptor-like
protein tyrosine phosphatase zeta/RPTPbeta and its
ligand pleiotrophin/heparin-binding growth-associated
molecule (HB-GAM) in neuronal migration. J Cell Biol
142: 203-216.

Mailleux P, Preud h, Albala N, Vanderwinden JM,
Vanderhaeghen JJ, 1994. delta-9-Tetrahydrocannabinol
regulates gene expression of the growth factor
pleiotrophin in the forebrain. Neurosci Lett 175: 25-27.

Malinow R, Malenka RC, 2002. AMPA receptor
trafficking and synaptic plasticity. Annu Rev Neurosci
25:103-126.

Manabe T, Togashi H, Uchida N, Suzuki SC, Hayakawa
Y, Yamamoto M, Yoda H, Miyakawa T, Takeichi M,
Chisaka O, 2000. Loss of cadherin-11 adhesion receptor
enhances plastic changes in hippocampal synapses and
modifies behavioral responses. Mol Cell Neurosci 15:
534-46.

Martin SJ, Grimwood PD, Morris RG, 2000. Synaptic
plasticity and memory: an evaluation of the hypothesis.
Annu Rev Neurosci 23: 649-711.

Mayford M, Barzilai A, Keller F, Schacher S, Kandel
ER, 1992. Modulation of an NCAM-related adhesion
molecule with long-term synaptic plasticity in Aplysia.
Science 256: 638-644.

McCarren M, Alger BE, 1985. Use-dependent
depression of IPSPs in rat hippocampal pyramidal cells
in vitro. J Neurophysiol 53: 557-571.

McNaughton BL, Barnes CA, Rao G, Baldwin J,
Rasmussen M, 1986. Long-term enhancement of
hippocampal synaptic transmission and the acquisition
of spatial information. J Neurosci 6: 563-571.

Medina JH, Izquierdo I, 1995. Retrograde messengers,
long-term potentiation and memory. Brain Res. Brain
Res. Rev. 21: 185-194.

Meng K, Rodriguez-Pena A, Dimitrov T, Chen W,
Yamin M, Noda M, Deuel TF, 2000. Pleiotrophin
signals increased tyrosine phosphorylation of beta beta-
catenin through inactivation of the intrinsic catalytic
activity of the receptor-type protein tyrosine
phosphatase beta/zeta. Proc Natl Acad Sci U S A 97:
2603-8.

Meredith RM, Floyer L, Paulsen O, 2003. Maturation of
long-term potentiation induction rules in rodent

45



hippocampus: role of GABAergic inhibition. J Neurosci
23: 11142-11146.

Migaud M, Charlesworth P, Dempster M, Webster LC,
Watabe AM, Makhinson M, He Y, Ramsay MF, Morris
RG, Morrison JH, O'Dell TJ, Grant SG, 1998. Enhanced
long-term potentiation and impaired learning in mice
with mutant postsynaptic density-95 protein. Nature
396: 433-9.

Miles R, Toth K, Gulyas AI, Hajos N, Freund TF, 1996.
Differences between somatic and dendritic inhibition in
the hippocampus. Neuron 16: 815-823.

Milev P, Chiba A, Haring M, Rauvala H, Schachner M,
Ranscht B, Margolis RK, Margolis RU, 1998. High
affinity binding and overlapping localization of
neurocan and phosphacan/protein-tyrosine phosphatase-
zeta/beta with tenascin-R, amphoterin, and the heparin-
binding growth-associated molecule. J Biol Chem 273:
6998-7005.

Milev P, Friedlander DR, Sakurai T, Karthikeyan L,
Flad M, Margolis RK, Grumet M, Margolis RU, 1994.
Interactions of the chondroitin sulfate proteoglycan
phosphacan, the extracellular domain of a receptor-type
protein tyrosine phosphatase, with neurons, glia, and
neural cell adhesion molecules. J Cell Biol 127: 1703-
1715.

Min MY, Rusakov DA, Kullmann DM, 1998.
Activation of AMPA, kainate, and metabotropic
receptors at hippocampal mossy fiber synapses: role of
glutamate diffusion. Neuron 21: 561-570.

Mitsiadis TA, Salmivirta M, Muramatsu T, Muramatsu
H, Rauvala H, Lehtonen E, Jalkanen M, Thesleff I,
1995. Expression of the heparin-binding cytokines,
midkine (MK) and HB-GAM (pleiotrophin) is
associated with epithelial-mesenchymal interactions
during fetal development and organogenesis.
Development 121: 37-51.

Morgenstern DA, Asher RA, Fawcett JW, 2002.
Chondroitin sulphate proteoglycans in the CNS injury
response. Prog Brain Res 137: 313-332.

Morris R, 1984. Developments of a water-maze
procedure for studying spatial learning in the rat. J
Neurosci Methods 11: 47-60.

Morris RG, Moser EI, Riedel G, Martin SJ, Sandin J,
Day M, Carroll C, 2003. Elements of a neurobiological
theory of the hippocampus: the role of activity-
dependent synaptic plasticity in memory. Philos Trans R
Soc Lond B Biol Sci 358: 773-786.

Morris SW, Kirstein MN, Valentine MB, Dittmer KG,
Shapiro DN, Saltman DL, Look AT, 1994. Fusion of a

46

kinase gene, ALK, to a nucleolar protein gene, NPM, in
non-Hodgkin's lymphoma. Science 263: 1281-1284.

Morris SW, Naeve C, Mathew P, James PL, Kirstein
MN, Cui X, Witte DP, 1997. ALK, the chromosome 2
gene locus altered by the t(2;5) in non-Hodgkin's
lymphoma, encodes a novel neural receptor tyrosine
kinase that is highly related to leukocyte tyrosine kinase
(LTK). Oncogene 14: 2175-2188.

Moser EI, Krobert KA, Moser MB, Morris RG, 1998.
Impaired spatial learning after saturation of long-term
potentiation. Science 281: 2038-2042.

Mott DD, Lewis DV, 1991. Facilitation of the induction
of long-term potentiation by GABAB receptors. Science
252: 1718-1720.

Muller D, Wang C, Skibo G, Toni N, Cremer H,
Calaora V, Rougon G, Kiss JZ, 1996. PSA-NCAM is
required for activity-induced synaptic plasticity. Neuron
17:413-422.

Murase S, Mosser E, Schuman EM, 2002.
Depolarization drives beta-Catenin into neuronal spines
promoting changes in synaptic structure and function.
Neuron 35: 91-105.

Naitza S, Spano F, Robson K, Crisanti A, 1998. The
thrombospondin-related protein family of apicomplexan
parasites. Parasitology today 14: 479-484.

Nakagami Y, Abe K, Nishiyama N, Matsuki N, 2000.
Laminin degradation by plasmin regulates long-term
potentiation. J Neurosci 20: 2003-2010.

Nakamura E, Kadomatsu K, Yuasa S, Muramatsu H,
Mamiya T, Nabeshima T, Fan QW, Ishiguro K, Igakura
T, Matsubara S, Kaname T, Horiba M, Saito H,
Muramatsu T, 1998. Disruption of the midkine gene
(Mdk) resulted in altered expression of a calcium
binding protein in the hippocampus of infant mice and
their abnormal behaviour. Genes Cells 3: 811-22.

Nakanishi T, Kadomatsu K, Okamoto T, Ichihara T,
Kojima T, Saito H, Tomoda Y, Muramatsu T, 1997.
Expression of syndecan-1 and -3 during embryogenesis
of the central nervous system in relation to binding with
midkine. J Biochem (Tokyo) 121: 197-205.

Nakic M, Manahan-Vaughan D, Reymann KG,
Schachner M, 1998. Long-term potentiation in vivo
increases rat hippocampal tenascin-C expression. J
Neurobiol 37: 393-404.

Nguyen PV, Abel T, Kandel ER, Bourtchouladze R,
2000a. Strain-dependent differences in LTP and
hippocampus-dependent memory in inbred mice. Learn
Mem 7: 170-9.



Nguyen PV, Duffy SN, Young JZ, 2000b. Differential
maintenance and frequency-dependent tuning of LTP at

hippocampal synapses of specific strains of inbred mice.

J Neurophysiol 84: 2484-93.

Nicholson C, Sykova E, 1998. Extracellular space
structure revealed by diffusion analysis. Trends
Neurosci 21: 207-215.

Niisato K, Fujikawa A, Komai S, Shintani T, Watanabe
E, Sakaguchi G, Katsuura G, Manabe T, Noda M, 2005.
Age-dependent enhancement of hippocampal long-term
potentiation and impairment of spatial learning through
the Rho-associated kinase pathway in protein tyrosine
phosphatase receptor type Z-deficient mice. J. Neurosci.
25: 1081-1088.

Nikonenko I, Toni N, Moosmayer M, Shigeri Y, Muller
D, Sargent J, 2003. Integrins are involved in
synaptogenesis, cell spreading, and adhesion in the
postnatal brain. Brain Res Dev Brain Res 140: 185-194.

Nolan PM, Peters J, Strivens M, Rogers D, Hagan J,
Spurr N, Gray IC, Vizor L, Brooker D, Whitehill E,
Washbourne R, Hough T, Greenaway S, Hewitt M, Liu
X, McCormack S, Pickford K, Selley R, Wells C,
Tymowska L, Roby P, Glenister P, Thornton C, Thaung
C, Stevenson JA, Arkell R, Mburu P, Hardisty R,
Kiernan A, Erven A, Steel KP, Voegeling S, Guenet JL,
Nickols C, Sadri R, Nasse M, Isaacs A, Davies K,
Browne M, Fisher EM, Martin J, Rastan S, Brown SD,
Hunter J, 2000. A systematic, genome-wide, phenotype-
driven mutagenesis programme for gene function
studies in the mouse. Nat Genet 25: 440-443.

Nolo R, Kaksonen M, Raulo E, Rauvala H, 1995. Co-
expression of heparin-binding growth-associated
molecule (HB-GAM) and N-syndecan (syndecan-3) in
developing rat brain. Neurosci Lett 191: 39-42.

Nosten-Bertrand M, Errington ML, Murphy KP,
Tokugawa Y, Barboni E, Kozlova E, Michalovich D,
Morris RG, Silver J, Stewart CL, Bliss TV, Morris RJ,
1996. Normal spatial learning despite regional
inhibition of LTP in mice lacking Thy-1. Nature 379:
826-9.

O'Keefe J, Dostrovsky J, 1971. Hippocampus As A
Spatial Map - Preliminary Evidence from Unit Activity
in Freely-Moving Rat. Brain Research 34: 171-&.

Olton DS, Papas BC, 1979. Spatial memory and
hippocampal function. Neuropsychologia 17: 669-682.

Ornitz DM, 2000. FGFs, heparan sulfate and FGFRs:
complex interactions essential for development.
Bioessays 22: 108-112.

Osterhout DJ, Frazier WA, Higgins D, 1992.
Thrombospondin promotes process outgrowth in

neurons from the peripheral and central nervous
systems. Dev Biol 150: 256-265.

Ostroff LE, Fiala JC, Allwardt B, Harris KM, 2002.
Polyribosomes redistribute from dendritic shafts into
spines with enlarged synapses during LTP in developing
rat hippocampal slices. Neuron 35: 535-545.

Packard MG, Hirsh R, White NM, 1989. Differential
effects of fornix and caudate nucleus lesions on two
radial maze tasks: evidence for multiple memory
systems. J. Neurosci. 9: 1465-1472.

Parra P, Gulyas Al, Miles R, 1998. How many subtypes
of inhibitory cells in the hippocampus? Neuron 20: 983-
993.

Pavlov I, Riekki R, Taira T, 2004. Synergistic action of
GABA-A and NMDA receptors in the induction of
long-term depression in glutamatergic synapses in the
newborn rat hippocampus. Eur. J. Neurosci. 20: 3019-
3026.

Peles E, Nativ M, Campbell PL, Sakurai T, Martinez R,
Lev S, Clary DO, Schilling J, Barnea G, Plowman GD,
1995. The carbonic anhydrase domain of receptor
tyrosine phosphatase beta is a functional ligand for the
axonal cell recognition molecule contactin. Cell 82:
251-260.

Peles E, Schlessinger J, Grumet M, 1998. Multi-ligand
interactions with receptor-like protein tyrosine
phosphatase beta: implications for intercellular
signaling. Trends Biochem Sci 23: 121-124.

Peng HB, Ali AA, Dai Z, Daggett DF, Raulo E, Rauvala
H, 1995. The role of heparin-binding growth-associated
molecule (HB-GAM) in the postsynaptic induction in
cultured muscle cells. J Neurosci 15: 3027-3038.

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

Picciotto MR, Wickman K, 1998. Using knockout and
transgenic mice to study neurophysiology and behavior.
Physiol Rev 78: 1131-63.

Pickard L, Noel J, Duckworth JK, Fitzjohn SM, Henley
IM, Collingridge GL, Molnar E, 2001. Transient
synaptic activation of NMDA receptors leads to the
insertion of native AMPA receptors at hippocampal

neuronal plasma membranes. Neuropharmacology 41:
700-713.

Pineda V'V, Athos JI, Wang H, Celver J, Ippolito D,
Boulay G, Birnbaumer L, Storm DR, 2004. Removal of
G(ialphal) Constraints on Adenylyl Cyclase in the
Hippocampus Enhances LTP and Impairs Memory
Formation. Neuron 41: 153-163.

47



Powers C, Aigner A, Stoica GE, McDonnell K,
Wellstein A, 2002. Pleiotrophin signaling through
anaplastic lymphoma kinase is rate-limiting for
glioblastoma growth. J Biol Chem 277: 14153-14158.

Properzi F, Asher RA, Fawcett JW, 2003. Chondroitin
sulphate proteoglycans in the central nervous system:
changes and synthesis after injury. Biochem Soc Trans
31:335-336.

Racine RJ, Chapman CA, Trepel C, Teskey GC,
Milgram NW, 1995. Post-activation potentiation in the
neocortex. IV. Multiple sessions required for induction
of long-term potentiation in the chronic preparation.
Brain Res. 702: 87-93.

Raman R, Venkataraman G, Ernst S, Sasisekharan V,
Sasisekharan R, 2003. Structural specificity of heparin
binding in the fibroblast growth factor family of
proteins. Proc Natl Acad Sci U S A 100: 2357-2362.

Ratcliffe CF, Qu Y, McCormick KA, Tibbs VC, Dixon
JE, Scheuer T, Catterall WA, 2000. A sodium channel
signaling complex: modulation by associated receptor
protein tyrosine phosphatase beta. Nat Neurosci 3: 437-
44,

Raulo E, Chernousov MA, Carey DJ, Nolo R, Rauvala
H, 1994. Isolation of a neuronal cell surface receptor of
heparin binding growth- associated molecule (HB-
GAM). Identification as N-syndecan (syndecan-3). J
Biol Chem 269: 12999-3004.

Rauvala H, 1989. An 18-kd heparin-binding protein of
developing brain that is distinct from fibroblast growth
factors. Embo J 8: 2933-41.

Rauvala H, Huttunen HJ, Fages C, Kaksonen M,
Kinnunen T, Imai S, Raulo E, Kilpelainen I, 2000.
Heparin-binding proteins HB-GAM (pleiotrophin) and
amphoterin in the regulation of cell motility. Matrix
Biol. 19: 377-387.

Rauvala H, Peng HB, 1997. HB-GAM (heparin-binding
growth-associated molecule) and heparin-type glycans
in the development and plasticity of neuron-target
contacts. Prog Neurobiol 52: 127-44.

Rauvala H, Vanhala A, Castren E, Nolo R, Raulo E,
Merenmies J, Panula P, 1994. Expression of HB-GAM
(heparin-binding growth-associated molecules) in the
pathways of developing axonal processes in vivo and
neurite outgrowth in vitro induced by HB-GAM. Brain
Res Dev Brain Res 79: 157-76.

Reizes O, Lincecum J, Wang Z, Goldberger O, Huang
L, Kaksonen M, Ahima R, Hinkes MT, Barsh GS,
Rauvala H, Bernfield M, 2001. Transgenic expression
of syndecan-1 uncovers a physiological control of
feeding behavior by syndecan-3. Cell 106: 105-16.

48

Renger JJ, Egles C, Liu G, 2001. A developmental
switch in neurotransmitter flux enhances synaptic
efficacy by affecting AMPA receptor activation. Neuron
29: 469-484.

Reti IM, Baraban JM, 2000. Sustained increase in Narp
protein expression following repeated electroconvulsive
seizure. Neuropsychopharmacology 23: 439-443.

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen
H, Lamsa K, Pirvola U, Saarma M, Kaila K, 1999. The
K+/CI- co-transporter KCC2 renders GABA
hyperpolarizing during neuronal maturation. Nature
397:251-5.

Robles Y, Vivas M, Ortiz Z, Felix J, Ramos X, Pena d,
2003. Hippocampal gene expression profiling in spatial
discrimination learning. Neurobiol Learn Mem 80: 80-
95.

Rogan MT, Staubli UV, LeDoux JE, 1997. Fear
conditioning induces associative long-term potentiation
in the amygdala. Nature 390: 604-607.

Roman FS, Truchet B, Marchetti E, Chaillan FA,
Soumireu M, 1999. Correlations between
electrophysiological observations of synaptic plasticity
modifications and behavioral performance in mammals.
Prog Neurobiol 58: 61-87.

Ruegg MA, 2001. Molecules involved in the formation
of synaptic connections in muscle and brain. Matrix
Biol 20: 3-12.

Saghatelyan AK, Dityatev A, Schmidt S, Schuster T,
Bartsch U, Schachner M, 2001. Reduced perisomatic
inhibition, increased excitatory transmission, and
impaired long-term potentiation in mice deficient for the
extracellular matrix glycoprotein tenascin-R. Mol Cell
Neurosci 17: 226-40.

Saghatelyan AK, Snapyan M, Gorissen S, Meigel 1,
Mosbacher J, Kaupmann K, Bettler B, Kornilov AV,
Nifantiev NE, Sakanyan V, Schachner M, Dityatev A,
2003. Recognition molecule associated carbohydrate
inhibits postsynaptic GABA(B) receptors: a mechanism
for homeostatic regulation of GABA release in
perisomatic synapses. Mol Cell Neurosci 24: 271-282.

Sakurai T, Friedlander DR, Grumet M, 1996.
Expression of polypeptide variants of receptor-type
protein tyrosine phosphatase beta: the secreted form,
phosphacan, increases dramatically during embryonic
development and modulates glial cell behavior in vitro.
J Neurosci Res 43: 694-706.

Salmivirta M, Mali M, Heino J, Hermonen J, Jalkanen
M, 1994. A novel laminin-binding form of syndecan-1
(cell surface proteoglycan) produced by syndecan-1



cDNA-transfected NIH-3T3 cells. Exp Cell Res 215:
180-188.

Sanes JR, Schachner M, Covault J, 1986. Expression of
several adhesive macromolecules (N-CAM, L1, J1,
NILE, uvomorulin, laminin, fibronectin, and a heparan
sulfate proteoglycan) in embryonic, adult, and
denervated adult skeletal muscle. J Cell Biol 102: 420-
431.

Sasahara M, Fries JW, Raines EW, Gown AM,
Westrum LE, Frosch MP, Bonthron DT, Ross R, Collins
T, 1991. PDGF B-chain in neurons of the central
nervous system, posterior pituitary, and in a transgenic
model. Cell 64: 217-27.

Sato M, Miyado K, Okazaki M, Kimura M, 1997.
Regulation of osteoblast-specific factor-1 (OSF-1)
mRNA expression by dual promoters as revealed by
RT-PCR. Biochem Biophys Res Commun 238: 831-
837.

Scherer SS, Salzer JL, 1996 Axon-Schwann cell
interactions during peripheral nerve degeneration and
regeneration. In: Jessen K.R., Richardson W.D. (Eds.),
Glial cell development. Oxford, Bios Scientific, pp.
165-196.

Schlessinger J, 2000. Cell signaling by receptor tyrosine
kinases. Cell 103: 211-225.

Schlessinger J, Plotnikov AN, Ibrahimi OA,
Eliseenkova AV, Yeh BK, Yayon A, Linhardt RJ,
Mohammadi M, 2000. Crystal structure of a ternary
FGF-FGFR-heparin complex reveals a dual role for
heparin in FGFR binding and dimerization. Mol Cell 6:
743-750.

Scoville WB, Milner B, 1957. Loss of Recent Memory
After Bilateral Hippocampal Lesions. Journal of
Neurology Neurosurgery and Psychiatry 20: 11-21.

Shapiro SD, 1998. Matrix metalloproteinase
degradation of extracellular matrix: biological
consequences. Curr Opin Cell Biol 10: 602-608.

Shi J, Aamodt SM, Townsend M, Constantine-Paton M,
2001. Developmental depression of glutamate
neurotransmission by chronic low-level activation of
NMDA receptors. J. Neurosci. 21: 6233-6244.

Shintani T, Watanabe E, Maeda N, Noda M, 1998.
Neurons as well as astrocytes express proteoglycan-type
protein tyrosine phosphatase zeta/RPTPbeta: analysis of
mice in which the PTPzeta/RPTPbeta gene was replaced
with the LacZ gene. Neurosci Lett 247: 135-138.

Silva AJ, Paylor R, Wehner JM, Tonegawa S, 1992a.
Impaired spatial learning in alpha-calcium-calmodulin
kinase II mutant mice. Science 257: 206-211.

Silva AJ, Stevens CF, Tonegawa S, Wang Y, 1992b.
Deficient hippocampal long-term potentiation in alpha-
calcium-calmodulin kinase II mutant mice. Science 257:
201-206.

Sinnarajah S, Suppiramaniam V, Kumar KP, Hall RA,
Bahr BA, Vodyanoy V, 1999. Heparin modulates the
single channel kinetics of reconstituted AMPA receptors
from rat brain. Synapse 31: 203-209.

Skiles JW, Gonnella NC, Jeng AY, 2001. The design,
structure, and therapeutic application of matrix
metalloproteinase inhibitors. Curr Med Chem 8: 425-
474.

Snyder SE, Li J, Schauwecker PE, McNeill TH, Salton
SR, 1996. Comparison of RPTP zeta/beta, phosphacan,
and trkB mRNA expression in the developing and adult
rat nervous system and induction of RPTP zeta/beta and
phosphacan mRNA following brain injury. Brain Res
Mol Brain Res 40: 79-96.

Sobel RA, Ahmed AS, 2001. White matter extracellular
matrix chondroitin sulfate/dermatan sulfate
proteoglycans in multiple sclerosis. J Neuropathol Exp
Neurol 60: 1198-1207.

Soderling TR, Derkach VA, 2000. Postsynaptic protein
phosphorylation and LTP. Trends Neurosci 23: 75-80.

Squire LR 2004. Memory systems of the brain: a brief
history and current perspective. Neurobiol Learn Mem.
Nov;82(3):171-7.

Srinivasan J, Schachner M, Catterall WA, 1998.
Interaction of voltage-gated sodium channels with the
extracellular matrix molecules tenascin-C and tenascin-
R. Proc Natl Acad Sci U S A 95: 15753-15757.

Staubli U, Scafidi J, 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.

Steele PM, Mauk MD, 1999. Inhibitory control of LTP
and LTD: stability of synapse strength. J. Neurophysiol.
81: 1559-1566.

Stevens CF, 1998. A million dollar question: does LTP
= memory? Neuron 20: 1-2.

Stoica GE, Kuo A, Aigner A, Sunitha I, Souttou B,
Malerczyk C, Caughey DJ, Wen D, Karavanov A,
Riegel AT, Wellstein A, 2001. Identification of
anaplastic lymphoma kinase as a receptor for the growth
factor pleiotrophin. J Biol Chem 276: 16772-16779.

Strader AD, Reizes O, Woods SC, Benoit SC, Seeley
RJ, 2004. Mice lacking the syndecan-3 gene are

49



resistant to diet-induced obesity. J. Clin. Invest 114:
1354-1360.

Subramanian SV, Fitzgerald ML, Bernfield M, 1997.
Regulated shedding of syndecan-1 and -4 ectodomains

by thrombin and growth factor receptor activation. J
Biol Chem 272: 14713-14720.

Suter DM, Errante LD, Belotserkovsky V, Forscher P,
1998. The Ig superfamily cell adhesion molecule,
apCAM, mediates growth cone steering by substrate-
cytoskeletal coupling. J Cell Biol 141: 227-240.

Suzuki N, Ichikawa N, Kasai S, Yamada M, Nishi N,
Morioka H, Yamashita H, Kitagawa Y, Utani A,
Hoffman MP, Nomizu M, 2003. Syndecan binding sites

in the laminin alphal chain G domain. Biochemistry 42:

12625-12633.

Sweatt JD, 2003. Mechanisms of memory. Elsevier
Academic Press.

Sykova E, Mazel T, Vargova L, Vorisek I, Prokopova
K, 2000. Extracellular space diffusion and pathological
states. Prog Brain Res 125: 155-178.

Taira T, Lamsa K, Kaila K, 1997. Posttetanic excitation
mediated by GABA(A) receptors in rat CA1 pyramidal
neurons. J Neurophysiol 77: 2213-2218.

Takeda A, Onodera H, Sugimoto A, Itoyama Y, Kogure
K, Rauvala H, Shibahara S, 1995. Induction of heparin-
binding growth-associated molecule expression in
reactive astrocytes following hippocampal neuronal
injury. Neuroscience 68: 57-64.

Tamura K, Shan WS, Hendrickson WA, Colman DR,
Shapiro L, 1998. Structure-function analysis of cell
adhesion by neural (N-) cadherin. Neuron 20: 1153-
1163.

Tanaka M, Maeda N, Noda M, Marunouchi T, 2003. A
chondroitin sulfate proteoglycan PTPzeta /RPTPbeta
regulates the morphogenesis of Purkinje cell dendrites
in the developing cerebellum. J Neurosci 23: 2804-
2814.

Tanaka T, Saito H, Matsuki N, 1996. Basic fibroblast
growth factor modulates synaptic transmission in
cultured rat hippocampal neurons. Brain Res. 723: 190-
195.

Tang L, Hung CP, Schuman EM, 1998. A role for the
cadherin family of cell adhesion molecules in
hippocampal long-term potentiation. Neuron 20: 1165-
1175.

Terlau H, Seifert W, 1990. Fibroblast Growth-Factor

Enhances Long-Term Potentiation in the Hippocampal
Slice. European Journal of Neuroscience 2: 973-977.

50

Toba Y, Horie M, Sango K, Tokashiki A, Matsui F,
Oohira A, Kawano H, 2002. Expression and
immunohistochemical localization of heparan sulphate
proteoglycan N-syndecan in the migratory pathway
from the rat olfactory placode. Eur J Neurosci 15: 1461-
1473.

Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D,
1999. LTP promotes formation of multiple spine
synapses between a single axon terminal and a dendrite.
Nature 402: 421-425.

Tsui CC, Copeland NG, Gilbert DJ, Jenkins NA, Barnes
C, Worley PF, 1996. Narp, a novel member of the
pentraxin family, promotes neurite outgrowth and is
dynamically regulated by neuronal activity. J Neurosci
16: 2463-2478.

Tsvetkov E, Shin RM, Bolshakov VY, 2004. Glutamate
uptake determines pathway specificity of long-term
potentiation in the neural circuitry of fear conditioning.
Neuron 41: 139-151.

Tzarfaty M, Lopez A, Feinstein Y, Gombau L,
Goldshmidt O, Soriano E, Munoz C, Klar A, 2001.
Plasmin-mediated release of the guidance molecule F-
spondin from the extracellular matrix. J Biol Chem 276:
28233-28241.

Uetani N, Kato K, Ogura H, Mizuno K, Kawano K,
Mikoshiba K, Yakura H, Asano M, Iwakura Y, 2000.
Impaired learning with enhanced hippocampal long-
term potentiation in PTPdelta-deficient mice. Embo J
19: 2775-2785.

Umemiya T, Takeichi M, Nose A, 1997. M-spondin, a
novel ECM protein highly homologous to vertebrate F-
spondin, is localized at the muscle attachment sites in
the Drosophila embryo. Dev Biol 186: 165-176.

Uruno T, Liu J, Zhang P, Fan Y, Egile C, Li R, Mueller
SC, Zhan X, 2001. Activation of Arp2/3 complex-
mediated actin polymerization by cortactin. Nat Cell
Biol 3: 259-266.

vanHorssen, Kleinnijenhuis J, Maass CN, Rensink AA,
Otte H, David G, van d, Wesseling P, de W, Verbeek
MM, 2002. Accumulation of heparan sulfate
proteoglycans in cerebellar senile plaques. Neurobiol
Aging 23: 537-545.

Verbeek MM, Otte H, van d, van d, David G, Wesseling
P, de W, 1999. Agrin is a major heparan sulfate
proteoglycan accumulating in Alzheimer's disease brain.
Am J Pathol 155: 2115-2125.

Verhage M, Maia AS, Plomp JJ, Brussaard AB,
Heeroma JH, Vermeer H, Toonen RF, Hammer RE, van
den Berg TK, Missler M, Geuze HJ, Sudhof TC, 2000.



Synaptic assembly of the brain in the absence of
neurotransmitter secretion. Science 287: 864-869.

Voikar V, Koks S, Vasar E, Rauvala H, 2001. Strain
and gender differences in the behavior of mouse lines

commonly used in transgenic studies. Physiol Behav 72:
271-81.

Wagner JJ, Alger BE, 1995. GABAergic and
developmental influences on homosynaptic LTD and
depotentiation in rat hippocampus. J Neurosci 15: 1577-
86.

Wanaka A, Carroll SL, Milbrandt J, 1993.
Developmentally regulated expression of pleiotrophin, a
novel heparin binding growth factor, in the nervous
system of the rat. Brain Res Dev Brain Res 72: 133-44.

Washbourne P, Dityatev A, Scheiffele P, Biederer T,
Weiner JA, Christopherson KS, El Husseini A, 2004.
Cell adhesion molecules in synapse formation. J.
Neurosci. 24: 9244-9249.

Wheal HV, Chen Y, Mitchell J, Schachner M, Maerz
W, Wieland H, Van Rossum D, Kirsch J, 1998.
Molecular mechanisms that underlie structural and
functional changes at the postsynaptic membrane during
synaptic plasticity. Prog. Neurobiol. 55: 611-640.

Wigstrom H, Gustafsson B, 1983. Facilitated induction
of hippocampal long-lasting potentiation during
blockade of inhibition. Nature 301: 603-604.

Wigstrom H, Gustafsson B, 1985. Facilitation of
hippocampal long-lasting potentiation by GABA
antagonists. Acta Physiol Scand. 125: 159-172.

Williams RS, Wagner PD, 2000. Transgenic animals in
integrative biology: approaches and interpretations of
outcome. Journal of Applied Physiology 88: 1119-1126.

Winkler S, Stahl RC, Carey DJ, Bansal R, 2002.
Syndecan-3 and perlecan are differentially expressed by
progenitors and mature oligodendrocytes and
accumulate in the extracellular matrix. J Neurosci Res
69: 477-487.

Wisniewski T, Lalowski M, Baumann M, Rauvala H,
Raulo E, Nolo R, Frangione B, 1996. HB-GAM is a
cytokine present in Alzheimer's and Down's syndrome
lesions. Neuroreport 7: 667-671.

Wolfer DP, Lipp HP. 1992. A new computer program
for detailed off-line analysis of swimming navigation in
the Morris water maze. J Neurosci Methods. Jan;41(1):
65-74

Wolfer DP, Crusio WE, Lipp HP, 2002. Knockout mice:
simple solutions to the problems of genetic background
and flanking genes. Trends Neurosci. 25: 336-340.

Woods A, 2001. Syndecans: transmembrane modulators
of adhesion and matrix assembly. J Clin Invest 107:
935-941.

Woods A, Longley RL, Tumova S, Couchman JR,
2000. Syndecan-4 binding to the high affinity heparin-
binding domain of fibronectin drives focal adhesion
formation in fibroblasts. Arch Biochem Biophys 374:
66-72.

Wright JW, Kramar EA, Meighan SE, Harding JW,
2002. Extracellular matrix molecules, long-term
potentiation, memory consolidation and the brain
angiotensin system. Peptides 23: 221-246.

Wu G, Malinow R, Cline HT, 1996. Maturation of a
central glutamatergic synapse. Science 274: 972-976.

Xiao MY, Niu YP, Wigstrom H, 1996. Activity-
dependent decay of early LTP revealed by dual EPSP
recording in hippocampal slices from young rats. Eur J
Neurosci 8: 1916-23.

Xiao P, Bahr BA, Staubli U, Vanderklish PW, Lynch G,
1991. Evidence that matrix recognition contributes to
stabilization but not induction of LTP. Neuroreport 2:
461-464.

Xiao ZC, Ragsdale DS, Malhotra JD, Mattei LN, Braun
PE, Schachner M, Isom LL, 1999. Tenascin-R is a
functional modulator of sodium channel beta subunits. J
Biol Chem 274: 26511-26517.

Xu D, Hopf C, Reddy R, Cho RW, Guo L, Lanahan A,
Petralia RS, Wenthold RJ, Brien RJ, Worley P, 2003.
Narp and NP1 form heterocomplexes that function in
developmental and activity-dependent synaptic
plasticity. Neuron 39: 513-528.

Yamaguchi Y, 1996. Brevican: a major proteoglycan in
adult brain. Perspect Dev Neurobiol 3: 307-317.

Yeh HJ, He YY, Xu J, Hsu CY, Deuel TF, 1998.
Upregulation of pleiotrophin gene expression in
developing microvasculature, macrophages, and
astrocytes after acute ischemic brain injury. J. Neurosci.
18:3699-3707.

Yoneda A, Couchman JR, 2003. Regulation of
cytoskeletal organization by syndecan transmembrane
proteoglycans. Matrix Biol 22: 25-33.

Yuste R, Bonhoeffer T, 2001. Morphological changes in
dendritic spines associated with long-term synaptic
plasticity. Annu. Rev. Neurosci. 24: 1071-1089.

Zamanillo D, Sprengel R, Hvalby O, Jensen V,
Burnashev N, Rozov A, Kaiser KM, Koster HJ,

51



Borchardt T, Worley P, Lubke J, Frotscher M, Kelly
PH, Sommer B, Andersen P, Seeburg PH, Sakmann B,
1999. Importance of AMPA receptors for hippocampal
synaptic plasticity but not for spatial learning. Science
284: 1805-11.

Zhang LI, Poo MM, 2001. Electrical activity and
development of neural circuits. Nat. Neurosci. 4 Suppl:
1207-1214.

Zhang N, Zhong R, Deuel TF, 1999. Domain structure
of pleiotrophin required for transformation. J Biol Chem
274: 12959-12962.

Zhu JJ, Esteban JA, Hayashi Y, Malinow R, 2000.
Postnatal synaptic potentiation: delivery of GluR4-
containing AMPA receptors by spontaneous activity.
Nat Neurosci 3: 1098-106.

Zuo J, Hernandez YJ, Muir D, 1998. Chondroitin sulfate
proteoglycan with neurite-inhibiting activity is up-
regulated following peripheral nerve injury. J Neurobiol
34: 41-54.

52



