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SUMMARY
Hristo Varbanov, MSc:
“The role of the neural cell adhesion molecule-associated polysialic acid in synaptic plasticity
in the medial prefrontal cortex of the mouse (Mus musculus)”
In mammals, polysialic acid (polySia) is a linear homopolymer of α2,8-glycosidically linked
units of the monosaccharide sialic acid. The main carrier of polySia in the human and mouse
brain is the neural cell adhesion molecule (NCAM). In the adult brain, polySia is predominantly
synthesized and added to the extracellular domain of NCAM by the polysialyltransferase
ST8SIA4. PolySia-NCAM is known to play an important role in hippocampal synaptic plasticity
as well as in hippocampus-dependent learning. Clinical studies have shown that the expression
levels of polySia and NCAM are altered in the hippocampus and prefrontal cortex of
schizophrenic patients. However, the impact of polySia on N-methyl-D-aspartate receptors
(NMDARs) and synaptic plasticity in the prefrontal cortex remains unclear. To this aim, I
performed immunohistochemical stainings, electrophysiological whole-cell patch-clamp
recordings, and field excitatory postsynaptic potential recordings in medial prefrontal cortex
(mPFC) slices from C57BL/6 mice after polySia removal using endosialidase NF (endoNF) and
in mPFC slices from ST8SIA4-deficient and NCAM-deficient mice. In the present study, I
showed that endoNF treatment of mPFC slices resulted in increased evoked GluN1/GluN2BNMDAR-mediated currents, which we assessed using relatively low (0.3 µM), GluN1/GluN2Bspecific concentrations of the GluN2B-selective antagonist Ro 25-6981. Similarly, endoNF
caused a pronounced increase in tonic NMDAR-mediated currents, which reflect the activation of
extrasynaptic GluN2B-containing NMDARs. Importantly, we reveal that the short-chain polySia
containing 12 residues, NANA12, inhibited GluN1/GluN2B-NMDAR-mediated evoked currents
in endoNF-treated mPFC slices but not in sham-treated control slices. Moreover, acute polySia
removal led to reduced levels of long-term potentiation (LTP) in the mPFC. In mPFC slices from
ST8SIA4-deficient mice, I found similar increase in 0.3-µM-Ro 25-6981-sensitive NMDARmediated evoked currents, which were accompanied by impaired LTP in the mPFC. Notably,
blockade of GluN1/GluN2B-NMDARs by application of 0.3-µM-Ro 25-6981 or NANA12 fully
restored impaired LTP levels in endoNF-treated slices and ST8SIA4-deficient mice. Abnormal
LTP levels in endoNF-treated slices and ST8SIA4-deficient mice could be also fully rescued by
sarcosine, an inhibitor of the glial glycine transporter type-1 and an agonist of the NMDAR
glycine-site. Similarly, sarcosine fully rescued LTP levels in mPFC slices from NCAM-deficient
mice. Furthermore, Ro 25-6981, NANA12, or sarcosine had no effects on LTP in sham-treated
mPFC slices. Altogether, these findings suggest that polySia-NCAM regulates the balance of
synaptic and extrasynaptic NMDARs in the mPFC, thus mediating synaptic plasticity in the
mPFC. Moreover, these data indicate that NANA12 might represent a potential therapy for
restoration of overactivated extrasynaptic NMDARs observed in models of schizophrenia and
Alzheimer’s disease.
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ZUSAMMENFASSUNG

Hristo Varbanov, MSc:
“Die Rolle der Polysialinsäure assoziiert mit der neuralen Zelladhäsionsmolekül in
synaptischer Plastizität im medialen präfrontalen Kortex der Maus (Mus musculus)“

Polysialinsäure (polySia) ist ein lineares Homopolymer aus Sialinsäure-Resten, die durch α2,8glykosidische Bindungen miteinander verbunden sind. PolySia in dem Gehirn ist hauptsächlich
mit dem neuralen Zelladhäsionsmolekül NCAM assoziiert. In dem adulten Gehirn wird polySia
von der Polysialyltransferase ST8SIA4 produziert. Anschießend fügt ST8SIA4 die entstandenen
polySia-Ketten zu der extrazellulären Domäne von NCAM hinzu. Außerdem spielt polySia eine
wichitige Rolle in synaptischer Plastizität in Hippokampus so wie auch in Formen des Lernens,
die von der Hippokampus-Funktion abhängig sind. Klinische Studien haben gezeigt, dass die
Expressionsraten von polySia und NCAM im Hippokampus und präfrontalen Kortex von
Schizophrenie-Patienten pathologisch verändert sind. Jedoch bleibt es immer noch unklar, ob
diese polySia-NCAM-Veränderungen direkte Einfüsse auf die N-Methyl-D-Aspartat-Rezeptoren
(NMDAR) und damit zusammenhängende synaptische Plastizität im präfrontalen Kortex haben.
Um das zu untersuchen, habe ich zuerst PolySia in Hirnschnitten aus dem medialen präfrontalen
Kortex (MPFK) von C57BL/6-Mäusen enzymatisch mittels der Endosialidase NF (EndoNF)
abgebaut. Darauf habe ich immunohistologische Färbungen, elektophysiologische
Ganzzellableitungen mittels der Patch-Clamp-Technik so wie auch extrazelluläre Ableitungen
von Feldpotenzialen in EndoNF-MPFK-Hirnschnitten und auch in MPFK-Hirnschnitten aus
ST8SIA4- und NCAM-Knockout-Mäusen durchgeführt. In der vorgelegten Studie konnte ich
zeigen, dass EndoNF-Behandlung zu Erhöhung von evozierten Strömen führt, die hauptsächlich
durch GluN1/GluN2B-NMDAR-Rezeptoren fließen. Um die Fraktion der GluN1/GluN2BNMDAR-Rezeptoren zu bestimmen, habe ich eine relativ geringe Konzentration (0.3 µM) des
GluN2B-NMDA-Rezeptor-Kanalblockers Ro 25-6981 benutzt, die hauptsächlich Ströme durch
GluN1/GluN2B-NMDA-Rezeptoren blockiert. EndoNF führte zu einer Erhöhung der tonischen
Ströme, die wiederum die Aktivierung von extrasynaptischen NMDA-Rezeptoren widerspiegeln.
Außerdem blockierte auch Kurzketten-PolySia (NANA12) Ströme durch GluN1/GluN2BRezeptoren in MPFK-Schnitten, die mit EndoNF behandelt wurden, aber nicht in
Kontrollschnitten. Somit beobachtete ich ähnliche Effekte von NANA12 und Ro 25-6981 (0.3
µM). Ich konnte auch demonstrieren, dass endoNF-Behandlung die Langzeitpotenzierung (LTP)
in MPFK-Schnitten beeinträchtigt. In Schnitten aus ST8SIA4-Knockout-Mäusen fand ich eine
ähnliche Erhöhung von evozierten Strömen, die sensitiv für Ro 25-6981 (0.3 µM) waren. In
Übereinstimmung mit unseren EndoNF-Schnitten war die Stärke von LTP in ST8SIA4- und
NCAM-Knockout-Mäusen ebenso erheblich vermindert. Außerdem führte die Blockade von
GluN1/GluN2B-NMDA-Rezeptoren durch NANA12 und Ro 25-6981 (0.3 µM) zu einer
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kompletten Wiederherstellung von LTP in EndoNF-Schnitten und in ST8SIA4-KnockoutMäusen. Eine ähnlich erfolgreiche Wiederhestellung von LTP zeigte auch Sarkosin (Sarcosine),
ein Inhibitor des Typ-1-Glycin-Transporters und zugleich ein Agonist der NMDA-RezeptorGlycin-Bindungsstelle. Hingegen hatten Ro 25-6981, NANA12 und Sarkosin keine Effekte auf
LTP in MPFC-Kontrollschnitten. Zusammenfassend zeigen diese Ergebnisse, dass polySiaNCAM die Balance zwischen synaptischen und extrasynaptischen NMDA-Rezeptoren reguliert
und dadurch synaptische Plastizität in dem präfrontalen Kortex fördert. Darüber hinaus weisen
diese Daten darauf hin, dass die kurzkettige Polysialinsäure NANA12 als eine potenzielle
therapeutische Strategie weiterentwickelt werden kann, um die Überaktivierung von
extrasynaptischen NMDA-Rezeptoren in Schizophrenie- und Alzheimer-Modellen zu
normalisieren.
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LIST OF ABBREVIATIONS
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ERK, extracellular signal-related protein kinase
FAK, eocal adhesion kinase
fEPSP, field excitatory post synaptic potential
FGF, fibroblast growth factor
FGFR, fibroblast growth factor receptor
Fluo4, fluorescent calcium indicator
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mGluR, metabotrophic glutamate receptor
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NCAM, neural cell adhesion molecule
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NMDAR, N-methyl-D-aspartate receptor
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PST, polysialyltransferase ST8SIA4
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STX, sialyltransferase X
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1. INTRODUCTION
1.1. The neural cell adhesion molecule (NCAM)
Cell adhesion molecules (CAMs) are cell-surface molecules that play a major role in the
developing central nervous system (CNS). In particular, CAMs promote cell-to-cell adhesion,
thereby regulating neuronal interactions required for several key processes, such as axonal
guidance, neuronal proliferation, and synaptic targeting (reviewed by (Crossin and Krushel,
2000; Maness and Schachner, 2007)). CAMs are expressed at pre- and postsynaptic sites, where
they interact with components of the extracellular matrix (ECM). Thus, they are involved in
activity-dependent synaptic plasticity and learning in the adult CNS via modulation of
postsynaptic glutamate receptors and ion channels (reviewed by (Schachner, 1997; Ronn et al.,
2000; Bukalo and Dityatev, 2012)). In turn, neuronal activity is known to alter the expression of
CAMs at the synapse (reviewed by (Fields and Itoh, 1996)). Cell adhesion molecules have been
classified into several groups, such as the cadherin, integrin, semaphorin, and immunoglobulin
superfamily (Ig CAM) (reviewed by (Walsh and Doherty, 1997; Hirano et al., 2003; Kruger et
al., 2005)).
The first Ig CAM superfamily member that was identified and extensively studied in the CNS
was the neural cell adhesion molecule (NCAM) (Jorgensen and Bock, 1974; Cunningham et al.,
1987). It represents a transmembrane glycoprotein that is expressed in almost all cells types in the
brain and mediates Ca2+-independent adhesion between neighboring neurons as well as adhesion
between neurons and the surrounding ECM (Maness and Schachner, 2007). In the developing
CNS, NCAM plays an important role in axon guidance, neuronal proliferation and migration,
neurite outgrowth, and synaptic formation ((Dityatev et al., 2000); reviewed by (Maness and
Schachner, 2007)). During adulthood, NCAM is involved in synaptic plasticity as well as
learning and memory in rodents (reviewed by (Schachner, 1997; Ronn et al., 2000; Dityatev et
al., 2008; Bukalo and Dityatev, 2012; Senkov et al., 2012)). In the human brain, altered
expression of NCAM has been linked to several neuropsychiatric and neurodegenerative
disorders, including schizophrenia, bipolar disorder, depression, and Alzheimer’s disease
(reviewed by (Brennaman and Maness, 2010; Hildebrandt and Dityatev, 2015)).

11

NCAM exists in three major membrane isoforms that are termed according to their molecular
mass, namely, NCAM180 (Fig. 1.1), NCAM140, and NCAM120. They are generated by
alternative splicing of a single gene and show a distinct temporal and cell type-specific pattern of
expression. All three main isoforms exhibit an extracellular domain consisting of five
immunoglobulin-like (Ig) domains and two fibronectin type III homologous repeats. NCAM180
and NCAM140 express a transmembrane domain (TMD), whereas the NCAM120 isoform is
attached to the cell membrane by a glycophosphatidyl (GPl) anchor and is predominantly
expressed in glial cells. Both NCAM180 and NCAM140 isoforms express a cytoplasmic domain,
but NCAM180, the largest of the three main isoforms, shows an additional 40 kD cytoplasmic
domain insert (Cunningham et al., 1987; Maness and Schachner, 2007). NCAM180 has been
identified mainly in mature neurons, where it is enriched in postsynaptic densities (PSDs) of
postsynaptic membranes (Persohn et al., 1989) and plays an important role in synaptic plasticity
(Schuster et al., 1998). In contrast to NCAM180, the NCAM140 isoform is expressed on both
pre- and postsynaptic membranes of neurons but also in glial cells; further, NCAM140 has been
identified in axon growth cones of neurons during development. Notably, NCAM140 is involved
in several signal transduction pathways mediating outgrowth and branching of axons and
dendrites (reviewed by (Maness and Schachner, 2007)).
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Fig. 1.1. Structure of the transmembrane protein neural cell adhesion molecule (NCAM) and its
associated glycan polysialic acid (polySia). (A) The extracellular domain of NCAM180 shows six Nglycosylation sites (arrow heads). Please note that polySia, a homopolymer of α2–8-linked sialic acid (Sia)
residues, is added to the two glycosylation sites located on the 5th immunoglobulin-like module (Ig) by a
Golgi-resident polysialyltransferase (ST8SIA2 or ST8SIA4). FN, fibronectin type III repeats; GlcNAc, Nacetylglucosamin; Fuc, fucose, Man, mannose; Gal, galactose; Asn, asparagine. (B) Schematic drawing
showing the anti-adhesive action of polySia. Importantly, polySia increases the intercellular space and
decreases the interactions of its carrier protein and other cell adhesion molecules. (C) Time course of
ST8SIA2 and ST8SIA4 expression during the development of the mouse brain. The graph is based on
quantitive real-time RT-PCR analysis from whole brain mRNA extracts (Oltmann-Norden et al., 2008;
Schiff et al., 2009). Adapted with modifications from (Schnaar et al., 2014; Hildebrandt and Dityatev,
2015).
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1.2. Polysialic acid associated with NCAM: structure and biosynthesis
NCAM undergoes several post-translational modifications that have a strong impact on its
functional properties. One of these modifications is the polysialylation of NCAM, that is, the
synthesis and subsequent addition of the glycan polysialic acid (polySia) to the extracellular
region of NCAM by the two Golgi-associated polysialyltransferases ST8SIA2 (also known as
STX) and ST8SIA4 (also known as PST) (Livingston and Paulson, 1993; Eckhardt et al., 1995)
(reviewed by (Rutishauser, 2008; Schnaar et al., 2014; Hildebrandt and Dityatev, 2015)) (Fig.
1.1). In mammals, polySia is a linear homopolymer of α2,8-glycosidically linked units of the
nine-carbon monosaccharide sialic acid (Sia, also known as N-acetylneuraminic acid; Fig. 1.1A
and B). The number of residues in polySia chains can vary from 8 to more than 100 (Rutishauser
and Landmesser, 1996; Kleene and Schachner, 2004; Weinhold et al., 2005; Hildebrandt et al.,
2007; Rutishauser, 2008; Schnaar et al., 2014; Hildebrandt and Dityatev, 2015). The
histochemical labeling of polySia in cell cultures and brain slices can be achieved using
monoclonal antibodies recognizing 8–14 residues (Frosch et al., 1985; Rougon et al., 1986; Sato
et al., 1995). Because the carboxyl groups of sialic acid are negatively charged, polySia
represents a polyanion with a hydration shell that increases the hydrodynamic radius of its carrier
protein NCAM (Fig. 1.1B). Thus, polySia enlarges the intercellular space between adjacent cells,
thereby attenuating homophilic interactions of the carrier protein (Yang et al., 1992; Johnson et
al., 2005). It has been shown that polySia can reduce homophilic NCAM-NCAM adhesion
(Sadoul et al., 1983; Rutishauser et al., 1985; Johnson et al., 2005) and NCAM-mediated
signaling induced by homophilic and heterophilic interactions of NCAM (Seidenfaden et al.,
2003; Seidenfaden et al., 2006; Eggers et al., 2011). These findings suggest that a typical
adhesive molecule such as NCAM has the ability to convert into a repelling one upon
modification with polySia.
It is important to note that the polysialyltransferase ST8SIA2 is responsible for polySia
biosynthesis during embryonic development, whereas ST8SIA4 generates polySia predominantly
in the adult brain (Ong et al., 1998; Oltmann-Norden et al., 2008). ST8SIA2 and ST8SIA4 belong
to the family of mammalian sialyltransferases and display a high level of sequence homology
(~60%) (Hildebrandt and Dityatev, 2015). They are composed of a short N-terminal cytosolic
domain, a type II transmembrane domain, a stem region, and a large terminal catalytic domain
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facing the Golgi lumen (Harduin-Lepers et al., 2005; Schnaar et al., 2014). NCAM carries six Nglycosylation sites, but the attachment of polySia is restricted specifically to the fifth and sixth
sites that are located in the fifth Ig-like domain of NCAM (Liedtke et al., 2001). Mutational
studies have revealed that polysialylation of NCAM critically depends on its first fibronectin type
III domain (FN1) (Nelson et al., 1995; Mendiratta et al., 2005). Moreover, the
polysialyltransferases ST8SIA2 and ST8SIA4 are able to synthesize polySia on themselves in a
process termed autopolysialylation (Muhlenhoff et al., 1996; Close and Colley, 1998).
In the vertebrate brain, polySia is predominantly associated with NCAM because polySia is
almost completely absent in brain slices from mice with genetic ablation of NCAM180,
NCAM140, and NCAM120 (Tomasiewicz et al., 1993; Cremer et al., 1994). There is strong
evidence that the two transmembrane isoforms NCAM140 and NCAM180 can be polysialylated
in the embryonic and adult mouse brain, in contrast to the GPI-anchored NCAM120 isoform,
which is not polysialylated (Probstmeier et al., 1994; Oltmann-Norden et al., 2008). The synaptic
cell adhesion molecule (SynCAM 1) is a novel carrier of polySia in the early postnatal brain
(Galuska et al., 2010). PolySia-SynCAM 1 has been detected exclusively on a subset of NG2
cells, multifunctional glia cells serving as precursor cells for myelinating oligodendrocytes in
brain development and myelin repair but also for astrocytes and neurons (reviewed by
(Nishiyama et al., 2009; Trotter et al., 2010)). A recent study revealed that polySia-SynCAM 1 is
localized in the Golgi compartment of NG2 cells and can be transported to the cell surface upon
depolarization (Werneburg et al., 2015). Similarly, polysia-NCAM has been reported to
translocate to the cell surface of cultured neurons and endocrine cells in response to K+
depolarization (Kiss et al., 1994). Outside of the nervous system, the scavenger receptor and
glycoprotein CD36 in human milk (Yabe et al., 2003) and neuropilin-2 in human dendritic cells
(Curreli et al., 2007) might also serve as acceptors of polySia.
Under physiological conditions, the amount of polySia on the cell surface depends on its
biosynthesis and internalization by clathrin-dependent endocytosis and subsequent lysosomal
degradation (Minana et al., 2001; Diestel et al., 2007). In general, sialic acids are degraded by the
vertebrate sialidases NEU1–NEU4. In humans, mutations in the NEU1 gene have been associated
with sialidosis, an autosomal recessive metabolic disease, which leads to increased lysosomal
accumulation of sialylated glycopeptides and oligosaccharides (Seyrantepe et al., 2003). In
cultured hippocampal slices of P14 rats, NEU1 is able to degrade polySia expressed on immature
15

hippocampal granule cells, thereby inhibiting their migration in the innermost granule cell layer
(Sajo et al., 2016). NEU4 is predominantly expressed in the mouse brain (Shiozaki et al., 2009)
and is known to inhibit outgrowth of neurites in hippocampal neuronal cultures (Takahashi et al.,
2012). However, conjugation of therapeutic proteins with polySia has been reported to increase
their half-life, when applied in vivo (Lindhout et al., 2011; Vorobiev et al., 2013). Thus, these
studies suggest that sialidases might have only limited action on polySia.
Under experimental conditions, polySia can be specifically degraded using enzymes known as
endosialidases. They have been isolated from bacteriophages that take advantage of their
endosialidases to degrade and penetrate the polySia-rich capsule of the human pathogen
Escherichia coli K1. In 2005, Stummeyer and colleagues revealed the crystal structure of the
endosialidase-NF (endoNF), the enzyme used in the present study (Stummeyer et al., 2005).

1.3. Homophilic and heterophilic interactions of NCAM and polySia
1.3.1. Interaction partners of NCAM

Homophilic NCAM-NCAM interactions might occur either in a parallel manner between two
NCAM molecules localized on the same cell membrane (cis interaction) or in an antiparallel
manner between NCAM molecules on opposing cells (trans interaction). A crystallographic
study has proposed that a binding between NCAM modules Ig1 and Ig2 might lead to a
dimerization of NCAM molecules in parallel NCAM-NCAM interactions, while Ig1–Ig3, Ig2–
Ig2, and Ig2–Ig3 binding is essential for antiparallel NCAM interactions (Soroka et al., 2003).
NCAM-mediated homophilic adhesion has also been described between recombinant modules
Ig1 and Ig5 and between modules Ig2 and Ig4 (Ranheim et al., 1996). Moreover, several studies
have reported an interaction between modules Ig1 and Ig2 (Kiselyov et al., 1997; Jensen et al.,
1999).
In addition to homophilic interactions, NCAM is involved in numerous heterophilic interactions
with extra- and intracellular proteins (reviewed by (Buttner and Horstkorte, 2010; Nielsen et al.,
2010)). The first fibronectin type III domain of NCAM carries the docking site for
polysialyltransferases, the enzymes responsible for the addition of polysialic acid to the fifth Iglike domain of NCAM (Mendiratta et al., 2005). Both polysialylated and non-polysialylated
forms of NCAM140 and NCAM180 are proteolytically cleaved by ADAM10 and
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ADAM17/tumor necrosis factor-α-converting enzyme (TACE), metalloproteases of the ADAM
(a disintegrin and a metalloprotease) family. These enzymes mediate the generation of soluble
110–115-kD NCAM fragments, which predominantly contain the extracellular domain of NCAM
(NCAM-EC) (Hinkle et al., 2006; Kalus et al., 2006). Activation of receptor tyrosine kinase
EphA3 by ephrinA5 triggers shedding of polysialylated NCAM by ADAM10, leading to the
release of a 250-kD soluble fragment consisting of polySia-NCAM’s extracellular region
(Brennaman et al., 2014). The ADAM10 cleavage site within polySia-NCAM has been identified
in the second fibronectin type III domain. In cultured cortical neurons, ADAM10, EphA3, and
NCAM have been found to co-localize in the cell soma and processes, and ADAM10 is involved
in ephrinA5-induced growth cone collapse (Brennaman et al., 2014). In the developing medial
prefrontal cortex, polySia-NCAM interacts directly with ephrinA5/EphA3 at inhibitory synapses
to cooperatively constrain inhibitory perisomatic innervation of pyramidal neurons and
arborization of GABAergic basket interneurons (Brennaman et al., 2013).
NCAM can directly bind the fibroblast growth factor receptor (FGFR) via the first and second
fibronectin type III domains of NCAM (Kiselyov et al., 2003). It is important to note that NCAM
induces axonal outgrowth through activation of the fibroblast growth factor (FGF) receptor
pathway (reviewed by (Maness and Schachner, 2007)). In brief, NCAM140 and NCAM180 can
both activate the FGF receptor, leading to hydrolysis of phosphoinositol 4,5-bisphosphate to
diacylglycerol (DAG) by the enzyme phospholipase Cγ

(PLCγ). Subsequently, DAG is

converted to arachidonic acid by the enzyme DAG lipase, which increases calcium influx through
N-type and L-type voltage-gated calcium channels and stimulates neurite outgrowth (Saffell et
al., 1997; Doherty et al., 2000).
Further interaction partners of the extracellular domain of NCAM include other cell adhesion
molecules such as the neural cell adhesion molecule L1 via the Ig4 module of NCAM (Horstkorte
et al., 1993) and TAG-1 (also known as axonin-1 or contactin-2) (Milev et al., 1996). In the
embryonic brain, NCAM has been shown to interact with several extracellular matrix (ECM)
molecules, such as the heparan sulfate proteoglycans (HSPGs) agrin and collagen XVII (Storms
et al., 1996a; Storms et al., 1996b), and the chondroitin sulfate proteoglycans (CSPGs) neurocan
and phosphacan (Friedlander et al., 1994; Milev et al., 1994; Retzler et al., 1996). The binding
sites for heparin and CSPGs are located within the Ig2 module of NCAM (Cole and Akeson,
1989; Kulahin et al., 2005). In hippocampal neurons, polySia-NCAM stimulates the formation of
17

synapses via interaction with HSPGs, FGF receptor, and N-Methyl-D-aspartate receptors
(NMDARs) (Dityatev et al., 2004). Moreover, the interaction between polySia-NCAM and
HSPGs is involved in the morphological changes in synapses that occur during the first hour after
induction of NMDAR-dependent LTP in the CA1 subregion of hippocampal organotypic slice
cultures (Dityatev et al., 2004). Interestingly, interactions with CSPG might increase the adhesion
between NCAM and HSPGs (Storms et al., 1996a). Thus, these studies suggest that NCAM
represents a major receptor for HSPGs and CSGPs, and that these ECM molecules may modulate
neurite outgrowth, synaptogenesis, and synaptic plasticity. It is also noteworthy that the glial-cell
line derived neurotrophic factor (GDNF) promotes neurite outgrowth in hippocampal and cortical
neurons via binding to NCAM (Paratcha et al., 2003) (reviewed by (Ibanez, 2010)). The
interaction between GDNF and NCAM requires the Ig3 module of NCAM (Sjostrand et al.,
2007; Nielsen et al., 2009), and both NCAM140 and NCAM180 can induce GDNF-induced
neurite outgrowth (Nielsen et al., 2009). In contrast to NCAM-mediated neurite outgrowth,
GDNF-induced neurite outgrowth via NCAM does not require the presence of polySia (Nielsen
et al., 2009).
The prion protein (PrP) associates with NCAM on the neuronal surface, and PrP has been shown
to directly interact with NCAM (Santuccione et al., 2005). The PrP-NCAM interaction causes the
recruitment of NCAM to lipid rafts, thereby stimulating NCAM-mediate neurite outgrowth via
activation of the p59fyn nonreceptor tyrosine kinase (fyn) (Niethammer et al., 2002; Santuccione
et al., 2005). In a posttranslational modification, NCAM140 and NCAM180 are palmitoylated at
four cysteine residues, which are located in the juxta-membrane part of their transmembrane
domain (Little et al., 1998). It is well known that palmitoylation of cytosolic and integral
membrane proteins mediates their targeting to cholesterol- and sphingolipid-enriched
microdomains of the cell membrane that are termed lipid rafts. Several studies have shown that
palmitoylation plays an important role in synaptic morphology, clustering of ion channels, and
synaptic strength (reviewed in (Huang and El-Husseini, 2005)). Mutation of the NCAM140
palmitoylation sites abrogates the association of NCAM to lipid rafts, reduces NCAM-mediated
signaling via the focal adhesion kinase (FAK) and the extracellular signal-regulated kinase 1/2
(ERK 1/2), thereby blocking NCAM-dependent neurite outgrowth (Niethammer et al., 2002).
Ponimaskin and colleagues (2008) have revealed that activation of the FGF receptor induces
palmitoylation of NCAM140 and NCAM180 by the aspartate-histidine-histidine-cysteine
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(DHHC) domain containing Zinc finger proteins (ZDHHC-3 and ZDHHC-7). This leads to the
targeting of NCAM to lipid rafts and promotes neuronal outgrowth in hippocampal neurons
(Ponimaskin et al., 2008). In a recent study, Lievens and colleagues (2016) demonstrated that the
palmitoylating enzyme ZDHHC-3 is tyrosine phosphorylated by FGF receptor and src kinase.
Specifically, the FGF receptor is responsible for the phosphorylation at Tyr18 of ZDHHC-3,
whereas src kinase phosphorylates the ZDHHC-3 phosphorylation sites Tyr295 and Tyr297.
Moreover, ablation of tyrosine phosphorylation leads to elevated autophosphorylation of
ZDHHC-3, increased interaction between ZDHHC-3 and NCAM, and increased palmitoylation
of NCAM. Consistently, expression of the tyrosine-mutated form of ZDHHC-3 in hippocampal
neurons results in increased neuronal outgrowth compared with wild-type ZDHHC-3 (Lievens et
al., 2016). Thus, this study shows that tyrosine phosphorylation of ZDHHC-3 has a physiological
role in neuronal development.
The intracellular domain of NCAM180 can interact specifically with the cytoskeleton-membrane
linker protein spectrin (Pollerberg et al., 1987). In this regard, Sytnik and colleagues (2006) have
shown that spectrin represents a linker protein between NCAM, NMDARs, and CaMKIIα in a
postsynaptic signaling complex (Sytnyk et al., 2006). In particular, spectrin is known to interact
with the GluN1, GluN2A, and GluN2B subunits of the NMDA receptor, and these interactions
are modulated by calcium ions, calcium-binding protein calmodulin, and phosphorylation
(Wechsler and Teichberg, 1998). Furthermore, the intracellular domain of NCAM140 shows a
direct interaction with the intracellular domain of the receptor-like protein tyrosine phosphatase
RPTPα, which is necessary for the NCAM-mediated activation of src family tyrosine kinase
p59Fyn (Bodrikov et al., 2005). In response to NCAM stimulation, spectrin mediates the formation
of a complex by NCAM and RPTPα in a Ca2+-dependent fashion. Subsequently, NCAM recruits
RPTPα to lipid rafts to stimulate p59Fyn, thereby promoting neurite outgrowth (Bodrikov et al.,
2005). The intracellular domain of NCAM can also interact with calmodulin in a Ca2+-dependent
manner (Kleene et al., 2010a), the neurotrophin receptor TrkB, and the G-protein-coupled
inwardly rectifying K+ channel Kir3.3 (Kleene et al., 2010b). Of note, NCAM and TrkB regulate
the cell membrane expression of Kir3.3 channels, and the level of Kir3.3 expression can
influence NCAM-mediated neurite outgrowth. Thus, these data suggest that the interaction
between NCAM, TrkB, and Kir3.3 has an important physiological role in brain development
(Kleene et al., 2010b).
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NCAM has been reported to restrain the expression level of G-protein-coupled inwardly
rectifying K+ (Kir3) channels in the cell membrane via lipid rafts (Delling et al., 2002). Kir3
channels are responsible for hyperpolarization of the postsynaptic membrane, leading to
decreased cell excitability. Moreover, Kir3 channels are found presynaptically as well as
postsynaptically, and the Kir3 family includes Kir3.1, Kir3.2, Kir3.3, and Kir3.4 subunits. These
channels are known to form functional heterotetramers that require the presence of the Kir3.1
subunit (Wischmeyer et al., 1997), but there is also functional evidence for the existence of
heterotetramers containing Kir3.2 and Kir3.3 (Jelacic et al., 2000), as well as homotetramers
consisting of only Kir3.2 subunits identified postsynaptically in dopaminergic neurons of the
substantia nigra, a region in the midbrain (Inanobe et al., 1999). Notably, Kir3 channels are
known to interact with the serotonin 5-HT1A receptor (Luscher et al., 1997), and NCAM-deficient
mice show elevated behavioral responses to agonists of the 5-HT1A receptor (Stork et al., 1999).
In addition, NCAM-deficient mice exhibit elevated aggression between males due to increased
activation of limbic brain regions during social interaction (Stork et al., 1997). Nevertheless,
tissue concentration of serotonin and binding of 5-HT1A receptors are not altered in the brains of
NCAM-deficient mice (Stork et al., 1999).
Interestingly, NCAM has been shown to directly interact with dopamine D2 receptors (D2Rs),
thereby promoting the internalization and degradation of D2Rs (Xiao et al., 2009). Consequently,
NCAM-deficient mice display increased cell-surface expression of D2Rs and enhanced
dopaminergic D2R signaling. Behavioral analysis has revealed that NCAM-deficient mice show
increased sensitivity to the agonist of D1/D2Rs agonist apomorphine after dopamine depletion as
well as elevated locomotor activity mediated by D2Rs (Xiao et al., 2009).
1.3.2. Interaction partners of polySia

Similarly, polySia associated with NCAM has been implicated in interactions with several
neurotrophic factors and neurotransmitters (reviewed in (Senkov et al., 2012)). Müller and
colleagues (2000) have shown that the brain-derived neurotrophic factor (BDNF) can restore
impaired synaptic plasticity in the CA1 region of hippocampal slices from NCAM-deficient mice
(Muller et al., 2000). In addition, depletion of polySia causes suppressed BDNF-dependent
survival and differentiation of cortical neurons, and BDNF signaling is decreased in the absence
of polySia (Vutskits et al., 2001). These effects of polySia removal could be restored by the
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addition of exogenous BDNF, suggesting that BDNF binds to polySia-NCAM. Indeed, a
subsequent study by Kanato and co-workers has demonstrated that a BDNF dimer directly
interacts with polySia under physiological conditions (Kanato et al., 2008). Intriguingly, this
interaction requires a polySia with a minimum degree of polymerization of 12 (DP = 12).
Likewise, polySia can form complexes with other neurotrophic factors, including nerve growth
factor, neurotrophin-3, and neurotrophin-4 (Kanato et al., 2008). Furthermore, polySia-NCAM is
involved in platelet-derived growth factor (PDGF)-induced migration of oligodendrocyte
precursor cells, which plays an important role in myelin repair and formation in the central
nervous system (Zhang et al., 2004). Thus, this finding indicates a possible interaction between
PDGF and polySia. Recently, polySia has been reported to directly bind to fibroblast growth
factor-2 (FGF2), and this interaction requires polySia chains with a degree of polymerization of
at least 17 (DP = 17) (Ono et al., 2012). Moreover, FGF2-mediated cell growth is inhibited in
polySia-NCAM-expressing murine fibroblast NIH-3T3 cells (Ono et al., 2012). In addition to
neurotrophic factors, polySia is known to directly bind to the neurotransmitter dopamine and is
involved in Akt-mediated signaling via dopamine receptor D2 in human neuroblastoma cells
(Isomura et al., 2011). Therefore, Ono and colleagues (2012) have proposed the idea that polySia
might serve as a “reservoir” for several neurotrophic factors and neurotransmitters.
Several studies have provided evidence indicating that polySia-NCAM might directly interact
with glutamatergic receptors in the hippocampus. PolySia is known to potentiate α-amino-3hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs) in a concentration-dependent
manner in immature CA1 pyramidal cells, suggesting a direct interaction between polySia and
AMPARs (Vaithianathan et al., 2004). Moreover, polysialylation of NCAM can alter the effects
of NBQX, an AMPAR-selective competitive antagonist, on mouse behavior (Potschka et al.,
2008). Accordingly, NCAM-deficient mice and ST8SIA4-deficient mice show higher levels of
NBQX-induced ataxia and increased seizure thresholds compared with their wild-type littermates
(Potschka et al., 2008).
In rats that have undergone induction of in vivo long-term potentiation (LTP) in the hippocampal
dentate gyrus (DG) by tetanic stimulation of the perforant path, both NCAM180 and GluN2Acontaining N-methyl-D-aspartate (NMDARs) have been detected at the edges of postsynaptic
densities in rats. In contrast, NCAM180 and GluN2A are mainly located in the center of
postsynaptic densities in the DG of control non-stimulated rats (Fux et al., 2003). Electron
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microscopic analysis in the rat dentate gyrus has revealed that polySia is located perisynaptically
in dendritic spines, where it associates with postsynaptic densities (Rodriguez et al., 2008).
PolySia has been shown to specifically inhibit GluN2B-mediated currents induced by application
of 3 µM glutamate, but not by 30 µM glutamate, in cultured hippocampal neurons (Hammond et
al., 2006). Notably, such low glutamate concentrations have been reported for the extracellular
space (Sherwin, 1999; Ueda et al., 2000). In line with these findings, polySia reduces open
probability

of

recombinant

heterodimeric

GluN1/GluN2B-

and

heterotrimeric

GluN1/GluN2A/GluN2B-NMDARs, which have been expressed in phospholipid bilayers and
activated by 3 µM glutamate (Kochlamazashvili et al., 2010).
Sialic acid-binding Ig superfamily lectins (Siglecs) represent type 1 membrane proteins that bind
to sialic acid residues of glycoproteins. Recently, Siglec-11 has been discovered as a member of
the CD33-related Siglecs superfamily of human Siglecs (Angata et al., 2002). Accordingly,
Siglec-11 consists of five extracellular Ig-like domains, a transmembrane domain, and a cytosolic
tail. Wang and Neumann (2010) have reported that human Siglec-11 expressed on murine
microglia binds to polySia on neurons, thereby reducing inflammatory responses of microglia
(Wang and Neumann, 2010). Recently, the same research group has demonstrated that polySia
with a degree of polymerization 20 (DP = 20) has anti-inflammatory effects via interaction with
Siglec-11 on human macrophages (Shahraz et al., 2015).
An extracellular pool of the histone H1, a nuclear protein responsible for the organization of
nucleosomes in DNA packaging, can directly bind to polySia at the cell surface (Mishra et al.,
2010). It is also noteworthy that histone H1 promotes neural outgrowth of Schwann cells in vitro
as well as functional recovery of femoral nerve injury in vivo in a polySia-dependent fashion
(Mishra et al., 2010).

1.4. PolySia expression in the developing brain
In the mouse embryonic brain, polySia is detectable starting from embryonic day E9 and is
abundantly expressed over the time course of embryonic and early postnatal development.
Similarly, expression of ST8SIA2 and ST8SIA4 mRNA becomes evident at embryonic day E8.5,
which is the time point of neural tube closure. In the time period between E10.5 to E13.5, the
mRNA expression of both polysialyltransferases strongly increases to reach a plateau phase that
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persists until birth (Probstmeier et al., 1994; Ong et al., 1998). On the other hand, polySia
synthesis is highest at E12 and thus coincides with the maximal expression of ST8SIA2 and
ST8SIA4 transcripts. In line with the expression profiles for polysialyltransferases, NCAM
mRNA expression is maximal between E11 and P10. These findings suggest that the synthesis of
polySia is regulated at the level of ST8SIA2 and ST8SIA4 transcription (Ong et al., 1998).
During postnatal development, the expression of both polysialyltransferases strongly decreases.
At postnatal day P1, ST8SIA2 mRNA is almost two-fold higher compared with ST8SIA4
mRNA, and the total pool of NCAM is polysialylated at this age (Galuska et al., 2006; OltmannNorden et al., 2008). ST8SIA2 mRNA displays a relatively steep reduction in a short period
between P5 and P11 on the whole brain level, while ST8SIA4 mRNA decreases at a slower rate
between P1 and P15 and becomes the predominant polysialyltransferase showing five-fold higher
expression than ST8SIA2 in the third postnatal week. In agreement with the profiles of
polysialyltransferases, polySia expression gradually decreases between P9 and P17 in whole
brain lysates. The constant expression of NCAM and the parallel reduction of polySia synthesis
during the first three postnatal weeks lead to the appearance of NCAM140 and NCAM180 that
are negative for polySia (Oltmann-Norden et al., 2008). In the human dentate gyrus, polySia
immunoreactivity has been reported to be maximal during the first three years of life and
decreases between the second and third decades to a level that remains relatively constant with
increasing age (Ni Dhuill et al., 1999).
During embryonic and early postnatal development, polySia has been identified on several cell
types, such as olfactory interneuron precursors migrating tangentially from the anterior
subventricular zone of the lateral ventricle to the olfactory bulb (Bonfanti and Theodosis, 1994;
Rousselot and Nottebohm, 1995), precursors of interneurons in the cortex (Seki and Arai, 1991,
1993), and granule cells in the cerebellum (Hekmat et al., 1990). In the adolescent visual cortex,
activity-dependent PolySia expression is involved in the maturation of perisomatic GABAergic
inhibition by basket interneurons, which in turn regulate the onset and time course of ocular
dominance plasticity, also known as the critical period (Di Cristo et al., 2007). In cortical slice
cultures, maturation of GABAergic synapses is promoted by NCAM120/NCAM140-mediated
activation of the Fyn kinase (Chattopadhyaya et al., 2013). Furthermore, polySia is expressed on
radial glia of mesencephalon and cortex (Li et al., 2004; Schiff et al., 2009), Bergmann and
Müller glia in the cerebellum and retina (Bartsch et al., 1990; Hekmat et al., 1990; Kustermann et
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al., 2010), and axons of developing fiber tracts, including the corticospinal tract, optic nerve, and
fibers connecting the thalamus and cortex (Bartsch et al., 1990; Seki and Arai, 1991; Daston et
al., 1996; Chung et al., 2004).

1.5. Expression of NCAM and polySia in the adult brain
In the rodent and human hippocampus, NCAM is intensively expressed in the hilus and inner
molecular layer of the dentate gyrus (DG) and in the mossy fiber tract, which contains the axons
of

DG

granule

cells

projecting

to

CA3

pyramidal

neurons.

Similarly,

abundant

immunohistochemical staining against NCAM has been reported in stratum radiatum and stratum
oriens of the hippocampal CA1 subregion (Miller et al., 1993). In the aged human brain, polySiaNCAM is expressed in several areas, including the middle temporal gyrus, superior frontal gyrus,
entorhinal cortex, hippocampal dentate gyrus, CA1 field, and subiculum (Mikkonen et al., 1999;
Murray et al., 2016).
Mice constitutively deficient in all three main NCAM isoforms show various mild morphological
changes, including reduced size of the olfactory bulb, abnormal lamination of mossy fibers in the
hippocampal CA3 subregion, reduced total brain weight, and reduced body weight (Cremer et al.,
1994; Cremer et al., 1997), severe hypoplasia of the corticospinal tract (Rolf et al., 2002), and
impaired synaptic vesicle release at the neuromuscular junction (Polo-Parada et al., 2001).
Likewise, mice with homozygous ablation of the NCAM180 isoform show reduced size of the
olfactory bulb, decreased numbers and abnormal organization of granule cells in the olfactory
bulb, and disorganized pyramidal cell layer in the CA3 subregion of the hippocampus
(Tomasiewicz et al., 1993). These morphological defects suggest impaired cell migration, which
is mainly attributed to the loss of polySia carried by NCAM180 in the mutant (Tomasiewicz et
al., 1993).
Being highly expressed during embryonic development, polySia is strongly down-regulated
during the first three weeks after birth in mice. Nevertheless, in the adult brain, expression of
polySia is maintained in brain regions showing high levels of neurogenesis and neuronal
plasticity. The neurogenic niche of the anterior subventricular zone of the lateral ventricle is
derived from the embryonic lateral ganglionic eminence and persists into the adult brain (Pencea
and Luskin, 2003). In the subventricular zone of the lateral ventricle, slowly dividing astrocytes
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transform into rapidly dividing precursors that then generate polySia-positive olfactory
interneuron precursors. These interneuron precursors migrate in the rostral migratory stream from
the subventricular zone of the lateral ventricle to the olfactory bulb, in which they differentiate
into periglomerular and glomerular interneurons (Bonfanti and Theodosis, 1994; Doetsch and
Alvarez-Buylla, 1996; Doetsch et al., 1997). The second neurogenic niche revealing high levels
of polySia expression in the adult brain is the subgranular zone of the dentate gyrus in the
hippocampus. Here, astrocytic stem cells give rise to polySia-positive neuroblasts that migrate
tangentially into the granule cell layer, where they differentiate into new granule cell neurons
(Doetsch, 2003). In adult rodents, polySia-NCAM is particularly expressed in immature neurons
located in the subventricular zone of the lateral ventricle, subgranular zone of the dentate gyrus,
as well as in the layer II of the paleocortex (reviewed by (Nacher et al., 2013)).
Although ST8SIA2-deficient and ST8SIA4-deficient mice display normal morphology of the
rostral migratory stream (RMS) and olfactory bulb (OB) (Eckhardt et al., 2000; Angata et al.,
2004), a recent study found accumulations of calretinin (CR)-positive interneurons around the
RMS in mice lacking ST8SIA2 at postnatal day P30. This implies that even a partial reduction in
polySia levels in the RMS of ST8SIA2-deficient mice can impair the migration of SVZ-derived
neuroblasts (Rockle and Hildebrandt, 2016). These changes were accompanied by significant
reductions of calbindin (CB)-positive cells in the glomerular layer of the OB in both ST8SIA2deficient and ST8SIA4-deficient mice at P30 (Rockle and Hildebrandt, 2016).
Apart from the neurogenic zones and the layer II of the paleocortex, polySia has also been
identified in subsets of mature GABAergic interneurons in several brain regions, including
hippocampus (Nacher et al., 2002a), entorhinal cortex (Gomez-Climent et al., 2011), prefrontal
cortex (Varea et al., 2005; Varea et al., 2007; Gilabert-Juan et al., 2011; Gomez-Climent et al.,
2011), piriform cortex (Nacher et al., 2002c), amygdala (Nacher et al., 2002b; Gilabert-Juan et
al., 2011), and septum (Foley et al., 2003). In the prefrontal cortex, polySia-expressing
interneurons have been reported to express the Ca2+-binding proteins calbindin and somatostatin,
whereas hippocampal polySia-expressing interneurons are positive for cholecystokinin and
calretinin (Gomez-Climent et al., 2011). This thus implies that the neurochemical phenotype of
these interneurons can vary between brain regions. Notably, polySia-positive interneurons in the
ventral hippocampus show decreased density of perisynaptic contacts, reduced dendritic
arborization, and lower density of dendritic spines when compared with polySia-negative
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interneurons, suggesting that polySia is involved in their structural plasticity (Gomez-Climent et
al., 2011). Moreover, mice with genetic deletion of ST8SIA2, ST8SIA4, or both
polysialyltransferases display decrased density of both parvalbumin- and somatostatin-expressing
interneurons in the medial prefrontal cortex during adulthood (Krocher et al., 2014). Intriguingly,
the spine density of hippocampal inhibitory interneurons is elevated two days after the enzymatic
depletion of polySia using an in vivo injection of endosialidase N, but it is decreased when
analyzed 7 days after injection (Guirado et al., 2014).
In the adult hippocampus, polySia is abundantly expressed in the mossy fibers of mature granule
cells, while it is absent in their cell bodies located in the granule cell layer (Seki and Arai, 1993).
This pattern can be observed also in the CA1 subregion, where polySia is identified at the
dendrites and axons but not on the cell bodies of CA1 pyramidal cells (Becker et al., 1996).
Besides the hippocampus and cortex, polySia is highly expressed in astrocytes and neurons in the
hypothalamo-neurohypophysial system (Theodosis et al., 1999; Monlezun et al., 2005).
Adult mice lacking ST8SIA2 reveal reduced levels of polySia in the cerebral cortex, hippocampal
dentate gyrus, and olfactory bulb. Similarly to NCAM-deficient mice, ST8SIA2 knockout mice
display morphological deficits, including mistargeting of hippocampal infrapyramidal mossy
fibers and formation of ectopic synapses (Angata et al., 2004). In contrast, ST8SIA4-deficient
mice show normal brain development, which can be explained by the ability of ST8SIA2 to
synthesize polySia during brain development, thereby compensating for the loss of ST8SIA4 in
these knockout mice (Eckhardt et al., 2000).
The importance of polySia has been demonstrated by the finding that mice that simultaneously
lack both polysialyltransferases (St8sia2–/– St8sia4 –/–) die within four weeks of age (Weinhold et
al., 2005). St8sia2–/– St8sia4

–/–

mice are entirely negative for polySia and exhibit severe

morphological abnormalities, including progressive hydrocephalus, postnatal growth retardation,
impaired corticospinal tract, agenesis of the anterior commissure, and hypoplasia of the internal
capsule. In the healthy mouse brain, the internal capsule represents a prominent fiber tract to and
from the cortex. Moreover, double-knockout mice are characterized by hypoplasia of the
mammillothalamic tract, which projects from the mammillary bodies to thalamus and is part of
the so called Papez’ circuit in wild-type mice (Weinhold et al., 2005). This circuit includes
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thalamus, cortex, hippocampus, and mammillary bodies, and is known to play a role in spatial
working memory (Radyushkin et al., 2005).
There is converging evidence that polySia carried by NCAM plays a role in the regulation of
endogenous circadian rhythms, which are synchronized with the daily light-dark cycles (Glass et
al., 1994; Shen et al., 1997; Shen et al., 1999; Glass et al., 2000; Shen et al., 2001; Fedorkova et
al., 2002; Prosser et al., 2003). Polysialylated NCAM is expressed in the hypothalamic
suprachiasmatic nucleus, a brain region of key importance for the regulation of circadian rhythms
(Glass et al., 1994; Shen et al., 1999). It has been demonstrated that mice lacking polySia-NCAM
show impaired circadian functions (Shen et al., 1997; Shen et al., 2001). Consistent with this
finding, similar disturbances of circadian rhythms are observed after the enzymatic depletion of
polySia by injections of endoneuraminidase N (endoN) to the suprachiasmatic nucleus in vivo
(Shen et al., 1997; Glass et al., 2000; Fedorkova et al., 2002). It has been shown that proteolytic
fragments of NCAM, which consist of the intracellular domain, the transmembrane domain, and
a part of the extracellular domain, can enter the nucleus in response to stimulation with functioninducing antibodies (Kleene et al., 2010a). A more recent study has revealed that polySia
attached to a NCAM fragment is imported to the nucleus upon NCAM stimulation to interact
with nuclear histone H1 in cultured hippocampal neurons. Furthermore, in vitro experiments in
cerebellar neurons and in vivo analysis in several brain regions have shown that the nuclear
import of polySia-NCAM is correlated with the expression of clock-related genes, thereby
supporting the view that polySia might regulate circadian rhythm in mice (Westphal et al., 2016).

1.6. PolySia-NCAM in synaptic plasticity during adulthood
The role of polySia-NCAM in NMDA receptor-dependent synaptic plasticity in the hippocampal
CA1 subregion has been extensively investigated using electrophysiological methods (for
summary, see Table 1.1). Two main forms of synaptic plasticity have been described at
excitatory synapses, namely, long-term potentiation (LTP) and long-term depression (LTD). LTP
refers to the persisting (over several hours) potentiation of synaptic response that can be induced
by application of high-frequency stimulation or other protocols resulting in co-activation of the
pre- and postsynaptic neurons. In contrast, LTD represents the decrease of synaptic response after
application of low-frequency stimulation (reviewed by (Malenka and Bear, 2004; Bliss and
Collingridge, 2013)). Lüthi and coworkers have demonstrated that injection of polyclonal
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antibodies against NCAM results in a strong decrease of LTP at Schaffer collateral-CA1 synapses
in the hippocampus (Lüthi et al., 1994). Importantly, mice constitutively deficient in all three
NCAM isoforms (Ncam–/–) (Cremer et al., 1994; Muller et al., 1996; Muller et al., 2000;
Kochlamazashvili et al., 2010) as well as mice conditionally deficient in NCAM (NCAMff+)
(Bukalo et al., 2004) show impairments in LTP and LTD in the CA1 subregion of the adult brain.
Similarly, selective enzymatic removal of polySia by endosialidase N (Becker et al., 1996;
Muller et al., 1996) or genetic ablation of the polysialyltransferase ST8SIA4 in mice (St8sia4–/–)
(Eckhardt et al., 2000) lead to impaired LTP and LTD in the CA1 subregion of hippocampal
slices. Of note, polySia-NCAM ablation affects neither basal synaptic transmission nor shortterm potentiation, the plasticity measured within 2 min after application of theta-burst stimulation
(Becker et al., 1996; Kochlamazashvili et al., 2010). It has been shown that injections of
extracellular region of polySia-NCAM or soluble polySia (colominic acid) fully restore decreased
LTP in the CA1 subregion, whereas injection of non-polysialylated NCAM had no effect on CA1
LTP induction (Senkov et al., 2006). Thus, these studies suggest that synaptic plasticity in the
CA1 subregion depends on polySia rather than on its protein carrier NCAM.
Although polySia-NCAM is intensively expressed in the CA3 region and mossy fibers in wildtype mice, in vivo electrophysiological recordings have revealed that only adult Ncam–/– mice, but
not St8sia4–/– mice, show reduced LTP levels in the dentate gyrus (Stoenica et al., 2006).
Interestingly, St8sia2–/– mice show normal LTP, but abnormal basal synaptic transmission in the
dentate gyrus (Stoenica et al., 2006). Moreover, LTP levels at mossy fibers–CA3 synapses are
reduced in hippocampal slices from mature Ncam–/– mice (Cremer et al., 1998) but not in slices
from St8sia4–/– mice (Eckhardt et al., 2000), indicating that synaptic plasticity in the CA3
subregion is modulated by NCAM rather than polySia (Table 1.1).

Table 1.1. Functional impact of NCAM, polySia, and polysialyltransferases on synaptic plasticity in
the hippocampus. Ncam–/–, mice that are constitutively deficient in NCAM; Ncamff+, conditional
deletion of NCAM in mice under the control of a calcium-calmodulin-dependent kinase II (αCaMKII)
promotor; CA, Cornu Ammonis; DG, dentate gyrus; LTP, long-term potentiation; LTD, long-term
depression. ↓, reduced; =, unchanged; n.d., not determined. Adapted with modifications from (Hildebrandt
and Dityatev, 2015).
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Recently, the downstream mechanisms underlying the deficits in synaptic plasticity in polySiadeficient hippocampus have been revealed (Kochlamazashvili et al., 2010) (reviewed by
(Varbanov and Dityatev, 2016)). Notably, reduced LTP levels in the CA1 subregion of
hippocampal slices from adult Ncam–/– mice were associated with increased activation of
GluN2B-containing NMDARs in this region. Furthermore, GluN2B-NMDAR-mediated Ca2+
transients in CA1 pyramidal neurons are increased after acute treatment with endosialidase NF
(endoNF) to remove polySia, and elevated Ca2+ transients can be restored to control levels by
addition of polySia. It is noteworthy that the GluN2B-selective antagonist Ro 25-6981 fully
restored abnormal CA1 LTP levels in slices from Ncam–/– mice and endoNF-treated slices
(Kochlamazashvili et al., 2010); see also detailed overview in Fig. 1.2. Thus, these data suggest
that NCAM-associated polySia might control the balance between predominantly extrasynaptic
GluN2B- and synaptic GluN2A-mediated transmission in the CA1 subregion.
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Fig. 1.2. The role of polySia carried by the neural cell adhesion molecule (NCAM) in synaptic
plasticity in the hippocampal CA1 subregion. In wild-type mice, polySia (PSA)-NCAM restrains
currents through extrasynaptic GluN2B-containing NMDARs and long-term potentiation (LTP) is
promoted by synaptic GluN2A-containing NMDARs. In mice lacking NCAM (Ncam–/–), currents through
GluN2B-containing NMDARs are elevated, leading to reduced LTP via increased activation of the
calcium sensor Ras-GRF1 (guanine nucleotide exchange factor 1) and Rac effector p38 MAP (mitogenactivated protein) kinase. The abnormal LTP in Ncam–/– mice could be restored by application of soluble
polySia, the GluN2B-specific antagonist Ro 25-6981, the glutamate scavenger glutamic-pyruvic
transaminase (GPT), and the p38-specific antagonist SB203080. Note also that mice deficient in RasGRF1 show normal LTP. CA, Cornu Ammonis; adapted with modifications from (Kochlamazashvili et

al., 2010).

Expression of NCAM and polySia-NCAM in neurons and astroglia has been reported to decrease
with increasing age (Fox et al., 1995a; Kaur et al., 2008). In line with these findings,
Kochlamazashvili and coworkers (2012) have demonstrated that NCAM-deficient mice show a
steep and progressive decline in NMDA receptor-dependent LTP with age when measured at 3,
12, and 24 months, whereas age-matched wild-type mice revealed decreased LTP levels only at
24 months of age (Kochlamazashvili et al., 2012).
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Transgenic mice that overexpress the extracellular domain of NCAM under the control of a
neuron-speciﬁc enolase promoter (NCAM-EC mice) (Pillai-Nair et al., 2005) show a regionspecific decrease in NMDAR-dependent LTP and short-term potentiation (STP) in the medial
prefrontal cortex but normal STP and LTP in the hippocampal CA1 subregion (Brennaman et al.,
2011). The expression levels of NCAM-EC in these mice reflect those obtained in postmortem
samples from schizophrenic patients (Vawter, 2000). Notably, NCAM-EC mice exhibit reduced
perisomatic puncta of 𝛾-amino butyric acid (GABA) interneurons immunoreactive for glutamic
acid decarboxylase (GAD)65, GAD67, and GABA transporter 1 (GAT-1) in the frontal cortex,
cingulate cortex, and amygdala but not in the hippocampus (Pillai-Nair et al., 2005). GAD is the
enzyme that is responsible for the biosynthesis of GABA. Its two isoforms, GAD65 and GAD67,
are both expressed in GABAergic inhibitory interneurons, but they differ in their intaneuronal
distribution. While GAD65 is mainly localized in nerve terminals, GAD67 is found throughout
the soma and neuronal processes (Kaufman et al., 1991; Feldblum et al., 1993). Likewise, GAT-1
is localized in presynaptic nerve terminals of GABAergic interneurons in the neocortex (Minelli
et al., 1995). The impaired GABAergic inhibition in NCAM-EC mice is consistent with studies
showing altered expression levels of synaptic markers of GABAergic interneurons in the
prefrontal cortex of schizophrenic patients (Akbarian et al., 1995; Volk et al., 2001). Further,
NCAM-EC mice show reduced density of dendritic spines on pyramidal neurons in the cingulate
cortex, indicating deficits in excitatory synapses (Pillai-Nair et al., 2005).

1.7. Role of polySia-NCAM in rodent models of learning and memory
Several behavioral studies in rodents have shown that polySia-NCAM plays a role in learning
and memory. The Morris water maze is a hippocampus-dependent task, in which rodents have to
find the spatial position of a hidden escape platform in a water tank over the course of several
trials. Severe learning impairments in the Morris water maze have been demonstrated in Ncam–/–
mice (Cremer et al., 1994; Stork et al., 2000), St8sia4–/– mice (Markram et al., 2007a; Zerwas et
al., 2015), as well as in rats that have received intra-hippocampal injections of endosialidase N
before behavioral testing (Becker et al., 1996). It is noteworthy that mice with postnatal
conditional inactivation of the NCAM gene under the control of αCaMKII in the hippocampus
(NCAMff+) display relatively mild behavioral deficits in the water maze task (Bukalo et al.,
2004). In St8sia4–/– mice, impaired long-term memory in the spatial version of water maze task
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could be restored by enriched environment (Zerwas et al., 2015). Altogether, these findings
indicate that hippocampus-associated spatial learning is mediated by polySia carried by NCAM.
In fear conditioning, an animal is exposed to a conditioned stimulus (tone or context) paired with
an unconditioned stimulus (footshock). After a few pairings of conditioned and unconditioned
stimuli, healthy rodents quickly learn to associate the previously neutral conditioned stimulus
with the aversive unconditioned stimulus. Consequently, even the neutral conditioned stimulus
alone is sufficient to elicit fear-related responses such as freezing, which then can be quantified
as a measure of fear memory acquisition (LeDoux, 2000). While so-called cued/auditory fear
conditioning requires intact neural circuits in the amygdala, contextual fear conditioning depends
on processing in both hippocampus and amygdala (LeDoux, 2000; Senkov et al., 2006). Notably,
Ncam–/– mice show impaired learning in contextual fear conditioning as well as in cued/auditory
fear conditioning (Stork et al., 2000; Senkov et al., 2006; Jurgenson et al., 2010). Similar deficits
in both contextual and cued/auditory fear memory have been reported in St8sia2–/– mice (Angata
et al., 2004). In St8sia4–/– mice, hippocampus- and amygdala-dependent contextual fear
conditioning is reduced compared with wild-type control mice, whereas amygdala-dependent
auditory fear conditioning is normal in St8sia4–/– mice (Senkov et al., 2006; Markram et al.,
2007a).
When injected into the hippocampus before behavioral training, polySia-NCAM, but not NCAM,
can partially rescue impaired contextual and cued fear memories in Ncam–/– mice (Senkov et al.,
2006). In contrast, pretraining intrahippocampal injection of polySia-NCAM in control Ncam+/+
mice reduces their contextual memory, but polySia-NCAM has no effect on their auditory fear
memory (Senkov et al., 2006), suggesting that both lack and excess of polySia in the
hippocampus lead to cognitive disturbances. Furthermore, a recent study has revealed that a
pretraining injection of the selective GluN2B-NMDAR antagonist Ro 25-6981 into the
hippocampus of Ncam–/– mice fully restores their abnormal contextual fear memory (Senkov et
al., 2006). Thus, genetic ablation of polySia-NCAM might disrupt contextual fear conditioning
via increased GluN2B-mediated neurotransmission.
The object recognition test comprises two sessions. In the first session (familiarization), an
animal is allowed to explore two identical objects in an open field. In a second (test) session, one
of the objects is replaced by a novel object. Because healthy rodents prefer exploring novel rather
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than familiar objects, the exploration times for both objects in the test phase are measured and
used to quantify object recognition memory for the novel object (Leger et al., 2013). Object
recognition memory is known to depend on the hippocampus, medial prefrontal cortex, and
perirhinal cortex (reviewed by (Warburton and Brown, 2015)). While homozygous Ncam–/– mice
reveal impaired learning in object recognition tests (Jurgenson et al., 2010), heterozygous
Ncam+/– mice are normal in this behavioral paradigm (Jurgenson et al., 2012). Moreover, both
St8sia2–/– and St8sia4–/– mice display impaired learning in the object recognition test (Kröcher et
al., 2015; Zerwas et al., 2015), indicating that polysialylated NCAM is involved in object
recognition memory. Enriched environment has been shown to restore deficits in long-term
object recognition memory in St8sia4–/– mice (Zerwas et al., 2015).
Interestingly, mice overexpressing the soluble extracellular domain fragment of NCAM (NCAMEC) show impaired contextual and cued fear conditioning (Pillai-Nair et al., 2005), and they
show impaired working memory in the prefrontal cortex-dependent delayed-non-match-tosample task (Brennaman et al., 2011). These behavioral abnormalities imply that increased
shedding of NCAM might lead to perturbation of synaptic circuits in the prefrontal cortex and
amygdala (Brennaman et al., 2011) .
Several behavioral studies have shown that learning itself can alter the expression of polySiaNCAM in several brain regions. In the adult hippocampal dentate gyrus, levels of polySiaNCAM are increased when assessed 12–24 hours after learning in the spatial version of Morris
water maze (Murphy et al., 1996; Venero et al., 2006) 12–24 hours after passive avoidance task
(Doyle et al., 1992; Fox et al., 1995b), and 12–24 hours after contextual fear conditioning (Sandi
et al., 2003; Lopez-Fernandez et al., 2007). In the amygdala, expression of polySia-NCAM has
been shown to be increased 24 hours after auditory fear conditioning (Markram et al., 2007b).
Similar upregulation of polySia expression has been demonstrated in the ventromedial prefrontal
cortex, including the infralimbic, orbitofrontal and insular cortices of rats after Morris water maze
training (Ter Horst et al., 2008). In contrast, passive avoidance conditioning induces a decrease in
polySia in the dorsomedial prefrontal cortex, including cingulate and prelimibic cortices. These
findings indicate that learning-associated changes in polySia expression in the prefrontal cortex
may largely depend on the behavioral task and on the neural circuits that are involved in the
behavior (Ter Horst et al., 2008).
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1.8. N-methyl-D-aspartate receptors: structure and functions
As introduced above, polySia-NCAM might modulate signaling through glutamate receptors
(reviewed by (Senkov et al., 2012; Hildebrandt and Dityatev, 2015)). In the central nervous
system and the spinal cord, glutamate receptors mediate fast excitatory synaptic transmission and
are expressed on both neurons and glia (reviewed by (Traynelis et al., 2010)). Glutamate
receptors play a central role in activity-dependent synaptic plasticity and memory encoding
(Malenka and Bear, 2004; Morris, 2013). Further, glutamate receptors have been implicated in
several neuropsychiatric and neurological disorders, such as schizophrenia, major depression,
Alzheimer’s disease, Parkinson’s disease, stroke, and neuropathic pain (Lau and Zukin, 2007;
Zhuo, 2009; Traynelis et al., 2010). Ionotropic glutamate receptors represent ion channels that are
activated by the excitatory neurotransmitter glutamate and they are permeable for cations.
According to their pharmacology and structure, glutamate receptors can be subdivided into three
main classes, including α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR), kainate receptors, and N-methyl-D-aspartate receptors (NMDARs).

A

B

C

Fig. 1.3. Structure and expression of NMDARs. (A) Overview of NMDAR binding sites for
extracellular small-molecule ligands that represent subunit-specific allosteric modulators. Binding sites
that are not relevant for this doctoral thesis have been omitted for clarity. The picture shows a model of
GluN1/GluN2 heterodimer that is prepared on the basis of X-ray crystal structures of GluN1/GluN2B N34

terminal domains (Karakas et al., 2011) and GluN1/GluN2A agonist binding domains (Furukawa et al.,
2005). Positive and negative allosteric modulation are shown by + and – signs, respectively. (B) Subunit
compositions of NMDARs in the central nervous system. Heterodimeric NMDARs contain the GluN1
subunit and an additional GluN subunit, while heterotrimeric NMDARs show a mixture of three different
GluN subunits (C) Schematic diagram of the adult mouse brain showing the expression of different GluN
subunits. Adapted with modifications from (Paoletti et al., 2013).

The NMDAR represents a heterotetramer that primarily consists of two obligatory GluN1
subunits and two GluN2 subunits (Fig. 1.3B) (reviewed by (Traynelis et al., 2010; Paoletti et al.,
2013)). Four different types of GluN2 subunits have been reported, namely GluN2A, GluN2B,
GluN2C, and GluN2D. The functional activation of NMDARs requires the collective presence of
the NMDAR agonist glutamate and the NMDAR co-agonist glycine (Johnson and Ascher, 1987;
Kleckner and Dingledine, 1988). Subsequent studies have revealed that D-serine (Mothet et al.,
2000; Henneberger et al., 2010), another NMDAR co-agonist, can serve as a substitute for
glycine. Glutamate binds to the GluN2 subunit, while glycine and D-serine bind to the
strychnine-insensitive NMDAR glycine-binding site, which has been identified in the GluN1 and
GluN3 subunits (Furukawa et al., 2005). In contrast to other types of ionotropic ligand-gated
receptors, NMDARs exhibit a voltage-dependent block by extracellular Mg2+ ions, and they are
highly permeable for Ca2+ ions. It is known that these properties are strongly governed by
NMDAR subunit composition. Moreover, NMDARs show remarkably slow kinetics due to slow
unbinding of glutamate (Paoletti et al., 2013). It is noteworthy that the gating properties of
NMDARs largely depend on the type of GluN2 subunits. GluN1/GluN2A-containing NMDARs
show the fastest decay of excitatory postsynaptic currents (EPSCs), a measure of glutamate
deactivation kinetics, from all GluN2 subunits. In contrast, GluN1/GluN2B-NMDARs are
characterized by their slow EPSC decay. Furthermore, the GluN2A subunit displays considerably
lower sensitivity to glutamate and glycine compared to the GluN2B subunit (Paoletti et al., 2013).
During development, the expression of GluN2 subunits changes dramatically (Monyer et al.,
1994). Whereas GluN2B and GluN2D subunits are highly expressed during embryonic stages and
decrease with age, GluN2A expression begins following birth and gradually increases over the
course of development. In the adult hippocampus and the cortex, postsynaptic NMDARs are
composed

of

heterodimeric

(GluN1/GluN2A

and

GluN1/GluN2B)

or

heterotrimeric
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(GluN1/GluN2A/GluN2B) (Fig. 1.3C). It has been reported that heterotrimeric NMDARs
account for 15% to >50% of the total receptor population in the adult cortex and hippocampus
(Al-Hallaq et al., 2007; Rauner and Kohr, 2011).
In addition to synaptic sites, NMDARs are also expressed at perisynaptic and extrasynaptic sites,
such as the spine neck and dendritic shaft. It has been shown that extrasynaptic NMDARs
predominantly contain GluN2B rather than GluN2A subunits (Angulo et al., 2004; Fellin et al.,
2004; Hardingham and Bading, 2010). Remarkably, the role of NMDAR subunit composition in
synaptic plasticity is still not completely understood. It has been proposed that activation of
GluN2A-containing NMDARs is involved in the induction of LTP, whereas activation of
GluN2B-containing NMDARs promotes LTD in several brain regions (Liu et al., 2004; Massey
et al., 2004; Zhao and Constantine-Paton, 2007; Papouin et al., 2012). Nevertheless, GluN2Bcontaining NMDARs might also play a role in LTP induction, and they are not always involved
in LTD induction (Berberich et al., 2005; Weitlauf et al., 2005; Zhao et al., 2005; Morishita et al.,
2007; von Engelhardt et al., 2008). Thus, the involvement of NMDAR subunit composition in
synaptic plasticity might depend on animal’s age, LTP/LTD induction protocols, brain region,
and, possibly, type of the synapse.
Moreover, several studies indicate that activation of synaptic NMDARs supports neuronal health,
whereas extrasynaptic NMDAR-induced signaling leads to neuronal cell death and have thus
been implicated in neurodegenerative diseases, such as Huntington’s disease and ischemic stroke
(reviewed by (Hardingham and Bading, 2010)).

1.9. The NMDAR glycine-site as a therapeutic target in the treatment of
schizophrenia
Schizophrenia is a severe chronic neuropsychiatric disease that has a relatively high prevalence
(approximately 1% of the world’s population), and shows its onset during adolescence or early
adulthood (Freedman, 2003). The clinical symptoms of schizophrenia can be subdivided into two
main categories: psychotic (also known as positive) and deficit (negative). Psychotic symptoms
include thought disorganization, auditory hallucinations, and delusions, such as persecution and
megalomania, while negative symptoms involve withdrawal from social life, affect flattening,
apathy, speech poverty, and anhedonia (i.e., the inability to experience pleasure) (Frankle et al.,
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2003). In addition to the well-known positive and negative symptoms, schizophrenic patients
show deficits in major cognitive processes mediated by the dorsolateral prefrontal cortex,
including attention, working memory, and executive functions (Lewis and Lieberman, 2000;
Lewis and Moghaddam, 2006). Importantly, these cognitive symptoms might occur several years
before the onset of psychotic symptoms, and they are stable over the time course of the disorder,
predicting long-term functional disability of the patients (Gold, 2004). Antipsychotic drugs,
which act as antagonists of the dopamine D2 receptor, represent the standard pharmacological
treatment in schizophrenia. They have been shown to efficiently alleviate positive symptoms in
schizophrenic patients (Howes and Kapur, 2009). However, it has to be emphasized that D2
receptor antagonists have only limited effects on the negative and cognitive symptoms in
schizophrenic patients (reviewed by (Beck et al., 2016)). In agreement with these findings, it has
been shown that one third of schizophrenic patients do not respond to standard antipsychotic
drugs (Beck et al., 2014). Therefore, there is an urgent need for the development of novel
treatment strategies targeting receptor types involved in the cognitive and negative symptoms of
schizophrenia. Extensive research in the last decades indicates that dysregulation of NMDARs in
the prefrontal cortex and hippocampus plays an important role in the pathophysiology of
schizophrenia (reviewed by (Kantrowitz and Javitt, 2010; Geddes et al., 2011)). Several early
studies have demonstrated that non-competitive NMDAR antagonists, such as ketamine and
phencyclidine (PCP), can induce schizophrenic symptoms in healthy humans (Krystal et al.,
1994; Steinpreis, 1996). Consequently, these observations have led to the development of the
NMDA hypothesis of schizophrenia (for recent reviews, see (Javitt, 2012; Moghaddam and
Javitt, 2012)), which postulates that agents enhancing NMDAR function might improve
schizophrenic symptoms that are resistant to standard antipsychotic treatment (Javitt and Zukin,
1991). Because the direct stimulation of NMDARs by agonists of the glutamate binding site on
the GluN2 subunit results in several side effects, including seizures, cell death, and memory loss
(Wolf et al., 1990; Misztal et al., 1996), subsequent studies have focused on strategies for the
indirect enhancement of NMDARs (reviewed by (Danysz and Parsons, 1998; Balu and Coyle,
2015)). To date, one of the most promising targets for positive modulation of NMDARs is the
strychnine-insensitive NMDAR glycine-binding site, which is located on the GluN1 subunit
(Johnson and Ascher, 1987). In clinical studies, agonists of the NMDAR glycine site, such as
glycine, D-serine, D-cycloserine, and the glycine transporter 1 (GlyT1) inhibitor sarcosine, have
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been proposed to alleviate the negative and cognitive symptoms in schizophrenic patients, when
used in combination with antipsychotic treatment (reviewed by (Shim et al., 2008; Javitt, 2012)).
Despite their therapeutic potential in schizophrenia (reviewed by (Danysz and Parsons, 1998)),
the endogenous full NMDAR glycine site agonists glycine and D-serine are rapidly metabolized,
and they thus require high daily doses to pass the blood-brain barrier and enter the brain in
patients (Javitt, 2012). Therefore, GlyT1 inhibitors, including sarcosine and novel compounds
with high specificity, are of particular interest for the current study. Their mechanism of action
and effects on synaptic plasticity will be introduced in the following subchapters.
1.9.1. Glycine transporter 1 inhibitors in synaptic plasticity and learning

An alternative strategy for NMDAR enhancement involves the inhibition of glycine transporters,
which are responsible for glycine reuptake, thereby leading to increased levels of extracellular
glycine in the vicinity of NMDARs located in the synaptic cleft (reviewed by (Harvey and Yee,
2013; Balu and Coyle, 2015)). Two main subtypes of specific glycine transporters have been
reported, GlyT1 and GlyT2, which both belong the family of Na+/Cl–-dependent transporters of
neurotransmitters (Supplisson and Bergman, 1997; Lopez-Corcuera et al., 1998). At the regional
level, GlyT1 and GlyT2 are both expressed in spinal cord, brain stem, and cerebellum; however,
GlyT1 is expressed additionally in forebrain regions, including prefrontal cortex, hippocampus,
septum, and thalamus (Smith et al., 1992; Zafra et al., 1995b; Zafra et al., 1995a; Cubelos et al.,
2005). At the cellular level, GlyT2 has been identified in presynaptic glycinergic terminals in the
spinal cord, while GlyT1 is expressed mainly in glial cells (Zafra et al., 1995b), but also in preand postsynaptic terminals at excitatory glutamatergic synapses in close association with
NMDARs (Cubelos et al., 2005; Harvey and Yee, 2013). According to these findings, GlyT2
regulates the extracellular glycine level mainly at inhibitory glycinergic synapses in the spinal
cord, whereas GlyT1 is involved in glycine uptake predominantly at excitatory glutamatergic
synapses in the forebrain. Although the glycine concentration in the mammalian cerebrospinal
fluid is relatively high (approximately 6 µM) (McGale et al., 1977) compared with the
dissociation constant (KD) of the NMDAR glycine-binding site, it has been assumed that the
glycine-binding site is not saturated in vivo because the glycine concentration near NMDAR at
the glutamatergic synapse is maintained at sub-saturating concentrations by the GlyT1
(Supplisson and Bergman, 1997; Bergeron et al., 1998).
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Previous preclinical studies have demonstrated that the glial GlyT1 plays an important role in
NMDA-dependent synaptic plasticity, leading to the development of several GlyT1 inhibitors
(reviewed by (Javitt, 2012; Harvey and Yee, 2013)). The endogenous amino acid sarcosine (also
known as N-methyl glycine) has been identified as a low-affinity competitive inhibitor of GlyT1
(Smith et al., 1992; Herdon et al., 2001; Zhang et al., 2009a; Zhang et al., 2009b). Another
extensively studied compound is the sarcosine derivate NFPS (ALX 5407), which is a selective
and potent inhibitor of the GlyT1 (Bergeron et al., 1998; Atkinson et al., 2001; Herdon et al.,
2001). Electrophysiological studies in brain slices have shown that several GlyT1 inhibitors can
enhance NMDAR-mediated excitatory postsynaptic currents from pyramidal cells in the CA1
subregion of the hippocampus (Bergeron et al., 1998; Martina et al., 2004; Depoortere et al.,
2005; Boulay et al., 2008) and in the prefrontal cortex (Chen et al., 2003; Fossat et al., 2012).
Furthermore, GlyT1 inhibitors are known to increase the magnitude of NMDAR-dependent LTP
in the CA1 in vitro (Martina et al., 2004; Zhang et al., 2008; Alberati et al., 2012). In vivo studies
in anesthetized rats have revealed that GlyT1 inhibitors can potentiate NMDAR-mediated
responses in the prefrontal cortex (Chen et al., 2003) and increase the level of LTP in the
hippocampal dentate gyrus (Kinney et al., 2003; Manahan-Vaughan et al., 2008).
Several behavioral studies have shown that GlyT1 inhibitors can attenuate cognitive disturbances
in animal models of schizophrenia. GlyT1 inhibitors improve cognitive deficits in object
recognition memory and social recognition memory in rats treated with the NMDAR antagonists
MK-801 or phencyclidine (PCP) (Boulay et al., 2008; Chaki et al., 2015), and working memory
in mice treated with MK-801 and/or the muscarinic acetylcholine receptors antagonist
scopolamine (Harada et al., 2012). Furthermore, GlyT1 inhibitors are known to attenuate
impaired reference memory in MK-801-treated rats (Manahan-Vaughan et al., 2008) and spatial
learning in aged rats (Harada et al., 2012). In wild-type C57BL/6 mice, the selective GlyT1
inhibitor SSR504734 improves working memory in the continuous delayed alternation task
(Singer et al., 2009). In animal models of epilepsy, GlyT1 inhibitors increase seizure threshold
and decrease seizure duration (Zhang et al., 2008; Socala et al., 2010; Shen et al., 2015).
Recently, it has been revealed that GlyT1 inhibitors can abrogate depression-like behavior in rats
(Huang et al., 2013; Chaki et al., 2015). In humans, adjuvant therapy with GlyT1 inhibitors has
been reported to ameliorate negative, cognitive, and depressive symptoms in schizophrenia (Lane
et al., 2005) (reviewed by (Tsai and Lin, 2010; Javitt, 2012)), and improved symptoms in other
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neuropsychiatric disorders, such as depression (Huang et al., 2013) and obsessive-compulsive
disorder (Wu et al., 2011). In schizophrenia, a meta-analysis comparing the efficacy of several
NMDAR glycine-site agonists concluded that glycine, D-serine, and sarcosine show more
beneficial effects than D-cycloserine on the overall psychopathology in schizophrenic patients
treated with antipsychotics (Tsai and Lin, 2010).

1.10. Involvement of NCAM and polySia in psychiatric and neurodegenerative
diseases
Changes in the expression of NCAM or polySia have been reported in several psychiatric and
neurodegenerative diseases, such as bipolar disorder, schizophrenia, depression, and Alzheimer’s
disease (AD) (for reviews, see (Vawter, 2000; Brennaman and Maness, 2010; Hildebrandt and
Dityatev, 2015)). Schizophrenic patients show decreased postmortem expression of polySiaNCAM in the hippocampal dentate gyrus (Barbeau et al., 1995) as well as in the dorsolateral
prefrontal cortex (Gilabert-Juan et al., 2012). Similarly, postmortem levels of polySia-NCAM are
reduced in the amygdala of patients suffering from depression, whereas polySia-NCAM is
increased in the amygdala of bipolar disorder patients (Varea et al., 2012). NCAM180, the
longest isoform of NCAM, is decreased in postmortem samples from the cerebellar cortex of
autistic patients (Purcell et al., 2001). The secreted isoform of NCAM (115 kDa and 108 kDa)
shows an increased 115 kDa/ 108 kDa ratio in the hippocampus of bipolar disorder patients
(Vawter et al., 1999).
Levels of soluble NCAM fragments (105–115 kDa), which consist primarily of the extracellular
domain of NCAM (NCAM-EC), are altered in the cerebrospinal fluid (Poltorak et al., 1995; van
Kammen et al., 1998; Vawter et al., 1998a; Vawter et al., 2001) and in postmortem samples from
hippocampus and prefrontal cortex (Honer et al., 1997; Vawter et al., 1998b) of patients
diagnosed with schizophrenia. Recently, Piras and colleagues have shown that elevated polySiaNCAM levels in the blood serum of schizophrenic patients are correlated with negative
symptoms, declarative memory impairment, and reduced volume of Brodmann area 46, which is
located in the left PFC. Notably, serum polySia-NCAM levels are not associated with the dosages
of antipsychotic medication (Piras et al., 2015).
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Several genetic association studies have suggested that single nucleotide point mutations (SNPs)
within ST8SIA2 and NCAM1 genes are associated with schizophrenia, bipolar disorder, and
autism spectrum disorder (Arai et al., 2006; Atz et al., 2007; Sullivan et al., 2007; Tao et al.,
2007; McAuley et al., 2012; Gilabert-Juan et al., 2013; Shaw et al., 2014) (reviewed by
(Brennaman and Maness, 2010; Sato et al., 2016)). Interestingly, ST8SIA2, which is located on
chromosome 15q26, has been shown to represent a common susceptibility locus for both
schizophrenia and bipolar disorder (Vazza et al., 2007), whereas variations in the ST8SIA4 gene
are not associated with schizophrenia (Arai et al., 2006). Moreover, the expression mRNA level
of ST8SIA4 is not changed in schizophrenia patients (Volk et al., 2016).
In AD patients, polySia-NCAM expression in the hippocampal dentate gyrus is increased
compared with healthy controls (Mikkonen et al., 1999; Jin et al., 2004; Perry et al., 2012);
however, a recent study has revealed decreased expression of polySia-NCAM in the entorhinal
cortex of AD patients (Murray et al., 2016). Levels of NCAM are reduced in the frontal and
temporal cortex of AD patients (Yew et al., 1999; Aisa et al., 2010). Moreover, levels of NCAM
are increased in serum samples from AD patients (Todaro et al., 2004). It is also noteworthy that
soluble NCAM fragments in the cerebrospinal fluid are considerably increased in AD patients
compared with healthy controls, but this increase remains below the significance level
(Strekalova et al., 2006).

1.11. Objectives of the thesis
Expression levels of polySia-NCAM are altered in the dorsolateral prefrontal cortex of
schizophrenic patients (Brennaman and Maness, 2010), and both polySia and NCAM have been
associated with impaired neurocognition in schizophrenia (Sullivan et al., 2007; Piras et al.,
2015). Recently, it has been shown that LTP is reduced in the mPFC of mice overexpressing the
extracellular domain fragment of NCAM (Brennaman et al., 2011). However, the role of polySiaNCAM in synaptic plasticity in the adult murine mPFC has remained unknown.
To determine whether acute removal of polySia may affect the activation of NMDARs and
AMPARs in the mPFC, I carried out whole-cell patch-clamp recordings of AMPAR- and
NMDAR-mediated currents from layer V pyramidal neurons in sham- and endoNF-treated mPFC
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slices from adult C57BL/6 mice and mice deficient in the polySia-synthesizing enzyme
ST8SIA4.
Because NCAM-deficient mice show increased activation of extrasynaptic GluN2B-containing
NMDARs in the hippocampal CA1 subregion, we sought to determine whether endoNF treatment
or genetic ablation of ST8SIA4 would change the sensitivity of NMDAR-mediated currents from
mPFC pyramidal neurons to low concentration of the GluN2B-selective blocker Ro 25-6981
(Volianskis et al., 2013). Moreover, we aimed to assess whether tonic NMDAR-mediated
currents, which reflect the activation of extrasynaptic NMDARs (Le Meur et al., 2007; Papouin et
al., 2012), would be altered after enzymatic ablation of polySia or genetic abrogation of ST8SIA4
in the mPFC.
A previous study has shown that polySia with a degree of polymerization (DP) of 25–50 inhibits
GluN2B-NMDAR-mediated currents in cultured hippocampal neurons (Hammond et al., 2006).
However, the impact of oligomers of sialic acid and polySia with a low degree of polymerization
on NMDAR currents has not been addressed. Thus, one of the major objectives of this thesis was
to determine the effects of oligomers and short-chain polymers of sialic acid on NMDARmediated currents using whole-cell patch-clamp recordings in mPFC slices in control conditions
and after endoNF treatment. In addition, we asked whether the recently described polySia
mimetic tegaserod (Bushman et al., 2014) would have effects on NMDAR-mediated currents.
Importantly, we wondered whether acute enzymatic removal of polySia or genetic ablation of the
polySia-synthesizing enzyme ST8SIA4 would affect basal synaptic transmission and synaptic
plasticity in the mPFC. To this aim, I recorded LTP in sham- and endoNF-treated mPFC slices
from C57BL6 mice, ST8SIA4-deficient mice (St8sia4–/–), and their wild-type littermates
(St8sia4+/+). Moreover, I examined the impact of NCAM protein on synaptic plasticity in the
mPFC by measuring the levels of LTP in mPFC slices from NCAM-deficient (Ncam–/–) mice.
In the mPFC, polySia is known to be predominantly expressed by a subpopulation of GABAergic
interneurons (Gomez-Climent et al., 2011). To study the effects of polySia removal on the
GABAergic input from interneurons to pyramidal neurons, I recorded GABAA-mediated currents
from mPFC pyramidal cells during theta-burst stimulation, which is used to induce LTP, in shamand endoNF-treated slices.
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Finally, I tested several pharmacological strategies for restoration of abnormal synaptic plasticity
in endoNF-treated slices and slices from St8sia4–/– mice, including application of oligomers and
short-chain polymers of sialic acid, inhibition of GluN1/GluN2B-NMDARs, and two different
inhibitors of the glial glycine transporter type 1 (GlyT1). In addition, I tested whether the glycine
transporter type 1 sarcosine might restore reduced LTP levels in mPFC slices from Ncam–/– mice.
We also asked whether a GluN2B-selective blocker or a GlyT1-selective inhibitor would change
LTP in brain slices from C57BL6 mice, St8sia4+/+, and Ncam+/+ mice.
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2. MATERIALS AND METHODS
2.1. Animals
All treatments and behavioral procedures were conducted in accordance with animal research
ethics standards defined by German law and approved by the Ethical Committee on Animal
Health and Care of the State of Saxony-Anhalt.
Mice constitutively deficient in the polysialyltransferase ST8SIA4 (St8Sia4 –/–) (Eckhardt et al.,
2000) and their wild-type littermates (St8Sia4+/+) were backcrossed to C57BL/6J mice for >8
generations. St8sia4–/– and St8sia4+/+ mice for experiments were obtained by mating male and
female St8sia4+/– mice. Mice constitutively deficient for NCAM (Ncam–/–) (Cremer et al., 1994)
and their wild-type littermates (Ncam+/+) were backcrossed to C57BL/6J mice for >10
generations. NCAM mice were kindly provided by Prof. Dr. Herbert Hildebrandt (Hannover
Medical School). C57BL/6J, St8sia4–/–, and St8sia4+/+mice were bred at the animal facility of
DZNE Magdeburg.
For electrophysiological experiments in acute brain slices, we used adult 2–4-month-old
C57BL/6J, St8sia4–/–, and St8sia4+/+ mice, and 4–9-month-old Ncam–/– and Ncam+/+ mice from
both sexes. Immunohistochemistry and confocal imaging of polySia were performed in 2–4month-old Thy1-GFP mice (M line: Tg(Thy1-EGFP)MJrs/J; The Jackson Laboratory, Maine,
USA).
Mice were kept in a reverse light-dark cycle (12:12 hours, light on at 9:00 pm) with food and
water ad libitum. Electrophysiological experiments were carried out during the dark phase of the
cycle, when mice are active.

2.2. Electrophysiological recordings in mPFC brain slices
2.2.1. Preparation of acute brain slices

Each mouse was quickly sacrificed by cervical dislocation. Following rapid decapitation using
large scissors, the head was placed in a Petri dish (on crushed ice) that was filled with ice-cold
(0–4 °C) slicing artiﬁcial cerebrospinal ﬂuid (aCSF) that was saturated with 95% O2/5% CO2
(carbogen). The slicing aCSF contained the following (in mM): 250 sucrose, 24 NaHCO3, 25
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glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1.5 MgCl2 (osmolarity 345–350 mOsm/kg, pH
7.4) (Kochlamazashvili et al., 2010). To minimize ischemic death of the neural tissue, the time
for brain removal was kept between 1 and 1.5 min. The mouse head was kept in place by holding
it with a bent forceps (length 13.5 cm, Carl Roth, Karlsruhe, Germany) that was inserted into the
eye sockets. A saggital cut through the skin was made using fine scissors (Hardened Fine Iris
Scissors, straight, length 8.5 cm, FST, Heidelberg, Germany), and the excess skin and muscle
tissue were removed using a fine forceps (Dumont #2 Laminectomy Forceps, straight, length 12
cm, FST) to expose the parietal and frontal bones. Starting from the occipital bone, the parietal
bones were cut along the saggital sutures using fine scissors (Fig. 2.1, cut 1) and removed. To
facilitate bone removal, two more parallel cuts were made laterally through the occipital and
parietal bones (Fig. 2.1, cuts 2 and 3). Notably, special care was taken to prevent damage of the
brain surface while using scissors and forceps. The remaining frontal bones were then removed
using a fine forceps after applying two lateral cuts along the eye sockets using fine scissors (Fig.
2.1, cuts 4 and 5). These cuts were especially helpful when dissecting mice older than 2 months,
because the thickness of skull bone increases with age. Following removal of the occipital,
interparietal, parietal, and frontal bones using a fine forceps, the optic nerves were cut, and the
whole brain was removed from the skull using a small metal spatula (width 3 mm, Carl Roth).
The cerebellum was then trimmed away using a scalpel, thereby creating a clean flat surface that
was necessary for glueing the brain on the magnetic specimen holder of a VT1200S vibratome
(Leica, Nussloch, Germany) using Vetbond™ tissue adhesive (3M™, Germany). The specimen
holder caring the glued brain was quickly submerged and mounted in the buffer tray of the
vibratome, which was pre-filled with slicing aCSF. The temperature of the slicing aCSF in the
vibratome chamber was maintained at 0–4°C by filling the surrounding ice tray of the vibratome
with crushed ice. Coronal slices containing the prelimbic and infralimbic cortices (1.9–1.3 mm
anterior to bregma) (Franklin and Paxinos, 2007) were cut using the VT1200S vibratome
equipped with double-edged Platinum+Teflon blades (Industrieklingen Nr. 13510, Martor,
Solingen, Germany) while the slicing solution was continuously bubbled with 95% O2/5% CO2.
The thickness of cortical slices was 400 µm for extracellular recordings and 350 µm for patchclamp recordings. It is noteworthy that only two to three mPFC slices (350 or 400 µm) could be
obtained from an adult mouse brain. Using a Pasteur pipette with a wide tip (broken and firepolished, diameter 4–5 mm), the acute slices were transferred to a slice holding chamber (Fig.
2.2) filled with 200 ml of 95% O2/5% CO2-saturated recording aCSF (osmolarity 300–305
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mOsm/kg, pH 7.4) that contained 120 mM NaCl instead of sucrose (Eckhardt et al., 2000;
Kochlamazashvili et al., 2010), where they were incubated for varying time periods and at
different temperature depending on pharmacological treatment and mouse genotype (see below).
For experiments including field excitatory postsynaptic potential (fEPSP) recordings or patchclamp recordings in endosialidase NF (endoNF)-treated sections, slices from C57BL/6J mice
were first allowed to recover for 20 min at room temperature (22–25°C) in recording aCSF. The
slices were then incubated in 2 ml of sham solution (recording aCSF) or endoNF (10 µg/ml in
aCSF) at 35°C for 2 hours. For sham/endoNF treatment, we used a 24-well plate that was
installed in a water bath (ED, Julabo, Seelbach, Germany). For fEPSP recordings in knockout
mice, mPFC slices were stored in recording aCSF for >2 hours at room temperature before
recordings were initiated. For patch-clamp recordings in knockout mice, acute slices were first
incubated at 35°C for 20 min in recording aCSF and then stored at room temperature for >30 min
prior to recordings. During all incubation steps and recordings, solutions were continuously
bubbled with 95% O2/5% CO2.

Fig. 2.1. Dorsal view of the mouse skull. Red dotted arrows with numbers denote the location and order
of cuts that were made through the skull bones during laminectomy. Details are given in the text. The
illustration was adapted with modifications from www.informatics.jax.org.
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Fig. 2.2. Chamber for incubation of acute brain slices. Three plastic rings were prepared from a large
syringe (capacity 50 ml). A fine mesh from standard cotton muslin was stretched and glued on each ring.
A tube (length 59 mm) made from a small syringe (capacity 10 ml) was glued in one of the rings, and all
three rings were glued together using rapid glue. This construction could be neatly fitted into a standard
beaker (capacity 250 ml, Carl Roth). A silicon tubing (outer diameter 3.5 mm) with perforations in the
lower third was used for bubbling with 95% O2/5% CO2 (carbogen) and was inserted into the tube made
from a 10 ml syringe. After their release from the carbogen tubing, the bubbles rise to the aCSF surface
within the 10 ml syringe. Please note that it is important to protect the brain slices from mechanical
disturbance by rising bubbles. The fine cotton mesh allows for sufficient oxygenation of the brain slices.
In this way, the solution can reach both sides of the slices. The slice chamber can be stored either at room
temperature or in a water bath at physiological temperature depending on the selected incubation protocol.

2.2.2. Extracellular LTP recordings

Each mPFC slice (400 µm) was placed into a submerged-type recording MC membrane chamber
(volume 2 ml; Scientific Systems Design Inc., Mississauga, Ontario, Canada), which was
continuously perfused with 95% O2/5% CO2-bubbled recording ACSF using a perfusion system
connected to a programmable peristaltic pump controlled by LinLab software (Scientifica,
Uckfield, UK). In the recording chamber, the brain slice was secured using a HSG5F harp slice
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grid, which was made of a steel ring and a fine nylon mesh (ALA Scientific Instruments, Inc.,
Farmingdale, NY, USA). The perfusion rate was maintained at 4 ml/min in all experiments, and
fEPSP recordings were performed at room temperature (22–25°C) using a PTC03 proportional
temperature controller (Scientific Systems Design Inc., Mississauga, Ontario, Canada). Some
recordings were carried out at physiological temperature (35°C, as indicated in the Results
section). The prefrontal cortex was visualized using a 4x objective of a SliceScope Pro 6000
upright fixed-stage microscope (Scientifica).
Glass pipettes for extracellular recordings were pulled on a DMZ universal electrode puller (Zeitz
Instruments GmbH, Martinsried, Germany) using thin-walled borosilicate glass capillaries (wall
thickness 0.188 mm; length 100 mm, outer diameter 1.5 mm, Hilgenberg, Malsfeld, Germany).
Both recording and stimulating electrodes were filled with carbogen-saturated recording aCSF.
The stimulating glass electrode (tip resistance 0.3–0.5 MΩ) was carefully inserted into the slice
surface in layers 2/3 of the prelimbic cortex using the low-speed mode of the PatchStar
micromanipulator (Scientifica). Layer 2/3 was chosen for stimulation because it represents the
location of the input fibers of pyramidal neurons in layer 5 (Huang et al., 2004). The recording
glass electrode (tip resistance 2–2.5 MΩ) was gently placed on layer 5 of the prelimibic cortex,
which is the location of dendrites and cell bodies of pyramidal cells (Huang et al., 2004).
Electrical stimuli (pulse duration 0.2 ms) to layer 2/3 input fibers were applied using an A385
stimulus isolator (WPI, Berlin, Germany), and the resulting evoked fEPSPs were recorded using
a double patch-clamp EPC10 amplifier (HEKA, Lambrecht, Germany). First, the stimulation
intensity was set to 70 µA (every 10 s, frequency 0.1 Hz), and the recording electrode was slowly
deepened in the slice until the maximal fEPSP amplitude was reached. To study the basal
synaptic transmission in the brain slice, electrical stimuli with increasing intensity (40–85 µA,
step 5 µA) were applied every 20 s (frequency 0.05 Hz), and the relationship between stimulation
intensity and fEPSP slope was determined. The supramaximal stimulation intensity was defined
as the stimulation strength necessary to elicit a population spike, a small upward-going peak
occurring during the fEPSP decay due to increasing number of pyramidal cells that fire action
potentials in response to increasing synaptic stimulation (Taube and Schwartzkroin, 1988). For
LTP experiments, baseline fEPSPs were recorded at 0.05 Hz for at least 10 min at ~50% of the
supramaximal stimulation intensity. In recordings with persisting population spikes, the
stimulation intensity was reduced to ~40% of the supramaximal value. If the fEPSP slope was not
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stable during these 10 min, the baseline recording was repeated or the slice exchanged. To induce
LTP of fEPSPs in mPFC slices, five trains of theta-burst stimulation (TBS) were applied (intertheta interval 20 s) (Brennaman et al., 2011). Each TBS train was composed of eight bursts of
stimuli delivered at 5 Hz, while each burst consisted of four stimuli applied at 100 Hz (stimulus
duration 0.2 ms). To calculate the magnitude of LTP in each slice, the mean fEPSP slope was
measured during 0–10 min before TBS (baseline) and during 50–60 min after the delivery of
TBS. Subsequently, the mean fEPSP slope obtained during 50–60 min after TBS was normalized
to the mean fEPSP slope during 0–10 min before TBS. For reasons of clarity, stimulus artifacts in
the representative examples of cortical fEPSPs in all figures were blanked.
2.2.3. Whole-cell patch-clamp recordings
2.2.3.1. Recordings of evoked EPSCs

Each mPFC slice (thickness 350 µm) was transferred to a submerged-type recording MC
membrane chamber (Scientific Systems Design Inc.) and was continuously perfused (flow rate 4
ml/min) with 95% O2/5% CO2-bubbled recording aCSF at room temperature (22–25°C).
Pyramidal neurons located in layer 5 of the prelimbic cortex were identified based on their
triangular cell bodies and long apical dendrites. They were visualized using

40x water-

immersion objective (numerical aperture 0.8) mounted on a upright fixed-stage microscope
Olympus microscope (Tokyo, Japan), which was part of a SliceScope Pro 6000 electrophysiology
system (Scientifica). The microscope was equipped with infrared illumination and differential
interference contrast (DIC) videomicroscopy (Dodt and Zieglgansberger, 1990).
For synaptic stimulation, a thin-walled glass electrode (tip resistance 0.3–0.5 MΩ) was filled with
recording aCSF and was positioned in layer II/III of the prelimbic cortex. Recordings were
carried out using an EPC10 double patch-clamp amplifier (HEKA), which was operated via the
PatchMaster software (HEKA). Patch pipettes (tip resistance 3–5 MΩ) were pulled using thickwalled borosilicate glass capillaries (wall thickness 0.315 mm, length 100 mm, outer diameter 1.5
mm, Hilgenberg) and a DMZ universal electrode puller (Zeitz Instruments GmbH) and were
filled with an intracellular solution containing the following in (mM): 140.7 Cs-methanesulfonate, 5 NaCl, 1 MgCl2, 0.2 EGTA, 10 HEPES, 3 ATP-Mg, 0.3 Na-GTP, and 3.1 QX-314
(osmolarity 295 mOsm/kg, adjusted to pH 7.2 with CsOH).
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Video microscopy-guided patch-clamp recordings were performed as described previously with
small modifications (Blanton et al., 1989; Dodt and Zieglgansberger, 1990). In brief, a healthy
pyramidal neuron was selected as deep as possible in the slice because most superficial neurons
and their dendrites had been damaged during slicing. To avoid clogging of the pipette tip in the
tissue, positive pressure was applied to the patch pipette using a 5-ml syringe with a three-way
stopcock that was connected to the electrode holder via thin tubing. The patch pipette was then
slowly advanced into the brain slice using the low-speed mode of the micromanipulator. It was
important to constantly monitor the pipette resistance measured by the amplifier using the
PatchMaster software. After carefully placing the pipette tip immediately above the neuron
membrane, the positive pressure in the syringe was released. As a result from the pressure
change, the cell membrane was partially sucked into the pipette tip, and this event was reflected
by a slow and steady increase in pipette resistance, leading to the formation of the so-called GΩ
seal (pipette resistance >1000 MΩ). To facilitate GΩ seal formation in neurons from aged mice, it
was necessary to apply slight negative pressure (continuously for 10–20 s) using a tubingconnected mouthpiece, which was made from a clean plastic pipette tip. When the membrane
resistance reached >100 MΩ, the holding membrane potential was gradually decreased to –
60mV, near the resting membrane potential of pyramidal neurons (~–70 mV) (Myme et al.,
2003). Once the GΩ seal was established (cell-attached configuration), the cell membrane was
ruptured by applying short pulses of negative pressure via the mouthpiece. Thus, the whole-cell
configuration was reached.
Recordings were initiated >5 min after rupturing the cell membrane to allow complete dialysis of
the intracellular pipette solution into the neuronal soma. Synaptic excitatory postsynaptic currents
(EPSCs) from pyramidal cells were evoked every 30 s (frequency 0.033 Hz) by applying
electrical pulses (duration 0.2 ms, intensity 50–150 µA) using an A385 stimulus isolator (WPI)
that was controlled via the EPC10 amplifier. In normal recording aCSF at room temperature,
evoked EPSCs were recorded at a holding membrane potential of –60 mV in whole-cell voltageclamp mode for 10 min. These EPSCs revealed an early α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor (AMPAR)-mediated component (fast decay) that was followed
by the late N-methyl-D-aspartate receptor (NMDAR)-mediated component (slow decay). For all
neurons, the stimulation intensity was set at a level that was necessary to induce EPSCs with
mean peak amplitude of ~300 pA.
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To pharmacologically isolate NMDAR-mediated EPSCs, the slice perfusion medium was
changed to modified aCSF that contained 0.1 mM Mg2+, 3.2 mM Ca2+ (for adjustment of divalent
cation concentrations), 10 µM NBQX (specific antagonist of AMPAR)/kainate receptors), and 2
µM CGP-55845 (specific antagonist of γ-aminobutyric acid (GABA)B receptors) (Chen et al.,
2003), and the amplitude of EPSCs was monitored. Because the washout of Mg2+ from the slice
was relatively slow, the complete isolation of NMDAR-EPSCs was reached after 25–30 min
perfusion in this modified aCSF containing 0.1 mM Mg2+. To ensure that EPSCs were
predominantly mediated by NMDARs, 50 µM AP5 (specific competitive NMDAR antagonist)
was applied to the perfusion medium in the end of each recording. In all voltage-clamp
recordings, the series resistance (Rs, range 8–25 MΩ) was monitored continuously throughout the
experiment and was compensated by 20–30%. If Rs changed >20% during experiments, these
recordings were excluded from data analysis. Recordings of evoked EPSCs were carried out at
room temperature (22–25°C).
Since we aimed to test the effects of several subsequently applied drugs on NMDAR-mediated
currents in slices from adult (2–4 months) mice, we performed recordings of evoked NMDAREPSCs at a holding potential (–60 mV) that is near the resting membrane potential of pyramidal
cells. In our experience, this approach enables longer and more stable recordings compared with
standard recordings of NMDAR-EPSCs at positive holding potentials (e.g., at +40 mV) for short
time periods, which are sufficient for quick analysis of NMDAR/AMPAR currents ratio.
Voltage-clamp recordings of NMDAR-EPSCs at –60 mV were stable for >60–90 min.
2.2.3.2. Recordings of NMDAR-mediated tonic currents

For whole-cell recordings of tonic holding currents in mPFC slices, layer 5 pyramidal neurons
were maintained at a holding potential of +40 mV in voltage-clamp mode (Papouin et al., 2012),
and recordings were carried out at room temperature (22–25°C). To isolate the NMDAR-mediate
component of the holding current, the AMPAR-specific antagonist NBQX (10 µM), the GABABspecific antagonist CGP-55845 (2 µM), and the GABAA/glycine receptor-specific antagonist
picrotoxin (50 µM) were added to the recording aCSF >20 min prior to recordings. Patch pipettes
were filled with the same intracellular solution containing Cs-methane-sulfonate that was used
for evoked EPSCs (see above). Baseline recording for holding currents was initiated 20–25 min
after obtaining the whole-cell configuration. Once a stable baseline holding current (>1.5 min)
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was obtained, the competitive NMDAR antagonist AP5 (50 µM) was applied to the perfusion
medium for 5 min. In some experiments, Ro 25-6981 (0.3 µM) was added to the perfusion
medium >20 min before the recordings were started.
2.2.3.3. Recordings of inhibitory postsynaptic currents
Layer V pyramidal neurons were first maintained at –60 mV and ten consecutive AMPARmediated EPSCs were recorded at 0.033 Hz in normal aCSF at room temperature in sham- and
endoNF-treated mPFC slices. In all slices, stimulation strength was adjusted to evoke EPSCs with
peak amplitude of ~100 pA. Then, the neurons were voltage-clamped at a holding potential of 0
mV, which represents the reversal potential for NMDAR- and AMPAR-mediated currents. It has
been shown that both NMDAR- and AMPAR-EPSCs in mPFC pyramidal neurons are not
activated at 0 mV, the reversal potential for these receptors (Myme et al., 2003). GABAA
receptor-mediated inhibitory postsynaptic currents (IPSCs) were evoked by delivering five trains
of theta-burst stimulation (TBS; for details on protocol, see section Extracellular LTP
recordings), which was used to induce LTP in the mPFC.
2.2.4. Chemicals used in electrophysiological experiments

Sucrose, NaCl, NaHCO3, glucose, KCl, NaH2PO4*H2O, CaCl2*2H2O, and MgCl2*6H2O, Csmethane-sulfonate, EGTA, HEPES, ATP-Mg, Na-GTP, and CsOH were purchased from Sigma
Aldrich. The membrane-impermeable quaternary derivate of lidocaine and antagonist of voltageactivated Na+ channels N-(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium chloride
(QX 314 chloride) was purchased from Tocris Bioscience (Bristol, UK). The enzyme
endosialidase NF (endoNF), which cleaves polySia specifically, was produced in the lab of Prof.
Rita

Gerardy-

Schahn,

Medical

School

Hannover

(Stummeyer

et

al.,

2005).

In

electrophysiological experiments, all antagonists and agonists were bath applied using the
perfusion system, unless stated otherwise in Results. For pharmacological treatment during LTP
recordings, drugs were added to the recording aCSF >20 min prior to fEPSP recordings.
Solutions containing sarcosine (0.75 mM) or D-cycloserine (40 µM) in oxygenated recording
aCSF were freshly prepared on the day of experiment. For all other chemicals, stock solutions of
appropriate concentrations were prepared using double-distilled water or dimethyl sulfoxide
(DMSO) in accordance with manufacturer’s recommendations, and these were stored at –20°C.
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For a detailed list of chemical compounds used in electrophysiological experiments, see Table
2.1.

Table. 2.1. Drugs used for pharmacological treatment in vitro electrophysiology.
Compound name
NANA12 (polySia consisting of twelve
sialic acid residues) (Keys et al., 2014)
NANA1
NANA5
1,2-diamino-4,5-methylenedioxybenzene.2HCl (DMB)-labelled NANA12
DMB-labelled NANA2
αR,βS)-α-(4-hydroxyphenyl)-β-methyl4-(phenylmethyl)-1-piperidinepropanol
maleate (Ro 25-6981 maleate)
D-(-)-2-amino-5-phosphonopentanoic
acid (AP5)
2,3-dioxo-6-nitro-1,2,3,4tetrahydrobenzo[f]quinoxaline-7sulfonamide disodium salt (NBQX)
Picrotoxin
(2S)-3-[[(1S)-1-(3,4-dichlorophenyl)
ethyl]amino-2-hydroxypropyl]
(phenylmethyl)
phosphinic
acid
hydrochloride (CGP-55845)
1-[4-amino-5-chloro-2-(3,5dimethoxyphenyl)methyloxy]-3-[1-[2methylsulphonylamino]ethyl]piperidin4-yl]propan-1-one hydrochloride (RS
39604 hydrochloride)
N-methylglycine (sarcosine)
(R)-4-Amino-3-isoxazolidone, 4-Amino3-isoxazolidinone (D-cycloserine, DCS)
(2-chloro-N-[(S)-phenyl[(2S)-piperidin2-yl]
methyl]-3-trifluoromethyl
benzamide (SSR 504734)
Tegaserod maleate (Bushman et al.,
2013)

Mechanism of action
Selective inhibitor of extrasynaptic
GluN2B-NMDARs
No action on NMDARs (negative
control for polySia)
Inhibits NMDARs via unknown
mechanism
Selective Inhibitor of GluN2BNMDARs
Negative control for DMBNANA12
Selective antagonist of GluN2BNMDARs

Supplier (location)
Prof.
Rita
GerardySchahn, Hannover
EY Laboratories (San
Mateo, CA, USA)
EY Laboratories (San
Mateo, CA, USA)
Prof.
Rita
GerardySchahn, Hannover
Prof.
Rita
GerardySchahn, Hannover
Tocris Bioscience (Bristol,
UK)

Subtype-unselective antagonist of
NMDARs
Selective antagonist of AMPARs

Tocris Bioscience (Bristol,
UK)
Tocris Bioscience (Bristol,
UK)

Selective antagonist of GABAA
and glycine receptors
Selective antagonist of GABAB
receptor

Tocris Bioscience (Bristol,
UK)
Tocris Bioscience (Bristol,
UK)

Selective antagonist of 5-HT4
receptors

Tocris Bioscience (Bristol,
UK)

Selective antagonist of the glial
glycine transporter 1 (GlyT1)
Partial agonist at the glycine
modulatory site of NMDA
receptors
Selective antagonist of GlyT1

Sigma
Aldrich
(Taufkirchen, Germany)
Sigma
Aldrich
(Taufkirchen, Germany)

Selective agonist of 5-HT4
receptor/mimetic of polySia

Sequoia Research Products
LTD (Pangbourne, UK)

Axon
Medchem
(Groningen, Netherlands)
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2.3. Data analysis and statistical comparisons for in vitro electrophysiology
Electrophysiological data were acquired at a sampling rate of 10 kHz and low-pass ﬁltered at 3
kHz using an EPC10 ampliﬁer operated using the PatchMaster software (Heka Elektronik,
Lambrecht, Germany). Data analysis and presentation were performed using PatchMaster,
SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA), Igor Pro 6.37 (WaveMetrics, Lake
Oswego, OR, USA), and Adobe Illustrator CS5 (Adobe Systems Inc., San Jose, CA, USA).
Recordings of fEPSPs were low-pass filtered at 500 Hz using PatchMaster software. The rising
slope of fEPSPs was measured within its early linear phase using PatchMaster. Relationships
between stimulus intensity and fEPSP slope for each slice were obtained by plotting the average
fEPSP slope of 3–5 consecutive fEPSPs against the stimulus intensity at which they were evoked.
In each slice, the slopes of 30 consecutive fEPSPs recorded during baseline (0–10 min before
TBS delivery) were averaged, and this mean value was used to normalize the slopes of fEPSPs
recorded during 0–60 min after TBS. Since fEPSPs were evoked every 20 s, every three
consecutive slope values were averaged to obtain one mean slope value per minute. To reflect the
marked changes of fEPSP slope that occur immediately after TBS (short-term post-tetanic
potentiation), normalized fEPSP slopes during 0–3 min after TBS were not averaged. If the mean
amplitude of fiber volley measured 50–60 min after TBS delivery changed by >15% compared
with its baseline mean value (0–10 min before TBS), fEPSP recordings were not included in data
analysis.
Whole-cell recordings of synaptically evoked EPSCs were filtered at 1000 Hz, and measurements
of peak current amplitude and decay time were carried out on EPSC averages of 8–10
consecutive traces using PatchMaster. The EPSC amplitude was defined as the difference
between baseline current (measured during 20 s immediately before stimulus) and the maximal
peak of the EPSC for each cell. The 20–80% decay time of EPSCs was measured after the EPSC
peak, and it was defined as the time interval between the two time points measured at 80% and
20% from the peak EPSC amplitude. For analysis of drug effects on EPSCs, the amplitude or
decay time measured 10–15 min after drug application was compared with those measured during
the last 5 min before drug was added. The NMDAR/AMPAR ratio was defined as the ratio
between the mean peak amplitude of the pharmacologically isolated slow NMDAR-mediated
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component and the fast AMPAR-mediated component that was recorded in normal aCSF in each
neuron.
The amplitude of tonic currents was measured within five consecutive 2-s time intervals
immediately before AP5 addition and 3 min after AP5 was applied, and mean amplitudes before
and after AP5 were calculated for each neuron. The shift in holding currents was defined as the
difference between mean current amplitude recorded before and 3 min after AP5 application.
Recordings in which the amplitude of tonic current during the last 1.5 min before AP5 changed
by >5% were not included in the data analysis.
The mean amplitude of each TBS-evoked IPSC burst was measured during the total burst
duration (230 ms) in each neuron using the PatchMaster software. The IPSC/EPSC ratio for each
TBS train was defined as the ratio between mean amplitude of IPSC burst during 230 ms and the
mean EPSC peak amplitude (average of ten consecutive EPSCs recorded before TBS delivery).
Statistical analysis was performed using the SigmaPlot software. Differences in the mean of two
independent groups (recorded from different cells/slices/mice) with normal distribution were
assessed using unpaired Student’s t test. If the data were not normally distributed, non-parametric
Mann Whitney U test (two independent groups) or one-way ANOVA on ranks (three or more
independent groups) was used for statistical comparison. For multiple (three or more)
independent groups with normal distribution, differences in means were determined using oneway ANOVA followed by multiple comparisons using post hoc Holm-Sidak t test. For related
groups (recorded from the same cell/slice/mouse), statistical comparison of means was performed
using paired Student’s t test (two groups) or repeated measures ANOVA (three or more groups).
Statistical significance was reached, if P < 0.05. All data were presented as mean ± standard error
of the mean (SEM).

2.4. Immunohistochemistry in brain slices
Coronal 400-µm-thick mPFC and hippocampal slices from Thy1-GFP mice were incubated in 2
ml of carbogenated aCSF (sham) or endoNF (10 µg/ml in aCSF) for 2 hours at 35°C. The slices
were then fixed for 3 hours in 4% paraformaldehyde in phosphate buffered saline (PBS, 0.24M,
pH 7.2, room temperature) and cryoprotected in 30% sucrose in PBS overnight at 4°C. On the
following day, 400-µm-thick slices were mounted on the specimen disc of a CM1950 cryostat
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(Leica Biosystems) using Jung tissue medium (Leica Biosystems), and 50-µm-thick coronal subslices were prepared and stored in a cryo-protective solution containing 25% glycerin (Carl Roth,
Karlsruhe, Germany) and 25% ethylene glycol (Carl Roth) in 0.24 M PBS. For
immunohistochemistry, free floating sections were washed in PBS (3x 10 min, at room
temperature on a shaker) and incubated for 1 hour in a blocking solution containing 10% normal
goat serum (NGS, Gibco®, Thermo Fisher Scientific, New Zealand origin) and 0.2% Triton X100 (Sigma Aldrich) in PBS at room temperature. Subsequently, slices were treated for 48 hours
at 4°C with the primary mouse monoclonal antibody against polySia (clone 735 (Frosch et al.,
1985)1:200 in PBS containing 5% NGS and 0.2% Triton X-100), as published previously
(Eckhardt et al., 2000; Kochlamazashvili et al., 2010). The slices were then washed in PBS and
incubated on a shaker for 3 hours in the secondary antibody (goat anti-mouse Alexa 546,
Invitrogen, 1:250 in PBS containing 5% NGS and 0.2% Triton X-100) at room temperature. For
imaging, sections were mounted on glass slides using Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA), and images of the mPFC and hippocampal mossy fibers
(10x objective) were obtained using a confocal laser-scanning microscope (LSM 700, Carl Zeiss,
Germany) operated by the Zen software (Carl Zeiss, Jena, Germany).
Imaging of spines was carried out on segments of proximal dendrites of EGFP-expressing layer
V pyramidal neurons that were located in the prelimbic cortex of Thy1-GFP mice using an oil
63x objective. Z-stacks were acquired using a Z-step of 0.22 µm and 3x optical zoom. ImageJ
1.46 software (NIH, USA) was used for image analysis and preparation of maximum-intensity
projections from Z stacks. Spine images were deconvoluted using Huygens deconvolution
software (Scientific Volume Imaging).
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3. RESULTS
3.1. Loss of polySia in mPFC slices after endoNF treatement
To study the effects of acute polySia removal in mPFC, I used the enzyme endoNF that
specifically removes polySia in neocortical and hippocampal slices (Eckhardt et al., 2000;
Kochlamazashvili et al., 2010). To confirm the removal of polySia by endoNF in the
hippocampus and cortex in my experiments, I first incubated hippocampal and mPFC slices in
aCSF (sham) or aCSF containing endosialidase NF (endoNF, 10 µg/ml) and performed
immunohistochemical staining of polySia followed by confocal imaging in sham- and endoNFtreated slices from wild-type Thy1-EGFP mice. As expected, endoNF-incubated hippocampal
slices showed reduced polySia immunoreactivity, whereas sham-treated hippocampal slices
revealed strong polySia expression in the mossy fibers of mature granule cells and CA3 subfield,
as reported previously (Eckhardt et al., 2000) (Fig. 3.1). No polySia staining could be detected in
the absence of primary antibody against polySia (Fig. 3.1), indicating that this antibody was
specific for polySia. In sham-treated mPFC slices, polySia was expressed in the neuropil of all
cortical layers (Fig. 3.1). In contrast, endoNF-treated mPFC showed a strong decrease of polySia
immunoreactivity (Fig. 3.1), suggesting that the endoNF treatment reliably removes polySia in
these brain slices.
To investigate the distribution of polySia in relation to dendritic spines in the mPFC, I performed
confocal imaging of proximal dendrites of layer 5 pyramidal neurons in sham- and endoNFtreated mPFC slices from Thy1-EGFP mice, which show expression of enhanced green
fluorescent protein (EGFP) under the control of the Thy1 promoter in a subset of cortical layer V
pyramidal neurons (Feng et al., 2000). In sham-treated mPFC slices, polySia was expressed in
close proximity of several EGFP-expressing dendritic spines (inset in Fig. 3.2). In endoNFtreated mPFC slices, polySia staining was markedly reduced compared to sham-treated slices
(Fig. 3.2).
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Fig. 3.1. Enzymatic treatment with endoNF removes polySia in the hippocampus and mPFC of
Thy1-EGFP mice. Hippocampal (hipp) and mPFC (prelimbic cortex, PrL) brain slices were incubated in
sham (aCSF) or endoNF (10 µg/ml in aCSF) for 2 hours at 35°C. Representative single-plane confocal
images revealing immunohistochemical staining of polySia (red) in sham- and endoNF-treated slices
using a primary mouse monoclonal antibody (clone 735). After endoNF treatment, the polySia staining in
both mPFC and hippocampus was strongly reduced compared with sham-treated slices. When the primary
antibody against polySia was omitted in sham condition, no polySia staining was observed. Images of
hippocampus and mPFC were taken using a 10x objective. Scale bar, 100 µm. I–VI, cortical layers.

58

Fig. 3.2. PolySia-NCAM surrounds dendritic spines in the mPFC. Representative confocal images
(maximal-intensity projections) of dendritic segments from EGFP-expressing proximal dendrites (green)
of layer V pyramidal neurons in sham- (left) and endoNF-treated mPFC slices (right), from the same
Thy1-EGFP mouse shown in Fig. 3.1. In sham-treated slices, the pyramidal dendrite was embedded in
dense polySia staining (red). The inset shows a magnified view (single plane) of the boxed area in sham
overlay. Please note that polySia surrounded some of the dendritic spines (arrow heads in inset). The
polySia staining around spines was largely reduced in endoNF-treated slices compared with sham
treatment. Spine imaging was performed using a 63x objective. Scale bars, 5 µm and 1 µm (inset).

3.2. Acute enzymatic removal of polySia increases GluN2B-NMDAR-mediated
currents and extrasynaptic, tonic NMDAR-mediated currents in the mPFC
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Previously, extracellular fEPSP recordings have shown that Ncam–/– mice, which also lack
NCAM-associated polySia, exhibit no changes in NMDAR/AMPAR ratio in the hippocampal
CA1 subfield (Kochlamazashvili et al., 2010). To investigate the effects of endoNF treatment on
synaptic signaling through AMPARs and NMDARs in the mPFC, I recorded electrically evoked
AMPAR- and NMDAR-mediated excitatory postsynaptic potentials (EPSCs) in whole-cell
voltage clamp mode from layer 5 pyramidal neurons in sham- and endoNF-treated mPFC slices.
After initial recording (>5 min) of AMPAR-EPSCs in normal aCSF at –60 mV holding potential,
the aCSF was exchanged with modified recording solution containing low concentration of Mg2+
(0.1 mM), the AMPAR-specific antagonist NBQX (10 µM) and the GABAB-specific antagonist
CGP-55845 (2 µM), which allowed us to isolate NMDAR-EPSCs at –60 mV (Fig. 3.3B), a
potential near the resting membrane potential of pyramidal neurons (Chen et al., 2003).
NMDAR-EPSCs were almost completely blocked after bath application of the NMDAR-specific
antagonist AP5 (Fig. 3.3B), suggesting that these isolated EPSCs are mediated through
NMDARs. The stimulation intensity was set to elicit AMPAR-EPSCs with an amplitude of ~300
pA. Thus, we normalized the amplitude of NMDAR-EPSCs to the fixed amplitude of AMPAREPSCs. The ratio of NMDAR/AMPAR current in endoNF-treated slices (0.31 ± 0.03) was not
different from that in sham-treated slices (0.30 ± 0.05; P = 0.92, unpaired Student’s t test; Fig.
3.3C), suggesting that the total synaptic NMDAR-mediated currents are similar in both
conditions.
In a previous study, field EPSP recordings have indicated that GluN2B-mediated currents are
increased in the CA1 subregion of Ncam–/– mice (Kochlamazashvili et al., 2010). To determine
the effects of polySia removal on GluN2B subunit contribution in the mPFC, I compared evoked
NMDAR-EPSCs recorded for 5 min before and for >15 min after bath application of the specific
GluN2B antagonist Ro 25-6981 in sham- and endoNF-treated mPFC slices (Fig. 3.3D). Because
polySia has been demonstrated to inhibit GluN1/GluN2B-NMDARs in hippocampal neurons at
low glutamate concentrations, which are characteristic of the extracellular space (Hammond et
al., 2006), we wondered whether endoNF would affect the activation of heterodimeric
GluN1/GluN2B-NMDARs. To this aim, I used a relatively low concentration (0.3 µM) of Ro 256981, which has been reported to block mainly GluN1/GluN2B-NMDARs while leaving
heterotrimeric GluN1/GluN2A/GluN2B-NMDARs largely intact in hippocampal pyramidal
neurons (Volianskis et al., 2013). In sham-treated control slices, I observed no significant
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changes in Ro 25-6981 (0.3 µM)-mediated inhibition of mean amplitude (–4.22 ± 4.68%; Fig.
3.3D, E) or mean decay time (–4.05 ± 6.41%; Fig. 3.3D, F) of NMDAR-EPSCs from mPFC
pyramidal neurons. However, endoNF-treated slices showed significantly increased Ro 25-6981
(0.3 µM)-mediated inhibition of mean amplitude (25.06 ± 5.19%; Fig. 3.3D, E, P < 0.001,
unpaired Student’s t test) and mean decay time (19.78 ± 5.08%; Fig. 3.3D, F, P < 0.05, MannWhitney rank sum test) of NMDAR-EPSCs.
Similar conclusions could be drawn when recorded NMDAR-EPSCs were expressed as absolute
values (in pA, Fig. 3.3G). In sham-treated slices, mean amplitude of NMDAR-EPSCs during
basal recording was 98.86 ± 15.50 pA, compared with 100.45 ± 13.98 pA after the addition of Ro
25-6981. In endoNF-treated slices, mean amplitude of NMDAR-EPSCs during basal recording
was 106.56 ± 6.23 pA compared with 81.74 ± 8.72 pA in the presence of Ro 25-6981.
A two-way repeated measures ANOVA showed a significant effect of Ro 25-6981 treatment
(F(1,18) = 13.990, P = 0.001), no effect of endoNF (F(1,18) = 0.128, P = 0.725), but a significant
endoNF x Ro 25-6981 interaction (F(1,18) = 18.103, P < 0.001). A Holm-Sidak post hoc test
revealed no significant difference in mean amplitude between basal and Ro 25-6981 treatment
within sham-incubated slices (P = 0.733), but it showed a significant difference in mean
amplitude between basal and Ro 25-6981 treatment within endoNF-incubated slices (P < 0.001,
Fig. 3.3G).
When analyzed in pyramidal cells in sham-treated slices, the mean decay time during basal
recording was 93.35 ± 19.48 ms, compared with 92.92 ± 17.24 ms after Ro 25-6981. In endoNFtreated slices, the basal mean decay time was 122.32 ± 12.42 ms, compared with 99.24 ± 13.41
ms in the presence of Ro 25-6981 (Fig. 3.3H).
A two-way repeated measures ANOVA showed a significant effect of Ro 25-6981 treatment
(F(1,18) = 6.259, P = 0.022), no effect of endoNF (F(1,18) = 0.680

, P = 0.420), and a significant

endoNF x Ro 25-6981 interaction (F(1,18) = 5.812, P = 0.027). A Holm-Sidak post hoc test
showed no significant differences in mean decay time between basal and Ro 25-6981 treatment
within sham-incubated slices (P = 0.952); however, it revealed a significant decrease in mean
decay time after Ro 25-6981 treatment, compared with basal values, within endoNF-incubated
slices (P = 0.002, Fig. 3.3H). Altogether, these results suggest that activation of GluN2Bcontaining NMDARs (presumably extrasynaptic GluN1/GluN2B) in the mPFC is elevated after
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endoNF treatment. To further confirm whether endoNF has an effect on extrasynaptic NMDARs
in the mPFC, I used whole-cell patch-clamp to record tonic holding currents at +40 mV
membrane potential from layer V pyramidal neurons in sham- and endoNF-treated slices. To
pharmacologically isolate NMDAR-mediated tonic currents, recordings were performed in
normal aCSF (1.5 mM Mg2+) containing the AMPAR-specific antagonist NBQX (10 µM),
GABAA-specific antagonist picrotoxin (50 µM), and the GABAB-specific antagonist CGP-55845
(2 µM).
Previous electrophysiological studies have shown that, at depolarizing membrane potentials, the
NMDAR-specific antagonist AP5 causes a shift in the holding current, which reflects the
activation of extrasynaptic NMDARs by ambient glutamate in CA1 pyramidal neurons of the
hippocampus (Sah et al., 1989; Le Meur et al., 2007; Papouin et al., 2012). After recording a
stable baseline of holding tonic current at +40 mV, the NMDAR antagonist AP5 (50 µM) was
bath applied, and the shift in the holding current induced by AP5 was then measured. The mean
shift in sham-treated control slices was 33.40 ± 2.51 pA (Fig. 3.4), which is comparable with the
shift reported in hippocampal neurons (Papouin et al., 2012). In endoNF-treated slices, the mean
shift in NMDAR-mediate holding current after AP5 application reached –60.93 ± 6.66 pA. A
two-way ANOVA revealed a significant effect of endoNF (F(1,26) = 14.861, P < 0.001). A HolmSidak post hoc test showed a significant difference in amplitude of tonic current between the
sham- and endoNF-treated slices (P < 0.01, Fig. 3.4B), suggesting that acute polySia removal led
to increased activation of extrasynaptic NMDARs in mPFC slices.
Because extrasynaptic NMDARs are thought to be enriched in heterodimeric GluN1/GluN2BNMDARs (Angulo et al., 2004; Fellin et al., 2004) (reviewed by (Papouin and Oliet, 2014)), we
repeated these recordings of tonic NMDAR-mediated currents in the presence of low
concentration of Ro 25-6981. A two-way ANOVA revealed no significant effect of Ro 25-6981
(F(1,26 ) = 3.684, P = 0.066) and no significant endoNF x Ro 25-6981 interaction (F(1,26 ) = 0.831,
P = 0.37). When Ro 25-6981 (0.3 µM) was present in the recording chamber, the NMDARmediated tonic current was still significantly higher in endoNF- compared with sham-treated
slices (27.58 ± 7.21 pA in sham+Ro 25-6981; 44.58 ± 3.74 pA in endoNF+Ro 25-6981; P =
0.046, Holm-Sidak post hoc test, Fig. 3.4). However, Ro 25-6981 significantly reduced the
amplitude of NMDAR-mediated tonic current in endoNF-treated slices (P = 0.041, Holm-Sidak
post hoc test for endoNF+Ro 25-6981 vs. endoNF), suggesting that GluN1/GluN2B-NMDARs
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might contribute to the increased NMDAR-tonic currents in endoNF-treated slices. Moreover,
mean amplitude of tonic current was similar in sham-treated slices without and with Ro 25-6981
(0.3 µM) (P = 0.509, Holm-Sidak post hoc test, Fig. 3.4), which indicates that GluN1/GluN2BNMDARs constitute only a minor fraction of extrasynaptic NMDARs in basal conditions.
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Fig. 3.3. Increased GluN2B-NMDAR-mediated currents in mPFC slices after endoNF treatment. (A)
A coronal view of the mPFC (left) (Franklin and Paxinos, 2007) and a photomicrograph (4x objective)
showing the positions of electrodes for evoked EPSCs recordings (right). Cg1, cingulate; PrL, prelimbic;
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IL, infralimbic cortex; II/III, V, cortical layer; fmi, forceps minor of the corpus callosum; LV, lateral
ventricle. (B) Representative examples (averages of 8–10 traces) of evoked NMDAR-EPSCs from layer V
pyramidal neurons in aCSF containing Mg2+ (0.1 mM), NBQX (10 µM), and CGP-55845 (2 µM) (black
trace). These EPSCs were completely inhibited after bath application of AP5 (50 µM, brown trace). (C)
Representative examples (top, averages of 8–10 traces) of fast AMPAR-EPSCs recorded in normal aCSF
(gray) and slow NMDAR-EPSCs (black), which were subsequently isolated in the presence of Mg2+ (0.1
mM), NBQX (10 µM), and CGP-55845 (2 µM). A bar graph (bottom) showing unaltered
NMDAR/AMPAR ratio in endoNF- treated slices compared with sham treatment. (D) Examples (top,
averages of 8–10 traces) and time courses of normalized amplitudes (bottom) of evoked NMDAR-EPSCs
before (basal, black) and after bath application of Ro 25-6981 (Ro25, 0.3 µM, green). The amplitude of
EPSCs was presented as the percentage of the mean amplitude recorded within a 5-min time window of
basal recording before the addition of Ro 25-6981. (E, F) Bar graphs showing increased inhibition of
NMDAR-EPSCs amplitude (E) and increased inhibition of NMDAR-EPSC decay time (F) by Ro 25-6981
(0.3 µM) in endoNF-treated slices compared with sham-treated slices. Evoked EPSCs were recorded in
voltage-clamp mode at a holding membrane potential of –60 mV. (G, H) Absolute values of peak
amplitude (G) and decay time (H) of evoked NMDAR-EPSCs were measured during a 5-min time
interval before (basal) and 10–15 min after application of Ro 25-6981 (Ro25, 0.3 µM). The cells analyzed
are the same as in D–F. Please note that Ro 25-6981 significantly inhibited both the amplitude (G) and the
decay time (H) of NMDAR-EPSCs in endoNF-treated slices, whereas Ro 25-6981 had no effects on
amplitude or decay time in sham-treated slices. Experimental design and representative examples of
NMDAR-EPSCs in both treatments are shown in Fig. 3.3D. Numbers of cells recorded (n) and mice used
(N) are shown in bars as n/N. *P < 0.05, **P < 0.01,

***

P < 0.001, for description of statistical analysis,

please see the text. Data are presented as mean ± SEM.
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Fig. 3.4. Increased tonic NMDAR-mediated currents after acute removal of polySia. (A)
Representative traces of NMDAR-mediated holding currents (holding potential +40 mV) recorded from
layer V pyramidal neurons before and after bath application of the NMDAR-specific antagonist AP5 (50
µM) in sham- and endoNF-treated mPFC slices. The inset (left) illustrates the experimental design for
whole-cell voltage-clamp recordings of tonic currents. Please note that the recorded cell was not
stimulated synaptically. Tonic currents were recorded in aCSF containing NBQX (10 µM), picrotoxin (50
µM), and CGP-55845 (2 µM). Horizontal dotted lines denote the basal level of holding current before the
addition of AP5. II/III, V, cortical layer; R, recording electrode. (B) A bar graph showing the mean
amplitude of tonic NMDAR-mediated currents (measured as shift in holding current) recorded in the
presence (+) or absence (-) of Ro 25-6981 (0.3 µM). The amplitude of tonic currents was increased in
endoNF-treated slices compared with sham controls. Numbers of cells recorded (n) and mice used (N) are
shown in bars as n/N. *P < 0.05, **P < 0.01, for description of statistical analysis, please see the text. Data
are presented as mean ± SEM.

3.3. PolySia fragments inhibit evoked NMDAR-mediated currents in the mPFC
The polymer chains of polySia are composed of 8 to >90 sialic acid residues, and this number is
also known as degree of polymerization (DP) (Hildebrandt and Dityatev, 2015). A previous study
has revealed that polymers of sialic acid with a relatively high degree of polymerization (DP =
25–50) inhibit GluN2B-NMDAR-mediated currents elicited by glutamate at concentrations in the
low micromolar range (Hammond et al., 2006). However, the functional effects of short polySia
fragments or sialic acid oligomers (oligoSia) have not been studied thus far. To determine the
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impact of short polySia fragments with DP = 12 (NANA12) on NMDAR-mediated currents in
the mPFC, I recorded evoked NMDAR-EPSCs in sham- and endoNF-treated mPFC slices. To
compare the effect of NANA12 (1 µg/ml) with the inhibition mediated by a specific GluN2B
antagonist, Ro 25-6981 (0.3 µM) was added to the recording solution 15 min after NANA12
application (Fig. 3.5A). In sham-treated slices, NANA12 did not change significantly basal
NMDAR-EPSC amplitude (reduction by 2.95 ± 4.14%; P = 0.61, paired Student’s t test), and Ro
25-6981 further reduced the amplitude by 5.96 ± 5.04% (P = 0.28, paired Student’s t test) (Fig.
3.5A). This result is consistent with the low inhibition after Ro 25-6981 in sham-treated slices,
where Ro 25-6981 was applied immediately after basal recording (Fig. 3.3D, E).
In contrast, in endoNF-treated slices, NANA12 (1 µg/ml) significantly reduced the mean
NMDAR-EPSC amplitude by 24.80 ± 4.42% (P = 0.0002, paired Student’s t test), whereas Ro
25-6981 significantly inhibited NMDAR-EPSC amplitude by 19.01 ± 4.71% (P = 0.012, paired
Student’s t test, Fig. 3.5A), suggesting that NANA12 only partially occluded the inhibitory effect
of Ro 25-6981 in endoNF-treated slices. Fig. 3.5B shows a summary of the mean inhibition
levels of basal amplitude in both conditions. A two-way repeated measures ANOVA for level of
inhibition showed significant effects of endoNF pre-incubation (F(1,15) = 15.81, P < 0.001) and
drug treatment (F(1,15) = 10.842, P = 0.005), but no significant endoNF x drug treatment
interaction (F(1,15) = 1.81, P = 0.19, Fig. 3.5B). In sham-treated slices, the Holm-Sidak post hoc
test revealed that the mean inhibition level of basal amplitude after Ro 25-6981 addition was not
significantly different from this produced by NANA12 alone (P = 0.177). In contrast, in endoNFtreated slices, the mean inhibition level of basal amplitude after Ro 25-6981 addition was
significantly higher than this measured after NANA12 (P = 0.006, Holm-Sidak post hoc test, Fig.
3.5B). Importantly, the level of inhibition caused by NANA12 in endoNF-treated slices was
significantly higher than this in sham-treated slices (P = 0.005, Holm-Sidak post hoc test, Fig.
3.5B).
To assess whether the effect of NANA12 on NMDARs was specific, I performed recordings of
evoked NMDAR-EPSCs before and after addition of sialic acid monomers with DP = 1
(NANA1) followed by addition of Ro 25-6981 (0.3 µM) in endoNF-treated mPFC slices (Fig.
3.5C, D). We used NANA1 as a control compound for NANA12 because sialic acid is also
negatively charged, but unlike polySia, it has been previously shown to have no effect on
NMDAR-mediated currents in hippocampal neurons (Hammond et al., 2006). In line with this
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study, NANA1 (10 µg/ml) did not change the mean NMDAR-EPSC amplitude (reduction of
basal amplitude by –1.29 ± 4.90%, P = 0.62, paired Student’s t test, Fig. 3.5C), whereas the
subsequent addition of Ro 25-6981 significantly inhibited the NMDAR-EPSC amplitude by
21.43 ± 5.37% (P = 0.020, paired Student’s t test). Consistent with these results, the mean
inhibition of basal amplitude measured after Ro 25-6981 was significantly higher than this caused
by NANA1 alone (P = 0.013, paired Student’s t test, Fig. 3.5D). Thus, these results indicate that
NANA12 specifically inhibits NMDAR-mediated currents.

Fig. 3.5. Short polySia NANA12 inhibits evoked NMDAR-EPSCs in endoNF-treated mPFC slices
from C57BL/6 mice. (A, C) Time courses of normalized amplitudes of evoked NMDAR-EPSCs (holding
potential of –60 mV) during basal recording followed by successive bath application of NANA12 (1
µg/ml) (A) or NANA1 (10 µg/ml, control compound) (C) and Ro 25-6981 (0.3 µM) in sham- and
endoNF-treated mPFC slices. Representative examples of NMDAR-EPSCs for each treatment (colorcoding and sequence number 1–3) are shown in the right panels of A and C. (A, B) In endoNF-incubated
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slices, NANA12 reduced the mean amplitude of NMDAR-EPSCs, whereas in sham-incubated slices,
NANA12 had no effect. The experimental design in A and C was analogous to Fig. 3.3A, D. (B) Bar
graph showing mean inhibition of basal amplitude (cells shown in Fig. 3.5A). (C, D) The control
compound NANA1 had no effect on NMDAR-EPSC amplitude, but the subsequent addition of Ro 256981 significantly reduced NMDAR-EPSCs in endoNF-treated slices. (D) Bar graph summarizing mean
inhibition of basal amplitude (cells shown in C). NMDAR-EPSCs were recorded in whole-cell voltageclamp mode at –60 mV in aCSF containing Mg2+ (0.1 mM), NBQX (10 µM), and CGP-55845 (2 µM).
Numbers of cells recorded (n) and mice used (N) are shown in bars as n/N. *P < 0.05,

**

P < 0.01, for

description of statistical analysis, please see the text. Data are presented as mean ± SEM.

Next, we wondered whether oligoSia NANA5 (DP = 5) would exert similar inhibitory effects on
NMDARs in endoNF-treated slices. Low concentration of NANA5 (0.1 µg/ml) did not inhibit
significantly the basal mean NMDAR-EPSC amplitude (reduction by 10.60 ± 5.87%, P = 0.104,
paired Student’s t test, Fig. 3.6A), whereas the subsequent application of Ro 25-6981 (0.3 µM)
significantly inhibited NMDAR-EPSCs amplitude by 15.83 ± 2.90% (P = 0.013, paired Student’s
t test, Fig. 3.6A) in endoNF-treated slices. Consistently, the mean inhibition level after Ro 256981 was significantly higher than this after NANA5 (0.1 µg/ml) alone (P = 0.012, paired
Student’s t test, Fig. 3.6B).
When a relatively high concentration of NANA5 (10 µg/ml) was tested, it significantly inhibited
mean NMDAR-EPSC amplitude by 18.04 ± 2.86% (P = 0.0004, paired Student’s t test), and Ro
25-6981 (0.3 µM) further inhibited EPSC amplitude by 11.06 ± 4.45%, which did not reach
significance (P = 0.052, paired Student’s t test, Fig. 3.6C). Moreover, the mean inhibition of
basal amplitude after addition of Ro 25-6981 (0.3 µM) was significantly higher, compared with
that produced by NANA5 alone (P = 0.046, paired Student’s t test, Fig. 3.6D).
The concentration-response curve summarizing the effects of NANA5 on NMDAR-EPSCs in
endoNF-treated slices (concentrations 0.01 µg/ml, 0.1 µg/ml, 1 µg/ml, 5 µg/ml, and 10 µg/ml)
(Fig. 3.6E) shows that its inhibitory effect is concentration-dependent, reaching saturation at 1
µg/ml.
To compare the effects of the tested compounds in relation to the GluN2B-selective antagonist
Ro 25-6981, the inhibition levels caused by NANA1, NANA5, and NANA12 were plotted (bar
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graph in Fig. 3.6F) after normalization to Ro 25-6981-induced inhibition of NMDAR-EPSCs in
the same time-window in endoNF-treated slices (as measured in Fig. 3.3E). One-way ANOVA
revealed significant differences between inhibition levels after NANA1 (10 µg/ml), NANA5 (1
µg/ml), and NANA12 (1 µg/ml) (F(3,30) = 6.86, P = 0.001). The Holm-Sidak post hoc test showed
that the inhibitory effect of low concentration of NANA5 (1 µg/ml) was not significantly
different from this of NANA1 (10 µg/ml) (~50% of Ro 25-6981-mediated effect, P = 0.383, Fig.
3.6F), but high concentration of NANA5 (10 µg) reached significant difference compared with
control NANA1 (~70% of Ro 25-6981-mediated effect, P = 0.02, Holm-Sidak post hoc test). The
highest mean inhibition was produced by NANA12 at 1 µg/ml (~90% of Ro 25-6981-mediated
effect), and it was significantly higher than this measured after NANA1 (P < 0.001, Holm-Sidak
post hoc test). Taken together, these data indicate that both polySia NANA12 and oligoSia
NANA5 are able to inhibit NMDARs in the mPFC to a similar extent as Ro 25-6981 (0.3 µM).
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Fig. 3.6. OligoSia NANA5 inhibits evoked NMDAR-EPSCs in mPFC slices from C57BL/6 mice. (A)
Time courses of normalized amplitudes of evoked NMDAR-EPSCs (holding potential of –60 mV) during
basal recording followed by successive bath application of NANA5 (0.1 µg/ml) (A) or NANA5 (10
µg/ml) (C) and Ro 25-6981 (0.3 µM) in endoNF-treated mPFC slices. Representative examples of evoked
NMDAR-EPSCs for each treatment (color-coding and sequence number 1–3) are shown in the right
panels of A and C.
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(A, B) NANA5 (0.1 µg/ml) produced only weak inhibition of mean NMDAR-EPSC amplitude in
endoNF-treated slices. Please note that the subsequent bath addition of Ro 25-6981 significantly inhibited
the mean NMDAR-EPSC (bar graph in B). (C, D) NANA5 (10 µg/ml) significantly reduced mean
NMDAR-EPSC amplitude in endoNF-treated slices. The inhibition level of EPSC amplitude was
significantly increased after addition of Ro 25-6981 (bar graph in D). NMDAR-EPSCs were recorded in
whole-cell voltage-clamp mode at –60 mV in aCSF containing Mg2+ (0.1 mM), NBQX (10 µM), and
CGP-55845 (2 µM). (E) Concentration-response relationship showing the mean level of inhibition of
NMDAR-EPSC amplitude by NANA1, NANA5, and NANA12 measured in endoNF-treated mPFC slices.
(F) A summary bar graph showing mean inhibition of NMDAR-EPSC amplitude by NANA1, NANA5,
and NANA12 in endoNF-incubated mPFC slices (presented as the percentage of mean Ro 25-6981mediated inhibition of amplitude in endoNF slices shown in Fig. 3.3D, E). Numbers of cells recorded (n)
and mice used (N) are shown in bars as n/N. *P < 0.05, ***P < 0.001, for description of statistical analysis,
please see the text. Data are presented as mean ± SEM.

3.4. The polySia mimetic tegaserod inhibits NMDAR-mediated currents in mPFC
slices
Mimetics of polySia, molecules mimicking polySia’s structure and function, represent an
alternative option for restoration of functional impairments after polySia removal. A recent study
has shown that the small organic compound tegaserod acts as a polySia mimetic (Bushman et al.,
2014). Tegaserod is a clinically approved drug for therapy of irritable bowel syndrome (MullerLissner et al., 2001), and it is known to activate of 5-HT4 receptors on enteric neurons (Liu et al.,
2005). Tegaserod has been shown to stimulate neurite extension of Schwann cells, motoneurons,
and dorsal root ganglion neurons in vitro. Notably, this effect is independent of tegaserod’s
activity as 5-HT4 receptor agonist (Bushman et al., 2014). Moreover, tegaserod improves
functional recovery and histological measures after femoral nerve injury (Bushman et al., 2014)
as well as after spinal cord injury in mice (Pan et al., 2014). To assess whether tegaserod would
modulate NMDARs, I recorded evoked NMDAR-EPSCs from layer V pyramidal neurons before
and after the addition of tegaserod in sham- and endoNF-treated slices. Since tegaserod is a 5HT4 receptor antagonist, whole-cell patch-clamp recordings were performed in the presence of
the 5-HT4 receptor antagonist RS 39604 (10 µM).
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In sham-treated mPFC slices, tegaserod (0.1 µM) significantly inhibited basal NMDAR-EPSC
amplitude by 45.64 ± 7.39% (P = 0.0007, paired Student’s t test) (Fig. 3.7A). Since neither
NANA12 nor Ro 25-6981 had effects on NMDAR-EPSCs in sham-treated slices (Fig. 3.3D and
5A), this finding indicates that tegaserod does not inhibit selectively GluN2B-containing
NMDARs.
Similarly, in endoNF-treated slices, tegaserod (0.1 µM) significantly inhibited basal NMDAREPSC amplitude by 30.19 ± 4.52 % (P = 0.0045, paired Student’s t test). Unpaired Student’s t
test showed that the level of basal NMDAR-EPSC amplitude inhibition in endoNF-treated slices
was not significantly different from this measured in sham-treated controls (Fig. 3.7B),
suggesting that tegaserod inhibits NMDAR-mediated currents in a manner that is independent of
its action as 5-HT4 receptor agonist, but tegaserod’s effect on NMDARs is different from that
underlying the action of polySia.

Fig. 3.7. PolySia mimetic tegaserod inhibits evoked NMDAR-mediated currents in mPFC slices. (A)
Examples (top, averages of 8–10 traces) and time courses of normalized amplitudes (bottom) of evoked
NMDAR-EPSCs recorded from layer V pyramidal neurons during basal recording (black traces) and after
the addition of tegaserod (0.1 µM, blue traces) in sham- and endoNF-treated mPFC slices from C57BL/6
mice. Please note that tegaserod inhibited NMDAR-EPSCs not only in sham- but also in endoNF-treated
slices. The experimental design (inset, top left) was analogous to Fig. 3.3A, D. NMDAR-EPSCs were
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recorded in whole-cell voltage-clamp mode at –60 mV in aCSF containing Mg2+ (0.1 mM), NBQX (10
µM), CGP-55845 (2 µM), and RS 39604 (10 µM). II/III, V, cortical layer; R, recording electrode. (B) A
bar graph showing similar levels of mean inhibition of basal NMDAR-EPSCs after tegaserod application
in sham- and endoNF-treated slices. Numbers of cells recorded (n) and mice used (N) are shown in bars as
n/N. Data are presented as mean ± SEM.

3.5. Pharmacological restoration of abnormal long-term potentiation in mPFC slices
by Ro 25-6981, sarcosine, or NANA12
Several studies have shown that activation of GluN2B-containing NMDARs supports the
induction of long-term depression (LTD) (Liu et al., 2004; Massey et al., 2004; Papouin et al.,
2012). Furthermore, it has been proposed that synaptic NMDARs mediate the induction of longterm potentiation (LTP), whereas both synaptic and extrasynaptic NMDARs promote LTD
(Rusakov et al., 2004; Papouin et al., 2012). Because endoNF treatment increased
GluN1/GluN2B-mediated component of synaptic currents (Fig. 3.3) and tonic currents mediated
by extrasynaptic NMDARs (Fig. 3.4), we asked whether acute removal of polySia using endoNF
would alter LTP in mPFC slices. To this aim, I recorded theta-burst stimulation (TBS)-induced
LTP at layer II/III–layer V synapses in sham- and endoNF-treated mPFC slices from C57BL/6
mice. Induction of LTP in the mPFC is NMDAR-dependent, as shown previously (Fossat et al.,
2012). In sham-treated slices, delivery of TBS reliably induced stable LTP of fEPSPs (144.82 ±
6.71%, Fig. 3.8A, D). In contrast, mean LTP level in endoNF-treated slices (101.31 ± 5.06%)
was markedly impaired in comparison with sham-treated slices (Fig. 3.8A, D). One-way
ANOVA revealed significant differences in LTP levels between treatment groups (F(7,65) =
15.390, P < 0.001). A Holm-Sidak post hoc test showed a significant difference between shamand endoNF-treated slices (P < 0.001). Notably, the relationship between fEPSP slope and
stimulation intensity (input-output curve) in endoNF-treated slices was similar to this in shamtreated controls (F(1,89) = 0.0293, P = 0.866, two-way repeated measures ANOVA, Fig. 3.9),
suggesting that reduced LTP levels in endoNF-treated slices are not mediated through changes in
basal synaptic transmission. Since basal fEPSPs are mediated mainly through AMPARs (Myme
et al., 2003), the unaltered input-output curves confirm the lack of changes in NMDAR/AMPAR
ratio in endoNF-treated slices as shown using whole-cell recordings (Fig. 3.3C).
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Because endoNF-treated slices exhibited elevated GluN2B-mediated currents (Fig. 3.3D–F) and
since the GluN2B-selective antagonist Ro 25-6981, polySia NANA12, and oligoSia NANA5
inhibited a similar fraction of evoked NMDAR-EPSCs, we sought to determine whether these
compounds could restore impaired LTP via inhibition of GluN2B-NMDARs. Indeed, both Ro 256981 (0.3 µM) and NANA12 (1 µg/ml) led to increased mean LTP levels in endoNF-treated
mPFC slices (140.04 ± 9.05% in endoNF+Ro 25-6981; 130.26 ± 4.67% in endoNF+NANA12,
Fig. 3.8B, D). A Holm-Sidak post hoc test showed that LTP levels in endoNF-treated slices
perfused with Ro 25-6981 or NANA12 were significantly higher than those in endoNF-treated
slices in normal aCSF (P = 0.005 for endoNF vs. endoNF+Ro 25-6981; P = 0.027 for endoNF
vs. endoNF+NANA12, Holm-Sidak post hoc test, Fig. 3.8D). Further, mean LTP levels in
endoNF-treated slices perfused with Ro 25-6981 or NANA12 were not significantly different
from those in sham-treated slices (P = 0.951 for sham vs. endoNF+Ro 25-6981; P = 0.590 for
sham vs. endoNF + NANA12, Holm-Sidak post hoc test, Fig. 3.8D). Mean LTP levels in Ro 256981 and NANA12 were similar (P = 0.917, Holm-Sidak post hoc test, Fig. 3.8D). Thus, these
results suggest that both Ro 25-6981 and NANA12 can fully restore impaired synaptic plasticity
in the mPFC.
Ro 25-6981 (0.3 µM) had no effect on LTP in sham-treated mPFC slices compared with shamtreated controls perfused in normal aCSF (129.23 ± 6.37% in sham+Ro 25-6981; 129.16 ±
4.34% in sham; P = 0.993, unpaired Student’s t test, Fig. 3.10), indicating that, under our
recording conditions, the GluN1/GluN2B-NMDARs blocked at this low concentration of Ro 256981 are not involved in the induction of mPFC LTP in normal brains.
In contrast, neither NANA5 (1 µg/ml) nor NANA5 (10 µg/ml) were able to restore LTP in
endoNF-treated slices (74.45 ± 8.60% in endoNF+NANA5 (1 µg/ml); 100.86 ± 5.89% in
endoNF+NANA5 (10 µg/ml)). The LTP level in endoNF-treated slices perfused in NANA5 (1
µg/ml) was significantly lower than that in sham-treated slices in normal aCSF (P < 0.001, HolmSidak post hoc test, Fig. 3.8D) but similar to that in endoNF-treated slices (P = 0.104, HolmSidak post hoc test). The mean LTP level in endoNF-treated slices perfused in NANA5 (10
µg/ml) was still significantly lower than this in sham-treated slices in normal aCSF (P < 0.001,
Holm-Sidak post hoc test) and comparable to this in endoNF-treated slices in normal aCSF (P =
0.964, Holm-Sidak post hoc test). These data thus indicate that, in contrast to NANA12, NANA5
does not improve LTP induction, although both compounds could inhibit NMDAR-EPCSs.
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Moreover, application of NANA5 (1 µg/ml) had no effect on the basal fEPSP slope in shamtreated slices (reduction by 15.16 ± 9.96%; P = 0.203, paired Student’s t test Fig. 3.11),
suggesting that a lack of NANA5’s support of LTP is not mediated via changes in basal synaptic
transmission. Other possible side effects of NANA5 were not investigated in the frame of this
study.
In our search for further pharmacological treatments of LTP deficits, we tested whether abnormal
LTP can be restored by the inhibitor of glycine transporter type 1 (GlyT1) sarcosine. Importantly,
glycine is an endogenous agonist of the NMDAR glycine site. Under normal physiological
conditions, the glycine site is not saturated because glycine concentration in the synaptic cleft is
maintained at relatively low levels by the glial GlyT1. Accordingly, inhibitors of GlyT1 block
the uptake of glycine, thus leading to increased concentration of glycine near synaptic NMDARs
(Bergeron et al., 1998; Chen et al., 2003; Martina et al., 2004). Previous studies have shown that
GlyT1 inhibitors potentiate NMDAR-mediated currents and increase LTP levels in the
hippocampal CA1 subregion (Bergeron et al., 1998; Martina et al., 2004; Depoortere et al., 2005)
and mPFC (Chen et al., 2003). In the presence of sarcosine (0.75 mM), the mean magnitude of
LTP in endoNF-treated slices was 137.66 ± 3.38%, a level similar to to that measured in shamtreated slices in normal aCSF (P = 0.869, Holm-Sidak post hoc test, Fig. 3.8C, D). Of note, the
mean LTP in endoNF-treated slices in sarcosine (0.75 mM) was significantly higher than that in
endoNF-treated slices in normal aCSF (P = 0.001, Holm-Sidak post hoc test).
Recently, several novel inhibitors with improved specificity and affinity for GlyT1 have shown
positive effects on NMDAR-mediated cognitive functions in rodent models (reviewed by (Javitt,
2012; Harvey and Yee, 2013)). Therefore, I next tested the effects of the highly potent and
specific GlyT1 inhibitor SSR 504734 on synaptic plasticity in the mPFC. In line with sarcosine’s
positive effect, the magnitude of LTP in endoNF-treated slices in the presence of SSR 504734 (3
µM) was fully restored to sham level (157.22 ± 10.87% in endoNF+SSR 504734; endoNF+SSR
504734 vs. sham, P = 0.751, Holm-Sidak post hoc test, Fig. 3.8C, D). Furthermore, LTP
magnitude in endoNF-treated slices perfused in SSR 504734 was significantly higher than this in
endoNF-treated slices in normal aCSF (P < 0.001, Holm-Sidak post hoc test). Thus, these results
suggest that GlyT1 inhibitors can reliably rescue abnormal synaptic plasticity caused by polySia
removal.
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Fig. 3.8. Impaired long-term potentiation (LTP) of fEPSPs in mPFC slices after endoNF treatment
and its restoration by GluN2B-specific antagonist Ro 25-6981, NANA12, and GlyT1 inhibitors. (A–
C) Time courses of normalized mean slopes and representative examples (insets) of field excitatory
postsynaptic potentials (fEPSPs) recorded before and after induction of LTP by theta-burst stimulation
(TBS) in endoNF- and sham-treated mPFC slices from C57BL/6 mice. (A) In endoNF-treated slices, mean
LTP magnitude in the mPFC was strongly reduced compared with sham-treated slices. Recordings of
fEPSPs in A were performed in normal aCSF. (B) In the presence of Ro 25-6981 (Ro25, 0.3 µM) or
NANA12 (1 µg/ml), mean LTP levels in endoNF-treated slices were similar to those measured in shamtreated slices in A. (C) In the presence of the glycine transporter type 1 inhibitors sarcosine (0.75 mM) or
SSR 504734 (3 µM), mean LTP levels in endoNF-treated slices were restored to the level of those in
sham-treated slices in A. (A–C) Arrows indicate the time points at which five trains of TBS were applied
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via stimulation electrode. Example fEPSPs (insets) represent averages of 30 fEPSPs recorded during a 10min time interval before TBS (basal recording, black trace) and 50–60 min after TBS (gray trace) in each
condition. Slopes of fEPSPs are presented as the percentage of mean fEPSP slope measured during basal
recording. (D) A bar graph showing mean levels of LTP measured 50–60 min after TBS delivery in A–C.
Please note that NANA12 was continuously perfused at concentration of 1 µg/ml (1). NANA5 was
perfused at 1 µg/ml (1) and 10 µg/ml (10). *P < 0.05, **P < 0.01, ***P < 0.001, for description of statistical
analysis, please see the text. Numbers of slices recorded (n) and mice used (N) are shown in bars as n/N.
Data are presented as mean ± SEM.
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Fig. 3.10. Unaltered long-term potentiation (LTP) of fEPSPs in the mPFC in the presence of
GluN2B-NMDAR antagonist Ro 25-6981. (A) Time courses and representative examples (inset) of
TBS-induced changes in fEPSP slope in sham-incubated mPFC slices from C57BL/6 mice without and
with bath perfusion of Ro 25-6981 (Ro25, 0.3 µM). Please note that Ro 25-6981 did not alter LTP
magnitude in sham-treated slices. An arrow indicates the time point at which five trains of TBS were
applied via stimulation electrode. Example fEPSPs represent averages of 30 fEPSPs recorded during a 10min time interval before TBS (basal recording, black trace) and 50–60 min after TBS (gray trace) in each
condition. Slopes of fEPSPs are presented as the percentage of mean fEPSP slope measured during basal
recording. (B) A bar graph (right) showing mean LTP levels measured 50–60 min after TBS in Ro 256981-treated sham-incubated slices compared with untreated (in normal aCSF) sham-incubated slices.
Numbers of slices recorded (n) and mice used (N) are shown as n/N in parentheses. Data are presented as
mean ± SEM.
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Fig. 11. Unchanged basal synaptic
transmission in mPFC after oligoSia
NANA5. Time course of normalized
fEPSP slope showing no changes in fEPSP
slope after application of NANA5 (1
µg/ml) in sham-treated slices. The slopes
of fEPSPs were presented as the percentage
of the mean fEPSP slope measured during
a 10-min basal recording before adding
NANA5. Numbers of slices recorded (n)
and mice used (N) are shown as n/N. Data
are presented as mean ± SEM.

3.6. EndoNF treatment does not alter theta-burst stimulation-evoked inhibitory
postsynaptic currents
Several immunohistochemical studies have demonstrated that polySia is expressed in a subset of
mature interneurons in the adult prefrontal cortex (Varea et al., 2005; Varea et al., 2007; CastilloGomez et al., 2011; Gomez-Climent et al., 2011). Consequently, it is possible that removal of
polySia would result in elevated activation of GluN2B-NMDARs on polySia-positive
interneurons, leading to reduced LTP levels via increased excitation of these interneurons. To test
the involvement of GABAergic interneurons during our LTP-inducing theta-burst stimulation
(TBS) protocol, I recorded isolated TBS-evoked inhibitory postsynaptic currents (IPSCs) in
normal aCSF at a holding potential of 0 mV, the reversal potential for postsynaptic currents
through glutamatergic AMPAR and NMDAR receptors. These receptors are cation non-selective
channels that are permeable for both Na+ and K+. At ~0 mV, their reversal membrane potential
(also known as equilibrium potential), influx of Na+ and efflux of K+ across the postsynaptic
membrane are balanced; thus, no postsynaptic current flows through the channel pore upon
binding of the neurotransmitter glutamate to the glutamate receptor (Myme et al., 2003; Purves et
al., 2008). Since this approach excludes AMPAR- and NMDAR-mediated currents, the remaining
fraction of postsynaptic current at 0 mV is predominantly mediated through GABAA receptors.
To normalize the level of excitation before the induction of TBS, I recorded basal AMPARmediated EPSCs at a holding potential of –60 mV and amplitude of ~100 pA in each cell. In
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summary, whole-cell recordings showed that the ratio between TBS-evoked IPSC amplitude and
basal EPSC amplitude was not changed in endoNF-treated slices compared with sham-treated
slices (Fig. 3.12). Two-way repeated measures ANOVA revealed no significant effects of
endoNF in TBS trains 1–5 (for TBS 1, F(1,98) = 0.316, P = 0.583); for TBS 2 (F(1,98) = 0.058, P =
0.812); for TBS 3 (F(1,98) = 0.004, P = 0.949); for TBS 4 (F(1,98) = 0.00001, P = 0.997); for TBS 5
(F(1,98) = 0.0544, P = 0.819, Fig. 3.12E). These findings indicate that inhibition of pyramidal cells
mediated by GABAergic interneurons was not affected by endoNF treatment during LTP
induction.
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Fig. 3.12. Unaltered theta-burst stimulation (TBS)-evoked inhibitory postsynaptic currents (IPSCs)
mediated by γ-aminobutyric acid type A (GABAA) receptors in endoNF-treated mPFC slices from
C57BL/6 mice. (A, C) Representative examples (averages of 10 traces) of synaptically evoked AMPARmediated basal excitatory postsynaptic currents (EPSCs), which were recorded before TBS in sham- (A)
and endoNF-treated slices (C). EPSCs were evoked by single electrical pulses at a frequency of 0.033 Hz
at a holding potential of –60 mV. (B, D) Representative traces of TBS-evoked IPSCs bursts recorded
during the first train of TBS (TBS 1) and the fifth train of TBS (TBS 5) in sham- and endoNF-treated
slices. Please note that these IPSCs were recorded at a holding potential of 0 mV. Recordings of both
EPSCs and IPSCs were performed in whole-cell voltage-clamp mode in normal aCSF. Arrows (lower
panel in D) show the time points at which a burst consisting of four electrical stimuli at 100 Hz (4x) was
delivered. (E) Plots showing the ratio between mean amplitudes of TBS-evoked IPSCs during each TBS
train (TBS 1–5) and peak amplitude of basal EPSCs, which were recorded before TBS in sham- and
endoNF-treated slices. Of note, in all five TBS trains, endoNF-treated slices showed unchanged
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IPSC/basal EPSC ratio compared with those in sham-treated slices. Numbers of cells recorded (n) and
mice used (N) are shown as n/N in parentheses. Data are presented as mean ± SEM.

3.7. Increased GluN2B-mediated currents in ST8SIA4-deficient mice
Adult mice deficient in the polysialyltransferase ST8SIA4 (St8sia4–/–) show no polySia in the
mPFC ((Eckhardt et al., 2000; Nacher et al., 2010). To investigate the effects of genetic ST8SIA4
ablation on NMDARs, I recorded AMPAR- and NMDAR-mediated currents from layer V
pyramidal neurons in mPFC slices from St8sia4–/– mice and their wild-type littermates
(St8sia4+/+ mice) using whole-cell patch-clamp recordings. Consistent with results in endoNFtreated slices (Fig. 3.3C), the NMDAR/AMPAR ratio in St8sia4–/– mice (0.33 ± 0.02) was similar
to that in their wild-type St8sia4+/+ littermates (0.35 ± 0.04, P = 0.429, unpaired Student’s t test,
Fig. 3.13B).
Because GluN2B-mediated currents in mPFC pyramidal neurons from endoNF-treated slices
were increased (Fig. 3.3D), we asked whether this change would be present in mPFC pyramidal
cells in polySia-deficient St8sia4–/– mice. To this aim, I performed whole-cell recordings of
isolated NMDAR-EPSCs from pyramidal cells in mPFC slices from St8sia4–/– and St8sia4+/+
mice and examined the contribution of GluN1/GluN2B-NMDARs by applying low concentration
of the GluN2B-selective antagonist Ro 25-6981 (0.3 µM). Inhibition of NMDAR-EPSC
amplitude by Ro 25-6981 in St8sia4–/– mice (10.32 ± 1.49%) was not significantly different from
this in St8sia4+/+ mice (6.71 ± 3.46%, P = 0.536, Mann-Whitney rank sum test, Fig. 3.13D).
However, inhibition of NMDAR-EPSC decay time was significantly higher in St8sia4–/– mice
(10.07 ± 3.42%) compared to that in St8sia4+/+ mice (2.82 ± 2.33%; P = 0.007, Mann-Whitney
rank sum test, Fig. 3.13E). These data suggest that genetic ablation of polySia-synthesizing
polysialyltransferase ST8SIA4 leads to increased contribution of the GluN2B-mediated currents
(presumably GluN1-GluN2B) in the mPFC, which is in agreement with GluN2B changes
observed in endoNF-treated slices.
Analysis of absolute amplitude (pA) and decay time (ms) of the same NMDAR-EPSCs showed
similar results (Fig. 3.13F, G). In wild-type St8sia4+/+ mice, the mean amplitude of NMDAREPSCs was 99.30 ± 12.45 pA during basal recording compared with 92.96 ± 12.88 pA after Ro
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25-6981. In St8sia4–/– mice, the mean NMDAR-EPSC amplitude was 94.93 ± 9.21 pA during
basal recording compared with 85.95 ± 9.56 pA in the presence of Ro 25-6981 (Fig. 3.13F). A
two-way repeated measures ANOVA revealed a significant effect of Ro 25-6981 on amplitude
(F(1,17) = 18.187, P <0.001), no effect of genotype on amplitude (F(1,17) = 0.139, P = 0.714), and
no drug x genotype interaction (F(1,17) = 0.541, P = 0.472,). In St8sia4+/+ mice, Holm-Sidak post
hoc test revealed significant differences between mean amplitude during basal recording and in
the presence of Ro 25-6981 (P = 0.033, Holm-Sidak post hoc test), which is in contrast with the
analysis of Ro 25-6981-mediated inhibition levels that showed no effect of Ro 25-6981 on
amplitude in wild-type mice (Fig. 13.3D). It is noteworthy that GluN2B contribution
predominantly influences the decay time of the NMDAR-EPSC but not necessarily its amplitude
(reviewed by (Paoletti et al., 2013)). In St8sia4–/– mice, Ro 25-6981 significantly inhibited mean
amplitude during basal recording and in the presence of Ro 25-6981 (P = 0.001, Holm-Sidak post
hoc test).
In wild-type St8sia4+/+ mice, mean decay time of NMDAR-EPSCs during basal recording was
123.42 ± 10.84 ms compared with 119.47 ± 9.87 ms after the addition of Ro 25-6981. In St8sia4–
/–

mice, mean decay time of NMDAR-EPSCs during basal recording was 98.72 ± 11.27 ms

versus 86.01 ± 9.36 ms after Ro 25-6981 (Fig. 3.13G).
A two-way repeated measures ANOVA revealed a significant effect of Ro 25-6981 on decay
time (F(1,17) = 13.656, P = 0.002), and a tendency for the effect of genotype (F(1,17) = 3.822, P =
0.067), as well as for drug x genotype interaction (F(1,17) = 3.789, P = 0.068). In wild-type
St8sia4+/+ mice, Holm-Sidak post hoc test revealed no significant difference in decay time
between basal recording and Ro 25-6981 (P = 0.266); however, in St8sia4–/– mice, Ro 25-6981
significantly reduced decay time compared with that during basal recording (P < 0.001),
confirming that GluN2B-mediated transmission is increased in St8sia4–/– mice.
Because tonic NMDAR-mediated currents were strongly increased in endoNF-treated slices, I
also recorded whole-cell holding currents before and after NMDAR-selective antagonist AP5 (50
µA) in layer V pyramidal neurons in mPFC slices from St8sia4–/– and St8sia4+/+ mice. These
recordings revealed that the mean NMDAR-tonic current in St8sia4–/– mice (35.75 ± 2.35 pA)
was similar to that recorded in St8sia4+/+ mice (33.42 ± 5.72 pA; P = 0.792, Mann-Whitney rank
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sum test, Fig. 3.14), suggesting a compensatory mechanism for tonic currents in these knockout
mice, in contrast to the increase in tonic currents after acute enzymatic depletion of polySia.

Fig. 3.13. Unchanged NMDAR/AMPAR ratio and increased GluN2B-mediated currents in
ST8SIA4-deficient mice. (A) Representative examples (averages of 8–10 traces) of fast, evoked
AMPAR-mediated EPSCs recorded in normal aCSF (gray traces) and slow NMDAR-EPSCs (black traces;
isolated in Mg2+ (0.1 mM), NBQX (10 µM), and CGP-55845 (2 µM)) from layer V pyramidal neurons in
mPFC slices from St8sia4+/+ and St8sia4–/– mice. The experimental design for evoked EPSCs in whole-cell
voltage-clamp mode at a holding potential of –60 mV is shown in inset (left). II/III, V, cortical layer; R,
recording electrode. (B) A bar graph showing similar mean NMDAR/AMPAR ratio in St8sia4–/– and
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St8sia4+/+ mice. (C) Representative examples (averages of 8–10 traces) of evoked NMDAR-EPSCs during
5-min basal recording (black traces) and 10–15 min after addition of Ro 25-6981 (Ro25, 0.3 µM, green
traces) in layer 5 pyramidal neurons in mPFC slices from St8sia4–/– and St8sia4+/+ mice. (D, E) Summary
bar graphs showing unaltered inhibition of NMDAR-EPSC peak amplitude (D) but significantly increased
inhibition of NMDAR-EPSC decay (E) after application of Ro 25-6981 in neurons from St8sia4–/– mice
compared with St8sia4+/+ mice. (F, G) Absolute values of peak amplitude (F) and decay time (G) of
evoked NMDAR-EPSCs were measured during a 5-min time interval before (basal) and 10–15 min after
application of Ro 25-6981 (Ro25, 0.3 µM). The cells analyzed are the same as in C–E. (F) Ro 25-6981
significantly reduced amplitude of NMDAR-EPSCs in pyramidal neurons from both St8sia4–/– and
St8sia4+/+ mice. (G) Please note that Ro 25-6981 significantly inhibited decay time of NMDAR-EPSCs in
St8sia4–/– mice but not in wild-type St8sia4+/+ mice. *P < 0.05, **P < 0.01, ***P < 0.001, for description of
statistical analysis, please see the text. Numbers of cells recorded (n) and mice used (N) are shown in bars
as n/N. Data are presented as mean ± SEM.

Fig. 3.14. Unaltered tonic NMDAR-mediated currents in ST8SIA4-deficient mice. (A) Representative
traces of NMDAR-mediated holding currents (holding potential +40 mV) recorded from layer V
pyramidal neurons before and after bath application of the NMDAR-specific antagonist AP5 (50 µM) in
mPFC slices from St8sia4+/+ and St8sia4–/– mice. The inset (left) illustrates the experimental design for
whole-cell voltage-clamp recordings of tonic currents. The recorded cell was not stimulated synaptically.
Tonic currents were recorded in aCSF containing the AMPAR-specific antagonist NBQX (10 µM),
GABAA receptor-specific antagonist picrotoxin (50 µM), and the GABAB receptor-specific antagonist
CGP-55845 (2 µM). Horizontal dotted lines show the basal level of holding current before the addition of
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AP5. II/III, V, cortical layer; R, recording electrode. (B) A bar graph summarizing the mean amplitude of
tonic NMDAR-mediated currents (measured as shift in holding current) recorded in pyramidal neurons in
slices from St8sia4+/+ and St8sia4–/– mice. The amplitude of tonic currents in St8sia4–/– mice was not
changed compared with that in wild-type St8sia4+/+ mice. Numbers of cells recorded (n) and mice used
(N) are shown presented in bars as n/N. Data are presented as mean ± SEM.

3.8. Impaired long-term potentiation in the mPFC of ST8SIA4-deficient mice and its
pharmacological rescue
Because endoNF treatment led to reduced LTP in the mPFC (Fig. 3.8), we next sought to
determine whether LTP induction is also affected in the mPFC of polySia-deficient St8sia4–/–
mice. To this end, I recorded TBS-induced LTP of fEPSPs at mPFC layer II/III–layer V synapses
in slices from St8sia4–/– mice and their wild-type littermates (St8sia4+/+). In agreement with
results in endoNF-treated slices, the level of LTP in slices from St8sia4–/– mice (87.10 ± 4.21%)
was significantly reduced compared with St8sia4+/+ mice (128.96 ± 6.99%; two-way ANOVA,
significant effect of genotype (F(1,68) = 15.623, P < 0.001); Holm-Sidak post hoc test for untreated
St8sia4–/– vs. untreated St8sia4+/+, P < 0.001; Fig. 3.15A, G), indicating that both acute polySia
removal and genetic ablation of polySia-synthesizing ST8SIA4 lead to abnormal synaptic
plasticity in this brain region.
Previous studies have suggested that glutamate spillover activating extrasynaptic NMDARs is
stronger at room temperature (21–23°C) than at physiological temperature (35–37°C) because
glutamate clearance from the extrasynaptic space is impoved at 35–37°C (Asztely et al., 1997;
Kullmann and Asztely, 1998). To test whether the impairment of LTP in polySia-deficient mice
depends on recording temperature, I repeated LTP recordings in mPFC slices from St8sia4–/–
mice and their wild-type littermates at 35°C. In agreement with recordings at room temperature
(Fig. 3.15A), fEPSP recordings revealed that the strong reduction in LTP levels in St8sia4–/–
compared with St8sia4+/+ mice persisted at physiological temperature (95.93 ± 10.00% in
St8sia4–/– at 35°C; 147.00 ± 7.54% in St8sia4+/+ at 35°C; Holm-Sidak post hoc test for St8sia4–/–
at 35°C vs. St8sia4+/+ at 35°C, P < 0.001; Fig. 3.15B, G). In slices from St8sia4–/– mice, HolmSidak post hoc test revealed no significant difference in LTP levels between physiological and
room temperature (Holm-Sidak post hoc test for St8sia4–/– at 35°C vs. St8sia4–/– untreated, P =
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0.384, Fig. 3.15G), suggesting that the activation of extrasynaptic NMDARs by TBS (in contrast
to a single pulse) at physiological temperature is similar to that measured at room temperature.
Since the GluN2B-selective antagonist Ro 25-6981, short-chain polySia NANA12, and the
GlyT1 inhibitor sarcosine restored LTP in endoNF-treated mPFC slice, we wondered whether
these pharmacological treatments would improve LTP in St8sia4–/– mice.
In the presence of Ro 25-6981 (0.3 µM), LTP levels in mPFC slices from St8sia4–/– mice (125.86
± 6.73%) were fully restored to the level of wild-types (128.15 ± 4.83%; two-way ANOVA,
significant effect of treatment, F(4,68) = 7.781, P < 0.001; significant genotype x treatment
interaction, F(4,68) = 7.042, P < 0.001; Holm-Sidak post hoc test for St8sia4–/– + Ro 25-6981 vs.
St8sia4+/+ + Ro 25-6981, P = 0.967). It is noteworthy that LTP levels in St8sia4–/– slices perfused
in Ro 25-6981 were significantly higher than those in untreated St8sia4–/– slices (Holm-Sidak post
hoc test for St8sia4–/– + Ro 25-6981 vs. St8sia4–/– untreated, P < 0.001; Fig. 3.15C, G).
Consistent with the effects of Ro 25-6981, NANA12 (1 µg/ml) increased LTP magnitude in
St8sia4–/– mice to 135.41 ± 7.85%, a level significantly higher than that in untreated St8sia4–/–
slices (Holm-Sidak post hoc test for St8sia4–/– +NANA12 vs. St8sia4–/– untreated, P < 0.001, Fig.
3.15D, G). Moreover, LTP levels in St8sia4–/– slices perfused with NANA12 were not
significantly different from those in NANA12-treated St8sia4+/+ slices (136.96 ± 6.19%; HolmSidak post hoc test for St8sia4–/– +NANA12 vs. St8sia4+/+ +NANA12, P = 0.873). Thus, these
data suggest that LTP induction in ST8SIA4-deficient mice was restored by NANA12 via
inhibition of GluN1/GluN2B-NMDARs, which is in line with LTP restoration by NANA12 in
endoNF-treated slices.
Similarly, LTP levels in mPFC slices from St8sia4–/– mice perfused in sarcosine (0.75 mM)
(146.63 ± 3.20%) were significantly higher than those measured in untreated St8sia4–/– slices
Holm-Sidak post hoc test for St8sia4–/– + sarcosine vs. St8sia4–/– untreated, P < 0.001; Fig.
3.15E, G). In line with the effects of Ro 25-6981 and NANA12, LTP levels in sarcosine-treated
St8sia4–/– slices and sarcosine-treated wild-type slices (140.09 ± 8.09%) were similar (HolmSidak post hoc test for St8sia4–/– +sarcosine vs. St8sia4–/– +sarcosine, P = 0.548), indicating that
potentiating synaptic NMDARs by GlyT1 inhibitors can compensate for the GluN2B-mediated
disturbance of LTP.
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It has to be noted that neither Ro 25-6981, NANA12, or sarcosine had effects on LTP induction
in St8sia4+/+ mice (Holm-Sidak post hoc test for St8sia4+/+ +Ro 25-6981 vs. St8sia4+/+ untreated,
P = 0.776; for St8sia4+/+ +NANA12 vs. St8sia4+/+ untreated, P = 0.852; for St8sia4+/+ +sarcosine
vs. St8sia4+/+ untreated, P = 0.856; Fig. 15C–E), consistent with the unaltered LTP recorded in
the presence of Ro 25-6981 in sham-treated slices from C57BL/6 mice (Fig. 3.10).
In line with the inability of oligoSia NANA5 to rescue LTP in endoNF-treated slices (Fig. 3.8),
NANA5 (10 µg/ml) had a tendency to impair LTP induction in slices from St8sia4+/+ mice
(101.09 ± 15.66% in St8sia4+/+ +NANA5), although the difference between NANA5-treated
St8sia4+/+ slices and untreated wild-type slices did not reach statistical significance (unpaired
Student’s t test for St8sia4+/+ +NANA5 vs. St8sia4+/+ untreated, P = 0.147; Fig. 3.15F, G. This
finding hence indicates that, in contrast to NANA12, the shorter NANA5 does not enhance and
may even inhibit synaptic plasticity.
In summary, these findings indicate that the low concentration of the GluN2B antagonist Ro 256981, short polySia fragments NANA12, and the GlyT1 inhibitor sarcosine could normalize
deficits in cortical synaptic plasticity in polySia-deficient mice, whereas oligoSia NANA5 had
detrimental effects on LTP.
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Fig. 3.15. Impaired long-term potentiation (LTP) in the mPFC of ST8SIA4-deficient mice and its
restoration by Ro 25-6981, NANA12, and sarcosine. (A–F) Time courses of normalized mean slopes
and representative examples of field excitatory postsynaptic potentials (fEPSPs, insets) in mPFC slices
from St8sia4–/– mice and their wild-type littermates (St8sia4+/+ mice). (A) Decreased levels of theta-burst
stimulation (TBS)-induced LTP recorded in normal aCSF (untreated) in mPFC slices from St8sia4–/– mice
compared with St8sia4+/+ mice. (B) At physiological temperature (35°C), reduced levels of LTP in mPFC
slices from St8sia4–/– mice compared with St8sia4+/+ mice persist. Recordings in A and B were performed
in normal aCSF. (C–E) In slices from St8sia4–/– mice, the levels of LTP were fully restored to the level of
wild-type St8sia4+/+ mice in the presence of either Ro 25-6981 (Ro25, 0.3 µM) (C), short-chain polySia
NANA12 (1 µg/ml) (D), or sarcosine (0.75 mM) (E). Please note that LTP levels in slices from St8sia4+/+
mice remained unchanged in the presence of either Ro 25-6981 (0.3 µM) (C), NANA12 (1 µg/ml) (D), or
sarcosine (0.75 mM) (E). (F) In the presence of oligoSia NANA5 (10 µg/ml), LTP induction in wild-type
St8sia4+/+ mice was impaired. Arrows indicate the time points at which five trains of TBS were applied via
stimulation electrode. Example fEPSPs (insets) represent averages of 30 fEPSPs recorded during a 10-min
time interval before TBS (basal recording, black trace) and 50–60 min after TBS (gray trace) in each
condition. Slopes of fEPSPs are presented as the percentage of mean fEPSP slope measured during basal
recording. (G) A bar graph summarizing LTP levels measured 50–60 min after TBS delivery in slices
from St8sia4–/– and St8sia4+/+ mice in A–F. ###P < 0.001, for description of statistical analysis, please see
the text. Numbers of slices recorded (n) and mice used (N) are shown in bars as n/N. Data are presented as
mean ± SEM.

3.9. Decreased mPFC LTP levels in NCAM-deficient mice can be restored by
sarcosine
Previous studies have demonstrated that constitutively NCAM-deficient (Ncam–/–) mice show
impaired LTP in the CA1 subregion of the hippocampal slices (Kochlamazashvili et al., 2010;
Kochlamazashvili et al., 2012). Importantly, Ncam–/– mice show a nearly total loss of both
NCAM and polySia in the hippocampus and mPFC (Cremer et al., 1994). To assess whether
NCAM deficiency would affect synaptic plasticity in the mPFC and to test the effects of GlyT1
inhibitors on LTP, I recorded TBS-induced LTP of fEPSPs at mPFC layer II/III–layer V synapses
in slices from Ncam–/– mice and their wild-type littermates in normal aCSF and then repeated
these recordings in the presence of sarcosine (0.75 mM). In normal aCSF, mean LTP levels in
slices from Ncam–/– mice (106.62 ± 3.67%) were significantly lower compared with those from
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wild-type Ncam+/+ mice (129.38 ± 4.40%; Fig. 3.16A, C). Importantly, in the presence of
sarcosine, the LTP magnitude in Ncam–/– mice (131.96 ± 4.69%) was similar to that measured in
Ncam+/+ mice (129.19 ± 4.41%; Fig. 3.16B, C). A two-way ANOVA revealed significant effects
of mouse genotype (F(1,35) = 4.246, P = 0.047), drug treatment (F(1,35) = 6.702, P = 0.014), and a
significant genotype x treatment interaction (F(1,35) = 6.811, P = 0.013). A Holm-Sidak post hoc
test showed a significant reduction of mean LTP magnitude in Ncam–/– mice compared with
Ncam+/+ mice (P < 0.001, Fig. 3.16A, C), which is in line with the impaired LTP in endoNFtreated mPFC slices as well as in St8sia4–/– slices.
In slices from Ncam+/+ mice, sarcosine did not alter LTP levels compared with untreated Ncam+/+
slices (P = 0.990, Holm-Sidak post hoc test, Fig. 3.16B, C). In slices from Ncam–/– mice,
however, sarcosine significantly increased mean LTP levels (P < 0.001, Holm-Sidak post hoc
test, Fig. 3.16B, C), thus confirming the efficacy of sarcosine in restoring impaired LTP in
endoNF-treated slices and St8sia4–/– slices without altering synaptic plasticity in sham-treated or
wild-type slices.
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Fig. 3.16. Impaired long-term potentiation (LTP) in mPFC slices from NCAM-deficient mice and its
restoration by sarcosine. (A, B) Time courses of normalized mean slopes and representative examples of
field excitatory postsynaptic potentials (fEPSPs, insets) in mPFC slices from Ncam–/– mice and their wildtype littermates (Ncam+/+ mice). (A) In normal aCSF (untreated), slices from Ncam–/– mice showed
reduced levels of TBS-induced LTP compared with Ncam+/+ mice. (B) In the presence of sarcosine (0.75
mM), LTP levels in slices from Ncam–/– mice were fully restored to the level of wild-type controls. Arrows
indicate the time points at which five trains of TBS were applied via stimulation electrode. Example
fEPSPs (insets) represent averages of 30 fEPSPs recorded during a 10-min time interval before TBS (basal
recording, black trace) and 50–60 min after TBS (gray trace) in each condition. Slopes of fEPSPs are
presented as the percentage of mean fEPSP slope measured during basal recording. (C) A summary bar
graph showing mean LTP levels recorded 50–60 min after TBS in slices from Ncam–/– mice in each
treatment.

###

P < 0.001, for description of statistical analysis, please see the text. Numbers of slices

recorded (n) and mice used (N) are shown in bars as n/N. Data are presented as mean ± SEM.
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4. DISCUSSION
The data obtained in the present study provide evidence that the glycan polySia supports
NMDAR-dependent synaptic plasticity at excitatory synapses by controlling the balance between
extrasynaptic and synaptic NMDARs in the mPFC (for a graphical summary, see Fig. 4.1). Using
patch-clamp recordings, we revealed that acute enzymatic depletion of polySia using endoNF or
genetic ablation of its polySia-synthesizing enzyme ST8SIA4 led to substantial increases in
evoked GluN2B-NMDAR-mediated currents as well as in tonic, extrasynaptic NMDARmediated currents recorded from pyramidal cells in mPFC slices. Field EPSP recordings further
showed that these changes in signaling through GluN2B-containing NMDARs resulted in
impaired LTP in the mPFC not only in endoNF-treated slices but also in slices from ST8SIA4deficient mice. Importantly, in polySia-depleted slices, short-chain polySia fragments NANA12
inhibited a fraction of NMDAR-mediated currents, which was similar to that blocked by the
highly selective GluN2B antagonist Ro 25-6981, when appied at 0.3 µM, a low micromolar
concentration specific for GluN1/GluN2B-NMDARs. Thus, we hypothesized that suppression of
GluN1/GluN2B-NMDARs would alleviate impaired synaptic plasticity in this region. In line with
this view, application of 0.3 µM Ro 25-6981 and NANA12 fully restored LTP induction in the
mPFC after endoNF treatment and in ST8SIA4-deficient mice. In addition, we showed that these
LTP deficits could be also rescued by potentiating synaptic NMDARs using sarcosine, a
clinically used inhibitor of the glycine transporter type 1 (GlyT1). Together, these data indicate
that re-balancing the signaling through synaptic versus extrasynaptic NMDARs rescues synaptic
plasticity in polySia/NCAM-deficient mice. Since schizophrenia patients show increased serum
levels of polySia-NCAM correlated with impaired declarative memory, negative symptoms, and
reduced PFC volume (Piras et al., 2015), our data suggest that NANA12 and highly potent GlyT1
inhibitors might provide promising options for treatment of the cognitive disturbances observed
in these patients.
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Fig. 4.1. Proposed mechanism underlying polySia-mediated modulation of NMDAR-dependent LTP
at excitatory synapses in the murine mPFC. (A) In wild-type mice, polySia-NCAM inhibits currents
through extrasynaptic GluN2B subunit-containing NMDARs. In our recording conditions, LTP in the
wild-type mPFC is mainly supported by synaptic NMDARs containing the GluN2A subunit. Please note
that the glial glycine transporter 1 (GlyT1) removes glycine from the synaptic space, thereby maintaining
a low glycine concentration in the vicinity of postsynaptic NMDARs under physiological conditions.
(B) Enzymatic removal of polySia using endoNF treatment or genetic ablation of polySia in St8sia4–/– or
Ncam–/– mice lead to increased evoked and tonic currents that might be predominantly mediated through
extrasynaptic GluN1/GluN2B-NMDARs, whereas currents through synaptic NMDARs might be reduced.
These changes ultimately result in strongly reduced LTP levels in endoNF-treated slices and slices from
St8sia4–/– or Ncam–/– mice. Abnormal LTP is fully restored by resetting the synaptic to extrasynaptic
NMDARs ratio using several pharmacological treatments, including i) GluN2B-NMDAR-specific
antagonist Ro 25-6981 (Ro25) at 0.3 µM, ii) polySia containing 12 sialic acid residues (NANA12), and
iii) glycine transporter 1 inhibitors sarcosine or SSR 504734. Pre, presynapse; Post, postsynapse; Glu,
glutamate; Gly, glycine.

4.1. Effects of polySia removal on NMDARs and synaptic plasticity in the mPFC

We recorded synaptically evoked NMDAR-mediated currents at room temperature (22–24°C)
instead at physiological temperature (35–37°C). Our decision was based on previous reports
(Asztely et al., 1997; Kullmann and Asztely, 1998) showing that the glutamate transporter95

dependent clearance of glutamate from the extrasynaptic space is less efficient at lower
temperatures, thereby allowing for a larger diffusion, also known as spillover, of extracellular
glutamate at room temperature compared with 35–37°C. In line with this view, Aszetely and
colleagues (1997) showed that activation of extrasynaptic NMDARs by a single-pulse electrical
stimulation is stronger at 22–24°C than at 35–37°C. Accordingly, we argue that the elevated
GluN2B-mediated component in our synaptic NMDAR-EPSCs reflects the excessive activation
of extrasynaptic rather than synaptic GluN2B subunits. Although we did not record evoked and
tonic currents at 35–37°C, at this temperature, we would expect reduced amplitudes of evoked
GluN2B-mediated currents and tonic NMDAR-mediated currents compared with our recordings
at room temperature. Our extracellular recordings revealed that extracellular GluN2B-mediated
impairments in LTP induction in ST8SIA4-deficient mice can be observed both at room and
physiological temperature. It has been shown that short trains of electrical stimuli or theta-burst
stimulation lead to overactivation of extrasynaptic GluN2B-NMDARs (Lozovaya et al., 2004),
which most likely occurs not only at room but also at physiological temperature. We did not
attempt to compare TBS-induced activation of extrasynaptic NMDARs at physiological
temperature, because even a single TBS train may induce plasticity of NMDAR-mediated
component and, thus, preclude accurate estimation of Ro 25-6981-sensitive component. Instead,
we relied on single-pulse stimulation at room temperature, which allowed us to reliably isolate
Ro 25-sensitive component of NMDARs currents.
To study the contribution of heterodimeric GluN1/GluN2B-containing NMDARs to synaptic
plasticity in the mPFC, we took advantage of low concentrations of Ro 25-6981, an allosteric,
high-affinity, selective antagonist of the GluN2B subunit, which shows a complex mode of action
(Karakas et al., 2011). It has been shown that Ro 25-6981 binds at the interface of the
heterodimer consisting of the GluN1 and GluN2B subunits (Karakas et al., 2011). Ro 25-6981 is
structurally related to ifenprodil, which is also non-competitive antagonist at GluN2B-NMDARs
(Williams, 1993). Compared with ifenprodil, however, Ro 25-6981’s potency in blocking
NMDARs containing GluN2B subunits is ~25-fold higher (Fischer et al., 1997). Recent studies
have reported that Ro 25-6981, at concentrations of up to 1 µM, specifically blocks
GluN1/GluN2B-NMDARs with an IC50 value in the nanomolar range (Volianskis et al., 2013).
Based on this characterization, France and coworkers have used 1 µM Ro 25-6981 to dissect the
contribution of GluN1/GluN2B-NMDARs to long-term depression (LTD) in the CA1 subregion
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of the juvenile hippocampus (France et al., 2017). In contrast, Ro 25-6981, at concentrations 3–
30

µM,

inhibits

heterotrimeric

GluN1/GluN2A/GluN2B-NMDARs,

and

Ro

25-6981

concentrations higher than 30 µM partially inhibit GluN1/GluN2A-NMDARs (Fischer et al.,
1997; Hatton and Paoletti, 2005; Volianskis et al., 2013; Hansen et al., 2014).
Moreover, the level of inhibition of NMDA-induced currents by Ro 25-6981 does not change at
different holding potentials, indicating a voltage-independent mode of action (Fischer et al.,
1997). Altoghether, these effects of Ro 25-6981 suggest that the pharmacological data obtained
using GluN2B-specific antagonists should be interpreted with special caution. One further
limitation of pharmacological manipulations using subunit blockers is that these drugs affect
NMDARs, which are expressed on both pyramidal cells and interneurons, thus affecting the level
of synaptic plasticity (reviewed by (Shipton and Paulsen, 2014)).
Acute removal of polySia by endoNF treatment caused a pronounced increase in tonic NMDARmediated currents, which is consistent with the increase of GluN2B-mediated component of
evoked NMDAR-mediated currents in endoNF-treated mPFC slices. It is important to note that
these tonic NMDAR-mediated currents reflect the tonic activation of extrasynaptic GluN2BNMDARs by ambient glutamate, and they have been reported to persist after blockade of
synaptic activity by TTX (Sah et al., 1989; Herman and Jahr, 2007; Le Meur et al., 2007; Papouin
et al., 2012; Povysheva and Johnson, 2012). The basal amplitude of tonic, NMDAR-mediated
holding currents recorded in the current study is in line with previous electrophysiological
experiments in brain slices containing the hippocampal CA1 subregion (Sah et al., 1989; Le Meur
et al., 2007; Papouin et al., 2012) or mPFC (Povysheva and Johnson, 2012). In support of
elevated activation of extrasynaptic GluN2B-NMDAs upon endoNF, two-photon Ca2+ imaging
has revealed strongly increased GluN2B-mediated Ca2+ transients recorded from the aspiny, most
likely extrasynaptic, portion of CA1 pyramidal cell dendrites after endoNF treatment of
hippocampal slices, and this phenotype could be restored by application of long-chain polySia
(Kochlamazashvili et al., 2010). Likewise, field EPSP recordings in hippocampal slices have
shown increased GluN2B- and decreased GluN2A-mediated synaptic transmission in the CA1
subregion of adult NCAM-deficient mice (Kochlamazashvili et al., 2010). To assess the
contribution of GluN2A subunit to NMDAR-mediated fEPSPs, Kochlamazashvili and coworkers (2010) have used the GluN2A-specific antagonist NVP-AAMO77. At a concentration of
0.25 µM, NVP-AAMO77 has been shown to block ~80% of GluN1/2A-NMDAR-mediated
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current and ~20% of GluN1/2B-NMDAR-mediated current (Bartlett et al., 2007). Based on these
previous findings in the polySia-deficient hippocampus, we assume that the observed increase via
GluN2B-mediated neurotransmission in the polySia-deficient mPFC might be accompanied by a
substantial decrease in GluN2A-mediated current.
Although ST8SIA4-deficient mPFC slices showed increased GluN2B-mediated component in
synaptically evoked NMDAR-mediated currents, tonic NMDAR-mediated currents in ST8SIA4deficient slices were not changed, indicating that the constitutive genetic ablation of polySia
results in a milder phenotype compared with acute polySia depletion. This phenotypic
discrepancy might be explained by compensatory mechanisms arising over the course of brain
development, and such mechanisms have been reported in several mouse models of
neurodegenerative diseases (reviewed by (Kreiner, 2015)). Nevertheless, both in endoNF-treated
slices and in ST8SIA4-deficient mice, the decay of NMDAR-mediated currents was strongly
affected by Ro 25-6981, and LTP was similarly impaired, suggesting that even if tonic NMDAR
currents are normalized, still signaling in response to evoked glutamate release may activate more
extrasynaptic GluN2B-NMDARs. This is an important point for further studies: not to rely
exclusively on analysis of tonic current but also to measure the evoked ones.
Taken together, our whole-cell patch-clamp recordings of evoked and tonic NMDAR-mediated
currents suggest that acute polySia depletion leads to elevated neurotransmission through
GluN2B-containing NMDARs not only in the CA1 subregion but also in the mPFC.
Several lines of evidence suggest that short-chain polySia NANA12 specifically inhibits
extrasynaptic heterodimeric GluN1/Glu2B-containing NMDARs in the mPFC. First, we revealed
that, in sham-treated mPFC slices, NANA12 largely precluded the inhibitory effect of 0.3 µM Ro
25-6981, indicating that NANA12 and GluN1/GluN2B-selective concentrations of Ro 25-6981
block a similar subset of GluN2B-NMDARs. Second, in HEK293 cells, NANA12 blocked
GluN1/GluN2B-mediated currents induced by application of 3 µM glutamate (Hussam Hayani,
unpublished results), a low micromolar glutamate concentration that is similar to the basal
concentration of glutamate in the extracellular space (Sherwin, 1999; Ueda et al., 2000). In
contrast, NANA12 does not inhibit GluN1/GluN2B-mediated currents induced by application of
100 µM glutamate (Hussam Hayani, unpublished results), a relatively high glutamate
concentration that is in the range of glutamate concentrations expected after presynaptic
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glutamate release in the synaptic cleft. Third, these findings are in agreement with previous
studies showing that long-chain polySia (25–50 residues) specifically inhibits GluN2B-NMDARmediated currents elicited by low micromolar glutamate concentrations in cultured hippocampal
neurons (Hammond et al., 2006). Fourth, single-channel patch-clamp recordings have revealed
that polySia selectively inhibits recombinant heterodimeric GluN1/Glu2B and heterotrimeric
GluN1/GluN2A/GluN2B-NMDARs that are reconstituted in lipid bilayers, whereas polySia has
no effect on GluN1/GluN2A-NMDARs (Kochlamazashvili et al., 2010). Fifth, the majority of
extrasynaptic NMDARs in the hippocampal CA1 subregion contain

predominantly

GluN1/GluN2B-NMDARs (Fellin et al., 2004; Hardingham and Bading, 2010). Sixth, application
of the enzymatic glutamate scavenger glutamic-pyruvic transaminase (GPT) rescues abnormal
LTP in slices from NCAM-deficient mice (Kochlamazashvili et al., 2010). This glutamate
scavenger has been revealed to decrease glutamate concentrations in the extracellular space
(Tsvetkov et al., 2004), implying that the impairment of LTP induction is mediated through
increased activation of extrasynaptic NMDARs.
Although oligoSia with a degree of polymerization equal to 5, NANA5, inhibited NMDARmediated currents, we assume that, in contrast to NANA12, NANA5 did not affect specifically
GluN2B-containing NMDARs; consequently, it cannot be excluded that NANA5 has side effects,
which need to be addressed in future experiments.This view is supported by the negative effects
of NANA5 on LTP induction in polySia-deficient slices as well as in slices from wild-type mice.
Hammond and colleagues (2006) have proposed that polySia might bind positively charged
amino acids located at the extracellular S1 and S2 domains of the GluN2 subunit, thereby directly
interfering with glutamate binding to the NMDAR, although an indirect mechanism cannot be
completely excluded. A modelling study has identified that NMDAR shows four to six GluN2specific amino acid residues, which are located at the periphery of the glutamate-binding pocket
(Kinarsky et al., 2005), implying that only antagonists with a sufficiently large size are able to
reach and interact with these GluN2-specific residues. This might explain why GluN2B subunitcontaining NMDARs are spefically inhibited by NANA12 but not by NANA5 or by monomers
of sialic acid, NANA1.
Interestingly, brain-derived neurotrophic factor (BDNF) directly binds to polySia under
physiological conditions in vitro, and the formation of the BDNF–polySia complex depends on
chain length of polySia, requiring at least 12 sialic acid residues (Kanato et al., 2008). The same
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study has also shown that, after complex formation, BDNF binds to its receptors, TrkB and
p75NTR. Since polySia expression is altered the prefrontal cortex and hippocampus of
schizophrenic patients (Barbeau et al., 1995; Gilabert-Juan et al., 2012) (reviewed by (Vawter,
2000; Brennaman and Maness, 2010)), these changes might impair formation of BDNF–polySia
complex, thus indirectly leading to abnormal BDNF concentrations at TrkB receptors (Kanato et
al., 2008). Similarly, the interaction of polySia with BDNF provides an alternative explanation
for the impaired LTP in the mPFC of transgenic mice overexpressing the soluble extracellular
domain of NCAM (NCAM-EC) (Brennaman et al., 2011). Therefore, in future experiments, it
would be interesting to analyze BDNF signaling in the mPFC of these mice.
In contrast to short-chain NANA12, tegaserod, a polySia mimetic and 5-HT4 receptor agonist,
strongly inhibited NMDAR-mediated currents in the mPFC in control, sham-treated slices. Thus,
it is possible that tegaserod blocks transmission through synaptic GluN2A-containing NMDARs,
which would impair synaptic plasticity. Since our recordings were performed in the presence of a
5-HT4 receptor antagonist, we can exclude the involvement of 5-HT4 serotonin receptors.
Recently, tegaserod has been shown to compete with a peptide mimetic of polySia for binding to
the polySia-specific antibody 735 (Bushman et al., 2014). Similar to polySia, tegaserod potently
increases neurite outgrowth of Schwann cells, cerebellar granule neurons, dorsal-root-ganglion
neurons, and motoneurons in vitro (Bushman et al., 2014). These effects are mediated through
NCAM because tegaserod has no effect on neurite extension in motoneurons from NCAMdeficient mice (Bushman et al., 2014) . In in vivo mouse models, tegaserod shows positive effects
on functional recovery from peripheral nerve injury (Bushman et al., 2014) and spinal cord injury
(Pan et al., 2014). Given these findings in the peripheral nervous system, the observed unspecific
inhibition of NMDAR-mediated currents by tegaserod in the cortex is interesting, but it suggests
that its polySia-mimicking action is limited and depends on which polySia receptors are involved
in peripheral versus central nervous system.
In the present study, we performed recordings of NMDAR-mediated currents and LTP in the
prelimbic cortex, which is a part of the mPFC in the mouse brain (Van De Werd et al., 2010). In
our previous study, our laboratory has established recordings in the prelimbic area of mice
overexpressing the extracellular domain of NCAM (Brennaman et al., 2011). To standardize
recording conditions and to ensure comparability between studies, we decided to record from the
same area of the mPFC. Behavioral studies have shown differences in the circuitry between the
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prelimbic and infralimbic cortex of the mPFC. In brief, projections of the prelimbic cortex to the
basal amygdala support expression of fear memories, whereas projections of the infralimbic
cortex to the amygdala-intercalated cells contribute to fear extinction (reviewed by (Sotres-Bayon
and Quirk, 2010)).

4.2. Contribution of GluN2A and GluN2B subunits of NMDAR to synaptic plasticity

In untreated mPFC slices from adult 2–4-month-old C57BL/6 mice, we showed that application
of 0.3 µM Ro 25-6981 had no effect on evoked NMDAR-EPCSs and did not alter mPFC LTP,
supporting the notion that the majority of synaptic NMDARs in the adult mPFC are
heterotrimeric GluN1/GluN2A/GluN2B-containing NMDARs. The lack of inhibition by 0.3 µM
Ro 25-6981 and NANA12 in sham-treated mPFC slices is in agreement with recent studies
showing that synaptic, but not extrasynaptic, NMDARs promote induction of LTP in the
hippocampal CA1 subregion (Rusakov et al., 2004; Kochlamazashvili et al., 2010; Papouin et al.,
2012). Similarly, in the CA1 subregion, application of 0.5 µM Ro 25-6981 has no effect on LTP
induction, whereas 0.5 µM Ro 25-6981 blocks the induction of long-term depression in
hippocampal slices from 3–4-week-old rats (Liu et al., 2004).
The role of GluN2A and GluN2B subunits in LTP has been extensively debated over the last
decade, and their contribution might depend on several factors, including animal age, type of
LTP-inducing protocol, and specificity of subunit antagonists (reviewed by (Paoletti et al., 2013;
Papouin and Oliet, 2014; Shipton and Paulsen, 2014)).

Several studies have shown that

activation of GluN2A-containing NMDARs might mediate the induction of LTP, whereas
GluN2B-contianing NMDARs might support the induction of LTD (Liu et al., 2004; Massey et
al., 2004; Zhao and Constantine-Paton, 2007; Papouin et al., 2012). In contrast, several reports
have demonstrated that GluN2B might also contribute to LTP (Berberich et al., 2005; Zhao et al.,
2005; von Engelhardt et al., 2008); however, the possibility that these Glu2B-NMDARs are
synaptic rather than extrasynaptic cannot be completely excluded. Nevertheless, a previous study
has shown that Ro 25-6981, at concentrations of 0.3 µM and 3 µM, inhibited ~20% of evoked
NMDAR-mediated currents from layer II/III neurons in the anterior cingulate cortex (AAC), and
0.3 µM Ro 25-6981 blocked TBS-induced LTP at layer V–layer II/III synapses in AAC slices
(Zhao et al., 2005). This is in contrast to our findings in mPFC. These discrepancies in results
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might be explained by several differences in cortical subregion, cortical layer, animal age, and
species. In this regard, it is noteworthy that we recored NMDAR-mediated currents in layer V of
the prelimbic cortex from mice older than 8 weeks, while Zhao and coworkers recorded from
layer II/III neurons of the AAC from rats at the age of 6–8 weeks.

4.3. The impact of GABAergic inhibition
To study the contribution of GABAergic interneurons during LTP-inducing theta-burst
stimulation, we analyzed the ratio of GABAA receptor-mediated inhibitory postsynaptic currents
(IPSCs) to excitatory postsynaptic currents (EPSCs), which were recorded from layer V
pyramidal cells in endoNF- and sham-treated mPFC slices. The unaltered ratio between
inhibitory and excitatory currents after endoNF treatment suggests that, under our recording
conditions, polySia depletion had no effect on the inhibitory GABAergic innervation of
pyramidal cells during LTP induction. These results are in agreement with the prominent effects
of endoNF on GluN2B-containing NMDARs on excitatory pyramidal cells in the mPFC, which
were accompanied by reduced mPFC LTP levels after polySia removal. Consistently, LTP
deficits in in the hippocampal CA1 region of polySia-deficient slices persist when LTP is
recorded in the presence of the GABAA receptor antagonist bicuculline and the GABAB receptor
antagonist CGP 55845 (Kochlamazashvili et al., 2010). Of note, we also performed recordings of
LTP in mPFC slices in the presence of GABAA receptor antagonist picrotoxin, but picrotoxin
caused seizure-like activities and a pronounced distortion of fEPSP, thus preventing the reliable
analysis of fEPSP slope. In support of results from our laboratory, a recent report has shown that
enzymatic removal of polySia leads to reduced spine density of pyramidal neurons and decreased
expression of vesicular glutamate transporter-1, a marker of excitatory synapses, in the mPFC of
adult rats (Castillo-Gómez et al., 2016).
Importantly, several immunohistochemical studies have demonstrated that polySia is expressed
on a subset of mature GABAergic interneurons in the mPFC (Nacher et al., 2010; GomezCliment et al., 2011; Brennaman et al., 2013) (reviewed by (Nacher et al., 2013)), whereas
pyramidal cells in the adult mPFC lack polySia expression, although polySia-positive puncta,
which co-express inhibitory synaptic markers, surround the soma and principal apical dendrites
of pyramidal neurons (Castillo-Gomez et al., 2011; Gomez-Climent et al., 2011). These findings
are consistent with our immunohistochemical stainings showing that polySia can be detected in
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close proximity of dendritic spines on proximal dendrites of mPFC pyramidal cells. Thus, it is
possible that the effects of polySia removal on LTP are mediated through soluble polySia-NCAM
that has been released from interneurons to reach extrasynaptic NMDARs at excitatory synapses
(reviewed by (Varbanov and Dityatev, 2016)). Alternatively, polySia ablation might have effects
on excitatory synapses that are innervated by polySia-expressing interneurons (Castillo-Gómez et
al., 2016). Castillo-Gomez and colleagues (2016) further proposed that the enzymatic depletion
of polySia might lead to alterations in the structure and connectivity of polySia-expressing
interneurons, thereby affecting plasticity at excitatory synapses. It is noteworthy that endoN
treatment increases the density of inhibitory glutamic acid decarboxylase (GAD)65/67expressing, perisomatic puncta on pyramidal neurons in the mPFC of adult rats (Castillo-Gomez
et al., 2011); however, the density of GAD65/67-expressing puncta in the peridendritic region of
mPFC pyramidal neurons is not altered after endoN treatment (Castillo-Gomez et al., 2016).
Altogether, these findings indicate that polySia-NCAM might regulate the perisomatic
innervation of pyramidal cells by GABAergic interneurons. In this regard, the cell-specific role of
polySia could be uncovered by analysis of synaptic plasticity after conditional inactivation of the
polySia-synthesizing enzyme ST8SIA4 in interneurons versus pyramidal cells.
In addition to the LTP deficits in adult ST8SIA4-deficient mice observed in our laboratory, a
recent study has shown reduced densities of somatostatin- and parvalbumin-expressing
interneurons in the mPFC of both ST8SIA2- and ST8SIA4-deficient mice, and this reduction has
been found already at postnatal day P1 of brain development, suggesting disturbed migration of
GABAergic interneurons (Krocher et al., 2014). In light of reduced numbers of interneurons in
ST8SIA2-deficient mice, it is surprising that these mice show normal LTP levels (Gaga
Kochlamazashvili, unpublished data). This might be explained by the finding that density of
polySia-positive cells and polySia expression are normal in the mPFC of ST8SIA2-deficient
mice, whereas polySia expression is absent from the mPFC of ST8SIA4-deficient mice (Nacher
et al., 2010), suggesting that, at excitatory synapses, the presence of polySia expression might
partially compensate for developmental impairments in perisomatic GABAergic innervation.
Nevertheless, the contribution of GABAergic interneurons to LTP induction in the mPFC
remains to be analyzed. From our recordings of TBS-induced IPSCs, it is plausible to assume that
TBS does not effectively recruit somatostatin- and parvalbumin-expressing interneurons, and
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hence TBS-induced LTP is rather independent of polySia-mediated modulation of GABAergic
mechanisms.

4.4. Pharmacological restoration of synaptic plasticity after polySia removal
In the present study, we further showed that both polySia NANA12 and 0.3 µM Ro 25-6981 fully
rescued LTP levels in endoNF-treated slices as well as in ST8SIA4-deficient mPFC slices,
indicating that this restoration was most likely mediated through inhibition of extrasynaptic
GluN2B-NMDARs (see also Fig. 4.1). These results are in agreement with the restoration of
impaired CA1 LTP in NCAM-deficient mice by application of long-chain polySia (Senkov et al.,
2006) and Ro 25-6981 at 5 µM (Kochlamazashvili et al., 2010), a relatively high Ro 25-6981
concentration that is known to block heterotrimeric GluN1/GluN2A/GluN2B-NMDARs
(Volianskis et al., 2013) (reviewed by (Papouin and Oliet, 2014)). Interestingly, juvenile mice
that are haploinsufﬁciently heterozygous for the extracellular matrix protein Reelin show similar
impairments in LTP in the mPFC, which are rescued by a single in vivo injection of Ro 25-6981
(Iafrati et al., 2014). This phenotype resembles our current findings, and it suggests that Reelin
deficiency also causes abnormally elevated neurotransmission through GluN2B-containing
NMDARs in the mPFC early in brain development.
We also demonstrated that sarcosine, a glycine transporter type 1 (GlyT1) inhibitor, can fully
restore impaired LTP in the polySia-deficient mPFC. Likewise, our recordings show that
sarcosine fully rescued decreased LTP levels in the mPFC of NCAM-deficient mice. These data
are in line with previous studies showing that GlyT1 inhibitors potentiate synaptic NMDARmediated currents ex vivo in mPFC or in the hippocampal CA1 subregion, as well as NMDAevoked responses in the mPFC in vivo (Bergeron et al., 1998; Chen et al., 2003; Depoortere et al.,
2005; Fossat et al., 2012). Consistent with their effects on synaptic NMDARs, GlyT1 inhibitors
have been reported to enhance NMDAR-dependent LTP in the CA1 subregion (Martina et al.,
2004; Zhang et al., 2008; Alberati et al., 2012) and LTP recorded in vivo in the hippocampal
dentate gyrus (Kinney et al., 2003; Manahan-Vaughan et al., 2008). Moreover, several studies
have revealed that GlyT1 rescue behavioral disturbances in rodent models of schizophrenia and
Alzheimer’s disease (Boulay et al., 2008; Manahan-Vaughan et al., 2008; Harada et al., 2012;
Chaki et al., 2015). In clinical studies, GlyT1 inhibitors have been shown to improve negative
and cognitive symptoms in schizophrenic patients that are resistant to standard antipsychotic
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treatment (reviewed by (Shim et al., 2008; Tsai and Lin, 2010; Javitt, 2012)). In healthy subjects,
GlyT1 inhibitors can also reduce the schizophrenia-like psychotic symptoms induced by the
NMDAR antagonist ketamine (D'Souza et al., 2012).
The mechanism of action of GlyT1 inhibitors on NMDARs has been extensively studied
(reviewed by (Harvey and Yee, 2013)). In brief, GlyT1 inhibitors control the reuptake of glycine
by the GlyT1, which is expressed in glial cells and pre- and postsynaptic neurons at excitatory
synapses in several brain regions, including mPFC and hippocampus (Zafra et al., 1995b; Zafra et
al., 1995a; Cubelos et al., 2005). It is well known that blocking GlyT1 leads to reduced glycine
uptake, increasing synaptic glycine concentrations near postsynaptic NMDARs (Bergeron et al.,
1998; Chen et al., 2003; Fossat et al., 2012). Interestingly, a recent study has confirmed this
mechanism and has further shown that, under basal physiological conditions, glycine is the
endogenous co-agonist at extrasynaptic NMDARs in the hippocampus (Papouin et al., 2012).
These studies are also supported by the finding that GlyT1 blockade by sarcosine does not alter
the amplitude of extrasynaptic NMDAR-mediated currents (Le Meur et al., 2007). Taken
together, our data and previous reports suggest that sarcosine restored the observed LTP deficits
in endoNF-treated slices, ST8SIA4-deficient mice, and NCAM-deficient mice via potentiation of
synaptic NMDARs.
Over the last decade, several pharmaceutical companies have developed novel synthetic
inhibitors showing high selectivity and affinity for the GlyT1 transporter in combination with low
neurotoxicity effects. Some of these novel compounds include Bitopertin (also known as
RO4917838 and RG1678) by Hoffmann-La Roche, PF‑03463275 by Pfizer, GSK1018921 by
GlaxoSmithKline, and SCH 900435 (also known as Org 25935) by Yale University and Organon
(reviewed by (Harvey and Yee, 2013)). Bitopertin, a non-sarcosine-based, non-competitive
GlyT1 inhibitor, has been reported to improve negative and positive symptoms of schizophrenia
in two recent phase II randomized, double-blind studies (Bugarski-Kirola et al., 2014; Umbricht
et al., 2014), however, the phase III clinical trials with bitopertin have yielded negative results
(reviewed by (Beck et al., 2014; Singer et al., 2015)). In an editorial, Beck and co-workers (2016)
provided several lines of evidence that might explain bitopertin’s failure in the phase III trials.
First, the phase III trials tested drug effects on negative symptoms in chronic patients with
schizophrenia who show both primary and secondary negative symptoms. While primary
negative symptoms are known to be specific for schizophrenia, secondary symptoms are
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mediated through associated factors such as social isolation. Second, glutamatergic deficits
targeted by GlyT1 inhibitors, mainly occur in the early stages of schizophrenia (Poels et al.,
2014). Thus, bitopertin might be more efficient in patients showing only primary symptoms
rather than in those who already developed chronic schizophrenia with secondary symptoms
(Beck et al., 2016). Third, GlyT1 is not the only glycine transporter that is involved in regulating
the uptake of glycine at excitatory synapses—this function has been also reported in the case of
the small neutral amino acid transport (SNAT, SLC38) system, also known as System A (Javitt et
al., 2005). Considering that sarcosine is less specific for GlyT1 than bitopertin, the existence of
these additional transporters might explain sarcosine’s beneficial effects on negative symptoms in
schizophrenia patients (reviewed by (Javitt, 2012)). Taken together, these studies suggest that
new GlyT1 inhibitors with a broad action might represent a promising strategy for the treatment
of negative and cognitive symptoms in schizophrenia that are not improved by conventional
antipsychotic medications.

4.5. Downstream mechanisms of GluN2B overactivation
In the CA1 subregion of NCAM-deficient mice and endoNF-treated hippocampal slices, the upregulation of extrasynaptic GluN2B-NMDARs has been demonstrated to result in reduced LTP
levels via increased activation of Ras guanine nucleotide-releasing factor 1 (Ras-GRF1) and
increased phosphorylation of the p38 mitogen-activated protein kinase (p38 MAPK)
(Kochlamazashvili et al., 2010). Consistently, p38 MAPK is involved in synaptic long-term
depression (LTD) (Bolshakov et al., 2000; Hsieh et al., 2006), and Ras-GRF1 has been reported
to activate p38 MAPK via GluN2B-containing NMDARs, thereby leading to LTD (Li et al.,
2006). Thus, it is possible that polySia deficiency might lead to similar overactivation of the RasGRF1–p38 MAPK pathway in the mPFC.
Recent studies have shown that the synapto-nuclear protein Jacob is responsible for the encoding
and subsequent synapse-to-nucleus transduction of signals originating from synaptic versus
extrasynaptic NMDARs (Karpova et al., 2013) (reviewed by (Kaushik et al., 2014)). After
activation of synaptic NMDARs, Jacob is phosphorylated at serine-180 by the extracellular
signal-regulated kinase 1/2 (ERK1/2), leading to the ERK1/2-dependent, long-distance
translocation of Jacob from the synapse to the nucleus.

However, after activation of

extrasynaptic NMDARs, non-phosphorylated Jacob is translocated from the synapse to the
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nucleus, where it induces CREB shut-off and subsequent cell death (Karpova et al., 2013).
According to these findings, upregulation of extrasynaptic GluN2B-NMDARs might also cause
CREB shut-off and neurodegeneration via the Jacob signaling pathway in polySia-deficient mice.
In line with this view, NCAM-deficient mice show reduced levels of phosphorylated CREB in
several brain regions, including the hippocampal CA3 subregion, the mPFC, and the basolateral
nucleus of the amygdala (Aonurm-Helm et al., 2008). Since both GluN2A-mediated
neurotransmission and CREB activity are decreased in the CA1 subregion of NCAM-deficient
mice (Kochlamazashvili et al., 2010), it is plausible that, under physiological conditions, elevated
CREB signaling drives the expression of GluN2A subunits. Another molecule that is expressed in
a CREB-dependent fashion is the brain-derived neurotrophic factor (BDNF). Notably, NCAMdeficient mice and endoNF-treated organotypic hippocampal cultures reveal impaired CA1 LTP
levels via decreased phosphorylation of TrkB, the BDNF receptor, and these LTP deficits are
restored by application of BDNF (Muller et al., 2000). Moreover, mice constitutively deficient
for Jacob show reduced levels of BDNF mRNA and phosphorylated CREB in the CA1
subregion, resulting in decreased CA1 LTP levels and impaired hippocampus-dependent
contextual fear conditioning (Spilker et al., 2016). Together, these fidings support the view that
polySia restrains the activation extrasynaptic NMDARs, thereby preventing its detrimental
consequences, including CREB shut-off and cell death. On the other hand, polySia might, at least
indirectly, promote CREB-dependent expression of proteins, such as GluN2A-NMDARs and
BDNF (reviewed by (Varbanov and Dityatev, 2016)).
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