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Neural cell adhesion molecule (NCAM) is the predominant carrier of the unusual glycan polysialic acid (PSA). Deficits in PSA and/or
NCAM expression cause impairments in hippocampal long-term potentiation and depression (LTP and LTD) and are associated with
schizophrenia and aging. In this study, we show that impaired LTP in adult NCAM-deficient (NCAM �/�) mice is restored by increasing
the activity of the NMDA subtype of glutamate receptor (GluN) through either reducing the extracellular Mg 2� concentration or applying
D-cycloserine (DCS), a partial agonist of the GluN glycine binding site. Pharmacological inhibition of the GluN2A subtype reduced LTP to
the same level in NCAM �/� and wild-type (NCAM �/�) littermate mice and abolished the rescue by DCS in NCAM �/� mice, suggesting
that the effects of DCS are mainly mediated by GluN2A. The insufficient contribution of GluN to LTD in NCAM �/� mice was also
compensated for by DCS. Furthermore, impaired contextual and cued fear conditioning levels were restored in NCAM �/� mice by
administration of DCS before conditioning. In 12-month-old NCAM �/�, but not NCAM �/� mice, there was a decline in LTP compared
with 3-month-old mice that could be rescued by DCS. In 24-month-old mice of both genotypes, there was a reduction in LTP that could be
fully restored by DCS in NCAM �/� mice but only partially restored in NCAM �/� mice. Thus, several deficiencies of NCAM �/� mice can
be ameliorated by enhancing GluN2A-mediated neurotransmission with DCS.

Introduction
The NMDA subtype of glutamate receptor (GluN) plays an es-
sential role in inducing long-term potentiation and depression
(LTP and LTD), in cellular models of learning and memory, and
in the acquisition of learning tasks (Morris et al., 1986; Morris,
1989; Malenka and Nicoll, 1999; Lynch, 2004; Collingridge et al.,
2010). Diminished GluN activity causes deficits in synaptic plas-
ticity and cognitive function in aged animals and animal models
of age-related neurodegenerative disorders (Barnes et al., 1997;

Shankar et al., 1998; Potier et al., 2000; Clayton et al., 2002;
Mothet et al., 2006; Battaglia et al., 2007; Chen et al., 2008). In
addition, there is strong evidence supporting a role for GluN
dysfunction in patients with schizophrenia (Gao et al., 2000;
Ibrahim et al., 2000; Dracheva et al., 2001; Newell et al., 2005).
Importantly, agents acting on the glycine binding site of GluN
ameliorate the negative symptoms of schizophrenia, particularly
when added to antipsychotics (Javitt, 2006). Furthermore, the
partial GluN agonist D-cycloserine (DCS) (Hood et al., 1989)
augments the effects of fear extinction/exposure therapy in both
rodents and humans (Norberg et al., 2008), enhances declarative
learning and blood-oxygen level-dependent activity in the hip-
pocampus of healthy humans (Onur et al., 2010), cognition in
Alzheimer’s disease patients (Tsai et al., 1999), and improves
object recognition, working memory, and episodic-like memory
in mice (Zlomuzica et al., 2007; Bado et al., 2011).

Recent studies have revealed the importance of GluN modu-
lation by cell adhesion molecules such as the neural cell adhesion
molecule (NCAM) (Hammond et al., 2006; Kochlamazashvili et
al., 2010). NCAM, which belongs to the Ig superfamily of cell
adhesion molecules, is involved in diverse functions during neu-
rodevelopment (Maness and Schachner, 2007), and it is func-
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tionally modified by long homopolymers
of �2,8-linked sialic acid residues known
as polysialic acid (PSA) (Rutishauser,
2008). Several studies have shown that
PSA-NCAM expression levels are reduced
in the hippocampus of patients with
schizophrenia (Barbeau et al., 1995), in
the aging human brain (Ni Dhúill et al.,
1999; Cox et al., 2009), and in the aging
rodent hippocampus (Fox et al., 1995;
Seki and Arai, 1995; Abrous et al., 1997;
Seki, 2002). NCAM is known to target
GluNs to the postsynaptic density (PSD),
to co-redistribute with GluNs within
PSDs in response to activity, and to modu-
late GluN activity through PSA (Schuster et
al., 1998; Fux et al., 2003; Dityatev et al.,
2004; Hammond et al., 2006; Sytnyk et al.,
2006; Kochlamazashvili et al., 2010).
GluN-dependent forms of LTP and LTD
in the hippocampal CA1 region and hi-
ppocampus/amygdala-dependent learning
are impaired in brains deficient in either
NCAM or PSA (Becker et al., 1996; Muller et
al., 1996; Eckhardt et al., 2000; Stork et al.,
2000; Bukalo et al., 2004; Dityatev et al.,
2004; Senkov et al., 2006; Kochlamazash-
vili et al., 2010).

Given that impaired cognition and
synaptic plasticity correlate with the dys-
regulation of GluNs and PSA-NCAM in
aged and schizophrenic brains, we exam-
ined the functions of GluNs in LTP/LTD
and contextual and cued fear memory in
NCAM�/� mice. In this study, we dem-
onstrate that DCS normalizes synaptic
plasticity and hippocampus/amygdala-
dependent learning in NCAM�/� mice
through the modulation of GluNs.

Materials and Methods
Animals
NCAM-deficient (NCAM �/�) mice (Cremer
et al., 1994) and their wild-type (NCAM�/�)
littermates were inbred into the C57BL/6J ge-
netic background for �10 generations. Adult,
age-matched (3-, 12-, and 24-month-old)
NCAM �/� and NCAM�/� littermate mice of
both genders from heterozygous breeding
pairs were used in the electrophysiological ex-
periments. The animals were singly derived
from the internal breeding stock of the
ZentrumfürMolekulareNeurobiologieHamburg-
Eppendorf (ZMNH).

For the behavioral experiments, we used 3- to 5-month-old
NCAM �/� males and their NCAM�/� littermates. At least 1 week before
starting the experiments, the mice were transferred from the animal
facility of ZMNH to a small vivarium at the Department of Neurophys-
iology and Pathophysiology (UKE) where they were housed individually
with food and water ad libitum on a reversed 12/12 light/dark cycle (light
on at 11:00 P.M.). All behavioral experiments were performed in the
afternoon during the dark phase of the cycle when mice are active under
constant temperature (22 � 1°C) and humidity (55 � 5%). All treat-
ments and behavioral procedures were approved by the Committee on
Animal Health and Care of the local governmental body in Hamburg.

Electrophysiological recordings in hippocampal slices
Each mouse was anesthetized with CO2 and decapitated. The

brain was removed from the skull, cut into equal hemispheres
along the midline and sagittally sliced with a Leica VT 1000M
vibratome (Leica) in ice-cold artificial CSF (ACSF) containing
(in mM) 250 sucrose, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25
NaH2PO4, 2 CaCl2, and 1.5 MgSO4, pH 7.3. Transverse hip-
pocampal slices were kept at room temperature in carbogen-
bubbled ACSF (95% O2/5% CO2) containing 125 mM NaCl
instead of 250 mM sucrose for at least 2 h before the start of
recording. Recordings were performed in the same solution in a

Figure 1. NMDA receptor-dependent rather than L-type Ca 2� channel-dependent LTP is impaired in NCAM �/� mice. A,
TBS-induced LTP is impaired in slices from NCAM �/� mice. B, Normal levels of L-type Ca 2� channel-dependent LTP are induced
in NCAM �/� mice by TEA (25 mM, for 7 min, indicated by the horizontal bar) in the presence of the GluN antagonist APV. C,
Increasing the extracellular Ca 2� concentration from 2.0 to 2.5 mM rescues LTP in NCAM �/� slices to the level of NCAM�/� slices.
D, Decreasing the extracellular Mg 2� concentration to 0.75 mM (instead of 1.5 mM) results in equal levels of LTP in the CA1 region
of slices from NCAM �/� and NCAM�/� mice. E, Restoration of impaired LTP in NCAM �/� mice by application of the GluN agonist
DCS. A–E, Each value is an average of three consecutive time points. The mean slope of fEPSPs recorded 0 –10 min before LTP
induction is taken as 100%, and the arrows indicate the delivery of TBS. The data are presented as the mean � SEM. Each trace is
the average of 30 fEPSPs recorded 10 min before or 50 – 60 min after LTP induction. Calibration: 1 mV and 20 ms. F, Means � SEMs
of LTP levels recorded 50 – 60 min after LTP induction in the presence of GluN modulators. In addition to the effects depicted in
panels (A–E), the graph shows that LTP is reduced to the same levels in both genotypes by the GluN2A antagonist NVP-AAM077,
and it is fully blocked by the subtype-nonspecific GluN antagonist APV. Two-way ANOVA of all TBS-induced LTP values revealed
effects of genotype ( p � 0.023), treatment ( p � 0.001), and a genotype � treatment interaction ( p � 0.011). ***p � 0.001,
significant difference between untreated NCAM�/� and NCAM �/� slices; ���p � 0.001, significant difference between
untreated control and pharmacologically treated slices of the same genotype (SNK test). The numbers of tested NCAM�/� and
NCAM �/� slices/mice are, respectively: 24/19 and 20/17 (control), 13/6 and 12/5 (TEA), 8/5 and 8/4 (2.5 mM Ca 2�), 9/6 and 8/4
(0.75 mM Mg 2�), 11/4 and 12/5 (DCS), 10/8 and 7/6 (NVP-AAM077), 7/3 and 6/3 (NVP-AAM077 � DCS), and 6/3 and 7/3 (APV).
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submerged chamber that was continuously superfused at room
temperature with carbogen-bubbled ACSF (2–3 ml/min) that in-
cluded varying concentrations of Ca 2� and Mg 2� as indicated in
Results, below. Recordings of field EPSPs (fEPSPs) were per-
formed in the stratum radiatum of the CA1b subfield with a glass
pipette filled with ACSF. The resistance of the pipette was 1–2
M�. Stimulation pulses were applied to Schaffer collaterals via a
monopolar stimulating glass electrode with resistance of �1 M�
placed 	300 �m closer to the CA3 subfield than the recording
electrode. Basal synaptic transmission was monitored at 0.05 Hz.
The inter-theta-burst-stimulation (TBS) interval was 20 s, and 4
TBSs were applied to induce LTP. The TBSs consisted of eight
bursts delivered at 5 Hz. Each burst consisted of four pulses de-
livered at 100 Hz. The duration of each pulse was 0.2 ms, and the
stimulation strength was set to provide baseline fEPSPs with am-
plitudes of 	50% of the subthreshold maximum.

To detect the DCS-dependent modulation of GluN-mediated
transmission, we analyzed the mean amplitude of TBS-elicited
fEPSPs 80 –180 ms after the beginning of each theta-burst (see
Fig. 6A), i.e., at the time when the AMPA receptor-mediated
component has mostly declined and the residual slow compo-
nent is predominantly mediated by GluN2A receptors. This pre-
dominance was confirmed by a strong reduction in the residual
slow component by a GluN2A antagonist (see Fig. 6B). The mean
amplitude of the slow component is expressed as a percentage of
the basal level of AMPA receptor-mediated transmission, which
was measured as the peak amplitude of the first fast fEPSP elicited
by the first TBS. For ANOVA analysis, we used the mean ampli-
tude of the slow component of fEPSPs elicited by eight theta-

bursts of the fourth TBS because this
parameter was more prominently modu-
lated by DCS.

An L-type voltage-dependent Ca 2�

channel (L-VDCC)-dependent form of
potentiation was induced by applying 25
mM tetraethylammonium (TEA), which is
a K� channel blocker (Aniksztejn and
Ben-Ari, 1991; Huang and Malenka,
1993), for 7 min in the presence of the
GluN antagonist APV (50 �M).

LTD was induced by two trains of low-
frequency stimulation (LFS) applied at 1
Hz for 10 min with a 10 min interval be-
tween them. Stimulation strengths during
baseline recordings, between the two
trains of LFS, and after induction of LTD
were set to 30 – 40% of the maximal
fEPSPs. The stimulation strength was set
to 60 –70% when 1 Hz LFS trains were
delivered. This protocol has been shown
to induce input-specific GluN-dependent
LTD in adult rodents (Kerr and Abraham,
1995; Eckhardt et al., 2000).

The data were recorded at a sampling
rate of 5 kHz and then filtered (0 –2.5
kHz) and analyzed using an EPC10 ampli-
fier and Pulse software (Heka Elektronik).
SigmaPlot (Systat Software) was used for
statistical evaluation by two-tailed inde-
pendent Student’s t test or one-, two-, or
three-way ANOVA (as indicated in the
text) followed by the Student–Newman–
Keuls (SNK) post hoc test for multiple

comparisons. Differences were taken as statistically significant if
p � 0.05.

Enzymatic and pharmacological treatment of hippocampal slices
To remove PSA before electrophysiological recordings of

LTP, acute hippocampal slices were incubated for 2 h at 35°C in 2
ml of carbogen-bubbled ACSF supplemented with recombinant
endoNF (truncated by 245 aa; 9.6 �g/ml) (Stummeyer et al.,
2005). Slices incubated without any enzyme or with an inactive
truncated form of endoNF (endoNF�) (9.6 �g/ml) (Stummeyer
et al., 2005) served as controls. To verify the removal of PSA by
endoNF and the absence of changes in the expression of PSA due
to the inactive endoNF�, all treated slices were fixed overnight in
4% formaldehyde in PBS, pH 7.3, cut into 30-�m-thick subslices
and immunostained for PSA using a monoclonal antibody (clone
735) (Eckhardt et al., 2000). The selected concentration of en-
doNF completely removed PSA in all recorded slices as shown
previously (Kochlamazashvili et al., 2010).

The following compounds were used in our experiments: [(R)-
[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydro-
quinoxalin-5-yl)-methyl]-phosphonic acid (NVP-AAM077, 0.25
�M, generously supplied by Dr. Yves Auberson from the Novartis
Institutes for BioMedical Research, Basel, Switzerland), a GluN
antagonist with preferential inhibition of GluN2A-containing
receptors; R-(R*,S*)-�-(4-hydroxyphenyl)-�-methyl-4-(phenyl-
methyl)-1-piperidinepropranolol (Ro 25-6981 hydrochloride, 0.5
�M; Tocris Bioscience), a GluN antagonist with specific inhibition of
GluN2B-containing receptors; DL-2-amino-5-phosphonovaleric
acid (APV, 50 �M; Tocris Bioscience), a broad-spectrum GluN an-

Figure 2. Restoration of impaired LTP in endoNF treated wild-type hippocampal slices via facilitation of GluN receptors. A, LTP
levels are normal in slices treated with the inactive form of endoNF (endoNF�) compared with sham-treated controls. B, In
contrast, LTP is impaired in slices treated with the active form of endoNF. C, Restoration of LTP in endoNF treated slices to normal
levels by application of the GluN agonist DCS. A–C, The presentation of traces and LTP profiles are as in Figure 1. Calibration: 1 mV
and 20 ms. D, Means � SEMs of LTP levels recorded in wild-type slices 50 – 60 min after TBS application. One-way ANOVA revealed
a significant difference between groups ( p � 0.002). **p � 0.01, significant difference between endoNF treated slices and those
either sham or endoNF� treated, ��p � 0.01, significant effects of DCS on endoNF-treated slices (SNK test). The number of
tested slices/mice for each group is as follows: 8/8 (control), 6/5 (endoNF�), 9/9 (endoNF) and 8/5 (endoNF � DCS).
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tagonist; (R)-4-amino-3-isoxazolidone (D-
cycloserine, DCS, 40 �M; Sigma), a coagonist
of GluNs with a preferential effect on
GluN2A-containing GluNs in the presence of
ambient glycine and D-serine; tetraethylam-
monium (TEA), a K� channel blocker (25
mM; Sigma); and 4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)-1H-
imidazole (SB 203580, 10 �M; Sigma), an
inhibitor of p38 MAP kinase.

Fear conditioning
Training. To assess both contextual

and cued fear memories, an auditory fear
conditioning paradigm was used (Senkov
et al., 2006). Fear conditioning was per-
formed as follows. (1) After 2 d of han-
dling and habituation in a neutral context
(home cage) for 5 min each day, the mice
were injected intraperitoneally with DCS
in a 0.9% NaCl solution or with vehicle
control 15 min before training (Ledger-
wood et al., 2004; Richardson et al., 2004).
(2) Subsequently, the mice were placed
into a conditioning chamber (context
CC�) and allowed to freely explore this
chamber for 180 s. The freezing level dur-
ing this time was taken as the baseline (see
Fig. 4C, “B”). (3) In the next step, the mice
were subjected to two pairings of a 20 s
conditioned stimulus (CS�) presentation
(delivered to half of the mice as a pat-
terned tone, i.e., a series of 50-ms-long 75
dB tones of 2.5 kHz at 1 Hz, and to the
other half of the mice as a continuous tone
of the same frequency) separated by 60 s
and coterminated with a footshock (0.7
mA, 1 s) as the unconditioned stimulus.
(4) Sixty seconds after the last shock, the
mice were returned to their home cages.

Tests. The following similar tests were
performed on days 1 and 7 after the induc-
tion of fear conditioning in the same co-
hort of mice. (1) Each mouse was placed
into the CC� conditioning chamber for 3 min to assess the
retention of contextual memory and then returned to its home
cage. (2) Approximately 2–3 h later, the same mouse was
placed into a new, neutral context (CC�, a tone cage) and
allowed to freely explore this cage for 180 s (this allowed us to
monitor freezing in the CC� and to discriminate between the
CC� and CC� as a measure of the level of generalization). (3)
The tone previously paired with footshock (either patterned
or continuous, see Training, above) was presented for 60 s to
assess tone memory; 120 s later, a 60 s presentation of the
unpaired CS� tone was given (either patterned or continu-
ous), the unpaired tones were counterbalanced with the paired
ones during the tests; e.g., if CS� was the patterned tone, CS�
was the continuous tone, and vice versa. (4) Sixty seconds after
the last tone presentation, the mice were returned to their
home cages.

Apparatus. Two fear conditioning chambers with two distinct
CC� contexts were used for conditioning: an aluminum cham-
ber that was precleaned with 75% ethanol and a Plexiglas cham-

ber that was precleaned with 1% acetic acid in water. There were
two tone cages associated with the neutral CC� contexts: a tone
cage with removable wall papers with drawn rectangular cells,
which was flavored with vanilla bakery oil, and another cage con-
taining removable wall papers with drawn black spots, which was
flavored with lemon bakery oil. Both cages were cleaned with
water before placing a mouse inside. One of two distinct CC�
stimuli and one of two distinct CC� stimuli were presented to
the mouse to minimize any dependency of the results on a par-
ticular choice of CC� or CC�. Patterned and continuous tones
were used as the CS� and CS� because mice have been shown to
discriminate well between these stimuli in a fear conditioning
paradigm (Tang et al., 2003; Senkov et al., 2006).

All experiments were performed in a double-walled sound-
attenuated isolation cubicle (for details, see Senkov et al., 2006).
The delivery of tones and shocks was controlled by customized
software (Signal 1.88, CED) using a PC computer (Pentium-II,
340 MHz, 128 MB RAM) through an AD/DA converter (Micro
1401 board, CED).

Figure 3. Modulation of NMDA receptors restores impaired LTD in slices from NCAM �/� mice. A, Two trains of LFS (shown by
the horizontal bar) induce LTD in untreated slices from NCAM�/� mice but not NCAM �/� mice. B, Restoration of LTD in
NCAM �/� mice and impairment of LTD in NCAM�/� mice by application of the GluN agonist DCS. C, D, Inhibition of LTD in
NCAM�/� by the GluN2B selective antagonist Ro 25-6981 (C) and the preferentially GluN2A blocking NVP-AAM077 (D). A–D, Each
value is an average of three consecutive time points. The mean slope of the fEPSPs recorded 0 –10 min before LTD induction is taken
as 100%. The data are presented as the �SEM. Each trace is the average of 30 fEPSPs recorded 10 min before or 50 – 60 min after
LTD induction. Calibration: 0.5 mV and 20 ms. E, Means � SEMs of LTD levels recorded 50 – 60 min after LTD induction in the
presence of GluN modulators. Two-way ANOVA detected an effect of treatment ( p � 0.02) and an interaction between treatment
and genotype ( p � 0.001). *p � 0.05 and ***p � 0.001, significant difference between NCAM�/� and NCAM �/� mice treated
with the same drug, �p � 0.05, ��p � 0.01, significant difference between control and pharmacologically treated mice of the
same genotype (SNK test). The numbers of tested NCAM�/� and NCAM �/� slices/mice for each group are as follows: 24/21 and
13/13 (control), 13/11 and 12/8 (DCS), 8/7 and 9/6 (Ro 25-6981) and 12/10 and 8/5 (NVP-AAM077).
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The behavior of the mice during conditioning and testing
was recorded on a Pentium-4 computer (CPU 3 GHz, 2 GB
RAM) using a video frame-grabber (Pixelsmart) that digitized
streaming video at three frames per second and stored it on the
hard-drive as a set of 8-bit gray images. These images were
then converted into “avi” format movies by the freely available
Java-based program ImageJ (http://rsb.info.nih.gov/ij). All re-
corded movies were then analyzed using Microsoft Windows
Media Player 9 by a trained observer blind to the genotype and
treatment of the mouse. Freezing time was taken as a measure
of fear-related memory and quantified as described previ-
ously (Tang et al., 2001). Briefly, freezing was defined as the
animal remaining motionless, except for respiratory move-
ments, in a tense posture characterized by horizontal position-
ing of the head, a stretched state of the body, and stiffening of
the tail.

DCS administration
DCS was freshly dissolved before use in

a 0.9% isotonic NaCl solution and in-
jected intraperitoneally at three different
concentrations (3, 10, or 20 mg/kg) 15
min before the training procedure, which
is a time that is consistent with the normal
half-life of DCS in the mouse circulatory
system (Conzelman and Jones, 1956). A
control group of animals was injected
with 0.9% NaCl solution (vehicle group)
in the same manner as the DCS group.

Because fear conditioning is sensitive
to stress, especially stress that occurs be-
fore training, special care was taken to
minimize stress during the intraperito-
neal injection. Thus, all mice were lightly
sedated with a mixture of CO2 and room
air for the period of the injection. Recov-
ery from the anesthesia was fast (2–3
min), and there were no side effects on the
fear conditioning experiments (Senkov et
al., 2006).

Statistical analysis
To analyze the effects of the injected

compounds on contextual memory, we
used two-way ANOVA (Systat, Systat Soft-
ware) with “Trial” as a within-group factor;
where significant differences were found,
post hoc SNK tests were used. Additionally,
statistical comparisons between freezing re-
sponses to CS� versus CS� and in CC�
versus CC� on a given day within each
group were performed using the nonpara-
metric Wilcoxon signed-rank test. The
significant differences between groups
detected by the Wilcoxon and paired t
tests were the same, and we therefore
refer only to p values provided by the
Wilcoxon test in the text.

Results
GluN- but not L-VDCC-dependent LTP
is impaired in NCAM �/� mice
Analysis of the synaptic plasticity induced by
multiple trains of theta-burst stimulation
(TBS) applied to Schaffer collaterals/commis-

sural fibers at standard extracellular concentrations of Ca2� (2.0 mM)
and Mg2� (1.5 mM) revealed impaired CA1 LTP in NCAM�/� mice
(125.6 � 2.8%) compared with NCAM�/� mice (146.2 � 2.6%)
(Fig. 1A,F). This is in line with previous findings (Muller et al., 1996;
Kochlamazashvili et al., 2010). LTP induction by TBS involves the
activity of both GluNs and L-VDCCs (Huber et al., 1995; Morgan
and Teyler, 2001), and both of these channels are implicated in
NCAM-mediated function (Williams et al., 1994). Therefore, we
investigated whether signaling via L-VDCCs may be impaired in
NCAM�/� mice. A GluN-independent, L-VDCC-dependent form
of LTP was induced by applying the K� channel antagonist tetraeth-
ylammonium (TEA) in the presence of the GluN antagonist APV
(Huber et al., 1995). The levels of LTP were similar in both genotypes
1 h (135.0 � 7.2% and 148.6 � 9.1% in NCAM�/� and NCAM�/�

mice, respectively; Fig. 1B,F) and 2 h (144.9�12.7% in 5 slices from

Figure 4. Systemic administration of DCS restores contextual and tone memories in NCAM �/� mice. A, A schematic of the
experiment; intraperitoneal injection of either drug or vehicle 15 min before the beginning of the training session; TR, training in
the conditioned context CC�; B, baseline; d1 and d7, days 1 and 7 after training. B, A schematic of the retrieval tests at days 1 and
7; CC� and CC�, conditioned and neutral contexts; CS� and CS�, conditioned and neutral auditory stimuli. C, Levels of freezing
before (baseline “B”, 180 s) and during the fear conditioning procedure. CS�: pairing of the conditioned tone (CS�, 20 s) with two
footshocks (US), and PSI: poststimulus interval (60 s). Two-way repeated-measures ANOVA did not detect any differences between
the six injected groups before or during training ( p � 0.83). However, freezing increased significantly above the baseline after the
first and second footshocks ( p � 0.001). D, Contextual memory tests: levels of freezing on the two posttraining days d1 and d7 in
the conditioned context (CC�, colorful bars) and in the control neutral context (CC�, white bars). The latter was assessed 3 min
before tone presentation as shown in panel (B). All tests are taken from the same mice. E, Tone memory tests: levels of freezing
during presentation of the conditioned tone (CS�, colorful bars) and the control tone (CS�, white bars) on the two posttraining
days d1 and d7. The DCS dosages were 0 (vehicle, Veh), 3, 10, and 20 mg/kg of body weight; white color represents responses to the
neutral context CC� and the auditory stimulus CS-. Two-way repeated-measures ANOVA revealed a difference in freezing in the
CC� between the six injected groups ( p � 0.001). Freezing responses to both cued stimuli CS� ( p � 0.01) and CS�
( p � 0.001) were also different between groups. �p � 0.05, ��p � 0.01, significant rescue by DCS (SNK test); **p � 0.01,
***p � 0.001, significant differences between genotypes (SNK test). #p � 0.05, significant differences between CC� versus
CC� or CS� versus CS� (Wilcoxon test). The number of tested mice for each group: 11 (NCAM �/�, Veh), 8 (NCAM �/�, DCS 20
mg/kg), 7 (NCAM �/�, Veh), 7 (NCAM �/�, DCS 3 mg/kg), 8 (NCAM �/�, DCS 10 mg/kg), 8 (NCAM �/�, DCS 20 mg/kg).
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3 NCAM�/� mice vs 143.5 � 6.6% in 6
slices from 3 NCAM�/� mice, data not
shown) after LTP induction. These results
support the view that the constitutive abla-
tion of NCAM leads to impaired signaling
via GluNs, but not via L-VDCCs.

In our recent study, we observed a deficit
in synaptic transmission mediated by
GluN2A in NCAM�/� mice (Kochlama-
zashvili et al., 2010). We hypothesized
that increasing the Ca2� influx through
GluNs by elevating extracellular Ca2� lev-
els would improve LTP induction in
NCAM�/� mice, as has been previously re-
ported in CaMKII/cre conditional NCAM-
deficient mice (Bukalo et al., 2004). Indeed,
elevating extracellular Ca2� from 2.0 to 2.5
mM increased LTP in NCAM�/� mice to
143.1 � 5.3%, a level not different from that
recorded in NCAM�/� mice (141.0�4.5%,
Fig. 1C,F). In addition, reducing the extra-
cellular Mg2� concentration from 1.5 to
0.75 mM, which is known to relieve the
Mg2� blockade of GluN receptors, also in-
creased LTP in NCAM�/� mice (151.1 �
5.0%) to the levels found in NCAM�/� mice
(155.9 � 7.6%) (Fig. 1D,F). Neither Ca2�

elevation nor Mg2� reduction changed the
levels of LTP in NCAM�/� mice, suggesting
that normal Ca2�/Mg2� levels are sufficient
to induce GluN-mediated signaling in
NCAM�/� mice but not in NCAM�/�

mice.
To target GluNs more specifically, we

used DCS as a partial agonist of the GluN
glycine binding site. DCS is known to res-
cue deficits in GluN-dependent LTP in
23- to 27-month-old wild-type rats
(Billard and Rouaud, 2007) and injured
mice (Yaka et al., 2007). Two-way
ANOVA of LTP levels in untreated and
DCS-treated NCAM�/� and NCAM�/�

mice revealed significant effects of geno-
type (p � 0.006) and DCS (p � 0.003)
and a significant interaction between ge-
notype and DCS (p � 0.002). DCS did not
affect LTP in slices from 3-month-old
NCAM�/� mice (145.8 � 4.5%) as com-
pared with untreated slices (Fig. 1E,F),
but it restored LTP in NCAM�/� mice of the same age to the
levels observed in NCAM�/� mice (146.9 � 3.3%) (Fig. 1E,F).

To test whether the inhibition of GluN2A in NCAM�/� mice
would result in LTP impairment similar to that observed in
NCAM�/� mice, we induced LTP in the presence of NVP-
AAM077, an antagonist with a higher preference for GluN2A
than GluN2B receptors (Bartlett et al., 2007). We used a concen-
tration that inhibits 	80% of the current mediated by GluN2A
receptors (Bartlett et al., 2007). A three-way ANOVA of LTP
levels in NCAM�/� and NCAM�/� slices in the presence of NVP-
AAM077 or DCS revealed significant effects of genotype (p �
0.002), DCS (p � 0.004), and NVP-AAM077 (p � 0.001) and a
significant interaction between genotype, DCS and NVP-
AAM077 treatments (p � 0.005). Application of NVP-AAM077

strongly reduced LTP in NCAM�/� mice (116.1 � 2.2%, Fig. 1F)
to the level detected in untreated slices from NCAM�/� mice
(Fig. 1A). Remarkably, inhibiting GluN2A in NCAM�/� mice
did not result in any further significant reduction in LTP
(113.1 � 2.6%, Fig. 1F). As has been reported previously (Köhr et
al., 2003; Liu et al., 2004; Li et al., 2006), these data support the
view that GluN2A activation is required for LTP induction in
adult mice. Furthermore, our data also indicate that a deficit in
GluN2A-dependent synaptic transmission contributes to the
LTP impairment in NCAM�/� mice.

Previous reports indicated that DCS provides greater poten-
tiation of GluN2A- than GluN2B-mediated currents (Sheinin et
al., 2001) and that ambient concentrations of glycine and
D-serine are sufficient to saturate the glycine binding site of

Figure 5. Age-dependent decline of LTP in NCAM-deficient mice. A, Normal levels of LTP in slices from 12-month-old, as
compared with 3-month-old, NCAM�/� mice. In contrast, LTP is significantly diminished in slices from 12-month-old NCAM �/�

mice. B, DCS effectively restores impaired LTP in slices from 12-month-old NCAM �/� mice. C, LTP levels are reduced in slices from
24-month-old NCAM�/� mice and lower yet in NCAM �/� mice as compared with 12-month-old mutants. D, DCS effectively
restores impaired LTP in slices from 24-month-old NCAM�/� mice. Although LTP is significantly increased by DCS in slices from
24-month-old NCAM �/� mice, it is not restored to the level seen in NCAM�/� controls. A–D, The presentation of traces and LTP
profiles are as in Figure 1. Calibration: 1 mV and 20 ms. E, Means � SEMs of LTP levels recorded 50 – 60 min after TBS at different
ages in control conditions and after treatment with the GluN agonist DCS. DCS effectively restores impaired LTP in slices from
24-month-old NCAM�/� mice. Although LTP is significantly increased by DCS in slices from 24-month-old NCAM �/� mice, it is
not restored to the level seen in NCAM�/� controls. Three-way ANOVA revealed effects of genotype, age and treatment and an
interaction between treatment and genotype (all p � 0.001). *p � 0.05, ***p � 0.001, significant differences between
NCAM�/� and NCAM �/� mice treated in the same way; #p � 0.05, significant effect of aging in the same genotype (SNK test);
�p � 0.05, ��p � 0.01, ���p � 0.001, significant differences between untreated control and DCS-treated slices of the same
genotype (t test). The numbers of tested NCAM�/� and NCAM �/� slices/mice for each group are as follows: 24/19 and 20/17
(3-month-old, control), 11/4 and 12/5 (3-month-old, DCS), 9/3 and 9/3 (12-month-old, control), 9/4 and 7/4 (12-month-old,
DCS), 8/4 and 6/3 (24-month-old, control), and 9/5 and 6/3 (24-month-old, DCS).
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GluN2B but not GluN2A receptors (Kutsuwada et al., 1992;
Priestley et al., 1995). Therefore, we asked whether DCS facilitates
LTP in the mutant predominantly via GluN2A receptors. Indeed,
NVP-AAM077 fully abolished the potentiating effects of DCS on
LTP in NCAM�/� mice (Fig. 1F). In agreement with our data
showing that NCAM�/� mice have higher levels of synaptic
transmission via GluN2A receptors than NCAM�/� mice
(Kochlamazashvili et al., 2010), slices from NCAM�/� mice
treated with DCS plus NVP-AAM077 exhibited significantly ele-
vated LTP (125.1 � 2.0%, Fig. 1F) compared with slices from
NCAM�/� mice (113.7 � 3.2%, Fig. 1F). These data suggest that
the residual (	20%) activity of GluN2A receptors in the presence
of DCS and NVP-AAM077 is higher in NCAM�/� than in

NCAM �/� mice and that in combina-
tion with other mechanisms activated
by TBS, this activity facilitates LTP in-
duction. The application of a subunit
nonspecific antagonist of GluNs, APV,
fully blocked LTP in both NCAM�/�

and NCAM �/� mice (Fig. 1 F), confirm-
ing that this form of LTP is GluN-
dependent in both genotypes.

Deficits in LTP induced by PSA
ablation can be rescued with DCS
Because some pathological conditions
(e.g., schizophrenia) are associated with a
deficit in PSA rather than NCAM
(Barbeau et al., 1995; Seki and Arai, 1999; Cox
et al., 2009), we tested whether impaired LTP
in PSA-deficient slices could be compen-
sated for by GluN modulation. For this ex-
periment, we incubated hippocampal slices
from NCAM�/� mice for 2 h with endoNF.
This treatment removes the PSA that is dif-
fusely expressed in the stratum radiatum of
CA1 and CA3 and prominently expressed in
mossyfibers inuntreatedslicesorslices treated
with the inactive mutated form of endoNF
(endoNF�) (Kochlamazashvili et al., 2010).
Control recordings from sham-incubated
slices (endoNF and endoNF� treated
slices were incubated for 2 h in a small
chamber) showed levels of LTP (141.2 �
2.7%; Fig. 2A) that were unchanged when
compared with non-incubated NCAM�/�

slices (146.2 � 2.6%; Fig. 1A). Further-
more, inactive endoNF� did not inhibit
LTP (140.8 � 5.6%; Fig. 2A,D). Removal of
PSA by active endoNF impaired LTP
(122.1 � 3.2%; Fig. 2B,D), as previously re-
ported for endoneuraminidase N (Becker et
al., 1996; Muller et al., 1996). The level of
LTP after endoNF treatment was close to the
level of LTP in untreated NCAM�/� mice.
This finding is in line with previous LTP re-
cordings that demonstrated an overlap of
the effects produced by constitutive ablation
of NCAM and acute enzymatic removal of
PSA (Muller et al., 1996). Modulation of
GluNs with DCS (Fig. 2C,D) increased LTP
levels in endoNF� treated slices from
122.1 � 3.2% to 145.2 � 5.5%. These LTP

levels are equivalent to those observed after treatment with inactive
endoNF� (Fig. 2C,D). Thus, these data confirm the results from the
experiments in NCAM�/� mice and demonstrate that impaired
LTP in both NCAM- and PSA-deficient slices can be rescued by
enhancing GluN2A-mediated signaling with DCS.

Impaired LTD can be restored in NCAM �/� mice with DCS
Next, we tested whether abnormalities in GluN-mediated signal-
ing also underlie the impairment of LTD in NCAM�/� mice. To
induce robust GluN-dependent LTD in slices from adult mice,
we used two trains of low-frequency stimulation (Eckhardt et al.,
2000; Evers et al., 2002). This protocol reliably induced LTD of
26.5 � 3.4% in NCAM�/� mice (Fig. 3A,E). In contrast, LTD was

Figure 6. Modulation of the late component of TBS-elicited fEPSPs by the GluN2A modulators DCS and NVP-AAM077. A,
Examples of fEPSPs elicited by the first (black) and fourth (gray) TBS in 3-month-old NCAM �/� mice, which were recorded
in ACSF (Control) and after treatment with DCS or NVP-AAM077. Horizontal bars indicate the time intervals in which the
mean amplitudes of the slow components following each theta-burst were measured. An increase in the amplitude of the
slow components at the fourth TBS as compared with the first TBS is visible in controls and DCS-treated slices but not in
NVP-AAM077-treated slices. Calibration: 1 mV and 500 ms. B–D, Modulation of the mean amplitude of slow fEPSP
components during 4 TBSs in 3- (B), 12- (C), and 24-month-old (D) mice in control conditions (left) and after DCS
application (right). A strong reduction of the slow component by NVP-AAM077 is illustrated in B. The data are presented as
the �SEM for fEPSPs collected during the LTP experiments shown in Figure 1 and 5. E, �SEM values of slow fEPSPs elicited
by the fourth TBS. *p � 0.05, **p � 0.01, significant differences between genotypes; �p � 0.05, ��p � 0.01,
significant increases by DCS within a genotype (SNK test after two-way ANOVA for each age). The numbers of tested
slices/mice for the NCAM�/� and NCAM �/� genotypes are given in the legends to Figures 1 and 5.
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completely abolished in NCAM�/� mice
(4.0 � 3.9%; Fig. 3A,E), as reported for
CaMKII/cre conditional NCAM-deficient
mice (Bukalo et al., 2004) and for
PSA-deficient brain slices (Muller et al.,
1996). Applying DCS restored LTD to
19.2 � 5.4% in NCAM�/� mice, whereas
it fully blocked LTD in NCAM�/� mice
(Fig. 3B,E). Blockade of either GluN2B
or GluN2A receptors by perfusion of
slices with Ro 25-6981 or NVP-AAM077,
respectively, inhibited LTD in both geno-
types (Fig. 3C–E). These data are consistent
with a model in which signaling through
both GluN2A and GluN2B receptors is re-
quired to induce LTD in response to two
trains of low-frequency stimulation in
adult mice, and they support the view
that LTD can be disrupted by either exces-
sive or deficient levels of GluN-mediated
synaptic transmission (Hansel et al., 1996,
1997). Thus, deficits in transmission via
GluN2A-containing receptors impair LTD in
NCAM�/� mice, and this impairment can
be rescued by DCS. In NCAM�/� mice,
DCS presumably increases GluN-mediated
synaptic transmission above the level at
which LTD can be induced.

Modulating NMDA receptors restores
learning in the fear conditioning
paradigm in NCAM �/� mice
NCAM�/� mice are impaired in both
contextual and cued (tone) memory in fear conditioning para-
digms (Stork et al., 2000; Senkov et al., 2006). To verify the hy-
pothesis that these deficits in learning are related to a decrease in
GluN2A receptor signaling, we attempted to rescue these
learning deficits by enhancing GluN activity. DCS has been
shown to improve performance on hippocampus-dependent
spatial memory tasks and associative conditioning in aged an-
imals (Baxter et al., 1994; Thompson and Disterhoft, 1997;
Aura et al., 1998; Aura and Riekkinen, 2000) and to rescue LTP
and LTD in NCAM �/� mice (present study). Therefore, we
systemically injected NCAM�/� and NCAM �/� mice with
DCS or vehicle 15 min before fear conditioning training (Fig.
4 A) and tested their retrieval of long-term fear memory
[which by definition persists for one day or longer (Rodrigues
et al., 2004)], on the first and seventh days after training (Fig.
4 A, B). It is noteworthy that the tests performed on the first
day after training led to a new association of the conditioned
tone and the context with a lack of footshock. Therefore, the
freezing measured on the seventh day was a function of both
fear conditioning and memory extinction.

NCAM�/� mice injected with vehicle showed a twofold de-
crease in percentage of freezing after training on either test day
compared with vehicle-injected NCAM�/� mice (Fig. 4D). How-
ever, after DCS administration, these mice exhibited a dose-
dependent increase in freezing in the conditioned context
(CC�), showing contextual memory comparable to that in
NCAM�/� mice injected with vehicle. The normal freezing re-
sponses in NCAM�/� mice injected with DCS before, between,
and immediately after the application of two footshocks (Fig. 4C)
suggest that DCS changed neither pain sensitivity nor levels of

anxiety during the acquisition of fear conditioning. To test
whether DCS affects learning and memory in NCAM�/� mice,
DCS was injected at the dose most effective in NCAM�/� mice.
This treatment did not produce any effects on contextual or tone
memory (Fig. 4D,E).

The generalization of fear conditioning is an important aspect
of aversive learning. It is manifested as a loss of stimulus specific-
ity and as the emotional sensitization of associative components
of memory, and leads to generalized anxiety (Laxmi et al., 2003;
Ciocchi et al., 2010). To rule out the possibility that the effects of
DCS were due to nonspecific increases in freezing, we assessed the
ability of mice to discriminate a conditioned tone (CS�) or con-
text (CC�) from an unconditioned neutral tone (CS�) or
context (CC�). As shown in Figure 4D (white bars), NCAM�/�

mice injected with DCS (10 and 20 mg/kg body weight) froze in
the CC� context significantly less than vehicle-injected
NCAM�/� mice on the first day after training. Thus, context
discrimination was greatly improved in NCAM�/� mice by DCS
(10 and 20 mg/kg body weight), especially on the first test day,
reaching the control levels seen in vehicle-injected NCAM�/�

mice.
The impairment of cued memory and the reduced discrim-

ination between CS� and CS� in NCAM �/� mice were also
restored by DCS (Fig. 4 E). In particular, a dose of 10 mg/kg
body weight normalized CS� responses on the first test day,
and all test doses of DCS significantly improved discrimina-
tion between tones. Thus, DCS restored LTP, LTD, and the
formation of contextual and cued fear memories in young
adult NCAM �/� mice.

Figure 7. Partial restoration of impaired LTP in hippocampal slices from 12-month-old NCAM �/� mice through inhibition of
GluN2B-containing receptor signaling. A, B, Partial rescue of impaired LTP in slices from 12-month-old NCAM �/� mice by
application of the GluN2B selective antagonist Ro 25-6981 (A) or the p38 inhibitor SB 203580 (B). The presentation of traces and
LTP profiles are as in Figure 1. Calibration: 1 mV and 20 ms. C, Means � SEMs of LTP levels recorded 50 – 60 min after TBS in control
conditions and with different pharmacological treatments for 12-month-old mice. Two-way ANOVA revealed effects of genotype
( p � 0.001) and a genotype � treatment interaction ( p � 0.021). *p � 0.05, ***p � 0.001, significant differences between
NCAM�/� and NCAM �/� mice treated in the same way; �p � 0.05, ��p � 0.01, significant differences between untreated
control and pharmacologically treated slices of the same genotype (SNK test). The numbers of tested 12-month-old NCAM�/� and
NCAM �/� slices/mice for each group are as follows: 9/3 and 9/3 (control), 9/4 and 7/4 (DCS), 6/3 and 8/4 (Ro 25-6981) and 7/4 and
8/4 (SB 203580).
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Further decline of LTP in aged NCAM �/� mice
Previous studies have shown declines in NCAM and PSA-NCAM
expression with aging (Fox et al., 1995; Kaur et al., 2008) and in
Alzheimer’s disease (Yew et al., 1999). Therefore, we examined
the age-dependent contribution of NCAM to synaptic plasticity
in 12- and 24-month-old mice. A two-way ANOVA of the LTP
levels of untreated slices revealed significant effects of age (p �
0.001) and genotype (p � 0.001). There was a decline in LTP in
24-month-old NCAM�/� mice (132.7 � 3.6%), but not in 12-
month-old NCAM�/� mice (144.4 � 3.6%), compared with
3-month-old NCAM�/� mice (146.2 � 2.6%; Figs. 1A; 5A,C,E).
In contrast, 12-month-old NCAM�/� mice demonstrated an
age-dependent reduction in the magnitude of LTP (115.9 �
3.1%) compared with 3-month-old NCAM�/� mice (125.6 �
2.8% Figs. 1A; 5A,E). The level of LTP in 24-month-old
NCAM�/� mice was further reduced (109.5 � 2.9% Fig. 5C,E)
compared with 3-month-old and 12-month-old NCAM�/�

mice.
LTP levels were rescued by DCS in 12-month-old NCAM�/�

mice (137.1 � 2.1%) to levels nearly matching those of the
age-matched NCAM�/� controls (144.7 � 7.1%; Fig. 5B,E). Al-
though DCS application did not affect LTP in 3- and 12-month-
old NCAM�/� mice, it did augment LTP from 132.7 � 3.6% to
144.3 � 3.7% in 24-month-old NCAM�/� mice, resulting in
LTP levels similar to those seen in 12- and 3-month-old
NCAM�/� mice (Fig. 5C–E). Although LTP levels in 24-month-
old NCAM�/� mice were increased by DCS from 109.5 � 2.9%
to 126.8 � 3.7% (Fig. 5C–E), they were not fully restored to the
levels seen in age-matched wild-type mice. These data demon-
strate that the age-dependent decline in LTP is accelerated in
NCAM�/� mice and that NCAM deficiency can be fully rescued
by DCS only early in life.

To provide additional support for the view that the effects of
DCS at different ages are mediated by GluN receptors, we inves-
tigated the effects of NVP-AAM077 and DCS on the sum of the

late components of TBS-elicited fEPSPs
(Fig. 6A, shown by 8 horizontal bars). In
slices from 3-month-old mice, a two-way
ANOVA revealed a strong inhibitory ef-
fect of NVP-AAM077 on the late compo-
nent (p � 0.001), suggesting that it is
predominantly mediated by GluN2A-
containing receptors (Fig. 6A,B). A three-
way ANOVA of the late component in
untreated and DCS-treated slices from 3-,
12-, and 24-month-old NCAM�/� and
NCAM�/� mice revealed significant ef-
fects of genotype, DCS, and age (p �
0.001) as well as significant interactions
between genotype and DCS (p � 0.002)
and age and DCS (p � 0.025). DCS abro-
gated the difference between genotypes in
3-month-old mice (Fig. 6B,E), increased
the amplitude of the late component (par-
ticularly that elicited by the fourth TBS)
in slices from 12-month-old NCAM�/�

mice to the level seen in untreated
NCAM�/� slices of the same age (Fig.
6C,E), and increased the amplitude of
the late component in 24-month-old
NCAM�/� mice to a level above control
levels (Fig. 6D,E). Variability in the am-
plitude of the slow component between

the age groups studied might be related to differential contribu-
tions of inhibitory synaptic activity to the measured signal. In
summary, the NVP-AAM077-sensitive component of TBS-
elicited fEPSP is modulated by DCS in parallel with the potenti-
ating effects of DCS on LTP.

Our previous data demonstrated an increase in synaptic trans-
mission through GluN2B receptors and downstream activation
of p38 MAP kinase in 3-month-old NCAM�/� mice (Kochlama-
zashvili et al., 2010). Furthermore, we restored LTP at this age by
applying either the GluN2B receptor antagonist Ro 25-6981 or
the inhibitor of p38 MAP kinase activity SB 203580. We investi-
gated whether these drugs could normalize LTP in older
NCAM�/� mice. Although application of either Ro 25-6981 or
SB 203580 enhanced LTP induction in 12-month-old NCAM�/�

mice to 129.6 � 3.1% or 129.7 � 2.8%, respectively, the restora-
tion was only partial because higher LTP levels were detected in
NCAM�/� mice (Ro 25-6981: 139.2 � 4.5% and SB 203580:
138.0 � 4.2%) (Fig. 7). There were no significant effects of Ro
25-6981 or SB 203580 on LTP in NCAM�/� mice. Thus, DCS
restored LTP in 12-month-old mice more potently than either Ro
25-6981 or SB 203580. The partial restoration of LTP by Ro 25-
6981 or SB 203580 in 12-month-old animals suggest that LTP is
dependent on both the balance between GluN2A versus GluN2B
signaling and the absolute level of GluN2A-mediated signaling; if
GluN2A signaling is too low, then LTP is reduced even when
GluN2B signaling is suppressed.

Discussion
In the present study, we demonstrated that NCAM deficiency
impairs synaptic plasticity and learning in young adult mice and
leads to age-associated declines in LTP. Modulating NMDA re-
ceptors with DCS, which has been used to treat schizophrenia
and age-associated pathologies, can reverse these deficits.

Our data suggest that the abnormal LTP in NCAM�/� mice is
at least partially due to reduced synaptic GluN2A-mediated sig-

Figure 8. Model for PSA-NCAM-mediated modulation of signaling via NMDA receptors. Endogenous and exogenous molecules
are shown in black and brown, respectively. Stimulatory and inhibitory relationships are shown in red and blue, respectively. In
NCAM�/� mice, PSA-NCAM inhibits extrasynaptic GluN2B-containing receptors. LTP is induced through activation of GluN2A,
whereas LTD requires the activity of both GluN2A- and GluN2B-containing receptors. In NCAM �/� mice, signal enhancement
occurs via extrasynaptic GluN2B-containing receptors, whereas signal reduction occurs via GluN2A-containing receptors, which
leads to impaired LTP and LTD. This model is supported by experiments from the present study with elevated extracellular Ca 2�

and reduced extracellular Mg 2� or with DCS application and also by previous experiments applying Ro 25-6981, the glutamate
scavenger GPT, PSA, or SB 203580 (Kochlamazashvili et al., 2010). All these treatments change the signaling balance between
GluN2A- and GluN2B-mediated pathways in favor of the GluN2A-mediated pathway and restore LTP in NCAM �/� mice. Similarly,
LTP is restored in endoNF treated slices from NCAM�/� mice by DCS, Ro 25-6981, and SB 203580 and by genetic ablation of
Ras-GRF1. Furthermore, fear memory is restored by DCS and Ro 25-6981 in NCAM �/� mice, whereas LTD is rescued by DCS.

Kochlamazashvili et al. • NCAM and NMDA Receptor-Dependent Plasticity J. Neurosci., February 15, 2012 • 32(7):2263–2275 • 2271



naling during LTP induction for the following reasons. (1) Re-
ducing extracellular Mg 2�, which relieves the Mg 2�-mediated
GluN blockade, restores LTP in NCAM�/� mice. (2) Normal
TEA-LTP suggests that signaling through GluNs is selectively im-
paired in the absence of NCAM, whereas signaling through
L-type Ca 2� channels is not affected. (3) The NVP-AAM077-
sensitive components of NMDA receptor-mediated responses
and LTP are smaller in NCAM �/� mice than in NCAM�/�

mice (Kochlamazashvili et al., 2010) (present study). (4) Fa-
cilitation of GluN2A receptors by DCS restores levels of LTP in
NCAM/PSA-deficient slices to levels seen in slices from wild-
type mice. Our present data corroborate previous findings of
reduced expression of synaptic GluNs in NCAM�/� versus
NCAM�/� mice (Sytnyk et al., 2006) and of LTP restoration in
NCAM/PSA-deficient hippocampal slices by brain-derived neu-
rotrophic factor (BDNF) (Muller et al., 2000), which induces
GluN1 phosphorylation through tyrosine kinase receptors (Lin et
al., 1998; Slack et al., 2004), thereby increasing GluN conduc-
tance and GluN-mediated synaptic currents (Levine et al., 1998;
Xu et al., 2006). Consistent with our data, GluN2A receptors are
the predominant GluNs at the postsynaptic density in mature
neurons (Petralia et al., 2005), where they are responsible for LTP
induction at CA3-CA1 synapses (Köhr et al., 2003; Liu et al.,
2004; Li et al., 2006).

Our pharmacological analyses support the view that the activ-
ities of both GluN2A and GluN2B receptors induce LTD in wild-
type adult mice in response to low-frequency stimulation. The
same conclusion has been reached regarding the induction of
LTD in adult rats (Fox et al., 2006). The impairment of LTD in
NCAM�/� mice is noteworthy because an excess of signaling via
extrasynaptic GluN2B in NCAM�/� mice promotes the induc-
tion of LTD, as found in rats (Massey et al., 2004). Because lev-
els of basal excitatory synaptic transmission are normal in
NCAM�/� mice, it is unlikely that a GluN2B-mediated increase
in the basal activity of p38 MAPK (Kochlamazashvili et al., 2010)
could depress basal transmission such that LTD would be oc-
cluded. Therefore, the impaired LTD in NCAM�/� mice is most
likely due to a deficit in signaling via GluN2A-containing recep-
tors, which is restored by DCS, as also has been reported for aged
rats (Billard and Rouaud, 2007). In contrast, application of DCS
in NCAM�/� mice increased GluN signaling to levels above the
threshold for LTD induction, thus impairing LTD induction.
Notably, LTD (induced by a single episode of low-frequency
stimulation in adult rats) is not affected by DCS (Billard and
Rouaud, 2007), suggesting that the modulating effects of DCS on
LTD are species- and/or protocol-dependent.

The data presented here and our previous finding that
NCAM and/or PSA deficiency increase the responses medi-
ated by the GluN2B subunit at the expense of the GluN2A
subunit (Kochlamazashvili et al., 2010) suggest that NCAM
and/or PSA regulate the balance in signaling between the two
major subtypes of GluNs, and this balance determines the level
of synaptic plasticity. In our current model, NCAM-associated
PSA inhibits extrasynaptic GluN2B receptor activation at low
glutamate concentrations in wild-type animals (Fig. 8), pre-
sumably via competition with glutamate for the ligand bind-
ing site (Hammond et al., 2006). As such, signaling via
synaptic GluN2A predominantly contributes to LTP induc-
tion (Massey et al., 2004). For successful LTD induction in
adult mice, activation of both GluN2A and GluN2B is required,
whereas LTP induction depends on only GluN2A (Kochlama-
zashvili et al., 2010) (present study). In the absence of NCAM,
extrasynaptic GluN2B receptors become more active, resulting in

p38 MAPK activation (Kochlamazashvili et al., 2010), which to-
gether with the reduced signaling via GluN2A, impairs LTP. This
model is also supported by a recent study (Li et al., 2011) showing
that GluN2B and p38 MAPK mediate LTP disruption via soluble
A�. Blockade of GluN2B (with Ro 25-6981) or its downstream
effector p38 MAPK was able to rescue LTP in this model, as was
previously shown for NCAM�/� mice by our group (Kochlama-
zashvili et al., 2010).

Consistent with the in vitro data showing that LTP and LTD
are rescued by DCS, systemic injection of DCS restores contex-
tual and tone memory in NCAM�/� mice. The considerable ev-
idence indicating that NCAM and associated PSA are crucially
involved in hippocampus-dependent spatial and place (contex-
tual) learning in the Morris water maze and fear conditioning
paradigms includes the following: learning-associated changes in
the expression of NCAM and PSA (Murphy et al., 1996; Murphy
and Regan, 1999; Sandi et al., 2003; Venero et al., 2006), impaired
memory in constitutively NCAM-deficient mice (Cremer et al.,
1994; Stork et al., 2000; Senkov et al., 2006), and impaired mem-
ory in conditionally NCAM-deficient mice (in which the NCAM
gene is inactivated by cre-recombinase under the control of the
CaMKII promoter) (Bukalo et al., 2004; Bisaz and Sandi, 2012).
Furthermore, temporal perturbations of NCAM or associated
PSA at different phases of learning and memory lead to the same
memory deficits in spatial navigation (Becker et al., 1996; Venero
et al., 2006) and contextual fear conditioning (Senkov et al.,
2006). Additionally, PSA deficiency throughout adulthood
(achieved by eliminating polysialyltransferase ST8SiaIV/PST-1,
an enzyme responsible for the postnatal attachment of PSA to
NCAM) results in impaired contextual fear conditioning (Sen-
kov et al., 2006) and impaired spatial and reversal learning in the
Morris water maze (Markram et al., 2007). In contrast, a gain of
PSA function by intrahippocampal injection of a PSA-mimetic
peptide improves long-term spatial memory in wild-type mice
(Florian et al., 2006). Because DCS has been shown to potently
reverse spatial memory deficits, enhance decreased GluNs activ-
ity and hippocampal synaptic plasticity in adult and aged rodents
(Quartermain et al., 1994; Aura et al., 1998; Billard and Rouaud,
2007), it will be important to analyze its potential rescue effect in
aged NCAM-deficient mice. In addition, it will be interesting for
follow-up studies to probe the effects of DCS on reversal learning,
spatial and working memory in adult and aged NCAM�/� mice.

Our present data show that NCAM regulates both synaptic
plasticity and hippocampus-dependent learning via modulation
of GluNs, consistent with our previous finding that intrahip-
pocampal injection of Ro 25-6981, which suppresses GluN2B-
mediated transmission, normalizes contextual fear conditioning.
Analogously with synaptic plasticity, a balance between GluN
subunit activation is required for acquisition of contextual fear
memory. Changes in the GluN2B/GluN2A ratio at the protein
and/or functional level may influence the formation of different
memories. Behavioral experiments manipulating GluN2B sub-
unit activity have revealed that GluN2B selectively mediates trace,
but not contextual fear conditioning, whereas GluN2A is re-
quired for both types of learning (Gao et al., 2010). Similarly to
NCAM�/� mice, mice deficient in GluN2A exhibit deficits in
hippocampal LTP and impaired fear memory (Kiyama et al.,
1998).

Upon further exploration of the functional significance of
NCAM for GluN function, we evaluated NMDA receptor-
dependent LTP in the absence of NCAM as a function of age
because it is known that NCAM polysialylation is reduced in both
aged rodent and human brains. We observed the progressive de-

2272 • J. Neurosci., February 15, 2012 • 32(7):2263–2275 Kochlamazashvili et al. • NCAM and NMDA Receptor-Dependent Plasticity



cline in LTP in 3-, 12 and 24-month-old NCAM�/� mice,
whereas in wild-type mice, a reduction in LTP was detected only
after 24 months. DCS fully rescued LTP in 3- and 12-month-old
NCAM�/� mice but only partially restored LTP in 24-month-old
mutants. In 24-month-old NCAM �/� mice, LTP was fully re-
stored by DCS (the present study), as has been reported for aged
rats (Billard and Rouaud, 2007). These data are in line with re-
markable positive effects of DCS on cognitive processing in the
elderly (Mohr et al., 1995; Tsai et al., 1999). Thus, modulating the
GluN1 glycine binding site may effectively treat age-associated
memory impairments, which are recognized as the early stage of
age-related pathologies and are characterized as reversible func-
tional alterations in neurotransmission. However, if NCAM ex-
pression is impaired with further aging and neurodegeneration,
this manipulation might be insufficient to fully restore synaptic
and cognitive function. It has been hypothesized that physiolog-
ical changes associated with normal aging occur earlier in people
with schizophrenia compared with the general population
(Kirkpatrick et al., 2008). Similarly, we found that the age-
dependent LTP decline is accelerated in NCAM�/� mice com-
pared with NCAM�/� mice. Furthermore, a progressive decline
in PSA-NCAM with age is observed in schizophrenia (Barbeau et
al., 1995; Seki and Arai, 1999; Cox et al., 2009) and accompanies
structural changes in the brain. Similarly to schizophrenic and
elderly patients (Convit et al., 2001), brain size and weight are
decreased in NCAM�/� mice (Wood et al., 1998; Tereshchenko
et al., 2011). Overall, DCS ameliorates impairments related to
schizophrenia (Javitt, 2006), other age-related brain pathologies
(Mohr et al., 1995; Tsai et al., 1999), and deficits found in adult
and aged NCAM�/� mice. Thus, NCAM/PSA is linked to these
pathological conditions. Finally, and in agreement with our pre-
vious findings (Kochlamazashvili et al., 2010), our present obser-
vations suggest that therapeutically normalizing the balance
between GluN2A- and GluN2B-containing receptors may help to
treat synaptic and cognitive deficits associated with NCAM
dysregulation.
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