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ABSTRACT: In rodents, chronic stress induces long-lasting structural
and functional alterations in the hippocampus, as well as learning and
memory impairments. The neural cell adhesion molecule (NCAM) was
previously hypothesized to be a key molecule in mediating the effects of
stress due to its role in neuronal remodeling and since chronic stress
diminishes hippocampal NCAM expression in rats. However, since most
of the evidence for these effects is correlative or circumstantial, we
tested the performance of conditional NCAM-deficient mice in the
water maze task to obtain causal evidence for the role of NCAM. We
first validated that exposure to chronic unpredictable stress decreased
hippocampal NCAM expression in C57BL/6 wild-type mice, inducing
deficits in reversal learning and mild deficits in spatial learning. Similar
deficits in water maze performance were found in conditional NCAM-
deficient mice that could not be attributed to increased anxiety or
enhanced corticosterone responses. Importantly, the performance of
both the conditional NCAM-deficient mice and chronically stressed
wild-type mice in the water maze was improved by post-training injec-
tion of the NCAM mimetic peptide, FGLs. Thus, these findings support
the functional involvement of NCAM in chronic stress-induced altera-
tions and highlight this molecule as a potential target to treat stress-
related cognitive disturbances. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Many studies over recent decades have shown that exposure to exces-
sive or long-lasting stress exerts deleterious effects on brain function and
cognition, inducing and/or exacerbating neuropsychiatric conditions
such as depression or bipolar disorders (Mazure et al., 1995; Heim and
Nemeroff, 1999; Wiedenmayer, 2004; de Kloet et al., 2005; McEwen,

2005; Sandi and Bisaz, 2007). Studies in animals have
shown that chronic stress leads to a myriad of struc-
tural and functional alterations in several brain
regions, with the hippocampus showing marked
vulnerability and suffering from dendrite atrophy,
impaired synaptic plasticity, and diminished neurogen-
esis (McEwen, 2000; Fuchs et al., 2001; McEwen and
Lasley, 2003). Because of the role of the hippocampus
in memory processes, these stress-induced alterations
are often accompanied by learning and memory
impairments (Squire et al., 2004; Kesner and
Hopkins, 2006). In addition, recent work has shown
that the medial prefrontal cortex (mPFC) is also
highly sensitive, in terms of structural atrophy and
behavioral output, to the impact of chronic stress
(Cerqueira et al., 2007; Dias-Ferreira et al., 2009;
Garrett and Wellman, 2009).

Several studies in rodents have shown that the
expression of the neural cell adhesion molecule
(NCAM) is reduced in the hippocampus following
chronic stress (Sandi et al., 2001; Touyarot and Sandi,
2002; Venero et al., 2002; Alfonso et al., 2006; Sandi
and Touyarot, 2006). NCAM is an abundant cell
adhesion macromolecule that exists in three main iso-
forms (NCAM-180, NCAM-140, and NCAM-120),
each differing in their molecular weight, as well as in
their distribution and function (Schuster et al., 2001;
Kolkova, 2008). In addition to its Ca21-independent
homophilic binding, NCAM also mediates hetero-
philic binding to tyrosine kinase receptors, such as
fibroblast growth factor receptor (FGFR) and the glial
cell line-derived brain derived neurotrophic factor
family receptor a (GFRa), as well as to other cell
adhesion molecules and various extracellular matrix
components (Walmod et al., 2004; Kiselyov, 2008;
Nielsen et al., 2008). NCAM participates in activity-
dependent synaptic rearrangements through: (i) the
activation of intracellular signaling cascades (Buttner
and Horstkorte, 2008; Ditlevsen and Kolkova, 2008);
(ii) posttranslational modification that involves
the attachment of extended chains of sialic acid (PSA-
NCAM) and that provides NCAM with antiadhesive
properties (Hildebrandt et al., 2008; Rutishauser,
2008); and (iii) altering its expression at the cell sur-
face (Panicker et al., 2003; Sandi, 2004).

Manipulations interfering with NCAM function
(such as administration of NCAM antibodies or
NCAM mimetic peptides) or its expression (through
gene inactivation) impair long-term potentiation
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(LTP), leading to learning and memory deficits in a variety of
cognitive tasks and to altered emotional behavior (for reviews,
see Conboy et al., 2008; Hartz and Ronn, 2008). Further-
more, interventions that target the polysialylation of NCAM,
either through the deletion of enzymes implicated in its poly-
sialylation (ST8SiaII and ST8SiaIV) or by region-specific infu-
sion of endoneuraminidase-N (Endo-N) that selectively cleaves
the PSA moiety, have been shown to reduce synaptic plasticity
in vitro and in vivo (Becker et al., 1996; Muller et al., 1996;
Eckhardt et al., 2000). Indeed, such manipulations also pro-
duce learning and memory impairment in vivo (Angata et al.,
2004; Venero et al., 2006; Lopez-Fernandez et al., 2007;
Markram et al., 2007a,b). Interestingly, administration of the
NCAM mimetic peptide FGL (a 15-amino-acid-long NCAM-
derived peptide, known to activate FGFR 1 and 2) potenti-
ates NCAM function and it has been shown to: (i) induce
neurite outgrowth and promote neuronal survival in vitro
(Kiselyov et al., 2003; Neiiendam et al., 2004; Berezin and
Bock, 2008); (ii) enhance cognitive functions under normal
and neuropathological conditions in vivo (Cambon et al.,
2004; Klementiev et al., 2007); and (iii) to have antidepres-
sant-like properties in constitutional NCAM-deficient mice
(Aonurm-Helm et al., 2008).

NCAM also acts in neuronal remodeling and it can simul-
taneously interact with cytoskeletal elements, neurotrophic
signals and intracellular signaling cascades (Kiss and Muller,
2001; Rougon and Hobert, 2003; Maness and Schachner,
2007). Since all of these elements have been implicated in
the deleterious effects of stress (McEwen, 2002; Kuipers
et al., 2003; McEwen, 2005; Duman and Monteggia, 2006),
we hypothesized that NCAM might play a key role in
stress-induced behavioral alterations (Sandi, 2004; Sandi and
Bisaz, 2007; Bisaz et al., 2008). Since, most of the evidence
available in support of this hypothesis is either correlative or
circumstantial, we set out to provide causal evidence linking
the stress-related decrease in NCAM expression with the cog-
nitive impairments observed after stress. To address this issue,
we compared learning and memory deficits in the Morris
water maze in mice submitted to chronic stress and in con-
ditional NCAM-deficient mice, in which the NCAM is
ablated under the control of the aCaMKII promoter in hip-
pocampal neurons postnatally (Bukalo et al., 2004). We also
tested the ability of FGLs to counteract spatial learning defi-
cits in conditional NCAM-deficient mice and in chronically
stressed wild-type mice. Our results provide strong support
for a key role of NCAM in chronic stress-induced cognitive
alterations.

MATERIALS AND METHODS

Subjects

Chronic unpredictable stress experiments were conducted on
3-month-old C57BL/6 wild-type male mice obtained from

Charles River Laboratories (L’Arbresle Cedex, France). Mice
were habituated to our animal facility for 18 days before begin-
ning the experiments.

Experiments on conditional NCAM-deficient mice were con-
ducted in groups of age-matched adult conditional NCAM
knockout male mice and their control littermates at 4 or
18 months of age. The generation of the conditional NCAM-
deficient mice has been described previously (Bukalo et al.,
2004). Briefly, homozygous NCAM-floxed mice were bred with
homozygous NCAM-floxed mice that express the cre-recombi-
nase under the control of the promoter of the a subunit of the
calcium-calmodulin-dependent protein kinase II (aCaMKII).
The progeny was homozygous for the NCAM-floxed alleles,
half of them carried the aCaMKII-cre transgene (NCAMffcre)
and the rest were control littermates (NCAMff). These mice
were backcrossed into the C57BL/6 background for more than
10 generations.

All mice were housed in groups of two to five in standard
plastic cages and they were kept under a 12 h light/dark cycle
(lights on at 7.30 am) with ad libitum access to food and
water. All the procedures carried out were performed in accord-
ance with the Swiss National Institutional Guidelines on
Animal Experimentation and they were approved by the Swiss
Cantonal Veterinary Office Committee for Animal Experimen-
tation. The number of animals used in the present study was
kept to a minimum, as was animal suffering in all procedures.

Elevated Zero Maze

Anxiety was measured in an elevated zero maze (EZM) as
described previously (Madani et al., 2003). Briefly, mice were
observed for 5 min in the EZM (a 5.5-cm-wide annular run-
way with a diameter of 46 cm and raised 46 cm above the
ground) under dim and dispersed light conditions. Two oppos-
ing 908 sectors were protected by 13.5 cm high inner and outer
walls. Thus, three zones were defined as follows: an intermedi-
ate zone comprising four 308 segments at the ends of the pro-
tection walls separated by the two 508 wide closed/protected
and the two 708 wide open/unprotected exploration zones.
With these boundaries, the entries into the open sectors were
detected only when the animal entered into them with all four
paws. The trajectories of each mouse were automatically
recorded by video tracking (Ethovision 3.0, Noldus, Wagenin-
gen, Netherlands). The total number of entries into all the sec-
tors served as an indicator of spontaneous locomotor activity,
while differences in the number of entries and the time spent
in the open sectors was taken as indicators of anxiety. Between
sessions the maze was cleaned with 5% ethanol/water.

Chronic Unpredictable Stress

After adaptation to the animal facility, all mice were charac-
terized in terms of body weight, anxiety-like behavior in the
EZM, locomotion and exploration in the open field (data not
shown). The unpredictable chronic stress protocol involved
exposing animals to a daily stressful situation at an unpredict-
able moment for 4 weeks (between 8 am and 4 pm, and
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randomly distributed over the 28 days). The stress stimuli used
were either: 6 min tail suspension; 3 3 0.4 mA inescapable
footshock; 4 h exposure to soiled, damp sawdust; 2 h exposure
on an elevated platform; 1 h immobilization in a plastic tube;
30 min exposure to 168C; 2 days inversed light/dark cycle;
10 min exposure to an older, aggressive conspecific; 1 h expo-
sure to a trimethylthiazoline (TMT); and 8 h with a 408 cage
inclination. All animals were weighed and the state of their
coat was evaluated on a regular basis (every 3–5 days). There
were two chronic stress experiments. In the first one, the ani-
mals were divided into four equal groups of 8–9 mice, accord-
ing to the initial behavioral characterization. Of these, two
groups were left undisturbed and served as controls while the
other two were exposed to chronic unpredictable stress for 28
days. One of the control groups and a group of stressed ani-
mals were used for behavioral studies, while the remaining two
were used for biochemical analyses. The second chronic stress
experiment was designed to test if the FGLs mimetic peptide
would improve performance in the water maze. The protocol
was the same as above, with one stress group injected with
saline and the other stress group with FGLs.

Morris Water Maze

The water maze apparatus consisted of a large white circular
pool (140 cm diameter) filled with opaque colored water
(268C 6 18C) and with a platform (10 3 10 cm2) submerged
�1.3 cm under the water surface. The water maze was sur-
rounded by gray curtains (25 cm from the pool periphery) con-
taining several prominent visual cues. Data were collected using
a video camera fixed to the ceiling that was connected to a
video tracking system (Ethovision 3.0, Noldus, Wageningen,
Netherlands).

One day before training, all mice were habituated to the
room, apparatus, and water by giving them a 2-min free swim
trial with no platform present. Spatial learning sessions were
conducted on three consecutive days (Days 1–3), performing
four trials per day with an interval of 18 min between two con-
secutive trials. Each trial started by introducing the mouse into
the maze with the aid of a cup, facing the pool wall, and at
one of five possible positions that were randomly balanced
between trials and days. The distance mice needed to swim to
find the hidden platform were measured and if a mouse did
not find the platform within 60 s, it was gently guided toward
it. Each mouse had to remain on the platform for 15 s before
it was returned into its waiting cage. Thigmotactic swimming
(i.e., swimming close to the walls of the water maze) was also
calculated as the percentage of time spent within 10 cm of the
maze wall. During all spatial learning trials (Days 1–3), the
platform remained in the same position. On Day 4, a 60 s
probe test with no platform present was carried out, which was
followed by a reversal learning session. At the end of the probe
test the platform was reinserted into the pool in the opposite
quadrant and the mice were guided to the new platform posi-
tion where they stayed for 15 s. The platform remained in that
opposite quadrant for all the reversal learning trials (Day 4).

For data analyses, trials were collapsed into blocks of two
consecutive trials. For the probe test, the percentage time the
mice swum in the target, opposite and adjacent quadrants, as
well as the average distance to the target platform, were meas-
ured and served as an indication of spatial memory.

Tissue Sample Preparation

Chronically stressed and control mice used to evaluate
NCAM and PSA-NCAM expression in the hippocampus and
the medial prefrontal cortex (n 5 8–9/group), were decapitated
on the morning of Day 29 (24 h after the last applied stressor).
Their brains were removed quickly and a sample of trunk
blood was collected, for later quantification of basal corticoster-
one levels. The brains were frozen in isopentane and stored at
2808 until they were further processed. Hippocampal and
medial prefrontal cortex (including the prelimbic, infralimbic,
and cingulate cortex) fractions were obtained with tissue
punches from 300 lm frozen brain slices, according to the pro-
tocol from Palkovits (1973). NCAM and PSA-NCAM levels in
NCAMffcre and NCAMff mice (n 5 5–6/genotype) were
quantified in naı̈ve animals, sacrificed in the morning and their
brains were quickly removed. This tissue was kept on an
ice-cold plate and the hippocampus and the medial prefrontal
cortex were dissected out rapidly.

Crude synaptosomal pellets were obtained according to a
protocol modified from Lynch and Voss (1991) that has been
previously shown to be effective to detect stress-induced
changes in NCAM expression (Touyarot and Sandi, 2002;
Touyarot et al., 2004; Venero et al., 2006). In brief, the tissue
was homogenized with a plastic homogenizer in 10 vol. of ice
cold HEPES (4 mM) buffered sucrose (0.32 M), containing a
freshly added cocktail of protease inhibitors (Complete EDTA-
free, Roche Diagnostics GmbH, Mannheim, Germany) and
1 mM EDTA. The solution was centrifuged at 1,000g for
5 min at 48C and the supernatant was centrifuged at 15,000g
for 15 min, resuspending the resulting pellet in phosphate buf-
fered saline (PBS) and 1% NP-40, containing protease inhibi-
tors and 1 mM EDTA. The protein concentration for each
sample was estimated by the method of Lowry et al. (1951).

Quantitative Immunoblotting of NCAM

Expression levels of three main NCAM isoforms (NCAM-
180, NCAM-140, and NCAM-120) were measured in immu-
noblots of crude synaptosomal preparations of hippocampal
and medial prefrontal cortex fractions. Synaptosomes from each
mouse were incubated overnight at room temperature with
endoneuraminidase-N (AbCys, Paris, France; final dilution
1:120) to selectively cleave the PSA moiety of NCAM. The
reaction was stopped by boiling samples at 1008C for 5 min in
70 mM Tris-HCl (pH 6.8), 33 mM NaCl, 1 mM EDTA, 2%
sodium dodecyl sulfate (SDS), 0.01% Bromophenol Blue, 10%
glycerol and 3% dithiothreitol. 3.5 lg total protein from each
sample was separated on 7.5% SDS-PAGE and transferred to a
nitrocellulose membrane (Biotran BA85, Schleicher and
Schuell). After saturation of nonspecific sites with 5% nonfat
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dry milk in 10 mM Tris-HCl (pH 7.4), containing 150 mM
NaCl, 0.05% Tween-20 (TBST), the membranes were probed
for 2 h at room temperature with primary antibodies against
NCAM (1:5,000, Millipore) or actin (1:20,000, Sigma–
Aldrich), washed with TBST, incubated for 2 h with the appro-
priate secondary horseradish peroxidase-linked antibodies, and
finally developed using the SuperSignal West Dura Substrate
(Pierce, Rockford, IL). Bands were detected using the Chemi-
Doc XRS system (Biorad, Hercules, CA) and densitometry
analysis on band was calculated using Biorad Quantity One
4.2.3 software (Biorad Laboratories AG, Switzerland). Samples
from individual subjects were subjected to duplicate immuno-
blots (Interblot coefficient of variability was 5.8%) and were
the mean of both. Following normalization to within-lane actin
(data not shown), the expression of all three main NCAM iso-
forms was expressed as the percentage of the control animals.
The linear range of specific antibody signal detection was deter-
mined at the outset of these experiments and all experimental
samples were loaded at a concentration within the linear range
of the antibody signal detection.

PSA-NCAM ELISA

PSA-NCAM levels were quantified in the same samples that
were used for NCAM quantification by performing commercial
PSA-NCAM ELISAs (AbCys Paris, France). A total volume of
100 ll from each sample was loaded at a concentration of
2 lg ml21 per well in duplicates and amounts of PSA were
estimated according the manufacturer’s protocol. PSA-NCAM
levels (ng PSA/lg of total protein) were calculated and normal-
ized to total NCAM expression.

Corticosterone Assay

Basal and stimulated corticosterone levels were measured in
naive NCAMffcre and NCAMff mice (n 5 9/group). To assay
the basal corticosterone levels, blood was collected by tail inci-
sion in the morning (8–10 am). Stimulated corticosterone lev-
els were assayed after exposing the animals to a novel environ-
ment for 20 min (gray, round vertical plastic tube; 28 cm di-
ameter, 37 cm high walls), also in the morning (8–10 am).
Blood was collected immediately afterwards by tail incision.

The blood was centrifuged (2,000g for 5 min at 48C), and
the serum was extracted and stored at 2208C until the corti-
costerone levels were assayed by ELISA (Assay Design, Ann
Arbor, MI). Under basal conditions, two animals (one of each
genotype) displayed plasma corticosterone levels higher than
the mean 6 2 standard deviations and they were excluded
from the analysis.

FGLs Treatment

FGLs, the dimeric form of the undecapeptide FGL
(VAENQQGKSKA), was used in this study, which was kindly
provided by ENKAM Pharmaceuticals A/S (Copenhagen,
Denmark). FGLs were composed of two FGL monomers

linked through their N-terminal ends by iminodiacetic acid
(Bachem AG, Bubendorf, Switzerland/NeoMPS, Strasbourg,
France). FGLs purity was at least 96% when estimated by high
performance liquid chromatography (HPLC).

The effect of FGLs treatment was tested first in NCAMffcre
mice and then in chronically stressed wild-type mice. In each
case, mice were divided into two groups (n 5 5–11/group)
and they were subcutaneously injected with either 10 mg kg21

FGLs in 0.9% NaCl (saline), or the corresponding volume of
saline alone, on Days 1, 2, and 3, immediately after each learn-
ing session in the water maze (training Days 1–3).

Data Analysis

All the results were expressed as the mean 6 standard error
of the mean (SEM) and they were analyzed with the StatView
version 5.0 package (SAS Institute, Cray, NC). The data was
analyzed with the Student’s t test or by analysis of variance
(ANOVA) with or without repeated measures, as appropriate.
Post hoc tests (PLSD Fisher) were applied whenever ANOVA
yielded significant interactions. In the water maze experiments,
in addition to analyzing the global effects of the treatments
over the whole learning procedure (with repeated measures
ANOVA), data in the literature led us to set the a priori hy-
pothesis that treatment and genotype effects might manifest as
a sporadic impairment on individual training days (Venero
et al., 2002; Sandi et al., 2003b; Bukalo et al., 2004; Cambon
et al., 2004; Touyarot et al., 2004; Stewart et al., 2005; Wright
and Conrad, 2008). Therefore, the Student’s t test was also
applied to individual block trials in the water maze. Data
regarding the NCAM isoforms was also analyzed with both
repeated measures ANOVA and with Student’s t test for each
isoform. The significance of the results was accepted at P �
0.05.

RESULTS

Physiological Effects of Chronic Stress: Change
in Body Weight and Basal Plasma Corticosterone

The stressful nature of the unpredictable chronic stress pro-
tocol used in this study was validated by evaluating body
weight in control and stressed mice. The mice subjected to
stress showed a significant reduction in body weight over the
period analyzed (repeated measure ANOVAs for body weight
change from Day 4 to 29: F7,224 5 12.563, P < 0.0001)
when compared to the control mice (Fig. 1a; F1,32 5 38.267,
P < 0.0001). In addition, ANOVA for repeated measurements
showed a significant ‘‘stress 3 day’’ interaction throughout the
chronic stress experiment (Fig. 1a; F7,224 5 11.277, P <
0.0001). The differences in body weight between stressed and
control mice were particularly pronounced from Day 12
onward, and post hoc analyses identified significant differences
between stressed and control mice on Days 12, 15, 19, 23, 26,
and 29 (P � 0.01).
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Trunk blood samples were taken on the morning of Day 29
to measure basal corticosterone levels (one day after the last
stress stimulus had been applied). Chronically stressed animals
displayed a tendency (although not significant) toward higher
basal plasma corticosterone levels when compared to control
mice (Fig. 1b; t15 5 21.401, P 5 0.09). This tendency was in
agreement with a broad body of data showing similar results in
mice and rats submitted to chronic stress (Touyarot and Sandi,
2002; Li et al., 2006, 2008; Sandi and Touyarot, 2006).

Effects of Chronic Stress on NCAM and
PSA-NCAM Expression in the Hippocampus
and the Medial Prefrontal Cortex

ANOVA of repeated measures for the three major NCAM
isoforms in hippocampal samples revealed a significant overall
effect of chronic stress on the expression of these proteins
(Fig. 2a; F1,15 5 4.962, P < 0.05). The Student’s t tests for
each isoform revealed significant effects of stress on the expres-
sion of the NCAM-180 and NCAM-140 isoforms (NCAM-
180, t15 5 1.858, P < 0.05; NCAM-140, t15 5 2.291, P <
0.05), with lower levels of these isoforms detected in stressed
animals than in controls. However, no significant differences
were detected for the predominantly glial NCAM-120 isoform
(t15 5 1.471, n.s.). Chronically stressed animals also displayed
an overall increase of PSA-NCAM in the hippocampus when
compared to controls (Fig. 2b; t15 5 21.819, P < 0.05).

In the mPFC samples, repeated measures ANOVA for the
three major NCAM isoforms revealed no significant
overall effect of chronic stress (Fig. 2c; F1,15 5 0.75, n.s.).
Additionally, Student’s t tests for each isoform revealed no
significant effects of stress (NCA-180, t15 5 1.229, n.s.;
NCAM-140, t15 5 0.849, n.s.; NCAM-120, t15 5 0.451,
n.s.). However, in this brain region, chronically-stressed mice
displayed an overall reduction of PSA-NCAM relative to

NCAM expression when compared to controls (Fig. 2d; t15 5
3.306, P < 0.01).

Effect of Chronic Stress on Spatial and Reversal
Learning in the Morris Water Maze

Spatial learning was assessed in a set of control and chroni-
cally stressed mice (n 5 8–9/group) starting one day after the
end of the chronic stress procedure (i.e., on Day 29). The per-
formance of the mice was analyzed in terms of the distance
swum to find the platform instead of the latency, since overall
the speed at which the chronically stressed mice swim was sig-
nificantly higher than that of the controls (Supporting Informa-
tion Fig. S1a; F1,15 5 7.910 P 5 0.01). Notably, this differ-
ence in speed was observed during the spatial learning days
(Day 1–3: F1,15 5 9.321, P < 0.01) as well as in the probe
test (t15 5 22.082, P 5 0.05). However, no significant differ-
ence in swim speed was found between stressed and control
mice during the reversal learning session (Supporting Informa-
tion Fig. S1a; F1,15 5 3.426, n.s.). Repeated measures ANOVA
of the distances swum to find the hidden platform over the
three training days revealed a significant effect for the blocks of
trials factor (Fig. 3a; F5,75 5 5.445, P < 0.0003) indicating
that overall, the distance swum diminished as the training pro-
ceeded. However, ANOVA indicated a lack of effect for the
‘‘stress’’ factor (F1,15 5 2.134, n.s.) and for the ‘‘block 3
stress’’ interaction (F5,75 5 0.596, n.s.). Since there is substan-
tial data in the literature indicating that chronic stress leads to
mild learning impairment in the water maze that only mani-
fests sporadically in certain training trials (Venero et al., 2002;
Sandi et al., 2003b; Bukalo et al., 2004; Cambon et al., 2004;
Touyarot et al., 2004; Stewart et al., 2005; Wright and Conrad,
2008), we also performed Student’s t test analyses for each
block of two trials to explore this possible effect. Indeed, we
found that chronically stressed mice swam significantly longer
distances to find the hidden platform specifically in the last
block of trials (B6) on Day 3 when compared to control mice
(Fig. 3a; t15 5 22.035, P < 0.03). Moreover, repeated meas-
ures ANOVA revealed no difference in thigmotactic behavior
between control and stressed animals over the three spatial
learning days (Supporting Information Fig. S1b; Day 1–3:
F1,15 5 0.177, n.s.).

On Day 4, the mice were submitted to a probe test for 60 s
in which the platform had been removed. At the end of the
probe test, the platform was set in the quadrant opposite to the
training session and mice were allowed to remain on it for 15
s. Control mice exhibited strong quadrant preference during
the probe test and spent significantly more time searching in
the target quadrant than in the opposite and adjacent quad-
rants, indicating a focused navigation strategy toward the target
quadrant (Fig. 3b; ANOVA; factor percentage time in
quadrants: F2,21 5 14.196, P < 0.0001; post hoc analysis was
P < 0.01 for the time spent in the target quadrant vs. opposite
or adjacent quadrants). Conversely, chronically stressed mice
performed at the level of chance and spent a similar amount of
time swimming in the target, opposite and adjacent quadrants

FIGURE 1. Reduced body weight and plasma corticosterone
levels as a consequence of chronic stress in C57BL/6 wild-type
male mice. (a) Stressed mice displayed a significant reduction in
body weight throughout the chronic stress experiment when com-
pared to control animals (n 5 16–18/group). (b) No significant
difference in basal plasma corticosterone levels in the morning of
Day 29 (24 h after the last applied stressor) was found when com-
pared to control animals (n 5 8–9/group). Results are the mean 6
SEM (**P < 0.0001 vs. controls).
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(Fig. 3b; ANOVA; factor percentage time in the quadrants:
F2,24 5 2.318, n.s.; post hoc analysis was n.s. for the time in
the target quadrant vs. opposite or adjacent quadrants). Fur-
thermore, when the average distance to the virtual target plat-
form during the probe test was analyzed, chronically stressed
mice displayed a significant higher average distance to the
target platform than control mice (Fig. 3c; t15 5 21.705, P 5
0.05). Student’s t test revealed no difference in thigmotactic
swimming between control and stressed mice during the probe
test (Supporting Information Fig. S1b; t15 5 21.103, n.s.).

Immediately following the probe test, mice were submitted
to a reversal learning session on Day 4, with the escape plat-
form positioned in the quadrant opposite to the training one
(Fig. 3a). ANOVA for repeated measurements on the two
blocks of two trials during the reversal learning session indi-
cated a significant effect for the ‘‘stress’’ factor (F1,15 5 4.688,
P < 0.05), but no effect for the ‘‘distance 3 stress’’ interaction
(F1,15 5 0.52, n.s.). In addition, we found that stressed mice
displayed significantly higher time performing thigmotactic
swimming during reversal learning than controls (Supporting
Information Fig. S1b; F1,15 5 5.063, P < 0.05).

Taken together, these data indicate that 28 days of chronic
unpredictable stress induced a mild impairment in spatial

learning and memory. In particular, it interfered with reversal
learning, reducing cognitive flexibility when the task demanded
the animals to ignore previously acquired information about
the exact platform location and required them to relearn a new,
relocated platform position. Increased swim speed accompanied
learning deficits, while impaired reversal learning occurred
along with enhanced thigmotaxis.

NCAM and PSA-NCAM Expression in the
Hippocampus and the Medial Prefrontal Cortex
of Conditional NCAM-Deficient Mice

Hippocampal and mPFC NCAM and PSA-NCAM levels
were evaluated in adult conditional NCAM-deficient
(NCAMffcre) mice and their NCAMff littermates (n 5
5–6/group). To quantify NCAM expression, crude synaptoso-
mal preparations were prepared from samples for each of these
brain regions obtained from naive NCAMffcre and NCAMff
animals. The expression of NCAM was defined in relation to
that of the NCAMff animals (Figs. 4a,c) and when considering
the three major NCAM isoforms together, the NCAMffcre
mice showed significantly less NCAM than their NCAMff
littermates in the hippocampus (Fig. 4a; F1,9 5 27.656,

FIGURE 2. Chronic stress led to reduced NCAM and
increased PSA-NCAM expression in the hippocampus, as well as to
reduced PSA-NCAM levels in the medial prefrontal cortex
(mPFC), of C57BL/6 wild-type mice. (a) Stressed mice displayed a
significant reduction in the NCAM-180 and NCAM-140 isoforms
in the hippocampus when compared to controls. (b) PSA-NCAM

levels increased in the hippocampus of stressed mice when com-
pared to controls. (c) No significant difference in NCAM expres-
sion levels in the mPFC were found between stressed and control
mice. (d) PSA-NCAM levels were reduced in the mPFC of stressed
animals when compared to controls. Results are the mean 6 SEM.
(n 5 8–9/group, *P < 0.05 vs. controls, **P < 0.01 vs. controls).
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P < 0.001) as well as in the mPFC (Fig. 4c; F1,9 5 11.164,
P 5 0.01). For NCAM expression levels in the hippocampus,
ANOVA indicated a significant ‘‘genotype 3 NCAM isoform’’
interaction (Fig. 4a; F2,18 5 6.087, P < 0.01). Indeed, a post
hoc PLSD Fisher analyses indicated that for each of the three
NCAM isoforms, there was significantly less expression in
NCAMffcre mice than in NCAMff mice (all P < 0.005; the
same results were obtained when running independent Stu-
dent’s t tests). Conversely, for NCAM expression in the mPFC,
ANOVA revealed no significant ‘‘genotype 3 NCAM isoform’’
interaction (Fig. 4c; F2,18 5 0.729, n.s.). In fact, Student’s
t tests confirmed that differences in expression levels between
the two genotypes were significant for each of the three
NCAM isoforms (Fig. 4c; NCAM-180: t9 5 22.999, P 5
0.02, NCAM-140: t9 5 23.843, P < 0.01, NCAM-120: t9 5
22.556, P 5 0.04).

No differences in PSA-NCAM expression relative to NCAM
were found between the two genotypes, neither in the hippo-
campus (Fig. 4b; t9 5 20.085, n.s.), nor in the mPFC (Fig.
4d; t9 5 20.437, n.s.) indicating that the relative polysialyla-
tion of NCAM molecules was not altered in conditional
NCAM-deficient mice.

Spatial Learning and Reversal Learning
of Conditional NCAM-Deficient Mice in the
Morris Water Maze

Spatial learning and memory was tested in NCAMffcre mice
and their NCAMff littermates in the water maze following the
same protocol used for the chronic stress experiment. Repeated
measures ANOVA for the distance swum to the platform
indicated a significant effect of the block of trials factor (Fig.

5a; F5,100 5 16.071, P < 0.0001), but no significant effects
for either the ‘‘genotype’’ (F1,20 5 0.238, n.s.) or the ‘‘block 3
genotype’’ interaction (F5,100 5 0.617; n.s.). When the data
from each of the block of trials was analyzed, NCAMffcre mice
swam significantly longer to reach the platform on Block 4
(the second trial block of Day 2) than NCAMff mice (Fig. 5a;
t20 5 1.782, P < 0.05), while no differences were observed in
any other training blocks (all P > 0.1). Repeated measures
ANOVA revealed no difference in the overall swim speed
between animals of both genotypes (Supporting Information
Fig. S2a; F1,20 5 1.671, n.s.). Moreover, NCAMffcre mice dis-
played no difference in swim speed during the 3 days of spatial
learning (F1,20 5 1.351, n.s.), the probe test (t20 5 1.029,
n.s.) or the reversal learning session on Day 4 (F1,20 5 3.039,
n.s.). Moreover, no difference in thigmotactic swimming was
found between animals of both genotypes during the 3 days of
spatial learning (Supporting Information Fig S2b; F1,20 5
1.425, n.s.).

Data from the probe test indicated a significant quadrant
preference on Day 4 for both genotypes (Fig. 5b; ANOVA for
percentage time in quadrants: NCAMffcre: F2,45 5 35.241,
P < 0.0001; NCAMffcre: F2,15 5 10.575, P < 0.001; post
hoc analysis were P < 0.01 for the percentage of time in the
target quadrant vs. the opposite and adjacent quadrants for
both genotypes), indicating that they spent most time swim-
ming in the target quadrant rather than in the other quadrants.
However, when both genotypes were compared, NCAMffcre
mice spent significantly less time searching in the target quad-
rant (Fig. 5b; t20 5 21.704, P 5 0.05) than NCAMff mice.
Likewise, NCAMffcre mice swam farther from the virtual tar-
get platform during the probe test than NCAMff mice (Fig.
5c; t20 5 1.733, P < 0.05). Student’s t test revealed no differ-

FIGURE 3. Chronic stress induced impairments in spatial and
reversal learning, as well as in long-term spatial memory in the
Morris water maze. (a) No difference between control and stressed
animals was found during first two days of spatial learning (B1-
B4). However, stressed animals had to swim further to find the
hidden platform in the second block of trials on Day 3 (B6).
Moreover, stressed mice were significantly impaired in the reversal
learning session on Day 4 when compared to control animals.

(b) During the probe test, stressed mice performed at chance level
and they did not display a significant quadrant preference when
compared to controls. (c) Additionally, stressed mice swam a far-
ther average distance to the virtual target platform during the
probe test when compared to control mice. Results are the mean
6 SEM. (n 5 8–9/group, *P � 0.05 vs. controls, 1 P < 0.05 vs.
all other quadrants of the same treatment group).
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ence in thigmotactic swimming between animals of both geno-
types during the probe test (Supporting Information Fig. S2b;
t20 5 0.809, n.s.).

During reversal learning session on Day 4, repeated measures
ANOVA indicated a significant effect of the training blocks
(F1,20 5 6.346, P 5 0.02), as well as a significant effect of ge-
notype since NCAMffcre mice swam further to find the hidden
platform than NCAMff mice (F1,20 5 7.987, P 5 0.01: Fig.
5a). No effect of a ‘‘block 3 genotype’’ interaction was found
(F1,20 5 0.004; n.s.). In fact, both PLSD Fisher post hoc anal-
yses (P < 0.01) or the Student’s t tests for each block separately
(Fig. 5a; Day 4; block 1: t20 5 2.335, P < 0.05; Day 4, block
2: t20 5 2.747, P < 0.05) indicated that there were differences
between the two genotypes in each block. Repeated measures
ANOVA for thigmotactic swimming during the reversal learn-
ing session revealed a significant difference between genotypes
(Supporting Information Fig. S2b; F1,20 5 4.556, P < 0.05).

Together, these data show that conditional NCAM-deficient
(NCAMffcre) mice display mild impairment during spatial
learning when compared with their NCAMff littermates, with
weaker long-term spatial memory and severely impaired reversal
learning. These differences were not accompanied by differen-
ces in swim speed, with thigmotactic behavior in the mutant

mice being only higher than in controls in the reversal learning
session.

Anxiety-Like Behavior and Hormonal Stress
Responses in Conditional NCAM-Deficient Mice

Since we found that the performance of NCAMffcre mice in
the water maze was impaired, we set up two experiments to
explore the possibility that this genotype was associated with
enhanced anxiety-like responses or reactions to stress that might
have interfered with their behavior in the maze. A new set of
animals was used to evaluate the anxiety-like behavior in the
elevated zero maze (EZM) and NCAMffcre mice clearly
explored the open, unprotected sectors of the EZM to a greater
extent than NCAMff littermates. These behavioral differences
were evident through the number of entries into the open sec-
tors (Fig. 6a; t34 5 2.968, P < 0.01) and the time spent in the
open sectors (Fig. 6b; t34 5 2.753, P < 0.01). Indeed, such
differences are conventionally interpreted as an indication of
lower levels of anxiety in the mutant mice, particularly since
the total locomotor activity of both genotypes was comparable
in this test (Fig. 6c; t34 5 1.735, n.s.).

FIGURE 4. NCAM and PSA-NCAM expression levels in the
hippocampus and the medial prefrontal cortex (mPFC) of condi-
tional NCAM-deficient mice. (a,c) Conditional NCAM-deficient
mice (NCAMffcre) express significantly less of all the major
NCAM isoforms in the hippocampus and the mPFC when com-

pared to their NCAMff littermates. (b,d) No difference in PSA-
NCAM in relation to NCAM expression was found in the hippo-
campus and the mPFC of NCAMffcre mice. Results are the means
6SEM. (n 5 5–6/group, *P < 0.05 vs. NCAMff, **P < 0.01 vs.
NCAMff).
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Stress reactivity was analyzed by assessing plasma corticoster-
one levels in both genotypes, under basal conditions in the
morning (when plasma corticosterone levels are low and stable)
and after stimulation (i.e., immediately after exposing mice to
a new, unfamiliar environment for 20 min). No difference in
serum corticosterone levels was found between NCAMffcre and
NCAMff mice, neither under basal conditions (t13 5 20.884,
n.s.) nor after having been exposed to a new environment for
20 min (t15 5 1.199, n.s.: Fig. 6d).

Effect of FGLs Treatment on the Spatial
Learning and Memory of NCAMffcre Mice
in the Morris Water Maze

To further verify the causal involvement of NCAM on the
learning deficits observed in the water maze, a new experiment
was designed to test whether post-training administration of
the NCAM mimetic peptide FGLs improved the performance
of NCAMffcre mice in the water maze (Fig. 7a). Repeated
measures ANOVA for the blocks from Days 2 to 3 (note that
the first FGLs injection was administered immediately after
training on Day 1) indicated no overall effect of the
‘‘treatment’’ factor, (F1,9 5 3.085, n.s.), or for the ‘‘block 3
treatment’’ interaction, (F3,27 5 1.198, n.s.). When the data
from each block of trials was analyzed separately, analyses indi-
cated that FGLs-treated NCAMffcre performed significantly
better (i.e., they swam less to find the platform) on the second
block of Day 2 (B4) than saline treated mice of the same geno-
type (Fig. 7a; t9 5 2.294, P < 0.05). Repeated measures
ANOVA revealed no difference between FGLs and untreated
NCAMffcre mice in the swim speed (Supporting Information

Fig. S3a, F1,9 5 1.037, n.s.) and in thigmotactic swimming
(Supporting Information Fig. S3b; F1,9 5 0.00003, n.s.) during
Days 2 and 3 of spatial learning.

In the probe test performed on Day 4, both FGLs- and
saline-treated NCAMffcre mice showed significant quadrant
preference (Fig. 7b; ANOVAs for the percent time in quad-
rants: NCAMffcre, saline: F2,15 5 29.991, P < 0.0001;
NCAMffcre, FGL: F2,12 5 23.969, P < 0.0001) and they per-
formed significantly above chance level (i.e., 25% in the target
quadrant). Interestingly, post hoc analyses for the percentage
time in the target quadrant vs. the opposite or adjacent quad-
rant was only significant for FGLs-treated (P < 0.01) but not
for saline-treated animals (Fig. 7b). No difference between the
groups was observed in the average distance to the target plat-
form over the 60 s probe test (Fig. 7c; t9 5 20.662, n.s.).
Moreover, no difference between both treatment groups was
found in the swim speed (Supporting Information Fig. S3a; t9
5 1.421, n.s.) or in thigmotactic behavior (Supporting Infor-
mation Fig. S3b; t9 5 0.403, n.s.)

During the reversal learning session, FGLs-treated animals
performed significantly better than saline-treated NCAMffcre
mice (Fig. 7a; F1,9 5 4.988, P 5 0.05). While no significant
effect of the ‘‘block 3 treatment’’ interaction was found
(ANOVA for repeated measurements; factor ‘‘distance 3 treat-
ment’’; Day 4: F1,9 5 0.096, n.s.), FGLs treated NCAMffcre
mice displayed a significant higher swim speed than saline
treated NCAMffcre mice (Supporting Information Fig. S3a;
F1,9 5 5.112, P 5 0.05). No difference in thigmotactic behav-
ior was found between both treatment groups (Supporting In-
formation Fig. S3b; F1,9 5 0.003, n.s.).

FIGURE 5. Spatial and reversal learning impairments, and
reduced long-term spatial memory of conditional NCAM-deficient
mice in the Morris water maze. (a) Conditional NCAM-deficient
(NCAMffcre) mice displayed a mild impairment in spatial learning
when compared to NCAMff littermates that was evident in the dis-
tance swum to find the hidden platform during the second block
of trials on Day 2 (B4). Additionally, NCAMffcre mice performed
significantly worse during the whole reversal learning session than

NCAMff. (b) During the probe test, NCAMffcre mice displayed
significant target quadrant preference but they spent less time in
the target quadrant than NCAMff animals. (c) Moreover, NCAMffcre
mice swam farther to the virtual target platform during the probe
test than NCAMff animals. The results are the means 6 SEM.
(n 5 7–16/group, *P � 0.05 vs. NCAMff, 1 P < 0.05 vs. all
other quadrants of the same genotype).
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Therefore, administration of FGLs appeared to improve
spatial learning (at a specific block trial during acquisition),
memory, and reversal learning in conditional NCAM-defi-
cient mice.

Effect of FGLs Treatment on the Spatial
Learning and Memory of Chronically Stressed
Wild-Type Mice in the Morris Water Maze

We then set an experiment to assess whether manipulating
NCAM function through FGLs injections in a similar way as

in the previous experiment could improve chronic stress-
induced deficits in the water maze (Fig. 8). Two groups of
chronically stressed mice were included, one injected with
FGLs and the other with saline. Repeated measures ANOVA
for distance swum to find the hidden platform over Days 2
and 3 of spatial learning indicated no significant effect for the
‘‘treatment’’ factor (F1,19 5 0.687, n.s.) or for the ‘‘block 3
treatment’’ interaction (F3,57 5 0.538, n.s.). However, when
data for each block was analyzed separately, FGLs treated mice
swam significantly shorter to find the hidden platform on
trial Block 4 than saline-treated mice (Fig. 8a; t19 5 21.699,

FIGURE 6. Reduced anxiety-like behavior in the elevated zero
maze (EZM) and normal hormonal stress response of conditional
NCAM-deficient mice. Conditional NCAM-deficient mice
(NCAMffcre) visited (a) and spent more time (b) in the open sec-
tors of the EZM than their NCAMff littermates. (c) No difference

in the total zone entries was found between NCAMffcre and
NCAMff mice. (d) Basal and stimulated corticosterone levels were
similar in NCAMffcre and NCAMff mice. Results are the means 6
SEM. (n 5 16–20/group, **P < 0.01 vs. NCAMff).

FIGURE 7. Effect of post-training FGLs administration (10
mg kg21) on spatial and reversal learning, and on long-term spa-
tial memory of conditional NCAM-deficient mice in the Morris
water maze. (a) In the second block of trials on Day 2 (B4) and
during the reversal learning session, FGLs treated conditional
NCAM-deficient mice (NCAMffcre) swam a shorter distance to
find the platform when compared to saline treated NCAMffcre
mice (arrows indicate post-training FGLs injections). (b) FGLs

treated NCAMffcre mice showed significant quadrant preference
and they spent more time in the target quadrant than in the oppo-
site or adjacent quadrants during the probe test. By contrast, sa-
line treated NCAMffcre mice do not display target quadrant pref-
erence. (c) FGLs administration did not affect the average distance
to the virtual target platform during the probe test. The results are
the means 6 SEM. (n 5 5–6/group, *P � 0.05 vs. saline treated,
1 P < 0.05 vs. all other quadrants of the same treatment group).
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P 5 0.05), while no difference was found in any other block
(P > 0.1). Repeated measures ANOVAs revealed a higher over-
all swim speed of FGLs treated mice (Supporting Information
Fig. S4a; F1,19 5 10.064, P < 0.01), but no differences in
thigmotactic swimming (Fig. 4b; F1,19 5 0.224, n.s.) during
Days 2 and 3 of spatial learning.

In the probe test, both FGLs- and saline-treated stressed
mice showed a significant quadrant preference (Fig. 8b;
ANOVAs for the percent time in quadrants: stressed, saline:
F2,27 5 11.093, P < 0.001; stressed, FGLs: F2,30 5 38.141,
P < 0.0001) and both treatment groups performed signifi-
cantly above the chance level. Post hoc analyses for the per-
centage time in the target quadrant vs. the opposite or adja-
cent quadrant were significant for both FGLs- and saline
treated mice (P < 0.01). No difference between the groups
was observed in the average distance to the target platform
over the 60 s probe test (Fig. 8c; t19 5 20.928, n.s.). Swim
speed was significantly higher in FGLs-treated than in saline-
treated mice (Supporting Information Fig. S4a; t19 5 3.727,
P < 0.01), while no difference was found in the time spent
on thigmotactic swimming (Supporting Information Fig. S4b;
t19 5 20.611, n.s.).

During the reversal learning session on Day 4, FGLs-treated
animals performed significantly better than saline-treated
stressed mice (Fig. 8a; F1,19 5 4.295, P 5 0.05). The treat-
ment did not induce significant differences in swim speed
(Supporting Information Fig. S4a; F1,19 5 0.633, n.s.) or thig-
motactic behavior (Supporting Information Fig. S4b; F1,19 5
4.025, n.s.).

Therefore, similarly to NCAM-deficient mice, post-train-
ing administration of FGLs in chronically stressed wild-type
mice appeared to improve spatial learning (at a specific
block trial during acquisition) and, particularly, reversal
learning.

DISCUSSION

Previous work in rats identified reduced NCAM expression
in the hippocampus and other forebrain areas after exposure to
chronic stress (Sandi et al., 2001; Touyarot and Sandi, 2002;
Venero et al., 2002; Touyarot et al., 2004; Alfonso et al., 2006;
Sandi and Touyarot, 2006; Shin et al., 2009) in conjunction
with deficits in spatial learning (Luine et al., 1994; Conrad
et al., 1996; Park et al., 2001; Venero et al., 2002; Sandi et al.,
2003a; Li et al., 2006). Using adult conditional NCAM-defi-
cient mice in which the NCAM gene is ablated in glutamater-
gic neurons of the forebrain by the second postnatal week
(Bukalo et al., 2004), we addressed whether the reduction in
NCAM expression might have a causal effect on the learning
deficits observed.

Accordingly, we first validated that the effects of chronic
stress described in rats can be generalized to mice and indeed,
there is less hippocampal NCAM in C57BL/6 wild-type mice
exposed to chronic unpredictable stress, as well as deficits in
learning and reversal learning in the water maze. However,
reduction in PFC levels in chronically stressed mice did not
reach significance. In adulthood, conditional NCAM-deficient
(NCAMffcre) mice show a marked reduction of NCAM in
the hippocampus and prefrontal cortex and they displayed
poor performance in the water maze that was, to some extent,
comparable to that of stressed wild-type mice. These deficits
could not be attributed to increased anxiety, which was less
pronounced in these mice when compared to their NCAMff
littermates, or to altered hormonal stress responses as their
corticosterone levels were comparable to those of NCAMff
mice. Interestingly, the performance of both NCAMffcre and
wild-type chronically stressed mice in the water maze
improved after post-training injections of the NCAM mimetic
peptide FGLs. Together these findings provide strong support

FIGURE 8. Effect of posttraining FGLs administration (10 mg
kg21) on spatial and reversal learning, and on long-term spatial
memory of chronically stressed C57BL/6 wild-type mice in the
Morris water maze. (a) FGLs treated stressed wild-type mice swam
a significantly shorter distance to find the hidden platform in the
second block of trials on Day 2 (B4) and during the reversal learn-
ing session than saline treated stressed mice (arrows indicate post-
training FGLs injections). (b) Both FGLs and saline treated

stressed wild-type mice showed significant quadrant preference and
they spent more time in the target quadrant than in the opposite
or adjacent quadrants during the probe test. (c) FGLs administra-
tion did not affect the average distance to the virtual target plat-
form during the probe test. The results are the means 6 SEM.
(n 5 10–11/group, *P � 0.05 vs. saline treated, 1 P < 0.05 vs. all
other quadrants of the same treatment group).
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for a key role of NCAM in the stress-induced deficits in cog-
nitive performance.

To our knowledge, this is the first study showing that
28 days of chronic unpredictable stress in male mice leads to a
reduction of hippocampal NCAM protein expression similar to
that described in rats submitted to chronic restrain stress (Sandi
et al., 2001; Touyarot and Sandi, 2002; Venero et al., 2002).
Stress-induced elevations of glucocorticoids might play a role in
the reduction of NCAM expression, as chronic treatment with
corticosterone was shown to decrease NCAM expression in the
frontal cortex (Sandi and Loscertales, 1999). Reduced transcrip-
tion of NCAM may also contribute to this phenomenon as
reduced NCAM mRNA levels were found in the hippocampus
of rodents subjected to 3–4 weeks of chronic stress (Venero
et al., 2002; Alfonso et al., 2006). Likewise, increased shedding
of NCAM molecules from the cellular membrane has also been
proposed as a response to stress-induced increases in extracellu-
lar ATP (Sandi, 2004). NCAM possesses intrinsic ecto-adenosyl
triphosphate (ecto-ATP) activity, presumably associated with
the extracellular fibronectin Type-III domain of the protein,
which has also been implicated in the binding and concomitant
activation of the FGFR (for a review see Hubschmann and
Skladchikova, 2008). ATP is a neurotransmitter that is often
released from neuronal cells as a cotransmitter in glutamatergic
and noradrenergic synaptic vesicles (Burnstock, 1995; Mori
et al., 2001) and it induces metalloprotease-mediated NCAM
ectodomain release (Hubschmann and Skladchikova, 2008).
Indeed, it is relevant to mention that increased levels of
NCAM immunoreactive proteins were found in the CSF of
patients suffering from mood disorders (Poltorak et al., 1996),
which are frequently associated with increased stress and gluco-
corticoid levels (de Kloet et al., 2005; Pariante and Lightman,
2008). Interestingly, we also confirmed in wild-type mice ear-
lier findings in rats, whereby hippocampal PSA-NCAM expres-
sion increases after chronic stress and/or chronic glucocorticoid
treatment (Sandi et al., 2001; Touyarot and Sandi, 2002; Pham
et al., 2003). However, while the reduction in NCAM was pro-
posed to play a direct role in stress-induced cognitive impair-
ment, the increase in PSA-NCAM was thought to be linked to
compensatory mechanisms activated by the hippocampal
remodeling induced by chronic stress (Sandi, 2004).

In the PFC, previous work in rats had shown reduced
NCAM expression after chronic exposure to glucocorticoids
(Sandi and Loscertales, 1999) or stress (Huang et al., 2008).
However, in our study, the slight reductions in NCAM levels
observed in chronically-stressed mice did not reach significance,
while PSA-NCAM expression was specifically inhibited by
stress in this brain region. This is the first evidence that chronic
stress can inhibit the levels of this neuroplasticity molecule
(i.e., PSA-NCAM) in the PFC which, strikingly, it is the oppo-
site effect to the one observed after chronic antidepressant
treatments (i.e., enhancement of PSA-NCAM expression in the
PFC) (Sairanen et al., 2007; Varea et al., 2007).

We also showed that the stress-induced learning deficits pre-
viously described in chronically-stressed rats were similarly
reproduced in the C57BL/6 mouse strain. A feature of the

effects produced by chronic stress in rats is the mild learning
impairment during the acquisition phase in the water maze.
This phenomenon normally manifests in one or only a few
scattered trials in which the stressed animals perform worse
than controls, even though stressed rats do acquire the spatial
orientation learning in the overall training procedure (Venero
et al., 2002; Sandi et al., 2003a; Touyarot et al., 2004; Stewart
et al., 2005; Wright and Conrad, 2008). Likewise, the impair-
ments observed in chronically-stressed mice during learning ac-
quisition were observed on one of the training days. Moreover,
we found that chronically-stressed mice performed poorly in
the probe test and in particular, in the subsequent reversal
learning session.

A critical question that we addressed in this study was
whether conditional NCAM deficiency would produce similar
cognitive impairments as those seen in chronically stressed
C57BL/6 wild-type mice. They did to a large extent under our
experimental conditions, as NCAMffcre mice showed a mild
learning impairment on one of the training days and reduced
memory performance in the probe test. These learning deficits
are in agreement with previous data indicating that these mice
are less precise in spatial searching (Bukalo et al., 2004). Mice
with constitutional loss of the NCAM gene were also found to
exhibit profound learning and memory impairments in the
water maze (Cremer et al., 1994; Stork et al., 2000), as well as
in other hippocampus-dependent tasks such as contextual fear
conditioning (Stork et al., 2000; Senkov et al., 2006). Impor-
tantly, as we found for stressed C57BL/6 wild-type mice,
NCAMffcre mice were also markedly impaired in reversal
learning, suggesting that NCAM deficiency induces a marked
impairment in cognitive flexibility. Although difficult to com-
pare since experiments were not run simultaneously, the magni-
tude of the reversal learning deficits displayed by NCAMffcre
mice appeared to be greater than in chronically-stressed wild-
type mice. Given that, in addition to the hippocampus, reversal
learning in the water maze is thought to involve the prefrontal
cortex (Cerqueira et al., 2005; de Bruin et al., 1994), differen-
ces in NCAM expression in the prefrontal cortex reported in
this study between the two models (i.e., markedly lower in
NCAMffcre mice, while not significantly reduced in chronically
stressed wild-type mice) might be relevant for the behavioral
differences.

A note of caution should be drawn about the validity of the
NCAMffcre mice model to assess for the implications of
reduced NCAM expression induced by chronic stress. Although
hippocampal NCAM levels were reduced in both models, the
reduction was larger in the conditional knockout model, which
was, in fact, the only one showing a significant reduction in
the prefrontal cortex. While we focus our discussion here in
the brain regions analyzed, differences in NCAM expression
between the two models in other brain regions likely exist and,
hence, could also contribute to the behavioral effects observed.
Likewise, differences in brain-region specific content of other
molecules induced by each of the two studied models might
also be important. Note that, in our study, we detected impor-
tant differences in the ratio of PSA-NCAM to NCAM expres-
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sion: while this was not changed in NCAMffcre mice, chroni-
cally stressed mice showed higher levels in the hippocampus
but lower levels in the PFC. In addition, chronic stress is well
known to affect a wide number of other molecules throughout
the brain (de Kloet et al., 2005; McEwen, 2007). In fact,
despite the resemblance of the behavioral alterations exhibited
by the two models, there were also interesting differences. For
example, chronically stressed mice showed increased swim
speed at learning (not observed in NCAMffcre mice) that
might indicate an anxious reaction to the task and, therefore, a
nonfocused learning strategy. However, analysis of thigmotactic
behavior failed to support this interpretation. In fact, enhance-
ment of thigmotactic behavior was found for mice from both
models in parallel with their impairment in reversal learning.

It is important to note that the learning deficits observed
in NCAMffcre mice are not due to a lack of NCAM expres-
sion during development, as NCAM expression in these mice
is normal during development and the early postnatal period
(Bukalo et al., 2004). Unlike constitutional NCAM knockout
mice that were shown to display several changes in different
brain structures, including the hippocampus (Cremer et al.,
1994, 1997), no histological morphological abnormalities
were observed by light microscopy in the NCAMffcre mice
studied here (Bukalo et al., 2004). Likewise, these animals
showed no alterations in hippocampal PSA-NCAM levels.
Moreover, we can exclude the possibility that the spatial learn-
ing and memory deficits observed in NCAMffcre mice might
be due to enhanced anxiety-like levels (Herrero et al., 2006).
Indeed, the NCAMffcre mice show reduced anxiety-like
behavior when naı̈ve animals are evaluated in the elevated
zero mazes. Additionally, differences in stress responsiveness
seem not to account for the behavioral changes since basal or
stimulated (novelty exposure) corticosterone levels did not dif-
fer in NCAMffcre mice. It is important to note that the emo-
tion- and stress-related responses in NCAMffcre mice differ
from the impact of constitutive ablation of the NCAM gene.
On the contrary, a mediating role of anxiety-like behavior
and stress reactivity could not be excluded from behavioral
deficits previously found in constitutive NCAM knockout
mice, since they show enhanced anxiety-like behaviors
(Cremer et al., 1994; Stork et al., 2000) and enhanced corti-
costerone responses (Stork et al., 1997).

To further verify whether the spatial learning deficits associ-
ated with reduced NCAM expression were linked to alterations
in NCAM function, immediately after each training session in
the water maze we treated NCAMffcre and chronically stressed
wild-type mice with the NCAM mimetic peptide FGLs. In
both cases, we found that daily post-training FGLs treatment
facilitated spatial learning performance on one of the training
blocks (B4), just when these respective groups of mice demon-
strated impaired learning. By contrast, memory retention dur-
ing the probe tests was not affected. However, again, there was
a marked improvement in reversal learning in both experi-
ments. Systemic FGLs administration was effective in accord-
ance with previous evidence showing that systemic injection of
FGL rapidly penetrates into the cerebrospinal fluid (CSF)

(Secher et al., 2008). The FGL peptide corresponds to a part
of NCAM that binds to and activates the FGFR, and it has
been shown to promote synaptogenesis, enhance presynaptic
functioning and to facilitate memory consolidation (Cambon
et al., 2004; Secher et al., 2008). Given that former experi-
ments in rats indicated a memory facilitating effect for FGL
under normal conditions (i.e., in control animals not submitted
to chronic stress or to any other treatment leading to a cogni-
tive deficiency), the possibility exist that the effects reported
here are not linked to the improvement of memory impair-
ments linked to NCAM deficiency, but to a more general effect
of FGL on cognitive enhancement. Importantly, administration
of FGL to mid-age rats during a 4-week stress protocol, and
subsequent boosting over the next 6 months of both stress and
FGL treatment, prevented stress-induced spatial learning
impairment in the water maze, while the same treatment did
not enhance performance in control, unstressed, rats (Borcel
et al., 2008). Therefore, although FGL seems to be able to
induce cognitive enhancing properties both in normally per-
forming animals and under conditions such as chronic stress,
involving NCAM deficiency in hippocampus and PFC, the
peptide’s effective dosage and administration regime might dif-
fer for the different conditions. Future studies should systemati-
cally address this important issue.

Interestingly, these positive effects of FGL are not a general
effect of NCAM mimetic peptides. Indeed, the NCAM mi-
metic peptide C3d, which interferes with NCAM-mediated
cell–cell adhesion mediated by the first immunoglobulin do-
main of the molecule (Ronn et al., 1999), impairs memory for-
mation in a variety of tasks including the water maze (Foley
et al., 2000; Cambon et al., 2003; Hartz et al., 2003; Venero
et al., 2006). The idea that interfering with NCAM adhesion
impairs memory function is also supported by data from
experiments involving intracerebroventricular infusion of
NCAM antibodies (Doyle et al., 1992; Scholey et al., 1993;
Mileusnic et al., 1995). Together, these findings highlight the
functional significance of NCAM and particularly, that of the
NCAM-FGFR interactions in learning and memory.

In conclusion, the results of the present study support
the view that alterations in NCAM expression in response
to chronic stress are involved in stress-induced cognitive dis-
turbances. They also indicate that treatments enhancing
NCAM function may serve as a pharmacological interven-
tion to prevent or overcome the cognitive impairments
induced by stress. Although further work is needed to eluci-
date the implications of other CAMs in these regulatory
changes, our findings highlight NCAM as important media-
tor of the negative effects of chronic stress on brain func-
tion and cognition.
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