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EphA4 receptor (EphA4) tyrosine kinase is an important

regulator of central nervous system development

and synaptic plasticity in the mature brain, but its

relevance to the control of normal behavior remains

largely unexplored. This study is the first attempt to

obtain a behavioral profile of constitutive homozygous

and heterozygous EphA4 knockout mice. A deficit in

locomotor habituation in the open field, impairment in

spatial recognition in the Y-maze and reduced probability

of spatial spontaneous alternation in the T-maze

were identified in homozygous EphA4−/− mice, while

heterozygous EphA4+/− mice appeared normal on these

tests in comparison with wild-type (WT) controls. The

multiple phenotypes observed in EphA4−/− mice might

stem from an underlying deficit in habituation learning,

reflecting an elementary form of nonassociative learning

that is in contrast to Pavlovian associative learning,

which appeared unaffected by EphA4 disruption. A

deficit in motor coordination on the accelerating rotarod

was also demonstrated only in EphA4−/− mice – a

finding in keeping with the presence of abnormal gait

in EphA4−/− mice – although they were able to improve

performance over training. There was no evidence for

substantial changes in major neurochemical markers in

various brain regions rich in EphA4 as shown by post-

mortem analysis. This excludes the possibility of major

neurochemical compensation in the brain of EphA4−/−
mice. In summary, we have demonstrated for the first

time the behavioral significance of EphA4 disruption,

supporting further investigation of EphA4 as a possible

target for behavioral interventions where habituation

deficits are prominent.
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The Eph receptor A4 (EphA4) is a member of the Eph
family of receptor tyrosine kinases (Ephs). Ephs and their cell
surface-associated ephrin ligands are important regulators
of central nervous system (CNS) development; they are
involved in the guidance of axonal growth and establishment
of neural connectivity (Egea & Klein 2007; Pasquale 2008). In
the mature brain, Ephs regulate neuron–glia communication
and play a role in synaptic plasticity (Klein 2009; Murai
& Pasquale 2011). Among the subtypes, EphA4 shows
widespread expression throughout the CNS starting from
early development and persisting in the mature brain
(Greferath et al. 2002). In the adult hippocampus, EphA4 is
expressed on dendritic spines of pyramidal neurons and axon
terminals (Bouvier et al. 2008; Carmona et al. 2009; Filosa
et al. 2009; Murai et al. 2003; Tremblay et al. 2007), where it
interacts with ephrin-A3 to shape dendritic spine morphology
and influences synaptic plasticity (Carmona et al. 2009; Filosa
et al. 2009; Murai et al. 2003). Eph dysfunction might be
relevant to neuropsychiatric and neurodegenerative diseases
(Inoue et al. 2009; Yamaguchi & Pasquale 2004) characterized
by abnormal dendritic spines in the hippocampus and
cortex (Glantz & Lewis 2000; Kaufmann & Moser 2000).
Specifically, a genetic mouse model of Alzheimer’s disease
overexpressing human amyloid-β protein precursor was
accompanied by reduced hippocampal EphA4 expression
(Simón et al. 2009), suggesting that aberrant EphA4-
mediated signaling might contribute in part to the memory
deficits in this model.

However, the functional significance of EphA4 in normal
behavior and cognition remains largely unexplored. This
study is the first attempt to characterize the impact
of constitutive genetic deletion of EphA4 on behavior
and cognition in adulthood. Five behavioral tests were
performed, including a test of motor coordination using the
accelerating rotarod, open field locomotor activity, anxiety-
related behavior in the elevated plus maze, spontaneous
alternation in the T-maze, spatial recognition memory in the
Y-maze and conditioned context freezing. Performance in
the last four tests is sensitive, albeit not exclusively so, to
hippocampal damage. They were selected because EphA4
is not only highly expressed in the hippocampus but also
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Table 1: Sequence of behavioral testing and sample size of each experimental group per test

Cohort Experiments Duration (days) Number of mice (WT/HT/KO)

Cohort I Accelerating rotarod 3 10/9/9
Cohort II Open field 2 11/12/9

Y-maze 2 11/12/9
T-maze 1 11/12/9

Cohort III∗ Elevated plus maze 1 12/12/12
Contextual fear conditioning 4 12/12/11†

The numbers illustrated represent the animals used in each of the experiments, after taking into account any unexpected loss of data
or exclusion criterion. WT, EphA4+/+; HT, EphA4+/−; KO, EphA4−/−.
∗Brains of some of the animals from cohort III were dissected 4 weeks after completion of the last behavioral test and subsequently
used for HPLC analyses.
†Data from one KO animal were excluded from analysis because it fell sick.

involved in hippocampal synaptic plasticity, such as long-term
potentiation (Grunwald et al. 2004); and therefore EphA4
may assume a role in hippocampus-dependent behavior.
Both homozygous (EphA4−/−) and heterozygous (EphA4+/−)
EphA4 knockout (KO) mice were tested and compared with
WT littermate controls (EphA4+/+).

We demonstrate here for the first time that EphA4−/−

mice are associated with reduced locomotor habituation and
impaired spatial novelty detection. In addition, we report a
deficit in motor coordination and balance on the accelerating
rotarod, which is most likely related to altered neuronal
connections in the spinal cord and impaired hind limb gaits
previously demonstrated in these animals (Akay et al. 2006;
Dottori et al. 1998; Kullander et al. 2001). We also found
no indication of potential developmental alterations in major
neurochemical markers in the brain, although the contribution
of other developmental factors cannot be excluded. This
study highlights a critical role of EphA4 in short-term
habituation processes and novelty assessment.

Materials and methods

Animals
Subjects were all adult male mice with a pure C57BL/6J genetic
background. They comprised EphA4−/− (KO), EphA4+/− (HT) and
EphA4+/+ (WT) mice derived from EphA4+/− × EphA4+/− breeding.
The generation of the mutant mice has been fully described
elsewhere (Dottori et al. 1998; Kullander et al. 2001). Briefly, the
line was originally created by electroporation of the target vector
construct into W9.5 embryonic cells and two positive clones carrying
a single targeted mutation of the EphA4 gene were injected into
(C57BL/6 × C57Bl/10) F2 blastocysts. Chimeric mice were then
mated to C57BL/6J mice. The resulting heterozygous EphA4 KO
mice were backcrossed with pure C57BL/6J mice for more than
10 generations. The genotype of each animal was determined by
polymerase chain reaction of tail DNA using specific probes for the
EphA4 gene as described previously (Dottori et al. 1998; Kullander
et al. 2001).

The animals were housed on a reversed 12/12-h light/dark cycle
(lights on at 2000 h) under temperature- (21◦C) and humidity-
controlled (55%) conditions. Littermates were caged in groups of
maximally six and maintained on ad libitum food and water. Testing
was performed in 2- to 4-month-old mice and took place during
the dark phase of the light/dark cycle. Three different cohorts of
animals were used to accomplish all behavioral and cognitive tests
of interest. The use of different cohorts served to minimize potential
confounding factors associated with prolonged behavioral testing

and aging. All necessary information regarding the design of the
behavioral experiments is provided in Table 1, including the sequence
and duration of the behavioral tests and the number of animals
included in the final analyses. In general, the least stressful test was
conducted first and the most stressful test last in order to minimize
stress-related carry-over effects across tests.

We observed a reduction of body weight in EphA4−/− mice relative
to EphA4+/− and EphA4+/+ mice. The body weight was measured in
10-week-old animals (mean ± SEM): EphA4−/−: 23.1 ± 0.6 g (n =
12), EphA4+/−: 28.8 ± 0.6 g (n = 12) and EphA4+/+: 28.8 ± 0.3 g
(n = 12). It significantly differed between groups (F2,33 = 38.01, P
< 0.001) and post hoc analysis confirmed that EphA4−/− mice were
significantly lighter than EphA4+/− and EphA4+/+ mice (P < 0.001).

All procedures described in this study had been approved by the
Cantonal Veterinary Office in Zurich and are in agreement with the
Principles of Laboratory Animal Care (National Institutes of Health
publication no. 86–23, revised 1985). All efforts were made to
minimize the animals’ suffering or discomfort.

Western blotting
Two adult naive mice of each genotype were killed by cervical
dislocation and brains were quickly dissected. For each animal,
one complete hemisphere and the hippocampus from the other
hemisphere were separately homogenized in CHAPS lysis buffer [60
mM CHAPS, 20 mM Tris (pH 8.0), 1 mM ethylenediaminetetraacetic
acid (EDTA), Complete Mini EDTA-free protease inhibitor cocktail
(Roche, Basel, Switzerland) and 1% phenylmethylsulfonyl fluoride
in ethanol] using a EUROSTAR power basic stirrer (IKA, Staufen,
Germany). The samples were then incubated for 30 min on ice
and centrifuged for 15 min at 4◦C and 15 000 g. Total protein
concentrations were determined using the Bio-Rad DC Protein
Assay (Bio-Rad, Hercules, CA, USA). Equal amounts of protein (20
μg) were resolved by 4–12% NuPAGE gels (Invitrogen, Carlsbad,
CA, USA) and transferred onto polyvinylidene fluoride membranes
(GE Healthcare Osmonics, Bucks, UK). After blocking, membranes
were incubated with primary antibodies (mouse anti-EphA4 receptor,
Invitrogen, 1:200; mouse anti-GAPDH, Abcam, Cambridge, UK, 1:20
000) overnight at 4◦C, washed and incubated with horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse IgG,
1:10 000) for 1 h at room temperature. Protein bands were detected
with a chemiluminescent substrate system (SuperSignal West Pico;
Pierce Biotechnology, Rockford, IL, USA). Images for Western blots
were scanned and quantified with a chemiluminescent imaging
system (Stella 3200; Raytest, Straubenhardt, Germany).

Motor coordination on the accelerating rotarod
Motor coordination was assessed using the rotarod. The device
(Model 7650, Ugo Basile; Biological Research Apparatus, Comerio,
Italy) and procedures have been fully described before (Willi et al.
2009). Five mice were tested concurrently. They were placed on the
rotating drum at a baseline speed of 4 r.p.m., and the rotation rate
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of the drum was then linearly increased from 4 to 40 r.p.m. over a
period of 5 min. A trial ended when the animal fell off the rotating
drum, or when a maximum of 5 min had elapsed. The latency to
fall was recorded to index performance. Each mouse was given four
trials per day with an intertrial interval of 1 h over three consecutive
days.

Spontaneous locomotor activity in the open field
Spontaneous locomotor activity was evaluated using a standard open
field exploration test. The apparatus consisted of four identical white
open field arenas (40 × 40 × 35 cm) as described elsewhere (Meyer
et al. 2005). Animals were allowed to freely explore the open field
for 1 h on each of two consecutive days. Locomotor activity was
indexed by the distance traveled (in centimeter) in the entire open
field arena, which was expressed as a function of 5-min bins. As
an additional measure, the number of rearings was counted. Finally,
the time spent in the central region of the open field (13.33 ×
13.33 cm) on the first testing day served as a measure to index
phobia toward exposed places (Prut & Belzung 2003). All dependent
measures were calculated by the ETHOVISION tracking system (Noldus
Information Technology, Wageningen, the Netherlands).

Spatial recognition memory in the Y-maze
Short-term spatial recognition memory was examined by a spatial
novelty preference task in the Y-maze as previously described
(Vuillermot et al. 2011). This test is based on the natural tendency
of rodents to preferentially explore novel over familiar spatial
environments (Dellu et al. 1992). The Y-maze was made of
transparent Plexiglas and comprised three identical arms (50 × 9
× 10 cm), radiating from a central triangle (8 cm on each side)
and spaced 120◦ apart from each other. The test consisted of two
phases separated by a variable time interval (delay). Each animal
was assigned two arms (start arm and familiar arm) to which they
were exposed during the sample phase. The remaining third arm
constituted the novel arm to be used in the second phase (test phase).
Allocation of arms (start, familiar and novel) was counterbalanced
within each experimental group. Access to the novel arm was
blocked during the sample phase. To start a trial, the animal was
released from the end of the start arm facing the center of the maze.
After entering the central triangular area, the animal was allowed
to freely explore both the start and familiar arms for 5 min. In the
test phase, the animal was returned to the maze for another 5-min
exploration period with all arms accessible. Two delay intervals (2
and 15 min) between sample and test phases were tested in the
same animals (short delay first). For each delay, the Y-maze was
set up in a different room with a distinct set of extra-maze cues.
During the delay, the animal was kept in a waiting cage in the testing
room. To avoid olfactory cues, the entire maze floor was covered
with fresh saw-dust prior to each visit to the maze. The time spent in
each of the three arms and the distance traveled in the entire maze
was recorded for each trial by the ETHOVISION v.3.2 tracking software
(Noldus Technology). To index spatial novelty preference, the relative
time spent in the novel arm during the choice phase was calculated
by the following formula: [(time spent in the novel arm/time spent in
all arms) × 100%].

Spontaneous alternation in the T-maze
Spontaneous alternation in the T-maze is considered a test of spatial
working memory and it also makes use of the natural preference of
rodents to explore a novel environment (Deacon & Rawlins 2006).
The apparatus consisted of a modified elevated plus maze made of
clear Plexiglas as fully described before (Muhia et al. 2010). One of
the open arms was permanently closed off to create a T-maze (one
open arm and two closed arms). Animals received two successive
non-rewarded trials. Briefly, the animal was first allowed to enter one
of the two equally unfamiliar choice arms (i.e. trial 1). The criterion of
choosing an arm was defined as a complete body turn into an arm.
After being confined to the chosen arm for 30 second, the animal
was removed from the maze and then placed back on the start arm
(i.e. trial 2), and once again allowed to choose freely between the

same two arms that now differed in terms of familiarity – namely, a
visited vs. an unvisited arm. Wild-type mice are expected to show a
preference for the novel arm in the second trial, which is scored as
a spontaneous alternation. The emphasis on the two-trial protocol –
with only one opportunity to assess alternation on the second trial –
was intended to be a more stringent and specific procedure than the
multi-trial version as fully explained by Lalonde (2002) and Deacon
and Rawlins (2006).

Anxiety-related behavior in the elevated plus maze
Unconditioned fear and anxiety-like behavior were assessed in the
elevated plus maze test. The apparatus was an opaque Plexiglas plus
maze, formed by two open (30 × 5 cm) and two enclosed (30 × 5 ×
15 cm) arms radiating from a central platform (5 × 5 cm) as described
before (Willi et al. 2009, 2010). The test began by placing the animal
on the central platform with its head facing one of the open arms.
The mouse was then allowed to freely explore the maze for 5 min.
Anxiety-related behavior was measured by percent time spent in
the open arms [time in open arms/(time in open + closed arms) ×
100%] and percent entries made into the open arms [entries into
open arms/(entries into open + closed arms) × 100%]. In addition,
the total distance traveled in the entire maze (in centimeter) was
recorded as a measure of locomotor activity. The raw data were
calculated by the ETHOVISION tracking software (Noldus Technology).

Contextual fear conditioning
Contextual fear conditioning was assessed by the conditioned
freezing paradigm using a procedure adapted from Pietropaolo et
al. (2007). Two sets of four chambers were used to provide two
distinct contexts (identified as context A and context B). Context
A comprised four metal operant boxes (30 × 25 × 29 cm, model
E10-10; Coulbourn Instruments, Allentown, PA, USA), each installed
in a ventilated and sound-insulated Coulbourn Instruments chest.
The animal was confined to a rectangular Plexiglas enclosure (17.5
× 13 cm) in the center of the operant box. The grid floor was
made of stainless steel rods (4 mm in diameter) spaced at 10-mm
intervals center to center, through which scrambled electric shocks
(unconditioned stimulus, 0.25 mA) could be delivered (model E13-14;
Coulbourn Instruments). Constant illumination was provided by a 2.8-
W incandescent house light in each chamber. Context B comprised
four semicircular Plexiglas enclosures (19 cm in diameter) resting on
a smooth plastic floor. Each chamber was installed in a ventilated
and sound-insulated wooden cabinet. Illumination was similar to that
described for context A. In addition, a digital camera was mounted 30
cm directly above the area of interest in each chamber, and images
were captured at a rate of 1 Hz. Freezing behavior was evaluated by
comparing successive frames as described by Richmond et al. (1998).
In summary, the automated image analysis algorithm compares and
calculates the number of pixels differing between two images (192
× 144 = 27 648 pixels, at 8-bit grey scale) taken 1 second apart, with
a criterion of freezing set at 0.05% – i.e., fewer than 14 pixels being
different between the two images. The validity of this algorithm had
been directly affirmed with blind hand-scoring.

The test procedures consisted of two phases: conditioning and
tests of context freezing. On day 1, conditioning was conducted
in context A and comprised three successive 1-second foot shock
deliveries. Each shock was preceded and followed by a 180-second
inter-shock interval (ISI). Context tests took place on days 2–4.
Subjects were returned to context A on days 2 and 4 for a period
of 300 seconds in the absence of any discrete stimulus. On day 3,
freezing behavior was measured in a neutral context (context B) for a
period of 300 seconds. Freezing responses in contexts A and B were
compared with each other to dissociate conditioned freezing from
general nonspecific freezing behavior. The percent time freezing
across successive 180-seconds ISIs during conditioning and for each
context session was calculated.

High-performance liquid chromatography
To evaluate whether there were basal neurotransmitter alterations in
the brains of EphA4 KO mice, post-mortem neurochemical analysis
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was performed using high-performance liquid chromatography
(HPLC) as previously described (Enard et al. 2009; Winter et al. 2009).
Mice were killed by cervical dislocation, their brains quickly dissected,
frozen on dry ice and stored at −80◦C until further processing.
Tissue samples from both hemispheres were processed from the
medial prefrontal cortex, caudate putamen, nucleus accumbens,
hippocampus, amygdala and cerebellum via micropunches of 1-mm
diameter. Samples were homogenized by ultrasonication in 0.1 N

perchloric acid at 4◦C immediately after collection by micropunches.
Homogenates (100 μl) were then added to equal volumes of 1 N

sodium hydroxide for protein content measurement. The remaining
homogenates were centrifuged at 17 000 g and 4◦C for 10 min.
Aliquots of the supernatants were added to equal volumes (20
μl) of 0.5 M borate buffer and stored at −80◦C for subsequent
analyses of amino acids. The remaining supernatants were used
for immediate measurement of monoamines and their metabolites.
The levels of monoamines (dopamine and serotonin) and their
metabolites (dihydroxyphenylacetic acid and 5-hydroxyindoleacetic
acid) were measured by HPLC with electrochemical detection as
fully described before (Felice et al. 1978; Sperk 1982; Sperk et al.
1981). Thus, the perchloric acid extracts were separated through
a column (Prontosil 120-3-C18-SH; Bischoff Analysentechnik und -
geräte GmbH, Leonberg, Germany) at a flow rate of 0.55 ml/min. The
mobile phase consisted of 80 mM sodium dihydrogen phosphate,
0.85 mM octane-1-sulfonic acid sodium salt, 0.5 mM EDTA disodium
salt, 0.92 mM phosphoric acid and 4% 2-propanol (all chemicals were
purchased from Merck KGaA, Darmstadt, Germany). Monoamines
were detected using an electrochemical detector (Model 41000;
Chromsystems Instruments & Chemicals GmbH, Munich, Germany)
at an electrode potential of 0.8 V. Sample analysis was performed
based on peak areas using a computer-based chromatography
data system (CSW 1.7; DataApex Ltd, Prague, Czech Republic) in
relation to the mean of applied calibration solutions. Glutamate,
γ -aminobutyric acid, glutamine and taurine were determined
using methods described previously (Piepponen & Skujins 2001).
Briefly, amino acids underwent pre-column derivatization with o-
phthalaldehyde-2-mercaptoethanol using a refrigerated autoinjector
and were then separated through an HPLC column (ProntoSil C18
ace-EPS) at a flow rate of 0.6 ml/min and a column temperature of
40◦C. The mobile phase was 50 mM sodium acetate (pH 5.7) in a
linear gradient from 5% to 21% acetonitrile. Derivatized amino acids
were detected by their fluorescence at 450 nm after excitation at
330 nm.

Statistical analysis
Behavioral data (except spontaneous alternation data) were subjected
to parametric analysis of variance (ANOVA), followed by Fisher’s
least significant difference (LSD) post hoc comparisons or restricted
ANOVAs whenever appropriate. Data sets that failed to comply with
the homoscedasticity assumption of parametric ANOVA according to
the Levene’s test of equal error variances were either subjected
to appropriate data transformation or analysis by nonparametric
tests. Accordingly, the open field data were logarithmically (base e)
transformed prior to ANOVA; and the two anxiety indexes (percent time
in, or entries into, open arms) were analyzed by the Kruskal–Wallis
test. The neurochemical (HPLC) data were analyzed by multivariate
analysis of variance (MANOVA). Finally, the numbers of alternating
vs. non-alternating animals obtained in the spontaneous T-maze
alternation task were analyzed using Fisher’s exact test. All statistical
analyses were carried out by PASW Statistics (version 18).

Results

Brain EphA4 protein expression
Western blot analysis of whole brain and hippocampal lysates
of EphA4−/−, EphA4+/− and EphA4+/+ animals showed the
following pattern of results: EphA4 levels in heterozygous
EphA4 KOs were reduced by about 40–50%, whereas EphA4
was completely absent in homozygous EphA4 KOs (Fig. 1).

Motor coordination on the accelerating rotarod

The latency to fall was analyzed by a 3 × 3 × 4 (genotype ×
days × trials) repeated measures ANOVA, which confirmed the
presence of a general improvement in motor performance
over days (days: F2,50 = 45.37, P < 0.001) and showed a
significant main effect of genotype (F2,25 = 10.02, P < 0.001)
that was accompanied by a marginally significant genotype ×
days interaction (F4,50 = 2.35, P = 0.067). Subsequent post
hoc analyses showed that EphA4−/− mice fell significantly
earlier (i.e. shorter latency) than EphA4+/+ (P < 0.01) or
EphA4+/− animals (P < 0.001) (Fig. 2).

Spontaneous locomotor activity in the open field

Locomotor activity indexed by horizontal distance traveled
in the open field appeared higher in the EphA4−/− mice on
both test days, and this effect seemed to be accompanied
by an increase in variability (Fig. 3). Levene’s test of equality
of variances confirmed that the EphA4−/− group exhibited
significantly higher variance in the average distance traveled
across the 2 days relative to the other two groups (F2,29 =
11.99, P < 0.001), as illustrated by the estimated standard
deviations: WT = 238.41, HT = 213.08 and KO = 638.60 cm
per 5-min bin. To meet the homoscedasticity assumption
of parametric ANOVA, the activity data were subjected
to a logarithmic transformation to minimize the impact
of between-group difference on variance (Levene’s test:
P = 0.20).

The 3 × 2 × 12 (genotype × days × 5-min bins)
repeated-measures ANOVA of the log-transformed activity
data yielded a significant main effect of genotype (F2,29
= 8.59, P < 0.001), indicating that locomotor activity was
enhanced in the EphA4−/− mice (Fig. 4). Subsequent post
hoc analyses confirmed that the overall distance traveled
was significantly increased on both days in EphA4−/− mice
relative to EphA4+/+ mice (day 1: P < 0.001, day 2: P <

0.01) and EphA4+/− mice (day 1: P < 0.001, day 2: P <

0.01). Hyperlocomotion in EphA4−/− mice mainly resulted
from a failure of within-session habituation which was
evident on both days. This gave rise to a significant main
effect of 5-min bins (F11,319 = 24.13, P < 0.001) and a
genotype × bins interaction (F22,319 = 1.86, P < 0.05).
Irrespective of genotype, locomotor activity was reduced on
the second day compared to the first day, yielding a main
effect of days (F1,29 = 16.43, P < 0.001). The genotype
× days interaction did not achieve statistical significance.
Parallel analysis of the number of rearings recorded in the
open field did not yield any significant effects (data not
shown).

In addition, the time spent in and entries made into
the central region of the open field on the first day
were calculated (Fig. 5) and subjected to separate one-
way ANOVAs, which yielded a significant genotype effect
(time: F2,29 = 9.13, P < 0.01; entries: F2,29 = 16.65, P
< 0.001). Subsequent Fisher’s LSD comparisons showed
that EphA4−/− mice spent significantly more time in and
made significantly more entries into the central region than
the other two groups (P < 0.01), indicating that EphA4−/−

mice were less anxious in exploring open and exposed
spaces.
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(a) (b)

Figure 1: Endogenous EphA4 protein levels in EphA4−/− mice. (a) Immunoblotting with an anti-EphA4 antibody and an anti-GAPDH
antibody as internal standard. Total brain and hippocampal lysates from EphA4+/+ (WT), EphA4+/− (HT) and EphA4−/− (KO) mice were
loaded in the respective lanes. Molecular weight of the markers is indicated on the left. (b) Densitometry of immunoblots for relative
EphA4 levels. EphA4 expression was reduced by about 40–50% in HT and completely absent in KO mice. All values are mean ± SE.
n = 2 per genotype.

Figure 2: Decreased motor coordination on the accelerating

rotarod in EphA4−/− mice. Latency to fall is expressed as a
function of days. EphA4−/− (KO) mice displayed significantly
reduced motor coordination compared to EphA4+/+ (WT) and
EphA4+/− (HT) mice. **P < 0.01 based on Fisher’s LSD post
hoc comparison. All values are mean ± SE. WT, n = 10; HT,
n = 9; KO, n = 9.

Spatial recognition memory in the Y-maze

Spatial recognition memory in the Y-maze was indexed
by the relative time spent in the novel arm during the
choice phase of this test. Analysis of percent time in
the novel arm by a 3 × 2 (genotype × delays) repeated
measures ANOVA yielded only a significant main effect
of genotype (F2,29 = 3.98, P < 0.05). Subsequent post
hoc analyses confirmed a significant decrease in spatial
novelty preference in EphA4−/− mice relative to EphA4+/+

(P < 0.05) and EphA4+/− mice (P < 0.05) (Fig. 6a). Likewise,

Figure 3: Individual differences in open field activity. This
illustrates that the EphA4−/− (KO) group exhibited higher
variability compared with the EphA4+/+ (WT) and EphA4+/−

(HT) groups, which was confirmed by Levene’s test of equality
of variances (see Results). The genotype difference appeared
more pronounced on day 2 (estimated group standard deviation:
WT = 281.27, HT = 285.09, KO = 1122.84 cm) than on day
1 (estimated group standard deviation: WT = 224.32, HT =
245.26, KO = 592.10 cm). The activity data were therefore log
transformed prior to parametric ANOVA as illustrated in Fig. 4. All
values are mean ± SE. WT, n = 11; HT, n = 12; KO, n = 9.

the absolute time spent in the novel arm was significantly
reduced in the EphA4−/− mice compared with the other
two groups across the entire 5-min test period (F2,29 =
4.06, P < 0.05; Fig. 6b). In line with this impression, a 3
× 2 × 5 (genotype × delays × 1-min bins) ANOVA showed
only a significant main effect of genotype (F2,29 = 3.98,
P < 0.05). In addition, locomotor activity was analyzed by
a 3 × 2 × 5 (genotype × delays × 1-min bins) repeated
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Figure 4: Increased spontaneous locomotor activity in

EphA4−/− mice. Distance moved (cm) is expressed as a function
of 5-min bins (ln transformed). A clear habituation effect is lacking
in EphA4−/− (KO) mice on both testing days, as evidenced by
a significant genotype × 5-min bins interaction (P < 0.05).
Furthermore, EphA4−/− mice displayed a significant overall
increase in distance moved compared to EphA4+/+ (WT) and
EphA4+/− (HT) mice. **P < 0.01 based on Fisher’s LSD post
hoc comparison. All values are mean ± SE. WT, n = 11; HT, n =
12; KO, n = 9.

measures ANOVA of distance moved (Fig. 6c). Consistent
with the activity data obtained in the open field experiment,
EphA4−/− mice were hyperactive (F2,29 = 3.80, P < 0.05),
which was associated with weaker locomotor habituation as
confirmed by the presence of a significant genotype × bins
interaction (F8,116 = 3.10, P < 0.05). To exclude a potential
confounding effect of hyperlocomotor activity on the Y-maze
novelty preference of the EphA4−/− mice, we performed
a restricted 3 × 2 × 3 (genotype × delay × 1-min bins)
ANOVA of percent time spent in the novel arm over the first
3 min of the test when locomotor activity was comparable
between groups. The main effect of genotype remained
highly significant (F2,29 = 6.20, P < 0.01), and additional
Fisher’s LSD post hoc comparisons again indicated that
EphA4−/− mice spent significantly less time in the novel
arm compared with both EphA4+/+ and EphA4+/− mice (P
< 0.05). One-sample t-tests further verified that EphA4+/+

and EphA4+/− mice, but not EphA4−/− mice, showed a
significant preference for the novel arm above chance (P
< 0.05). It is therefore valid to conclude that the Y-maze
phenotype was independent of the concomitant hyperactivity
phenotype.

Spontaneous alternation in the T-maze

The tendency to select the unvisited arm on the second trial
(i.e. alternate) was markedly reduced in EphA4−/− compared
with EphA4+/+ and EphA4+/− mice. 10 out of 11 EphA4+/+

and 10 out of 12 EphA4+/− mice alternated their response,
whereas only 3 out of 9 EphA4A−/− mice alternated. Fisher’s
exact test yielded a significant effect (P < 0.05) for the
observed pattern of alternating vs. non-alternating animals.

(a) (b)

Figure 5: Reduced anxiety levels in EphA4−/− mice. Time
spent in (a) and number of entries made into (b) the central part
of the open field arena were increased in the EphA4−/− (KO)
mice relative to EphA4+/+ (WT) and EphA4+/− (HT) mice. **P <

0.01 based on Fisher’s LSD post hoc comparison. All values are
mean ± SE. WT, n = 11; HT, n = 12; KO, n = 9.

Anxiety-related behavior in the elevated plus maze

Anxiety-related behavior in the elevated plus maze test
was indexed by percent time spent in the open arms and
percent entries made into the open arms. Because the ANOVA

assumption of equal variances was violated due to higher
variability in the EphA4−/− group, the data were analyzed
by the nonparametric Kruskal–Wallis test, which failed to
show a significant group difference (P > 0.2). Respective
box plots are shown in Fig. 7. In addition, we analyzed the
absolute time spent in the central part of the plus maze,
which showed no significant group difference (F2,33 = 0.79,
P = 0.46) based on one-way ANOVA (equality of variance
assumption was met). The mean center time per group was:
EphA4+/+ = 41.10 seconds, EphA4−/+ = 40.35 seconds,
EphA4−/− = 33.30 seconds (standard error of difference
between sample means = 4.85 seconds). Furthermore, the
absolute time spent in the open arms as well as locomotor
activity as indexed by the distance traveled in the entire maze
did not differ between groups (data not shown).

Contextual fear conditioning

The development of conditioned freezing was analyzed by
a 3 × 4 (genotype × ISIs) repeated-measures ANOVA of
percent time freezing. Acquisition of conditioned freezing
was apparent in all three groups by the increase in freezing
levels across successive ISIs. This led to a significant main
effect of ISIs (F3,96 = 110.95, P < 0.001). Notably, ANOVA

showed no significant main effect of genotype or interaction
between genotype and ISIs, suggesting that KO of EphA4
did not compromise the development of conditioned freezing
to the context (Fig. 8a).

Context freezing in the conditioned context A (retrieval
test sessions on days 2 and 4 of the experiment) was
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(a) (b) (c)

Figure 6: Impaired spatial recognition memory in the Y-maze in EphA4−/− mice. (a) Percent time spent in the novel (previously
unexplored) arm during the test phases. EphA4−/− (KO) mice performed close to chance level (as represented by the dashed line) in
both tests and they showed significantly lower spatial novelty preference compared to EphA4+/+ (WT) and EphA4+/− (HT) mice. (b)
The absolute time spent in the novel arm was also reduced in the KO animals relative to the other two groups. (c) Locomotor activity
during the test phase showed a habituation deficit in the KO group as indicated by a significant two-way (genotype × bins) interaction.
*P < 0.05, ˆP = 0.06 based on Fisher’s LSD post hoc comparison. # indicates that performance was significantly above chance
level (P < 0.05). All data were averaged across the two delay conditions. All values are mean ± SE. WT, n = 11; HT, n = 12; KO,
n = 9.

analyzed by a 3 × 2 (genotype × test sessions) repeated
measures ANOVA of percent freezing (Fig. 8b). The freezing
response did not differ between groups but was generally
lower on the second relative to the first context re-exposure
session as indicated by a significant effect of test sessions
(F1,32 = 24.60, P < 0.001). Hence, successive re-exposure
to the conditioned context from one test session to the
next was sufficient to induce a significant reduction of the
conditioned freezing response. This reduction corresponds
to the operational definition of experimental extinction
(Pavlov 1927), although we cannot exclude the possibility
that memory reconsolidation processes [triggered by the
first conditioned stimulus (CS) re-exposure] might also be
implicated in the determination of freezing levels observed
on the second re-exposure to the conditioned context
(Suzuki et al. 2004; Yamada et al. 2009). Irrespective
of whether extinction learning or reconsolidation might
predominate here, our freezing data clearly indicate that
neither acquisition nor expression of conditioned context
freezing was altered by EphA4 deletion. Furthermore,
freezing behavior in the neutral context B (day 3 of the
experiment) also did not differ between genotypes (F
< 1). The duration of freezing recorded in the neutral
context B remained low, and it was substantially below that
observed during re-exposure to context A (the conditioned
context) on day 2 (F1,32 = 178.03, P < 0.001) and day 4
(F1,32 = 178.03, P < 0.001) of the experiment.

Brain neurotransmitter levels

Standard HPLC analyses were performed in order to identify
putative effects of EphA4 deletion at the neurotransmitter

level. Basal levels of the major neurotransmitters and their
metabolites in selected brain regions of each genotype
are depicted in Table 2. Analysis of neurochemical
concentrations by a one-way MANOVA failed to show a
significant effect of genotype using Wilks’ Lambda test
[� = 0.02, Fdf = 0.48, P = 0.85]. In fact, the overall effect
of genotype was far from statistical significance, indicating
that the pattern of measured neurochemical markers did not
substantially differ between groups.

Discussion

This study showed that constitutive homozygous deletion
of EphA4 yielded multiple phenotypes on (1) the open field
test of spontaneous motor activity and motor habituation,
(2) the Y-maze test of short-term familiarity judgment
underlying spatial recognition and (3) spontaneous alternation
on the T-maze , without affecting Pavlovian contextual fear
conditioning. Furthermore, a deficit in motor function was
detected in EphA4−/− mice, which is most likely related to
the hind limb coordination problems previously identified in
these animals (Akay et al. 2006; Dottori et al. 1998; Kullander
et al. 2001).

Anatomical studies of EphA4−/− mice have shown that
genetic deletion of EphA4 led to dysfunctional central
pattern generators in the spinal cord responsible for the
coordination of limb alternation underlying normal walking
(Kiehn & Butt 2003; Kullander et al. 2001, 2003), as indicated
by the ‘hopping gait’ in EphA4−/− mice (Dottori et al.
1998; Kullander et al. 2001) possibly attributable to an
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(a) (b)

Figure 7: Unaltered anxiety-related behavior in the elevated

plus maze in EphA4−/− mice. Percent time spent in the open
arms (a) and percent entries made into the open arms (b) are
shown as standard box plots. The blue line denotes group
mean, and the ends of the whiskers refer to the 5th and 95th
percentiles, respectively. WT, n = 12; HT, n = 12; KO, n = 12.

excitation/inhibition imbalance in the spinal cord (Restrepo
et al. 2011). The severe deficit in rotarod performance in the
EphA4−/− mice reported here is also novel, but not surprising.
Despite this deficit, EphA4−/− mice nonetheless were able
to demonstrate an improvement over training, suggesting
that EphA4 deletion did not completely disrupt motor skill
learning, which apparently requires the cerebellum (Lalonde
& Strazielle 2007; Llinas & Welsh 1993). Hence, even though
EphA4 is heavily expressed in the cerebellum from neonatal
to adult life (Greferath et al. 2002; Karam et al. 2000; Liebl
et al. 2003; Martone et al. 1997; Xiao et al. 2006) and is
implicated in cerebellar wiring (Cesa et al. 2011; Karam et al.
2000), its deletion did not completely prevent cerebellum-
dependent motor skill learning.

A previous study has reported that EphA4−/− mice were
less active in the open field than EphA4+/− mice (Dottori et
al. 1998), but examination of locomotor activity in that study
was limited to 5 min, and the authors did not provide any data
on WT controls for comparison. This reported phenotype is
seemingly opposite to our current finding of hyperlocomotor
activity in EphA4−/− mice. However, the hyperlocomotor
activity phenotype did not emerge until habituation became
evident in the EphA4+/− and EphA4+/+ mice, which emerged
after the first 5 min and persisted until the end of the
1-h test. This observation was replicated on the second
test session 24 h later. In contrast to this deficit in within-
session motor habituation, habituation across test sessions
as evidenced by the overall reduction of activity levels from
day 1 to day 2 was not significantly altered in EphA4−/− mice.

(a) (b)

Figure 8: Unaltered fear conditioning in the context freezing

paradigm in EphA4−/− mice. (a) Expression of freezing behavior
in the context across successive ISIs during conditioning.
Freezing is expressed as the percent time freezing per ISI.
EphA4−/− (KO), EphA4+/− (HT) and EphA4+/+ (WT) mice
exhibited similar freezing levels. (b) Freezing to the context 24,
48 and 72 h after conditioning. This is expressed as the percent
time spent freezing to context A and context B, respectively.
Again, all groups exhibited similar freezing levels. All values are
mean ± SE. WT, n = 12; HT, n = 12; KO, n = 11.

Thus, the open field locomotor activity phenotype suggests
an underlying deficit in short-term, but not in long-term,
locomotor habituation.

At the same time, we also observed that the EphA4−/−

mice spent significantly more time in the central zone of the
open field, which might be interpreted as anxiolysis (Prut &
Belzung 2003); but this interpretation should be cautioned
because the behavior of EphA4−/− mice in the elevated plus
maze test of anxiety was not significantly altered. Additional
tests of anxiety would be warranted to ascertain whether
the null results in the elevated plus maze might represent
a type-II error attributable to the higher level of individual
variability amongst the EphA4−/− mice.

Short-term habituation is a critical factor that influences
spontaneous alternation behavior in the T-maze and spatial
recognition memory in the Y-maze (Honey & Good 2000;
Sanderson et al. 2010). Both tests are based on the
innate motivation of mice to explore novel environments,
whereby the preferential exploration of a novel over a
familiar environment is commonly taken as an index of
spatial novelty detection (Dellu et al. 1992; Dember & Fowler
1958). Wagner’s sometimes opponent process (SOP) model
(Wagner 1981) describes short-term habituation as a shift
from the center to the periphery of attention, such that stimuli
in the periphery of attention are less able to elicit a response.
It follows that the novel arm in the Y-maze and the T-maze
commands more attention and therefore elicits more intense
exploration than the familiarized, visited arm, which would
be in the periphery of attention according to Wagner’s SOP
model. Short-term habituation is defined as decrement in
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Table 2: Basal brain neurotransmitter levels in WT vs. EphA4-deficient mice

Region Group Dopamine DOPAC Serotonin 5-HIAA Glutamate Glutamine Taurine GABA

mPFC WT 15.23 ± 5.67 5.97 ± 1.92 14.53 ± 2.91 2.40 ± 0.71 99.90 ± 6.04 36.63 ± 1.53 94.16 ± 4.57 19.16 ± 1.90
HT 19.74 ± 8.47 6.27 ± 1.42 14.50 ± 1.56 2.04 ± 0.28 97.17 ± 5.85 38.63 ± 1.93 90.45 ± 3.41 22.64 ± 4.01
KO 15.05 ± 4.91 5.95 ± 1.84 15.52 ± 1.23 2.99 ± 0.33 98.38 ± 4.33 36.19 ± 2.57 92.22 ± 3.74 17.80 ± 2.35

CPu WT 745.51 ± 38.56 57.81 ± 9.81 10.79 ± 1.56 2.41 ± 0.64 78.94 ± 4.19 41.13 ± 1.93 113.61 ± 6.51 14.57 ± 0.59
HT 830.04 ± 31.04 48.49 ± 3.21 11.27 ± 1.78 2.59 ± 0.54 76.30 ± 2.88 40.34 ± 1.81 106.66 ± 4.69 13.99 ± 0.54
KO 800.78 ± 34.27 50.93 ± 2.24 8.90 ± 0.61 2.63 ± 0.26 75.79 ± 2.90 40.46 ± 1.14 110.45 ± 4.26 14.00 ± 0.42

NAc WT 259.35 ± 30.81 31.03 ± 3.24 22.42 ± 2.07 5.37 ± 1.06 70.31 ± 2.67 46.23 ± 2.48 74.66 ± 3.47 44.09 ± 5.27
HT 396.73 ± 21.67 37.10 ± 1.99 25.44 ± 2.23 5.00 ± 0.58 75.97 ± 4.22 46.08 ± 2.85 76.80 ± 3.92 44.33 ± 6.51
KO 248.26 ± 47.81 25.94 ± 4.67 22.77 ± 4.45 4.42 ± 0.77 73.71 ± 3.62 42.11 ± 3.22 80.84 ± 3.79 28.12 ± 5.69

HPC WT 6.03 ± 0.77 1.72 ± 0.12 14.15 ± 1.18 5.88 ± 0.93 84.40 ± 3.68 37.12 ± 1.52 81.94 ± 3.49 23.37 ± 0.73
HT 7.13 ± 0.88 1.97 ± 0.25 17.34 ± 1.28 7.71 ± 0.92 84.30 ± 2.95 37.56 ± 1.71 81.01 ± 3.67 23.34 ± 0.89
KO 6.42 ± 0.85 1.72 ± 0.19 17.80 ± 0.73 6.63 ± 0.85 84.37 ± 4.56 38.58 ± 2.05 88.34 ± 4.42 23.66 ± 1.46

AM WT 27.06 ± 6.57 4.18 ± 0.71 29.93 ± 4.42 5.77 ± 0.82 84.77 ± 3.73 43.03 ± 1.53 72.99 ± 3.23 25.26 ± 1.41
HT 21.44 ± 1.97 3.20 ± 0.35 30.38 ± 3.31 5.95 ± 0.64 94.28 ± 6.06 46.89 ± 2.17 80.62 ± 5.18 24.78 ± 1.40
KO 34.70 ± 5.02 5.26 ± 0.33 31.18 ± 1.63 6.06 ± 0.44 85.35 ± 4.70 43.64 ± 2.21 77.02 ± 4.23 24.36 ± 1.62

CB WT 5.32 ± 0.52 1.65 ± 0.21 8.28 ± 0.93 2.46 ± 0.55 57.38 ± 1.56 27.73 ± 1.01 29.85 ± 1.10 16.84 ± 0.46
HT 4.84 ± 0.61 2.12 ± 0.38 12.88 ± 2.04 3.04 ± 0.53 58.05 ± 2.10 28.56 ± 1.63 31.28 ± 3.20 16.62 ± 1.16
KO 5.43 ± 0.47 2.24 ± 0.41 9.00 ± 0.62 2.34 ± 0.26 56.96 ± 2.17 28.59 ± 1.16 29.73 ± 1.15 16.82 ± 0.64

Neurotransmitter levels are expressed as mean concentrations in nmol/mg protein (± SE); n = 7–11.
5-HIAA, 5-hydroxyindoleacetic acid; AM, amygdala; CB, cerebellum; CPu, caudate putamen; DOPAC, dihydroxyphenylacetic acid; GABA, γ -aminobutyric
acid; HPC, hippocampus; mPFC, medial prefrontal cortex; NAc, nucleus accumbens.

behavioral response when a stimulus is presented repeatedly
and is considered an elementary form of nonassociative
learning (Thompson 2009; Thompson & Spencer 1966). In
this sense, locomotor hyperactivity, disruption of alternation
behavior in the T-maze and impaired spatial novelty detection
observed in the Y-maze in the EphA4−/− mice may reflect a
form of cognitive deficit specific to nonassociative learning.
By contrast, associative learning appears to be unaffected
in these animals as evidenced by intact Pavlovian fear
conditioning. There is indeed evidence that performance
in the T-maze and Y-maze tests primarily relies on short-
term habituation but is largely independent of associative
learning (Sanderson et al. 2010). Hence, a specific deficit in
short-term habituation may provide a parsimonious account
of the three phenotypes identified in the EphA4−/− mice in
the open field as well as the Y- and T-mazes.

Although the use of a constitutive KO model does
not allow one to dissect region-specific mechanisms,
speculations on the involvement of relevant brain regions
can guide further investigation. One plausible candidate
region is the hippocampus where EphA4 is critical for
the regulation of synaptic plasticity including long-term
potentiation (Grunwald et al. 2004). Hippocampal lesions
not only induce hyperactivity and retard habituation (Poucet
1989) but also robustly impair spontaneous alternation in
the T-maze and spatial recognition memory in the Y-maze
(Bannerman et al. 2004; O’Keefe & Nadel 1978). Studies
of neuronal activity also suggest a specific role of the
hippocampus in the detection of spatial novelty (Rinaldi et
al. 2010; Zhu et al. 1997). Furthermore, several theories
have linked the hippocampus to the ability to compare
the present state of the world with what is expected
based on retrieved memories to guide appropriate behavioral
response (Gray 1982; McNaughton 2006; Vinogradova 2001).
According to this concept, Gray (1982) suggested that
an important function of the hippocampus is to increase

arousal and attentional processing following detection
of a novel stimulus and thus to enhance exploration
(McNaughton 2006; Vinogradova 2001). However, the
involvement of hippocampal EphA4 and in particular the
contribution of hippocampal dysfunction to the behavioral
phenotypes identified in EphA4−/− mice should not be
overestimated, because hippocampus-dependent contextual
fear conditioning remained intact in EphA4−/− mice. Instead,
contextual fear conditioning seems to be regulated by
another member of the EphA receptor family, namely the
EphA5 subtype (Gerlai et al. 1999). Nevertheless, the role of
EphA4 as a potential regulator of hippocampal functions
certainly deserves further investigation by using region-
specific KO models in order to examine whether disruption
of EphA4 in the hippocampus alone would be sufficient to
reproduce the behavioral phenotypes seen in constitutive
KOs here. Another candidate brain region that warrants
consideration is the striatum, which is rich in EphA4, and
where EphA4 regulates the development of the spatial
patterning of the striatum during maturation (Passante et
al. 2008). The striatum is implicated in the regulation of
locomotion and novelty-evoked behavioral activation (Berns
et al. 1997; Hooks and Kalivas 1995; Rinaldi et al. 2010).
Although there is evidence for a participation of the striatum
in spatial novelty detection and spontaneous alternation
behavior, its precise role is in need of further clarification
(Cigrang et al. 1986; Hagan et al. 1983; Lalonde 2002;
Roullet et al. 2001; Taghzouti et al. 1985; Thullier et al. 1996;
Usiello et al. 1998). The striatum is also known for its key
role in procedural and habit learning (Knowlton et al. 1996;
Mishkin & Petri 1984; Yin et al. 2004), which has not been
explicitly tested in this study. Nonetheless, a contribution
of altered striatal function to the behavioral phenotypes
of the EphA4−/− mice should be considered, although not
necessarily in exclusion of a parallel hippocampal contribution
in our constitutive KO model.
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Here, none of the behavioral phenotypes identified
in the homozygous EphA4 KOs was evident in the
heterozygous KOs, suggesting that a single copy of the
EphA4 gene with about 50% of normal protein expression
was insufficient to significantly alter behavior in the
present experiments. Furthermore, no changes in various
neurochemical markers were detected across diverse brain
regions rich in EphA4 protein expression. These negative
findings support the suggestion that the observed behavioral
effects resulted indeed from the genetic disruption of
EphA4 rather than potential developmental compensation
in other neurotransmitters – although the contribution
of additional developmental factors cannot be excluded,
which should be best addressed by temporally controlled
gene deletion or local pharmacological blockade in adult
mice.

In conclusion, our study shows that constitutive homozy-
gous deletion of EphA4 leads to a distinct set of behav-
ioral phenotypes including impaired short-term habituation
and novelty detection. Targeting EphA4 might open novel
avenues for manipulating such cognitive processes, which
are critical for normal memory functions and selective atten-
tion (Schmajuk 1997).
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