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Abstract
UBE2A deficiency syndrome (also known as X-linked intellectual disability type Nascimento) is an intellectual disability
syndrome characterized by prominent dysmorphic features, impaired speech and often epilepsy. The syndrome is caused by
Xq24 deletions encompassing the UBE2A (HR6A) gene or by intragenic UBE2A mutations. UBE2A encodes an E2 ubiquitin-
conjugating enzyme involved in DNA repair and female fertility. A recent study in Drosophila showed that dUBE2A binds to the
E3 ligase Parkin, which is required for mitochondrial function and responsible for juvenile Parkinson’s disease. In addition,
these studies showed impairments in synaptic transmission in dUBE2A mutant flies. However, a causal role of UBE2A in of
cognitive deficits has not yet been established. Here, we show that Ube2a knockoutmice have amajor deficit in spatial learning
tasks, whereas other tested phenotypes, including epilepsy and motor coordination, were normal. Results from
electrophysiologicalmeasurements in thehippocampus showednodeficits in synaptic transmissionnor in the ability to induce
long-term synaptic potentiation. However, a small but significant deficit was observed in mGLUR-dependent long-term
depression, a pathway previously implied in several other mouse models for neurodevelopmental disorders. Our results
indicate a causal role of UBE2A in learning and mGLUR-dependent long-term depression, and further indicate that the Ube2a
knockout mouse is a good model to study the molecular mechanisms underlying UBE2A deficiency syndrome.

Introduction
The prevalence of intellectual disability is significantly higher in
males compared with females, which is largely due to mutations
on the X chromosome (1,2). Of all themales with intellectual dis-
ability, ∼16% suffer from X-linked intellectual disability (1,2). Re-
cently, the UBE2A gene was identified as a cause of X-linked
intellectual disability typeNascimento, also known as UBE2A de-
ficiency syndrome, which is caused by mutations in the E2 ubi-
quitin-conjugating enzyme UBE2A/HR6A gene (3). Patients with
UBE2A deficiency syndrome are characterized by mild to severe
intellectual disability, prominent dysmorphic features, impaired
speech, malformations of urinary systems, skin abnormalities

and often epilepsy (3–9). Currently, 29 patients with UBE2A defi-
ciency syndrome have been identified, of which 17 patients car-
ried intragenic UBE2A gene mutations and 12 patients carried
larger deletions encompassing the UBE2A gene (3–9).

The UBE2A gene was originally identified as the homolog of
RAD6 (HR6A) gene, which plays an important role in DNA dam-
age-induced mutagenesis, mismatch repair and gene silencing
(10–12). The HR6A gene shares 95% homology with HR6B, which
is also a RAD6homolog. Both genes belong to the family of E2 ubi-
quitin-conjugating enzymes, which is involved in the ubiquitin
proteasome pathway (UPP) required for protein degradation
(13). E1 enzymes are responsible for activation of ubiquitin, E2

Received: July 25, 2015. Revised: September 30, 2015. Accepted: October 12, 2015

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2016, Vol. 25, No. 1 1–8

doi: 10.1093/hmg/ddv436
Advance Access Publication Date: 16 October 2015
Original Article

1

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/25/1/1/2384453 by guest on 13 M
arch 2024

http://www.oxfordjournals.org


conjugating enzymes bind the activated ubiquitin and E3 ligases
bind the substrates and transfer the conjugated ubiquitin from
the E2 enzyme to the substrate. With 600 known members, E3s
are the most studied proteins, since they are responsible for sub-
strate recognition. At least 38 E2 genes are known, and only two
E1 activating enzymes have been identified (14). Different E2–E3
pairs are known to have very diverse functions (15). Recently,
one of the E3 ligases that bind to UBE2A has been identified as
Parkin (16). Mutations in Parkin cause juvenile Parkinson, and
Parkin has been implied in the ubiquitination of mitochondrial
proteins and mitophagy (17,18). Mitophagy deficits were also ob-
served in Drosophila dRad6mutants and in cells derived from pa-
tients with UBE2A deficiency syndrome. Notably, the Drosophila
dRad6 mutants showed impaired neuronal vesicle trafficking,
providing the first causal link betweenUBE2A and neuronal func-
tion (16). Taken together, these studies implied that loss of UBE2A
results inmitochondrial dysfunction,which leads to reducedATP
levels, thereby causing the synaptic deficits in dRad6 mutants.

Previously, a Ube2a−/y knockout mouse has been generated to
study the role of this gene in reproduction, since research on the
paralogue Ube2b, showed that Ube2b knockout mice have severe
spermatogenic deficits (19). Surprisingly, Ube2a−/y males showed
normal fertility, whereas Ube2a−/− females were infertile, suggest-
ing sex-specific roles in reproduction for both homologs (20). How-
ever, the presence of neurological deficits in these mice has not
been investigated. Here, we used the Ube2a−/y knockout mouse
to establish a causal link between Ube2a mutations and learning
disability, and investigated whether these mice suffered from
changes in synaptic transmission and synaptic plasticity.

Results
Ube2a−/y mice have no overt motor performance deficit

Patients with the E2 deficiency syndrome display motor delay (3–
9). Moreover, UBE2A has been shown to form a functional E2/E3
ubiquitination pair with Parkin, involved in juvenile Parkinson
(7). To investigate whether loss of UBE2A causes motor deficits
inmice,wemadeuse ofUbe2a−/ymutants (20).Motor performance
was assessed by training the mice on an accelerating rotarod.
There was no performance difference between the mutants and
wild-type (WT) littermates [F(1,25) = 0.8, P = 0.4) displayed by a re-
peatedmeasures ANOVA], and both groups significantly improved
their rotarod performance over the 5 days of training (Fig. 1A). To
increase the difficultyof the test,we tested themice on the reverse
rotarod at which they have to learn to walk backward. Again, all
mice improved in their performance over the 5 days of training,
and even though therewas a trend towarddecreased performance
of the mutants, no significant effect of genotype was observed
[F(1,25) = 2.3, P = 0.1 using a repeated measures ANOVA; Fig. 1B].

Hypotonia is also a common feature of UBE2A deficiency syn-
drome patients (3,5,7,9). To test whether Ube2a−/y mutants have
reduced muscle strength, we measured their grip strength. No
significant differences were observed between the WT mice and
the Ube2a−/y mice, neither in the front paws [t(1,25) = 1.4, P = 0.2]
nor in all four paws [t(1,25) = 1.4, P = 0.2] (Fig. 1C).

Ube2a−/y mice do not show epilepsy

Approximately half of the E2 deficiency syndrome patients have
seizures. There is no clear relation between having an intragene-
ticmutation or a large deletion, with regard to possibility of devel-
oping epilepsy; even patients with the same mutation show
difference in prevalence of epilepsy (3–9). Spontaneous seizures

where not observed inUbe2a−/ymice; therefore,we testedwhether
we could induce auditory evoked seizures in thesemice, asmouse
models for human seizure disorders often have a reduced seizure
threshold in this assay (21–23). However, the Ube2a−/y mice (29
mice tested) showed no induced seizures, indicating that the
loss of Ube2a is not sufficient for epileptogenesis in mice.

No social behavioral deficits in Ube2a−/y mice

Patients with UBE2A deficiency syndrome show behavioral ab-
normalities (not further specified), which might indicate social
dysfunction (3–9). Moreover, autism spectrum disorder is a com-
mon comorbidity of syndromes associated with severe intellec-
tual disability such as Fragile X, Rett and tuberous sclerosis
complex (TSC) syndrome. Therefore, we tested social behavior
in theUbe2a−/ymice. Nest building is a natural response behavior
displayed bymice for heat preservation, reproduction and shelter
and deficient in mouse models of Fragile X, Rett and TSC (23–25).
Deficits in nest building were shown to be associated with a

Figure 1.Ube2a−/ymice do not show overtmotor deficits. (A) Rotarod performance

of WT mice (black circles) and Ube2a−/y mice (white circles) over 5 days. Y-axis

represents the latency time to fall off the rotating rod. (B) Performance on the

reversal rotarod also showed no difference in motor performance between WT

and Ube2a−/y mice. (C) Ube2a−/y mice (white bars) do not show any muscle

strength differences compared with WT mice (black bars) in front paws nor in

all four paws (WT n = 14 and Ube2a−/y n = 13 for all experiments shown in A–C).

Error bars indicate SEM.
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variety of brain areas andmainly seen as social dysfunction if the
mice are unable to build a nest (26). Both WT mice and Ube2a−/y

mice displayed a significant increase in nest size F(6,23) = 71.2, P
< 0.001 (Fig. 2A), and no differences between genotypes were ob-
served F(1,23) = 1.3, P = 0.3. Similarly, Ube2a−/y mice also showed
no deficits in the Marble burying test, a test that has been used
to assess autism-like repetitive movement phenotypes in mice
such as Angelman syndrome and Fragile X syndrome (27–31) [t
(1,25) = 0.6, P = 0.6; Fig. 2B]. Taken together, these results indicate
that loss of UBE2A does not result in phenotypes commonly seen
in mouse models for associated with autism.

Ube2a−/y mice show impaired hippocampal learning

Intellectual disability is a common feature of all patients with
UBE2Adeficiency syndrome. To investigate if loss of UBE2A is suf-
ficient to induce cognitive deficits in mice, we made use of the
Morris water maze task, in which the animal has to learn the lo-
cation of a hidden escape platform in a pool of opaquewater (32).
After 7 days of training, WT mice showed a significant reduction
in escape latency with no significant difference between the two
genotypes F(1,25) = 0.28, P = 0.6 using a repeatedmeasuresANOVA
(Fig. 3A). To test whether the mice had learned the spatial loca-
tion of the platform (hippocampus-dependent spatial learning)
or just learned that the platform is at a fixed distance away
from the rim (hippocampus-independent procedural learning),
we removed the platform at a probe trial given at Day 8 (Fig. 3B).
WT mice searched significantly more in the target quadrant
when compared with the other quadrants t(1,25) = 4.3, P < 0.05

(Fig. 3C) and showed significantly more crossings of the plat-
formposition comparedwith similar positions in the other quad-
rants t(1,25) = 4.9, P < 0.001 (Fig. 3D), respectively. In contrast,
Ube2a−/y mutants showed no preference for the target quadrant
[t(1,25) = 0.9, P = 0.4] (Fig. 3C) nor did the mutants show an
increased number of platform position crossings (Fig. 3D)

Figure 2. Ube2a−/y mice do not show deficits in nest building and marble burying.

(A) Nest-building task showed no difference in the ability to construct a nest

between WT mice (black circles) and Ube2a−/y mice (white circles) over 7 days,

and Y-axis represents weight of material left unused (WT n = 13 and Ube2a−/y

mice n = 12). (B) Testing repetitive, autism-like behavior using the marble

burying task showed no increase or decrease in buried marbles between WT

mice (black bars) and Ube2a−/y mice (white bars) nor in the unburied marbles

(WT n = 14 and Ube2a−/y n = 13). Error bars indicate SEM.

Figure 3. Water maze learning in Ube2a−/y mice is impaired. (A) Water maze

training latencies to reach hidden platform over 7 training days are not different

between WT mice (black circles) and Ube2a−/y mice (white circles). Y-axis

indicates average time to reach hidden platform. (B) Heat-plot representation of

all tracks combined of the probe trial at Day 8. The color represents time spent

at a certain location (red is high and blue is low). (C) A probe trial at Day 8

shows a clear deficit in Ube2a−/y mice with respect to the time spent searching

in the target quadrant (black bar) compared with the average time in the other

quadrants (white bar). (D) Quantification of the number of platform crosses at

each of the four virtual platform positions also shows an impairment in

Ube2a−/y mice (WT n = 14 and Ube2a−/y n = 13). (E) Training latencies in the

visible water maze in which the platform is marked and moved every day to a

new position. The time to reach visible platform over 6 training days is not

different between WT mice (black circles) and Ube2a−/y mice (white circles). Y-

axis represents average time to reach visible platform. Error bars indicate SEM,

and asterisks indicate P < 0.05.
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compared with other positions [t(1,25) = 1.2, P = 0.2]. Swim speed
in the probe trial was similar between the genotypes [t(1,25) = 1.1,
P = 0.3) suggesting that the deficit was not caused by reduced abil-
ity to swim. To control formotivation and inability to perform the
watermaze test, we performed a visiblewatermaze, inwhich the
location of the platform is marked. This test demonstrated again
no differences between genotypes F(1,22) = 2.8, P = 0.1 (Fig. 3E).
Taken together, these results suggest that the Ube2a−/y mutants
are specifically impaired in the spatial learning component of
the water maze test.

Hippocampus-dependent learning can also be tested using
contextual fear conditioning, in which the animal has to associ-
ate a certain context (conditioned stimulus) with an aversive
event (foot shock, unconditioned stimulus). Therewere no differ-
ences observed in baseline freezing [t(1,23) = 0.3, P = 0.8) before
the 0.75 mA shock was delivered. However, when context-de-
pendent memory was tested 24 h after training, Ube2a−/y mice
showed significantly less freezing thanWTmice [t(1,23) = 2.6, P <
0.05). This deficit was still observed when the mice were tested
again 7 days after training [t(1,23) = 3.7, P < 0.05) (Fig. 4A). This
fear-conditioning phenotype is not due to decreased sensitivity
of the shock, inability to freeze or deficits in amygdala function,
because when the shock was paired with a tone as conditioned
stimulus, freezing was normal in Ube2a−/y mice 24 h after shock
[t(1,23) = 1.0, P = 0.3] and during the long-term memory test [t
(1,23) = 1.3, P = 0.20] (Fig. 4B). Taken together, these results suggest
that the Ube2a−/y mutants are impaired in learning tests that de-
pend on normal hippocampal function.

No long-term potentiation but a long-term depression
deficit in Ube2a−/y mice

A previous study showed that loss of the Drosophila Rad6 gene
causes reduced ATP levels due to mitochondrial dysfunction, re-
sulting in impaired vesicle release required for normal synaptic
transmission. Given the large body of literature implicating the
CA1 Schaffer–collateral pathway in spatial learning, we measured
synaptic function and synaptic plasticity of this synapse by mak-
ing use of extracellular field recordings in acute hippocampal
slices. First, we investigated synaptic transmission in Ube2a−/y

mice. Input–output measures revealed no changes in synaptic
transmission, since no differences were observed in the postsy-
naptic excitatory postsynaptic potentials (fEPSP) slope F(1,108) = 2.2,
P = 0.1 nor in the presynaptic fiber volley amplitude F(1,108) = 2.3,
P = 0.6 (Fig. 5A), nor in the ratio of these two parameters. This sug-
gests that there are no overt anatomical deficits in Ube2a−/y mice.
To further investigate if there are changes in presynaptic vesicle
release, we measured paired-pulse facilitation (PPF). However,
also PPF did not indicate any anomalies in neurotransmitter re-
lease asmutantmicewerenotdifferent fromWTmice F(1,58) = 0.12,
P=0.73 (Fig. 5B).

Synaptic plasticity, as measured by the ability to induce long-
term potentiation (LTP), is thought to be the cellular correlate for
learning andmemory storage (33). Thismeasure is both sensitive
to changes in neurotransmitter release upon high-frequency fir-
ing, as well as postsynaptic changes. We measured the ability to
induce LTP by using a high-frequency 100 Hz/s stimulus protocol
and a more physiological theta-burst stimulation protocol. Des-
pite the profound deficits in spatial learning tasks, we observed
no changes in the ability to induce LTP, as both 100 Hz LTP F
(1.48) = 0.1, P = 0.7 and two-theta LTP F(1,34) = 0.2, P = 0.6 were un-
affected (Fig. 5C and D).

Many studies have shown that impairments in hippocampal
long-term depression (LTD) while preserving LTP can also affect
learning and memory formation (34,35). A particular form of
LTD that depends on the Group I metabotropic glutamate recep-
tors has gained considerable interest, since this form of plasticity
is specifically impaired in a mouse model for Fragile X and be-
lieved to underlie the cognitive deficits in this mouse model
(36–39). Recent studies have also implicatedmGLUR signaling im-
pairments in TSC, and convergence of the mTOR and FMRP sig-
naling route (40–44). Moreover, mGLUR LTD deficits were
recently observed in a mouse model for Angelman syndrome
(45), suggesting that impairments in this pathway may be com-
mon to many neurodevelopmental disorders. Hippocampal
slices from Ube2a−/y mice and their WT littermates were treated
with Dihydroxyphenylglycine (DHPG) (50 μM, 5 min), a specific
agonist of Group I mGluRs to induce LTD. As shown in Figure 5E,
Ube2a−/y mice show a moderate but significant reduction in the
ability to induce mGluR-dependent LTD F(1,61) = 5.7, P < 0.05.

Discussion
UBE2A is an intellectual disability syndrome characterized by
prominent dysmorphic features, impaired speech and half of
the patients display epilepsy. In this study, we tested to what ex-
tend mice with mutations in the murine Ube2a gene paralleled
the disorder and can serve as a model to investigate the under-
lying pathology.

UBE2A patients show motor delay (3–6), but we found no overt
motor deficits in Ube2a−/y mice as assessed by rotarod learning
and reversal rotarod learning, although it is notable thatweconsist-
ently found a trend toward mild impairments. Since the patients

Figure 4. Contextual fear-conditioning deficit in the absence of a cued fear-

conditioning deficit in Ube2a−/y mice. (A) Freezing of the mice is shown at

baseline (training before the shock) and during testing 24 h or 7 days [long term

memory (LTM)] after the shock. Ube2a−/y mice (white bars) show significantly

reduced freezing levels compared with WT (black bars). (B) Cued (tone)

conditioning in which the mice learn to associate the tone (conditioned

stimulus; CS) with the shock (unconditioned stimulus) showed no difference in

freezing levels between WT and Ube2a−/y mice. Pre-CS indicates freezing before

onset of the tone, whereas CS 24 h and CS LTM indicate the freezing levels

during the tone, 24 h or 7 days after training, respectively. Error bars indicate

SEM, and asterisks indicate P < 0.05.
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suffer from motor delay rather than overt motor dysfunction, it
could be that our adult mice have overcome such deficits. Hypo-
tonia is a feature seen in around 38% patients (3,5–7,9), but no
changes in muscle strength were observed in Ube2a−/y mice. Since
only a quarter of the patients display hypotonia, it is possible that
this phenotype is not directly related to theUBE2Amutation or that
it requires modifier genes to become apparent.

Likewise, penetrance of the epilepsy phenotype is∼50% in the
UBE2A patients, but there were neither spontaneous nor evoked
audiogenic seizures observed in the Ube2a−/y mice. This result
suggests that loss of UBE2A is not sufficient to develop epilepsy.
Back-crossing the Ube2a−/y mice in the 129SVE background,
which is more permissive to observe seizures (46,47), may poten-
tially reveal an epileptic phenotype.

Consistent with the intellectual disability observed in all
UBE2A deficiency syndrome patients described so far, the
Ube2a−/y mice display clear cognitive deficits as shown in the
Morris water maze learning paradigm and the contextual fear-
conditioning paradigm. The pronounced deficits in the Morris
water maze probe trial, in the absence of a motor deficit or a def-
icit in the latency to find the platform, indicates the presence of a
hippocampal deficit. This was confirmed with the fear-condi-
tioning paradigm where the mice showed a clear context-condi-
tioning deficit, in the absence of a cued-conditioning deficit.
Together with, the observation that intellectual disability is ob-
served in all UBE2A deficiency syndrome patients so far implies
an essential role of UBE2A in (hippocampus-dependent) learning.

In contrast to the Drosophila studies, wewere unable to iden-
tify any deficits in presynaptic function, as measured by basal
synaptic transmission and PPF. Moreover,mice showed no deficit
in LTP induced by high-frequency stimulation, which is very sen-
sitive to changes in neurotransmitter release upon high-fre-
quency firing (48), arguing strongly against an essential role of
mammalian UBE2A in vesicle release.

Despite the absence of presynaptic deficits, we found mild
changes in hippocampal synaptic plasticity, which is thought
to be essential for normal learning. Plasticity deficits (LTP, LTD
or both) of the Schafer collateral CA3–CA1 pathway have been re-
ported in most mouse models of intellectual disability disorders
like TSC, NF1, Noonan, Rett syndrome, Angelman syndrome and
Fragile X (46,49–51). However, the protocol needed to reveal such
plasticity deficits varies widely and is likely reflecting the differ-
ent signaling pathways underlying these plasticity induction
protocols. Like the Fragile X mouse model, we found that the
plasticity deficit in Ube2a−/y mice was specifically observed in
the mGluR-dependent induction of LTD. However, unlike Fragile
X mice (52), Ube2a−/y mice showed impaired LTD rather than en-
hanced LTD, similar to what has been found in Tsc1mutant mice
(40–44). Although the ubiquitination and the proteasome have
previously been implied in mGluR-induced LTD, the precise role
of this pathway in regulating this form of plasticity remains to be
elucidated (45,53–55).

Taken together, our results imply an essential role for UBE2A
in hippocampal learning and synaptic plasticity, and provide an
attractivemousemodel to study the role of UBE2A and the role of
protein ubiquitination in learning and memory.

Material and Methods
Subjects

Ube2a−/y male knockout mice (Ube2a−/y) were generated as de-
scribed by Roest et al. (20). Mice were genotyped at 7–10 days,

Figure 5.Ube2a−/ymice show reducedmGLUR-dependent LTD at the hippocampal

CA3–CA1 synapse. (A) Synaptic transmission (WT n = 64, Ube2a−/y n = 46 slices)

and (B) PPF (WT n = 27, Ube2a−/y n = 23 slices), a measure of presynaptic

function, are unaffected in Ube2a−/y mice (white dots). (C) LTP induced by a

100 Hz/1 s tetanus (WT n = 27, Ube2a−/y n = 23 slices) or by theta-burst

stimulation (WT n = 18, Ube2a−/y n = 18 slices) is not affected in Ube2a−/y mice.

(E) mGLUR5-dependent LTD induced by DHPG application shows a mild but

significant deficit in Ube2a−/y mice (WT n = 33, Ube2a−/y = 30). The dashed line

shows baseline level before DHPG application. Error bars indicate SEM.
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but the experimenter remained blind for the genotype during
data collection and analysis. Genotypes were confirmed after
all experiments were finalized, and the code was then broken to
perform the final statistical analysis. Micewere housed in groups
of 2–4 mice per home cage. Genotype groups were age matched.
The mice were kept on a 12 h light/dark cycle, with food and
water available ad libitum. Behavioral experiments were per-
formed during the light period of the cycle. All animal experi-
ments were approved by the Dutch Ethical Committee and in
accordance with Dutch animal care and use laws.

Rotarod

Motor coordination of 3–4 months old mutant and WT litter-
mates was tested on an accelerating Rotarod (model 7650, Ugo
Basile, Biological Research Apparatus, Varese, Italy). Mice were
measured for 2 trials a day for 5 days with an inter-training inter-
val of 1 h. The Rotarod has a cylinder with a diameter of 3 cm that
can accelerate from4 to 40 rpm in 300 s. The latency to stayon the
rotarod was recorded by determining the time taken for a mouse
to drop off or stop running for three consecutive rotations. For the
reverse rotarod, the same devise was used with added plastic di-
viders to prevent the mouse from turning around while walking
backward.

Marble burying test

Micewere placed in a cleanplastic rat cage (Tecniplast 1290DEuro-
standardType 3). The cage contained a 5 cm thick layerof sawdust
(Lignocel Hygienic animal bedding), with 20 dark blue glass mar-
bles (15 mm diameter). The marbles were placed equal distance
apart in a grid-like pattern, and the animals were given 30 min
to bury them. After 30 min, the number of buried marbles was
assed (defined as two-thirds of the marble covered in bedding)
by an observer blind to genotype.

Water maze

Prior to start of thewatermaze,micewere handled for 5 days. The
water maze is a circular pool that measures 1.2 m in diameter
with a circular platform submerged 1 cm bellow the water (26°C)
surface. The light in the room was dimmed, and the water was
made opaque using white paint. SMART version 2.0 (Panlab,
Barcelona, Spain) was used to track the mice. Mice received 2
trials a day with an inter-trial interval of 30 s. For each trial, the
mice were placed on the platform for 30 s and then placed in
the pool at pseudorandom positions and allowed to search for
the platform for 60 s. If themouse located the platform, it was al-
lowed to stay on the platform for 30 s before the onset of a new
trial. If the mouse was unable to locate the platform, the mouse
was placed on the platform by the experimenter for 30 s. This
training protocol was repeated for 7 consecutive days. On Day 8,
a probe trial was performed. The mouse was placed on the plat-
form, and after 30 s, the platform was removed and the mouse
was placed in the water on the opposite side in the bath. The
mice were allowed to search for the platform for 60 s.

For the visiblewatermaze test, we used the same paradigmas
described for the training sessions in the hidden water maze; the
only difference was that the platform was marked and the pos-
ition of the platform changed with each trial.

Nest building

For measuring nest building, mice were single housed 1 week
prior to onset of the experiment. Ten grams of nesting material

was provided (thick blot paper biorad170–4085) at the start, and
the untouched material was weighed every 24 h for 7 days. This
was used to calculate the amount of nest-building material
utilized.

Grip strength

Using a force gauge (BIOSEB, Chaville, France) attached to a grid,
grip strengthwas determined by placing themicewith their fore-
paws and subsequently all four paws on the grid and steadily
pulling the mice by the tail. The grip strength is defined as the
maximum strength produced by a mouse before releasing the
grid. An average of three trials was taken as an individual per-
formance score for each mouse.

Seizures

To assess seizure susceptibility, we tried to induce an audiogenic
seizure by vigorously scraping scissors across themetal grating of
amouse cage lid (creating a high-pitched sound of the 95–105 DB)
for 30 s or shorter if a seizure developed before that time.

Fear conditioning

Fear conditioning was performed in a standard modular test
chamber located in a standard medium-density fiberboard
sound attenuating cubicle (Med Associates, Inc., Albans, VT).
The box was equipped with a grid floor on which a 0.75 mA foot
shock was delivered. For context conditioning, mice were placed
inside the chamber for 180 s after which a foot shock of 2 s was
administered after 148 s. After 24 h and after 7 days, the mice
were placed back in the chamber and the freezing was measured
for 3 min. Freezing was defined as cessation of all movement ex-
cept for breathing, as quantified using the EthoVision automated
video-based algorithm with detection parameters calibrated by
independent manual scoring. After context conditioning in Con-
text A,micewere trained again in a Context B, using a 10 kHz tone
of 20 s co-terminating with a 2 s foot shock of 0.75 mA. Micewere
tested in Context C for cue conditioning 24 h and 7 days later,
when the tone was again presented to the mice.

Field recording

Mice were anesthetized and decapitated. Sagittal slices (400 μm)
were obtained and submerged in ice-cold artificial cerebrial
spinal flued (ACSF) using a vibratome. The hippocampi were sub-
sequently dissected out. The hippocampal slices were left to re-
cover for at least 1.5 h at room temperature before experiments
were initiated. After recovery, they were placed in a submerged
recording chamber and perfused continuously with ACSF equili-
brated with 95% O2, 5% CO2 at 31°C at a rate of 2 ml/min. ACSF
consisted of (in m) 120 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.25
NaH2PO4, 26 NaHCO3 and 10 -glucose. Extracellular recordings
of fEPSPs were made in CA1 stratum radiatum with platinum
(Pt)/iridium (Ir) electrodes (Frederick Haer Company). A bipolar
Pt/Ir was used to stimulate Schaffer collateral/commissural affer-
ents with a stimulus duration of 100 μs. Stimulus–response
curves were obtained at the beginning of each experiment
30 min after placing the electrodes. LTP was evoked using the fol-
lowing two different tetani: (1) 100 Hz (1 train of 1 s at 100 Hz) and
(2) 4 theta (4 trains of 4 stimuli each at 100 Hz, spaced by 200 ms).
The 100 Hz protocol was performed at one-third of themaximum
fEPSP and the 4 theta at two-thirds of the maximum fEPSP. LTD
was induced after 20 min stable baseline recording with
100 μmol 3,5-DHPG (TOCRIS biosciences) applications for 5 min.
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LTD was measured at half of maximum fEPSP. During LTP and
LTD experiment, sliceswere stimulated once perminute. Potenti-
ation and de-potentiation were measured as the normalized in-
crease or decrease in the mean fEPSP slope for the duration of
the baseline. Only stable recordingswere included, and judgment
was made blind to genotype. Average LTP and LTD were defined
as the mean last 10 min of the normalized fEPSP slope.

Statistical analysis

We used SPSS software for statistical analysis. For rotarod, rever-
sal rotarod, nest building and field recordings, a repeated mea-
sures ANOVAwith genotype as between-subject factor and time
as a within subject factor was used to asses differences. For all
other tests, Student’s two-tailed t-test was used for group com-
parison on a single variable (e.g. grip strength, time spent in tar-
get quadrant, freezing and buried marbles).
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