
Journal of Behavioral and Brain Science, 2011, 1, 210-228 
doi:10.4236/jbbs.2011.14028 Published Online November 2011 (http://www.SciRP.org/journal/jbbs) 

Copyright © 2011 SciRes.                                                                                 JBBS 

Behavioral Evidence for Cognitive Dysfunctions in the 
(BALB/cByJ-Kv1.1mceph/mceph) Mouse Model for Epilepsy 

Sarah Holst1,4, Elin Åberg2, Therese M. Eriksson3, Catharina Lavebratt2, Sven Ove Ögren1 
1Department of Neuroscience, Karolinska Institute, Stockholm, Sweden 

2Department of Molecular Medicine and Surgery, Karolinska University Hospital, Stockholm, Sweden 
3Center of Molecular Medicine, Department of Physiology and Pharmacology, Karolinska Institute, Stockholm, Sweden 

4Department of Clinical Neuroscience, Karolinska Institute, Stockholm, Sweden 
E-mail: Sarah.Holst@ki.se 

Received July 25, 2011; revised August 16, 2011; accepted September 5, 2011 

Abstract 
 
The epileptic mouse model BALB/cByJ-Kv1.1mceph/mceph (mceph/mceph) is homozygous for a spontaneous 
mutation truncating the Shaker-like voltage gated potassium channel, Kv1.1 (Kcna1). The mceph/mceph 
mice are asymptomatic at birth, but develop from 3 weeks of age epileptic seizures, overgrowth and neuronal 
hyperplasia of the hippocampus. Hippocampal cognitive function of the mice was examined by investigating 
emotional memory using the aversive Passive Avoidance (PA) task combined with studies of explorative 
behavior using the non-aversive Novel Cage test (NCT). The behavioural results were examined by multi- 
variate analysis. Compared to wild type and heterozygous mice, the mceph/mceph mice displayed lower ex- 
ploratory and safety assessment behavior in the NCT and impairment in PA retention 24 hours after training, 
indicating an impairment in cognitive functions. In conclusion, the epileptic mouse model BALB/cByJ- 
Kv1.1mceph/mceph, with chronic epilepsy related to potassium-channelopathy, display a behavioural phe- 
notype characterized by impairments in emotional memory and defensive motivational responses probably 
related to hippocampal dysfunctions. 
 
Keywords: Epilepsy, Potassium Ion-Channelopathy, Hippocampus, Passive Avoidance, Novel Cage Test, 

Principal Component Analysis 

1. Introduction 
 
The potassium-channel subunit Kv1.1 is widely expressed 
in neurons and forms tetramers with other Kv1 subunits, 
creating channels that regulate neuronal excitability and 
signaling. Lack of Kv1.1 has been reported to cause hy- 
perexcitability of CA3 pyramidal cells in hippocampus, 
of auditory neurons and of pyramidal neurons in the neo- 
cortex [1-3]. Consequently, Kv1.1 single amino acid sub- 
stitutions, currently 17, result in an alteration in channel 
function, associated with human episodic ataxia type 1 
and partial epilepsy in humans [4]. A case study has re- 
ported a more severe Kv1.1 mutation that lacked the C- 
terminal with retained pore domain but altered current 
kinetics; which was associated with severe drug-resistant 
episodic ataxia type 1 [5]. 

The BALB/cByJ-Kv1.1mceph/mceph (mceph/mceph) mice 
carry a spontaneous severe mutation in Kv1.1 resulting 
in expression of a Kv1.1 containing only the N-terminal 

domain, the first transmembrane domain and the first ex- 
tracellular loop. Therefore, this truncated Kv1.1 lacks the 
voltage sensor and ion pore domains and appears to be 
rapidly degraded in the brain [6]. Both the mceph/mceph 
mice as well as Kv1.1 null mice, which completely lack 
the Kv1.1, display progressive complex partial seizures 
involving primarily the limbic system [7,8]. 

Temporal lobe epilepsy (TLE) is the most common par- 
tial epilepsy in adults and there is growing evidence for 
genetic predisposition [for review see 9]. TLE in humans 
and rodent models is characterized by hippocampal sei- 
zures commonly followed by rapid loss of neural cells 
through necrosis. Thereafter, there is a dramatic rescue 
attempt through altered expression of trophic molecules, 
and an increased gliosis and neurogenesis seen in the hip- 
pocampus. The extent of survival of the newly formed 
cells is controlled by apoptosis [10]. TLE is for some, 
but far from all, clinical cases accompanied by hippo- 
campal sclerosis (loss of pyramidal neurons, granule cell 
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dispersion and reactive gliosis) not directly related to the 
severity of the epileptic disorder [9]. 

The mceph/mceph mice show, from 3 weeks of age, 
mild seizures (hind leg tonus and jittering, epileptiform 
in vivo EEG recordings and increased firing frequency in 
stimulated hippocampal mossy cells [7]; Fisahn et al. sub- 
mitted), disturbances in expression of several growth re- 
gulating hormones and trophic neuropeptides in the hip- 
pocampus and the amygdala [11], as well as reactive gliosis 
and increased neuronal proliferation in the hippocampus. 
The increased proliferation in combination with reduced 
apoptosis results in a hippocampus characterized by dou- 
bled number of neurons in dentate gyrus (DG) and CA3 
at 10 - 12 weeks of age [6,12-15]. Kv1.1 null (–/–) mice 
show a similar phenotype, whereas heterozygous mice 
(mceph/+ and –/+) show hippocampal volume similar to 
that in wild types at 10 - 12 weeks of age but it is not 
known if the heterozygotes are characterized by exces-
sive proliferation [13]. Thus, impeding a reduction of in- 
tracellular potassium is known to inhibit apoptotic events 
in various cell types [16]. 

TLE is often associated with an impaired memory [17- 
19] probably due to hippocampal dysfunctions [20]. The 
hippocampal formation is crucial for memory, e.g. spatial 
and emotional memories [21-24]. Thus, specific hippo- 
campal dysfunctions might represent a causal link be- 
tween seizures and memory impairment [17,25]. Animal 
models of epilepsy may help to enhance our understand- 
ing of mechanisms underlying cognitive abnormalities in 
different epilepsy disorders. The most common model of 
TLE, pilocarpine or kainate-induced status epilepticus and 
subsequent recurrent seizures in rodents, leads to impaired 
visual-spatial memory and modest neurodegeneration in 
CA1, CA3 and dentate gyrus [23,24]. In addition, a non- 
spatial memory deficit was found in the genetic TLE mouse 
model lacking the presynaptic scaffolding protein Bsn 
resulting in an abnormal apical dendrite morphology in 
CA1 pyramidal neurons [26]. Hippocampal related cog- 
nitive functions have to our knowledge not been previ- 
ously investigated in any chronic genetic epilepsy model 
without hippocampal neurodegeneration. 

The aim of the present study was to investigate hippo- 
campal/amygdala [21,29] functions expressed as emotional 
memory in the Passive Avoidance test (PA) and to relate 
such effects to the behavioral phenotype in this mouse 
model of epilepsy by studying homozygous mceph/mceph 
mice, and heterozygous (mceph/+) mice. In addition, an- 
xiety-related behavior was assessed in the Elevated Plus 
Maze (EPM) and Open Field (OF), while the Rotarod was 
used to investigate motor coordination. The previously 
described physiological characteristics of mceph/mceph 
mice, such as teary eyes, low body weight and seizures 
[27], were scored for verification. 

The behaviors displayed at PA training and retention 
was scored automatically by a computer based system, with 
the addition of manual recordings of additional behaviors 
by the experimenter. Moreover, an extensive behavioral 
characterisation at 3 and 6 weeks of age was performed 
with the Novel Cage test (NCT). The results obtained in 
the PA and NCT were analyzed with the multivariate 
analyse principal component analysis (PCA) in order to 
characterize a behavioral profiles for each genotype. 
 
2. Materials and Methods 
 
2.1. Animals 
 
The experiment comprised of 132 BALB/cByJ-Kv1.1mceph/mceph 
(mceph/mceph) mice of wild type (+/+), heterozygotes 
(mceph/+) and homozygous mutants (mceph/mceph) (Ex- 
periment 1: wild type n = 10, heterozygotes n = 22, n = 
16; Experiment 2: wild type n = 13, heterozygotes n = 16, 
mceph/mceph n = 9; Experiment 3: wild type n = 9, het- 
erozygotes n = 9; Experiment 4: heterozygotes n = 18, 
mceph/mceph n = 10). Male and female mice (3 to 6-weeks 
old) were housed in a light/temperature/humidity-con- 
trolled environment: 12-h light-dark cycle (light on at 06:00 
h), temperature 22˚C ± 1˚C and 40% - 50% humidity. 
Mice were housed in groups of 2 - 7 animals in standard 
transparent M3 Macrolon® cages (1290H Euro standard 
Type III 425 × 266 × 155 mm - floor area 820 cm², Ma-
terialScience, Leverkusen, Germany) lined with bedding 
material (Scanbur’s Aspen wood Bedding, Scanbur AB 
Sweden, Sollentuna, Sweden). Food (R34, Labfor, Lant-
männen, Stockholm, Sweden) and tap water were provided 
ad libitum. All experiments were performed between 8 
a.m. and 3 p.m. All animals were treated according to the 
guidelines approved by the local ethics committee (Stock-
holm Northern Ethics Board of Animal Experimentation) 
and the “Principles of laboratory animal care” (NIH pub-
lication No. 86-23, revised 1985). 
 
2.2. Experimental Design 
 
The experimental design was adapted to the brain devel- 
opment and impairments due to seizure activity; the NCT 
was examined after weaning and one month later to ex- 
amine developmental impairments. The emotional mem- 
ory was examined at four weeks when the brain is fully 
developed [30]. Moreover, this time point was also cho- 
sen to avoid the increased seizure activity with age in the 
mceph/mceph. 

Experiment 1: Each mouse was tested in the NCT after 
weaning (21 - 22 days of age), PA (four weeks of age) and 
the NCT (six weeks of age). Body weight, eye condition 
and vocalisations were recorded after each NCT. Since 
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the seizures tend to develop and increase from 3 weeks 
of age until 6 weeks of age when the animals are retarded, 
the mice was tested after weaning, in order to test them 
when they were old enough but not influenced by their 
seizures and then before they could not perform the NCT 
test due to too many seizures. 

Experiment 2: Each mouse was tested in three tests dur- 
ing their fourth week of age. Two days elapsed between 
the tests. First they were tested in the PA, followed by 
OF and the EPM. 

Experiment 3: The motor coordination of two sets of 
heterozygotes and mceph/mceph mice were examined in 
the Rotarod. In the first set the mice were 28 and 38 days 
old and in the second test 28, 34 and 38 days old. 

Experiment 4: Five weeks old mice which did not take 
part in the behavioral experiments were used for the his- 
tological examination. This procedure was used in order 
to reduce the risk of eliciting seizure in mice subjected to 
the behavioural testing. 
 
2.3. Step-Through Passive Avoidance Test (PA) 
 
The PA emotional memory task was chosen since pilot stu- 
dies showed large variations in the ability to perform the 
tasks in two other memory tests; Novel Object Recogni-
tion test and the Morris Water Mazes related to a high de- 
gree of emotionality in the background strain BALB/c [28]. 

The PA task is an associative learning paradigm based 
on contextual fear conditioning (Pavlovian conditioning), 
involving neuronal circuits in the limbic forebrain, such 
as hippocampus and amygdala [21,29]. In the step-through 
PA procedure, performed in a two-compartment box, the 
suppression of the innate preference of rodents for the 
dark compartment following the exposure to an inescap- 
able foot shock is defined as PA behavior [29-32]. Me- 
mory retention was tested in a computer-controlled PA 
(TSE-Systems GmbH, Homburg, Germany). In order to 
evaluate the effect of strength of the aversive cue on per- 
formance two separate experiments was performed; the 
first experiment had an electrical current of 0.30 mA and 
the second of 0.50 mA. 

Test of memory retention was performed 24 hours after 
the training [31,32]. During training the mouse was placed 
in a brightly lit (ca 1200 lux) compartment (BC) (280 × 
155 × 160 mm) for 60 s. Then the door between the com- 
partments was opened and the mouse has free access to 
the dark compartment (DC) (280 × 155 × 160 mm). Upon 
entering the DC the door closes after 3 s and the mouse 
received weak electrical current (US) (duration 1 s) 0.30 
mA (Exp. 1, “low aversity”) or 0.50mA (Exp. 2, “high 
aversity”). The mouse is left in the dark compartment for 
60 s after the aversive cue (US) had been presented to 
increase the association of the context and the US [31,32]. 

In the retention test the mouse was placed in the BC with 
the door closed. After 15 s the door was opened and the 
mouse had free access to both compartments for 10 min, 
600 s. The memory retention was examined by measur- 
ing the latency time to the first transfer from the BC to 
the DC with a cut-off latency of 10 min (600 s) [31-33]. 
After the end of each test, the arena was cleaned and 
deodorised after each animal using 70% ethanol. 

Since the mceph/mceph mice have a reduced locomo- 
tor activity partly due to sub-epileptic seizures, to facili- 
tate step-through the size of the BC was diminished to one 
third of the total size, by placing a wall of transparent plastic 
placed 10 grid bars away from the door. 

In addition to the step-through latency time, the dura- 
tion of activity, inactivity, exploration, place preference 
and transfers were computer based calculated by the PA 
software (see Table 1 for definitions). Moreover, the fre- 
quency of rearings (free- and wall rearing), stretch attend 
postures (SAP) and grooming, as well as the number of 
feces were recorded manually (see Table 1 for definitions). 
 
2.4. Novel Cage Test (NCT) 
 
The NCT evaluates emotional reactivity by quantifying 
exploration and risk assessment behavior [34]. The mouse 
was placed in the centre of clean a Macrolon type III cage 
with fresh bedding under a light intensity of approxima- 
tely 200 lux. The behavior was video-recorded for 5 min 
using a digital camera placed above the cage. The laten- 
cy time, frequency and duration of the behaviors described 
in Table 2. were analyzed with EthoLog® [35]. 

After NCT the mice were weighed (SP401 Scout Pro 
Scale, Ohaus Corporation, New Jersey, USA). Since the 
mceph/mceph mice often have red and teary eyes the eye 
condition of the individual was registered as normal (0) 
or abnormal (1). In addition, the number of vocalisations 
per individual was registered during handling by the ex- 
perimenter. 
 
2.5. Elevated Plus Maze (EPM) 
 
Anxiety-related behavior was assessed using the EPM con-
sisting of a cross-shaped platform with two arms without 
walls (open arms; 30 × 5 cm), two arms with walls (closed 
arms; 30 × 5 cm) with open endings and a central arena 
(5 × 5 cm). The apparatus was elevated 1 m above the 
floor. The light intensity on the EPM was about 300 lux. 
Two white lamps placed above and facing outwards, as 
well as a fluorescent lamp illuminated the arena indi- 
rectly. Mice were placed individually in the central arena 
and left to explore for 5 min. The latency time to first 
visit, the total visits, distance travelled and time spent in 
the open arms, closed arms and in the central region were  
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Table 1. Ethogram of behaviors registered in the PA test (Exp 1 & 2). 

Behavioral categories (unit) 
Computer based (C) 
or visually recorded 

(V) 

Measured in BC and/or 
DC during Training (TR) 

and/or Retention (RE) 
Definition 

Activity (s) C TR/RE BC DC 
Duration of locomotor activity more than 5 cm/s in BC 
respective DC. 

Locomotion 

Inactivity (s) C TR/RE BC DC 
Duration of no activity less than 5 cm/s measured in 
BC during training before door opened. 

Exploring (s) C TR/RE BC DC 
Forward locomotor activity in which two photo beams 
after one another is broken in BC respective DC. 

Free rearing (nr) V TR BC RE 
Rising and standing only on hind legs and then putting 
the front legs back down. 

Exploration 

Transfer (nr) V RE The number of transfers between the compartments. 

Risk assessment 
Stretched attend  

posture (SAP) (nr) 
V RE BC 

Stretching the neck or front part of the body while 
sniffing the air, with 4 paws on the floor. Measured 
only at the retention session. 

Grooming (nr) V TR/RE BC 
Shaking, scratching, wiping or licking body parts (fur, 
ears, nose, tail). 

Time spent in BC (s) C RE BC DC The duration of photo beams broken in the BC. 

Time spent in DC (s) C RE BC DC The duration of photo beams broken in the DC. 

Other 

Feces (nr) V TR/RE BC DC Number of feces in BC/DC. 

 
Table 2. Ethogram of behaviors registered in NCT (Exp 1). 

Behavioral categories Definition 

Motionless Sitting or lying immobile. 
Locomotion 

Walking Locomotor behavior with normal body posture. 

Investigating Exploring floor, cage walls or air trough olfactory activity. 

Free rearing Standing on hind legs. Exploration 

Wall rearing Standing on hind legs with forepaws leaning against a wall. 

Stretch attend  

posture (SAP) 

Stretching the neck or front part of the body while sniffing the air, with 4 paws on the floor a flat body 
posture. 

Risk assessment 

Stretch approach Walking with a flat body posture stretched and close to the floor. 

Self-Grooming Displacement behavior; Scratching, shaking, wiping or licking body parts (fur, ears, nose, tail). 

Burrowing Defensive behavior; Moving substrate forward with front paws and nose, or backwards with hind paws.

Freezing Escape behavior; Sudden suppression of movement. 

Other behaviors 

Escape Jumping towards the walls of the apparatus-measured but did not appear. 
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recorded by a video camera mounted in the ceiling and 
analysed by the TSE system (Hamburg, Germany), as 
well as the number of transitions between the walled 
arms. Arm entries were defined as entering the arms with 
all four paws. The open time ratio is taken as a measure 
of anxiety-like behavior and is calculated by dividing the 
time spent in the open arms and the central region with 
the total time. After the end of each test, the arena was 
cleaned as described in the PA. 
 
2.6. Open Field Test (OF) 
 
Spontaneous locomotor activity and anxiety-like behav- 
ior were assessed in an OF chamber, a square arena (50 × 
50 × 25 cm) made of black glacial polyvinyl chloride. 
Intense light and sound often provokes seizures in the 
mceph/mceph mice, so the arena was sparsely illuminated 
by 2 × 60 W lamps with red light mounted 1.5 m above 
the box. The area was divided into 16 quadrants (4 cen- 
tral and 12 peripheral, 10 cm from the walls). Mice were 
placed individually into the centre of the OF and left to 
explore for 5 min. The time spent in the central and pe- 
ripheral zones, total distance travelled during the experi- 
ment and numbers of crossings between the zones were 
automatically recorded by the TSE digital analysing sys- 
tem based on a video camera and PC-compatible software 
(TSE, Hamburg, Germany). To assess anxiety-like behavior, 
the percentage of the time spent in the centre of the OF 
was used. The box was cleaned as described in the PA. 
 
2.7. Accelerating Rotating Rod Test 
 
The accelerating Rotarod (Ugo Basile, Biological Re- 
search Apparatus, Varese, Italy) was used to test balance 
and motor coordination. The Rotarod test was performed 
by placing a mouse on a rotating drum (3 cm of diameter) 
and automatically recording the time that each mouse 
was able to achieve walking on the top of the rod. The 
speed of the Rotarod accelerated from 8 to 40 rpm over a 
4.5-min period. Mice were given four consecutive trials 
with a minimum of 15 min inter-trial rest interval. The 
fall latency average of these four trials was used for sta- 
tistical analysis. 
 
2.8. Perfusion 
 
Mice deeply anesthetised with isofluran (Abbot Scandi- 
navia AB, Solna) were perfused transcardially with 10 
ml Ca2-free Tyrode’s solution including 0.1 ml heparin, 
followed by 50 ml of fixative (4% paraformaldehyde and 
0.4% picric acid in 0.16 M PBS, pH 7.4) at forced pres- 
sure. Brains were dissected and postfixed in the same 
fixative for 1 h at room temperature and subsequently 

rinsed in 0.1 M PBS with 10% sucrose and 0.1% sodium 
azide several times during 48 hr. The brains were stored 
in sucrose solution at 4˚C before cryosectioning. 
 
2.9. Immunohistochemistry 
 
Coronal sections 30 µm were cut using a cryostat (Mi- 
crom) through the entire hippocampus starting at –0.94 mm 
from bregma and ending at –3.88 mm from bregma [36]. 

Every tenth section was processed for mature neuronal 
nuclei, by staining with NeuN (Chemicon, Temicula, CA, 
USA) immunohistochemistry. A mouse on mouse (MOM) 
kit for NeuN-immunodetection (Vector, Burlingame, CA, 
USA) was used according to manufacturer’s instruction. 
Briefly, primary antibody (NeuN, 1:100) was diluted in 
MOM diluent and incubated in 4˚C overnight. Biotiny- 
lated secondary antibody (antimouse IgG, MOM kit) was 
diluted in MOM diluent (1:250) followed by an incuba- 
tion in room temperature for 1 h. Avidin-biotin (Vector 
Laboratories, Inc. Burlingame, CA, USA) was then ad- 
ministered for 40 min in room temperature followed by 
visualization by 3.3’-diaminobenzidine (DAB) (Sigma- 
Aldrich Sweden AB, Stockholm, Sweden). All slides 
were dehydrated and mounted with Pertex (Histolab Pro- 
ducts AB, Göteberg). 
 
2.10. Stereology 
 
The optical fractionators-method was used to count NeuN- 
immunoreactive cells in the entire dentate gyrus [36-38]. 
Briefly, every tenth section was systematically sampled 
and an unbiased counting frame with a known area was 
then superimposed on the field of view, where after count- 
ing frames were systematically distributed throughout the 
marked region from a random starting point. The optical 
fractionator estimates are free of assumptions about cel- 
lular shape and size and are unaffected by tissue shrink- 
age. The dentate gyrus, including an area exceeding the 
subgranular zone by two cell diameters and an area ex- 
ceeding the molecular layer by one cell diameter, was 
manually outlined using a 10× lens. Cell counts were per- 
formed with a 60× lens (numerical aperture = 1.4). 
 
2.11. Statistical Analysis 
 
The data were first analysed for the normality by assess- 
ing the sample distribution or by Levine’s test of homo- 
geneity for variances. The results which passed the tests 
for normality were analysed with parametric test. Dif- 
ferences between the groups were tested with one way- 
analysis of variance (ANOVA). Significant differences 
between groups were tested with the Fisher LSD test. 
The results which did not passed the tests for normality 
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were analysed with the non-parametric Mann Whitney-U 
test. Comparisons of repeated measurements were ana- 
lysed by the Wilcoxon Matched Pairs Test; p-values of 
0.05 or less were regarded as statistically significant. The 
results were analysed using Statistica 7.0 (Statsoft, Up- 
psala, Sweden). The results analysed parametrically are 
presented as means ± SEM. The results analysed non-pa- 
rametrically are presented as scatter plot with median. 

A pattern recognition analysis was used to establish 
the different response patterns of each genotype by use 
of a multivariate data analysis, the SIMCA (Soft Inde- 
pendent Modelling of Class Analogy), principal compo- 
nents analysis (PCA); PCA SIMCA-P+11 software (Ume- 
trics). Using both scaling and mean-centring, variables 
are pre-processed to standardise weighting of each para- 
meter. The PCA transforms the number of possibly cor- 
related variables into a smaller number of uncorrelated 
variables that are called principal components. The first 
component represents the largest variation in the data set, 
the second component the largest of the remaining vari- 
ance, etc [39]. 
 
3. Results 
 
3.1. Step-Through Passive Avoidance 
 
3.1.1. Step-Through Latency  
Low aversity cue (Exp 1) 
There was a significant effect of genotype on training 
latency (H (2, N = 39) = 10.72, p = 0.0046), as well as on 
the retention latency (H (2, N = 47) = 6.46, p = 0.040) 
(Figure 1, Table 3). 

High aversity cue (Exp 2) 
The training latency was longer in the mceph/mceph mice 
(H (2, N = 50) = 8.01, p = 0.018), compared to the het-
erozygous (p = 0.0046) and to the wild types (p = 0.014). 
There was no significant effect of genotype on the reten-
tion latency (Figure 1, Table 3). 

Comparing the training latency time with the retention 
latency within the same individual showed in both expe- 
riments, that the retention latency was significantly in- 
creased in the wild type (Z = 2.38, p = 0.017; Z = 2.84, p 
= 0.0045) and heterozygotes (Z = 3.12, p = 0.0018; Z = 
3.88, p = 0.00011) whereas it was unchanged in the mceph/- 
mceph mice (Z =0.45, p =0.65; Z = 1.18, p = 0.24) (Fig- 
ure 1, Table 3). These data indicate that the wild type and 
heterozygous mice acquired the emotional learning task, 
since they showed avoidance of the aversive dark com- 
partment, at retention. In contrast, latency between train- 
ing and retention did not differ in the mceph/mceph mice. 
 
3.1.2. Additional Behaviors Recorded in the PA 
Compared to wild type and the heterozygous mice the 
mceph/mceph mice, in both experiments, displayed a sig- 
nificantly lower risk assessment and explorative behav- 
iors, as well as general activity in the bright compartment 
(Table 3). 
 
3.1.3. Comparison of the mceph/mceph, Heterozygous 

and Wild Type Mice in the PA 
In view on the large amount of data recorded during the 
PA, it is critical to use statistics that include multivariate 
analysis. Therefore, PCA based on the PA results pre- 
sented in the Table 3 was used to identify clusters and 

 

 
(a)                                                              (b) 

Figure 1. The step-through latency time (s) of “low adversity” (Exp. 1, 0.30 mA) (a) and “high aversity” (Exp. 2, 0.50 mA) (b) 
in the Passive Avoidance (PA) test presented in a scatter plot with median. The retention latency was significantly increased 
compared to the training latency in the wild type (0.30 mA: p < 0.05; 0.50 mA: p < 0.01) and heterozygous (0.30 mA: p < 0.01; 
0.50 mA: p < 0.001), while it was unchanged in the mceph/mceph mice. WT = wild type mice, HE = to heterozygous mice, 
MUT = mceph/mceph mice. # p = 0.05 ## p= 0.01 comparing training to retention in wild type mice, ** p= 0.01;*** p= 0.001 
comparing training to retention in heterozygous mice. 
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Table 3. Behavioral data from the PA test. 

Low aversity cue High aversity cue 
Behavioral 
categories 

Behavior 

wt h m wt h m 

TR BC InAct 4.9 (2.2 to 13.3) 9.9 (0 to 78.6) 
61.4 (22.7 to 86.3)

*** 
8.0 (0 to 77) 13.0 (2 to 59) 32.5 (5 to 70) 

TR Act cue 55.2 (15.9 to 85.1) 72.3 (23 to 126.6) 61.6 (52.8 to 78.8) 66.5 (40 to 82) 61.5 (39 to 89) 64.5 (5 to 88) 

TR Act delay 19.2 (17.6 to 23.5) 
18.7 (010.1 to 

24.3) 
23.6 (10.7 to 30.9) 15.5 (4 to 22) 15.5 (7 to 24) 18.5 (13 to 22) 

RE BC Act 4.6 (3.3 to 7.1) 2.8 (1.7 to 7.0)
0.8 (0.1 to 3.6) 

*** 
4.0 (2.0 to 7.0) 3.5 (0 to 6) 1 (0 to 2) *** 

General Activity 

RE DC Act 3.9 (0.2 to 7.1) 3.4 (0 to 10) 8.5 (0 to 22.9) 1.0 (0 to 7) 2.0 (0 to 10) 4.0 (0 to 8) 

TR Rearing 3.0 (0 to 8) 0.0 (0 to 5) 0.0 (0 to 4) 1.0 (0 to 5) 0.0 (0 to 3) 0.0 (0 to 1) ** 

RE BC Expl 31.4 (27.1 to 32.9) 30.0 (15.7 to 32.1) 9.3 (3.6 to 30) *** 30.0 (17 to 34) 30 (4 to 32) 
8.0 (2.0 to 22.0) 

*** 

RE DC Expl 75.7 (5.7 to 78.6) 63.6 (0 to 78.6) 53.6 (0 to 78.6) 31.0 (8 to 77) 65.5 (0 to 77) 37.0 (0 to 71) 

RE Re bef 0.0 (0 to 2) 0.0 (0 to 5) 0.0 (0 to 11) 0.0 (0 to 5) 0.0 (0 to 7) 0.0 (0 to 0) 

RE Re aft 3.0 (0 to 5) 0.5 (0 to 5) 1.0 (0 to 7) 1.0 (0 to 26) 1.0 (0 to 8) 0.0 (0 to 14) 

Exploration 

RE Transfers 14.5 (4 to 27) 3.0 (0 to 31) 1.0 (1 to 7) *** 2.5 (0 to 32) 3.5 (0 to 11) 1 (0 to 4) 

RE SAP bef 2.0 (1 to 16) 5.0 (0 to 25) 0.0 (0 to 2) ** 5.5 (0 to 14) 6.5 (0 to 26) 0.5 (0 to 8) ** 
Risk assessment 

RE SAP aft 4.0 (1 to 16) 4.5 (0 to 28) 0.0 (0 to 14) ** 1.0 (0 to 15) 0.0 (0 to 3) 0.0 (0 to 1) 

TR Groo 0.0 (0 to 1) 0.0 (0 to 2) 0.2 (0 to 2) 0.0 (0 to 2) 1.0 (0 to 2) 0.0 (0 to 2) 

RE Groo bef 1.0 (0 to 4) 1.0 (0 to 8) 0.0 (0 to 4) 2.0 (0 to 6) 2.5 (0 to 8) 0.0 (0 to 5) 
Displacement 

behaviors 

RE Groo aft 2.5 (0 to 5) 2.0 (0 to 6) 2.0 (0 to 3) 2.0 (0 to 7) 2.0 (0 to 5) 3.0 (0 to 4) 

RE Pl BC 444.6 (214 to 593) 488.0 (80 to 600) 74.3 (2 to 600) 531.7 (189 to 594) 533.8 (47 to 600) 148.8 (82 to 600)
Open-shelter 

RE Pl DC 155.4 (7 to 386) 112.0 (0 to 520) 525.7 (0 to 598) 68.3 (6 to 411) 160 (0 to 553) 451.2 (0 to 518)

TR BC Fe 2.0 (0 to 4) 2.0 (0 to 5) 1.0 (0 to 6) 2 (0 to 5) 3 (0 to 10) 1 (0 to 2) 

RE BC Fe bef 1.5 (0 to 6) 4.0 (0 to 11) 1.0 (0 to 4) 3 (0 to 10) 4 (0 to 8) 2 (0 to 8) 

RE BC Fe aft 2.0 (0 to 5) 1.0 (0 to 4) 0.0 (0 to 1) ** 0 (0 to 4) 0 (0 to 2) 0 (0 to 5) 

Anxiety-related 
behavior (Feces) 

RE DC Fe 0.0 (0 to 5) 0.0 (0 to 8) 1.5 (0 to 6) 0 (0 to 4) 0 (0 to 6) 2 (0 to 4) 

Table is showing results from the Passive Avoidance test. Data is presented as medians (minimum to maximum) * = p = 0.05, ** = p = 0.01, *** = p = 0.001 
compared to wt who received the same aversive cue. Abbreviations: TR = Training day, RE = Retention day, BC = Bright Compartment, DC = Dark Compart- 
ment, Lat = Latency time to step-through; InAct = InActivity before the door is opened.; Act Cue = Activity during aversive cue.; Act delay = Activity during 
delay after aversive cue.; Act = Activity after the door is opened,; Expl = Exploring after the door is opened.; Re = the number of rearings; bef = before 
step-through.; aft = after step-through.; SAP = the number of stretch attend postures; Gro = the number of self groomings; Trans = the number of transfers after 
the door opened.; Pl = Place preference (the total duration in a region after the door opened); Fe = the number of feces pellets, wt = wild type, h = heterozygotes, 
m = mceph/mceph. Modified after [28,40]. 
 

correlations of behavioral patterns related to the genotype 
of the mice. Figures 2(a) and (c) shows the scoring plot with 
the distribution of the individuals related to variables, 
and Figures 2(b) and (d) shows the loading plot with the 
variables distributed related to their correlations. Vari- 
ables located in the same quadrant of the PCA-plot are 

positively correlated to one another. Variables located in 
opposite quadrants are negatively correlated to one an- 
other. The distance of the variable from the origo is re- 
lated to the deviation from the average. The ellipse de- 
scribes two standard deviations from the origo, individu- 
als found outside the ellipse are considered outlayers. 
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(c) 

 
(d) 

Figure 2. (a) Score plot PCA PA “low aversity” (Exp. 1); (b) Loading Plot PCA PA “low aversity” (Exp.1); (c) Score plot PCA 
PA “high aversity” (Exp. 2); (d) Loading Plot PCA PA “high aversity” (Exp. 2). 
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In Exp 1. “low aversity cue”, the genotypes did not 

form separate groups, although the location of the geno- 
types in the score plot were found in the same quadrants 
as in Exp 2. In the Exp. 2 “high aversity cue”, three main 
groups were outlined, the mceph/mceph mice in one group 
and two groups including both wild type and heterozygous  
mice. Both groups consisting of both wild type and het- 
erozygous mice corresponded to a high frequency of risk 
assessments behaviors (RE SAP bef, RE SAP aft). The 
location of the mceph/mceph mice corresponded with a 
low or lack of risk assessment behaviors suggestive of a 
decreased defensive response to the aversive cue.  

One of the groups with both wild type and heterozy- 
gous mice was located in correspondence with a high 
retention latency time (RE Lat), situated far out to the 
right in the loading plots in both trials. In both trials, risk 
assessment behaviors (RE SAP be), displacement beha- 
vior (RE Gro be) and anxiety-related behavior (RE BC 
Fe) were clustered with or located nearby RE Lat. Indi- 
viduals, more often heterozygous than wild type mice, 
with high retention latency also displayed behaviors re- 
lated with a reactive stress coping strategy. The other group 
with both wild type and heterozygous mice was instead 
located in correspondence with a high frequency of ex- 
ploratory behaviors (e g RE Tra) and risk assessment be- 
haviors relating to a proactive stress coping strategy (Fi- 
gure 2). 

In Exp 1, the two principal components explained 30% 
of the variance (R2X = 0.303; Q2X = –0.105 respectively) 
and in Exp. 2 it explained 47% of the variance (R2X = 
0.469; Q2X = –0.172 respectively) (Figure 2) and values 
of explained variation and predicted variation were within 
an appropriate range. 
 
3.2. Novel Cage Test 
 
In order to further analyse general exploratory behaviour 
in a non-aversive environment, the NCT was performed. 
Since the mceph/mceph mice showed changes of explo- 
ratory activity and risk-assessment behaviors in the PA 
task, more detailed behavioral data can be achieved in a 
neutral environment, compared to the short PA test per- 
formed in an aversive environment. 
 
3.2.1. Behavior during NCT 
Both during 3 and 6 weeks of age, the mice started the 
test sessions by walking followed by investigating and 
subsequently they paused to groom. Mice of 3 weeks of 
age spent most of the recording time on general activity 
combined with risk assessment behaviors whereas mice 
of 6 weeks of age were more engaged in explorative be-
haviors (Table 4; see Table 2 for ethogram). 

Within group comparison over age showed that the 
mceph/mceph mice decreased their risk assessment and 

exploratory behaviors from 3 weeks to 6 weeks, whereas 
the wild type and heterozygous mice increased defensive 
behavior and general activity as well as decreased dis- 
placement behaviors (Table 4). 

Compared to the heterozygous and wild type mice, the 
mceph/mceph mice had lower explorative behavior at 3 
weeks of age. At 6 weeks of age they also had lower ge- 
neral activity and defensive behavior. Unlike the results 
obtained in PA, risk assessment behaviour did not differ 
in relation to genotype, probably related to the non-aver- 
sive nature of the NCT (Table 4). 
 
3.2.2. Comparison of the mceph/mceph, Heterozygous 

and Wild Type Mice in the NCT 
 
A PCA based on the NCT results presented in the Table 
4 was used to identify relationships between the behav- 
ioral patterns and the genotype of the mice (see PCA for 
PA for further description of PCA). At 3 weeks of age 
there was no clear difference between the groups. How- 
ever, at 6 weeks of age, there was a trend that the mceph/- 
mceph mice formed a group that differed from the group 
including wild type and heterozygous mice. The indi- 
viduals of the groups with both wild type and heterozy- 
gous mice were located corresponding to a high frequen- 
cy of exploratory and risk assessments behaviors (e.g. 
6DSAP 6FSAP, 6F wallrearing and 6F rearing). The lo- 
cation of the individuals of the mceph/mceph group cor- 
responded to a long latency time of several behaviors 
(e.g. 6L wallrearing, 6L investigating) and long duration 
or frequency of seizures, freezing and motionless (e.g. 6D 
motionless, 6F freeze an 6D seizure). Also at 3 weeks of 
age these behaviors were located corresponding to the 
mceph/mceph mice group (Figures 3(a)-(d)). 

At 3 as well as of 6 weeks of age, the two principal 
components explained 58% of the variance (R2X = 0.579; 
Q2X = 0.067 and R2X = 0.581; Q2X = 0.365 at 3 and 6 
weeks of age, respectively) (Figures 3(a)-(d)) and val- 
ues of explained variation and predicted variation were 
within an appropriate range. 
 
3.3. Behavioral Comparison of mceph/mceph,  

Heterozygous and Wild Type Mice 
 
The difference in the PA and NCT in overlapping be- 
haviors is summarized in Table 5. 
 
3.4. Elevated Plus Maze (Exp. 2) 
 
Since most of the mceph/mceph mice developed seizures 
immediately when placed in the EPM, no relevant con-
clusion of anxiety-related behavior could be obtained. 
However, the heterozygous and the wild type mice did 
not differ in the EPM (data not shown). 
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Table 4. Behaviors recorded during the NCT. 

3 weeks 6 weeks Behavioral 
categories 

Behavior 
wt h m wt h m 

LAT 
walking 

1.4 (0.3 to 40.8) 1.2 (0.3 to 277.4) 6.5 (0.3 to 281.4) 5.3 (0.9 to 35.0) 2.0 (0.5 to 141.0) 26.6 (0.3 to 224.9)

LAT 
motionless 

32.8 (0.8 to 182.6) 20.8 (0.3 to 199.4) 20.0 (0.9 to 237.6) 46.6 (1.2 to 283.9) 45.9 (0.6 to 189.0) 29.7 (1.1 to 232.6)

FRQ 
walking 

49 (15 to 63) 29 (0 to 82) 18 (0 to 100) 48.5 (13 to 67) 37 (4 to 63) 4 (0 to 52)¤ ** 

FRQ 
motionless 

11 (3 to 29) 15 (1 to 38) 9.5 (0 to 20) 3.5 (0 to 14) ¤ 6 (0 to 19) ¤ 8.5 (0 to 16) 

DUR 
walking 

85.9 (0 to 134) 56.3 (0 to 155.2) 32.2 (0 to 213.7) 78.9 (27.4 to 97.2) 68.0 (8.5 to 107.7) 6.9 (0 to 112.5) ¤**

General 
Activity 

DUR 
motionless 

51.4 (6.7 to 123.3) 68.9 (1.9 to 185.2) 96.2 (2.7 to 207.0) 6.4 (1.9 to 54.4)¤ 13.9 (0 to 112.6)¤ 44.4 (0 to 161.8)

LAT 
rearing 

36.1 (5.8 to 142.8) 66.6 (11.0 to 282.7) 98.9 (4.6 to 253.6) 26.7 (9.8 to 105.5) 46.9 (12.4 to 283.8) 139.8 (1.0 to 293.2)

LAT 
wall-rearing 

7.3 (0.7 to 90.0) 10.3 (1.5 to 107.6) 25.9 (4.4 to 288.6) 17.4 (6.0 to 38.5) 29.7 (1.7 to 217.3) ¤¤ 42.2 (4.5 to 196.4)

LAT 
investigating 

3.2 (2.2 to 69.9) 3.7 (1.7 to 80.0) 4.5 (0.7 to 88.9) 7.1 (0.8 to 17.8) 5.8 (1.5 to 167.1) 25.4 (2.4 to 230.8)

FRQ 
rearing 

12.5 (0 to 29) 7 (0 to 28) 1 (0 to 8) *** 23.5 (0 to 34) ¤ 13 (0 to 31) 0 (0 to 15) *** 

FRQ 
wall-rearing 

19 (3 to 27) 13 (3 to 49) 8 (0 to 81) 20 (8 to 29) 11 (1 to 36) 1 (0 to 14) ¤¤***

FRQ 
investigating 

28 (12 to 47) 23 (6 to 50) 23 (5 to 45) 41.5 (30 to 51) ¤ 36 (3 to 59) ¤ 12 (0 to 32) ¤***

DUR 
rearing 

22.8 (0 to 56.9) 10.6 (0 to 47.6) 1.1 (0 to 8.8) *** 38.8 (10.4 to 76.0) ¤¤ 23.7 (0 to 51.1) 0.0 (0 to 22.1) *

DUR 
wall-rearing 

28.9 (7.2 to 52.1) 21.9 (6.1 to 70.5) 11.1 (0 to 78.9) 31.4 (15.9 to 55.9) 20.2 (2.4 to 61.3) 
2.0 (0 to 125.2)¤ 

*** 

Exploration 

DUR 
investigating 

63.1 (24.5 to 98.2) 43.7 (9.6 to 25.4)
38.5 (16.7 to 63.0) 

* 
73.5 (58.8 to 92.6) 76.0 (19.5 to 152.5)¤ 33.5 (0 to 131.7) *

LAT 
stretch appr 

4.8 (1.1 to 35.7) 3.2 (0.4 to 81.7) 8.3 (0.6 to 268.4) 2.0 (1.8 to 15.3) 4.0 (0.4 to 294.4) 38.9 (0.6 to 238.4)

LAT 
SAP 

26.4 (11.8 to 254.9) 4.2 (1.5 to 76.3) * 15.1 (1.4 to 133.1) 7.6 (1.0 to 84.2) 4.0 (0.4 to 294.4) 
28.8 (3.8 to 248.2) 

¤ 
FRQ 

stretch appr 
1 (0 to 11) 7 (0 to 34) 4 (1 to 62) 0 (0 to 24) ¤¤ 0 (0 to 38) 1.5 (0 to 16) 

FRQ SAP 2.5 (0 to 12) 9 (0 to 16) 6 (0 to 30) 4.5 (0 to 21) 12 (1 to 34)¤ 3.5 (0 to 21) 

DUR 
stretch appr 

1.87 (0 to 18.4) 14.3(0 to 67.8) * 9.74 (1.8 to 120.9)* 0.0 (0 to 38.2) 0.0 (0 to 70.6) 3.3 (0 to 26.8) ¤

Risk 
assessment 

DUR SAP 5.1 (0 to 124) 11.5 (0 to 38.8) 16.5 (0 to 36.9) 7.2 (0 to z51.5) 19.2 (1.9 to 71.2)¤¤ 12.5 (0 to 50.5)

LAT 
grooming 

59.3 (35.7 to 98.4) 58.7 (25.3 to 155.9) 76.2 (5.9 to 293.3) 80.5 (51.2 to 165.7) 56.5 (12.4 to 298.2) 129.2 (11.2 to 297.6)

FRQ 
grooming 

3.5 (2 to 6) 2 (1 to 7) 2 (0 to 12) * 2 (1 to 6) 2 (1 to 5) 2 (0 to 7) 
Displace-

ment 
behaviors 

DUR 
grooming 

25.8 (14.6 to 43.6) 21.3 (10.3 to 52.5) 15.6 (0 to 63.7) * 7.8 (0 to 22.2)¤¤ 13.4 (2.0 to 43.3)¤ 20.8 (0 to 121.8)

LAT 
burrowing 

214.6 (142.7 to 259.4) 221.2 (0 to 12) 236.4 (0.8 to 293.9) 103.4 (67.7 to 230.3) 147.2 (34.2 to 275.1) 140.0 (122.4 to 239.0)

FRQ 
burrowing 

0 (0 to 3) 0 (0 to 4) 0 (0 to 6) 6.5 (0 to 21) ¤¤ 3 (0 to 14) ¤¤ 0 (0 to 5) ** 
Defensive 
behaviors 

DUR 
burrowing 

0 (0 to 5.1) 0 (0 to 20.5) 0 (0 to 5.5) 23.5 (0 to 61.3) ¤¤ 6.8 (0 to 56.5)¤ 0.0 (0 to 62.9) **

LAT 
freezing 

1.9 (0.6 to 287.7) 25.6 (0.8 to 298.9) 9.0 (0.5 to 258.1) 58.3 (0.7 to 237.0) 37.9 (0.5 to 299.2) 1.7 (0.5 to 136.5) *

FRQ 
freezing 

0 (0 to 2) 2 (0 to 6) 1 (0 to 5) 3 (0 to 4) ¤¤ 4 (0 to 21) ¤¤ 2 (0 to 20) 
Anxiety- 
related 

behavior 
DUR 

freezing 
0 (0 to 2.9) 2.5 (0 to 96.4) 2.8 (0 to 84.0) 5.8 (2.8 to 15.6)¤¤ 7.6 (0 to 136.4) 10.7 (0 to 43.0)

Table is showing results from the NCT. Data is presented as median (minimum to maximum), ¤ = p = 0.05, ¤¤ = p = 0.01, ¤¤¤ = p = 0.001 compared to 3 weeks of 
the same genotype. * = p = 0.05, ** = p = 0.01, *** = p = 0.001 compared to wt. Abbreviations: LAT = Latency time to first onset of the behavior (s), FRQ = 
Total frequency of the behavior (nr), DUR=Total Duration of the behavior (s), SAP-stretch approach posture. wt = wild type, h = heterozygote, m = mceph/mceph, 
3w = 3 weeks of age, 6w = 6 weeks of age. Modified after [28,40]. 
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(c) 

 
(d) 

Figure 3. (a) Score plot PCA NCT 3 weeks of age; (b) Loading Plot PCA NCT 3 weeks of age; (c) Score plot PCA NCT 6 weeks 
of age; (d) Loading Plot PCA NCT 6 weeks of age. 
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Table 5. Summary of behavioral differences between geno- 
types in the PA and NCT. 

Test Behavioral categories m  wt h? wt  h? 

PA General Activity m < h wt - 

NCT  m < h wt - 

PA Exploratoration m < h wt wt  h 

NCT  m < h wt - 

PA Risk assessment m < h wt - 

NCT  - wt < h 

PA Displacement behaviors - - 

NCT  m < wt - 

PA Defensive behaviors n m n m 

NCT  m < h wt - 

PA Open-shelter n m n m 

NCT  m <h - 

PA Anxiety-related behavior m < h - 

NCT  - - 

Table is showing differences recorded from the PA and NCT. Arrows indi-
cate the direction of the difference. Abbreviations: NCT = Novel Cage, 
PA=Passive Avoidance, n m = not measured, wt = wild type, h = heterozy-
gotes, m = mceph/mceph. Modified after [28,40]. 

 
3.5. Open Field (Exp. 2) 
 
The wild type mice visited the central region significant- 
ly (p = 0.022) more than the mceph/mceph mice, and ten- 
dened to have more visits than the heterozygous mice (p 
= 0.069) (wild type: 59.9 ± 16.1; heterozygotes: 27.73 ± 
8.6; mceph/mceph: 17.40 ± 10.1; one way ANOVA F2,26 

= 3.40 p = 0.049). The distance travelled latency to the 
first visit and duration at each location did not differ sig-
nificantly due to genotype (data not shown). 
 
3.6. Additional Phenotypical Characterisation  

(Exp. 1) 
 
3.6.1 Seizures 
Unlike the wild type or heterozygous mice the mceph/ 
mceph mice had seizures at 3 weeks or 6 weeks. At 3 
weeks of age, the latency to first seizure was 32.6 (me- 
dian, min: 5.4, max: 176.5) s and at 6 weeks it was 8.82 

(median, min: 0.47, max: 101) s. At 3 weeks of age, the 
number of seizures was 0 (median, min: 0, max: 7) and at 
6 weeks 1 (median, min: 0, max: 101). At 3 weeks of age, 
duration of seizures was 0 (median, min: 0, max: 76.6) s 
and at 6 weeks 81.8 (median, min: 0, max: 292.5) s. The 
seizures were mostly mild, in a typical seizure the hind 
legs of the mceph/mceph mouse cramped and were stret- 
ched out behind the body combined with the body shak- 
ing. Except for one mouse, all the mice remained conscious 
during the seizures. The first minutes after the seizure 
passed some mice walked or run very quickly. However, 
most of the mice sat still or groomed for some minutes 
after the seizure whereupon they continued with the pre- 
vious behavioral repertoire. 
 
3.6.2. Phenotypical Characterisation  
There was no significant difference between heterozygous 
and wild type mice in body weight, number of individu- 
als with teary eyes or number of vocalisations per indi- 
vidual, neither at 3 weeks nor at 6 weeks of age (Table 6). 

However, compared to heterozygous and wild type 
mice the mceph/mceph mice had significantly lower body 
weight at 3 weeks (Table 6, one-way ANOVA F2,46= 12.44 
p < 0.001) and 6 weeks (Table 6, one-way ANOVA F2,46 

= 14.60 p < 0.001) of age, significantly higher number of 
individuals with teary eyes at 3 weeks (Table 6, H (2, N 
= 49) = 18.30 p < 0.001) and at 6 weeks (Table 6, H (2, 
N = 49) = 39.60 p < 0.001) and significantly lower num- 
ber of vocalisations per individual at 3 weeks (Table 6, H 
(2, N = 49) = 24.63 p < 0.001) but not at 6 weeks (Table 
6, H (2, N = 49) = 2.15 p = 0.34) (Table 6). 
 
3.6.3. Rotarod (Exp. 3) 
There was no significant difference in accelerating Ro- 
tarod performance between mceph/mceph and heterozy- 
gous mice neither in set 1 (mceph/mceph, n = 4; mean ± 
SEM: 88.5 ± 9.3 and heterozygotes, n = 8; 104.8 ± 10.2 s; 
p = 0.27) nor in set 2 (mceph/mceph, n = 6; mean ± SEM: 
74.3 ± 10.7 and heterozygotes, n = 10; 99.1 ± 8.9 s; p = 
0.10) indicating that motor performance did not differ 
in mceph/mceph mice in contrast to the alterations of  

 
Table 6. Phenotypical characterisation at 3 and 6 weeks. 

3 weeks 6 weeks Phenotypical  
characterisation 

wt h m wt h m 

Body Weight (g) 10.6  0.47 9.9  0.26 8.2  0.34*** 20.3  0.68 18.7  0.50 15.7  0.55***

Teary eyes  
(nr/total nr) 

1/10 1/23 10/16** 0/10 0/23 14/16*** 

Vocalisation (x/individual) 2.00  0.00 1.78  0.09 1.13  0.09*** 1.10  0.10 1.13  0.07 1.00  0.00 

Table is showing phenotypical characterisation measured after Novel Cage test. Data is presented as means  SEM or nr of individuals/total nr of individuals. 
wt = wild type, h = heterozygotes, m = mceph/mceph, ** = p = 0.01, *** = p = 0.001 compared to mceph/mceph. 
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spontaneous motor activity these mice display in other test 
(see above). 
 
3.7. Stereology (Exp. 4) 
 
There was no significant difference in the number of NeuN- 
positive neurons in the hippocampus of the wild type and 
heterozygous mice (wild type: 102 736.35  15089.9; 
heterozygotes: 108 493.55  22479.3; one-way ANOVA 
F1,14 = 0.045 p = 0.83). The number of NeuN-positive neu- 
rons in the hippocampus of the mceph/mceph has been 
reported previously and was found to be increased (see 
introduction). 
 
4. Discussion 
 
The aim of the present study was to analyse the effects of 
genetically induced potassium-ionchannelopathy on be- 
havior and hippocampal cognitive function. The BALB/- 
cByJ-Kv1.1 mceph/mceph with a germline complete lack of 
functional Kv1.1, displaying chronic TLE without appa- 
rent neurodegeneration, showed impaired memory in the 
PA task. The mceph/mceph mice did not show a learn- 
ing-induced increase in step-through latency into the dark 
compartment at the retention test compared to training. 
In contrast, in wild type and heterozygous, Kv1.1 mceph/+ 
mice, the step-through latency time was significantly in- 
creased at retention compared to training, indicative of suc- 
cessful learning to avoid the aversive context. To further 
strengthen the analysis, the behavioral data recorded during 
the PA was subjected to multivariate analysis. This ana- 
lysis indicated that the mceph/mceph mice displayed a 
lower frequency of risk assessment behaviors compared 
to wild type and heterozygous mice. 

In the NCT the mceph/mceph mice were characterised 
by a low general activity and exploratory behavior at 3 
weeks of age and from 6 weeks of age also low defensive 
behavior. Although the mceph/mceph mice had mild 
seizures, their motor coordination was not affected. The 
heterozygous mice showed indications of lower explor- 
ative behaviors and higher risk assessment behaviors 
compared to wild type mice in the PA. The mceph/mceph 
mice have been shown to have an excessive number of 
NeuN-immunoreactive neurons in the hippocampus. How- 
ever, the number of NeuN-immunoreactive cells in the 
DG of the heterozygous mice did not differ from the wild 
type mice, considered with or unchanged hippocampal vo- 
lume [14]. 

Compared to wild type and heterozygous mice the 
mceph/mceph mice had a low frequency of the risk as- 
sessment behavior SAPs in the PA test, unlike results 
obtained in the non-aversive NCT test. SAP is interpreted 
as the intention of the mouse to assess the environment in 

a safe manner, motivated by a state of fear. The mceph/- 
mceph mice did not display displacement behaviors (groom-
ing) before step-through and they did not transfer back to 
the bright compartment of the PA apparatus. Instead the 
mceph/mceph mice spent more time in the dark compart- 
ment, which they explored, probably due to a lack of fear. 
This suggests that the mceph/mceph mice prefer the dark 
compartment despite the aversive cue received there 24 h 
earlier. Moreover, the activity of the mceph/mceph mice 
in response to the aversive cue as well as during the 60s 
delay in the dark compartment after the aversive cue, 
was either increased or not differed from the activity of 
wild type and heterozygous mice, indicating unaltered 
response to the aversive stimulus. Therefore, the failure 
to learn the PA memory task appears not to be a result of 
altered pain perception, but related to impaired memory 
retention of the aversive context. 

Human TLE patients suffer from impaired memory 
function [41-42] as well as rodents with spontaneous or 
provoked epilepsy [17-19]. The behavioral phenotype of 
the mceph/mceph mice may reflect a dysfunction in hip- 
pocampal excitability. Recent electrophysiological stud- 
ies in the mceph/mceph hippocampus (Fisahn et al., sub- 
mitted), indicate disturbances in gamma oscillations, i.e. 
synchronous activity in the gamma frequency-range that 
depends directly on network excitability. Gamma oscil- 
lations play an important role in higher processes in the 
brain such as learning, memory, cognition and perception 
[44,45]. This abnormal network excitability may in part 
result from the excessive adult-borne hippocampal neu- 
rons in mceph/mceph. Seizure-induced new neurons are 
reported to be less excitable and aberrant in their polarity, 
migration and integration pattern compared to non-sei- 
zure-induced adult-born neurons, although stably integrated 
into the hippocampal circuitry within 24 h to weeks [46-48], 
in contrast to neurogenesis induced by running and/or 
enriched environment [49]. 

Both the wild type and the heterozygous mice increased 
their step-through latencies at retention compared to train- 
ing. However, both groups displayed a large variation of 
the step-though latency. The ethological study revealed that 
both groups displayed risk assessment behaviors reflect- 
ing the remembrance of the earlier presented aversive 
cue. The large variation of the step-through latency is most 
likely a result of different stress coping strategies to the 
aversive cue. Individuals with short step-through latency 
often had a high frequency of exploratory behaviors, in- 
cluding transfers inbetween the compartments, suggest- 
ing a proactive coping style. In contrast, individuals with 
long step-through latency often had a higher frequency of 
anxiety-related behaviors, suggesting a reactive coping 
style. Stress coping strategies are related to the fight-and- 
flight responses. A reactive coping strategy is associated 
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with an increased immobility and freezing in order to at- 
tempt playing dead or outwait stressful stimulus. A pro- 
active coping strategy is associated either with an assess- 
ment of the risk to investigate the environment by exposing 
defensive behaviors such as exploring, rearing and SAP, 
or with aggressive and aversive behaviors [50]. This in- 
dicates that also mice with shorter step-through latencies 
at retention may have acquired the PA task with succes- 
sful memory consolidation, implying the importance of 
combining the step-through latency measure with etholo- 
gically based measures when examining emotional mem- 
ory functions. 

In the NCT exploratory and defensive behavior as well 
as general activity was low in the mceph/mceph mice. 
Explorative behaviour refers to activities aiming at increas- 
ing the knowledge of the surrounding environment for sa- 
fety assessment, e.g. rearing, sniffing and ambulation. Also 
mice with seizures provoked by a hippocampal pilocar- 
pine injection reduced their explorative behavior such as 
rearing in the OF and frequency of transfer measured in 
light-dark box [18,19,51]. The mceph/mceph mice had long 
periods of grooming, rather than short bouts. This may 
be interpreted as cleaning of the body, in contrast to short 
bouts that is associated with displacement behavior [52], 
which may indicate fear and is displayed when the ani- 
mal is in conflict of what behavior to display. The lack of 
displacement behavior in the mceph/mceph mice may 
indicate low stress levels related to the context of the be- 
havioral tests. Although the mceph/mceph displayed lower 
levels of stress related behaviors, they had an increased 
frequency of freezing, which probably is related to low- 
ering of subthresholds for seizures provoked by light ex- 
posure. Also mice with seizures provoked by a hippocampal 
pilocarpine injection have increased scores of freezing 
[51]. The general activity of the mceph/mceph mice was 
low compared to wild type and heterozygous mice also 
when behavioral scoring was adjusted for reoccurring sei- 
zures. In contrast, in the OF illuminated with a red light 
bulb, general activity of the mceph/mceph mice did not 
differ from heterozygous and wild type mice. Exposure 
to the light may have provoked seizures in the mceph/- 
mceph mice that disturbed the perception or processing 
of the contextual stimuli and their coping to the aversive 
cue in the PA task. This probably also explains the be- 
havioral phenotype of the mceph/mceph mice including 
impaired memory, which seems to reflect several of the 
behavioral and cognitive disturbances associated with epi- 
lepsy in humans. 
 
5. Conclusions 
 
In this study, the mceph/mceph mouse model for epilepsy 
with potassium channelopathy was assessed for hippo- 

campal-dependent emotional memory function in the PA 
task combined with a detailed behavioral analysis, per- 
formed both in the aversive context (PA) and in a neutral 
environment (NCT). In contrast to wild-type and hetero- 
zygous mice, the mceph/mceph mice failed to acquire avoi- 
dance of the environment associated with contextual fear 
in the PA retention test. Thus, the mceph/mceph mice 
displayed unchanged step-through latency at retention 
compared to training as well as low exploration and risk- 
assessment behaviors. The multivariate analysis indicates 
that alterations of exploration and risk-assessment beha- 
viors are key variables for analysing deficits in memory 
processing. Also, in the NCT the mceph/mceph mice were 
characterised by a pattern of explorative, locomotor and 
risk assessment behaviors indicative of a blunted re- 
sponse to aversive stimuli. 

In conclusion, the results suggest that the mceph/mceph 
mice have a deficit in behavioural defensive responses to 
aversive stimuli probably as a result of impairments in 
emotional processing and memory. This suggests that the 
mceph/mceph mice may be a relevant animal model for 
studying of limbic system mechanisms involved in emo- 
tional and cognitive problems related to epilepsy. 
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