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Abstract  

The pharmacological treatment of mood and anxiety disorders has for long relied 

on the serendipitous findings of monoaminergic and benzodiazepine drugs more 

than fifty years ago. These treatments, however, are therapeutically insufficient 

and even though more recently developed drugs are particularly improving side 

effects, the efficacy or response rate of the drugs has fundamentally not 

improved. Therefore it is necessary to develop new methods to identify novel 

mechanisms not based on merely the symptomatology, but on biologically 

relevant (endo) phenotypes. This review examines the option of integrating 

mouse and human behavioral genetics to aid the identification of the putative 

underlying pathophysiological mechanisms and pharmacological targets for 

psychiatric disorders. 
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Introduction 

Mood and anxiety disorders are very heterogeneous disorders often manifested 

with symptoms at psychological, behavioral and physiological levels. The 

underlying pathophysiology, however, is largely unknown. Whereas many clinical 

subtypes of mood disorders are recognized, medication still mainly depends on 

limited categories of treatment. In practice therefore, patients would greatly 

benefit of a way to individualize the treatment. 

 

It is unfeasible to consider mood disorders and anxiety disorders as two distinct 

separate clusters of affective disorders. Patients with anxiety disorders rarely 

suffer from a single psychiatric disorder 1. Anxiety frequently coexists with other 

mental disorders, most commonly depression. Also, patients suffering from 

depression have often co-morbid anxiety. Additionally, most antidepressants have 

substantial anxiolytic and antipanic effects in addition to their antidepressant 

action 2. In line with these therapeutic activities, benzodiazepines, the most 

commonly prescribed anxiolytics, are often given in combination with an 

antidepressant, with the benzodiazepine functioning acutely until the 

antidepressant takes effect 3. Brady and Kendall 4 suggest that anxiety and 

depression may be part of a developmental sequence in which anxiety is 

expressed earlier in life than depression. However, the exact biological 

mechanisms and interactions for these disabling disorders are, despite many 

efforts, still unknown.  

 

Pharmacotherapy of mood and anxiety disorders 

Given the high prevalence and diversity of subtypes of anxiety and mood 

disorders, the treatment options are surprisingly limited. This section will discuss 

the four basic pharmacological classes of drugs prescribed for these psychiatric 

disorders. 

 

Benzodiazepines 

Benzodiazepines are a large class of relatively safe and widely prescribed 

medications that function as GABAA receptor agonists, enhancing the inhibitory 

neurotransmission in the brain. These drugs have rapid and profound anxiolytic 

effects, but also cause sedation and have the potential for producing drug 

dependence.  

 

Heterocyclic antidepressants 

The heterocyclic antidepressants, once the mainstay of treatment, include 

tricyclic, modified tricyclic, and tetracyclic antidepressants. Acutely, these drugs 

increase the availability of primarily noradrenalin and, to some extent, serotonin 

by blocking their reuptake in the synaptic cleft. Although no conclusive theory is 

available, a possible final common pathway of their antidepressant activity is 
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down regulation of α1-adrenergic receptors on the postsynaptic membrane after 

long-term treatment 5. The decreasing use of these drugs can be explained by 

their serious side effects and potential lethality in overdose 6. Moreover, 

appropriate dosage is complicated by pharmacokinetic factors, including 

differences in drug metabolism for different ethnic backgrounds, genders and 

plasma level changes over the course of the menstrual cycle 7  

 

Monoamine oxidase inhibitors 

Although rarely used, monoamine oxidase (MAO) inhibitors are important 

alternatives for non-responders to selective serotonin reuptake inhibitors and 

tricyclic antidepressants 8 and have significant antidepressive, antiobsessional, 

and anxiolytic effects 9.  

 

There are two types of monoamine oxidases: MAO-A and MAO-B. Both MAO-A 

and MAO-B can oxidize dopamine and tyramine. MAO-A inhibitors function as 

antidepressives and inhibit the oxidative deamination of the 3 classes of biogenic 

amines (noradrenalin, dopamine, and 5-HT) and other phenylethylamines. In 

contrast, MAO-B oxidises fenylethylamine and benzylamine and MAO-B inhibitors 

are often prescribed to patients with Parkinson‟s disease. 

 

Although clearly effective for a broad range of depression types, classical MAO 

inhibitors are irreversible and non selective and can therefore cause hypertensive 

crises when taken with certain foods containing the chemical tyramine (in, for 

example, some aged cheeses), limiting their use 8. There has been continued 

interest in development of safer, selective and reversible MAO inhibitors. 

However, even with the reversible MAO inhibitors, common adverse effects 

include sexual dysfunction, anxiety, nausea, dizziness, insomnia, and weight gain. 

 

Selective serotonin reuptake inhibitors 

Selective serotonin reuptake inhibitors (SSRIs) are widely used as 

antidepressants, but have also emerged as the preferred type of antidepressant 

for treatment of anxiety disorders 10,11. The wide use of this class of 

antidepressants is supported by their wide therapeutic margin; they are relatively 

easy to administer, with little need for dose adjustment. Even though these drugs 

selectively act on serotonin transporters thereby enhancing serotonergic 

neurotransmission, they are at the same time non-specific regarding the 

activation of different types of serotonin receptors. This probably underlies their 

side effects including anxiety, insomnia, sexual dysfunction, nausea and 

headaches.  
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Efficacy 

Unfortunately, the response rate for initial medication for mood disorders is only 

50 to 70 percent of the patients and even lower for patients with a more severe 

disease profile. Additionally, only 30 to 50 percent of non-responsive patients will 

respond to an other class of antidepressant 12. Further complicating the treatment 

is the high occurrence of side effects and differential treatment results depending 

on the race or ethnicity of the patient. Why is it that the treatment of mood 

disorders is missing out on various critical points? 

 

The first issue is that all these treatments are based on serendipitous discoveries 

of the clinical efficacy of drugs acting on monoamine neurotransmitters in the 

1950s for a review, please see 13. Even though newer drugs are more selective and hence 

cause fewer side effects, they are still focusing on the function of serotonin, 

dopamine and noradrenalin in the brain and their efficacy or response rate has 

not improved.  

 

Second, the categorization of the mood disorders does not seem sufficient to 

allow more selective treatment. Most diagnoses are based on the, still complex, 

DSM-IV classification criteria, whereas many clinical subtypes are known and on 

this basis patients might respond differently to specific treatment regimes. 

Further, this method of diagnosis is based purely on symptomatology, in which 

there is a great overlap between disorders.  The biological and molecular 

signature underlying these disorders may, however, not correlate to these 

phenotypes. Therefore, as long as the principle aetiology and pathology involved 

is unknown, it might prove impossible to develop selective and effective drugs.   

 

In summary, not only enhancing the selectivity of the treatment regimes, but also 

developing the possibility to modify this based on the individuality of the patient 

is an essential objective in future psychopharmacological research. The next 

sections will discuss the possibility to apply genetics to aid the identification of 

pathophysiological mechanisms and pharmacological targets for psychiatric 

disorders. 

 

Genetics 

Numerous reviews have convincingly established the implication of genetic factors 

in the susceptibility to mood disorders 14-17. However, few studies have succeeded 

in finding the specific genetic factors causing these behavioral disorders. The 

complexity of mood disorders obscures the identification of genes through 

approaches successful for single gene disorders 16,18; only few studies 

conclusively implicate a particular genetic region for a specific mood disorder 19,20. 

Even though there are many studies on the heterogeneity of mood disorders and 

obtaining data on endophenotypes, these studies show little integration of 
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genetically informative sampling strategies. Conversely, most linkage studies 

focus solely on (complex) DSM-IV diagnostic criteria rather than on the rich array 

of endophenotypes present in familial studies, high-risk, and longitudinal research 
21.  

 

Identifying clinical subtypes and endophenotypes can enable researchers to 

dissect the biological components underlying psychiatric diseases and thereby 

gain a better understanding of them. Endophenotypes are biological markers 

between genotype and external phenotype that may indicate susceptibility to or 

manifest as early signs of a wide range of mental disorders 22. Studying 

biologically relevant endophenotypes for psychiatric disorders is a key element in 

finding genetic and biological mechanisms in complex disorders. 

 

Furthermore, even when a study is successful in identifying a genetic linkage 

region, these regions often still encompass large areas containing many hundreds 

of genes. Complementary use of mouse models, though, can aid in the dissection 

and reduction of the area of interest 23.  

 

Animal models: human-mouse synteny 

Even though there had for long been a debate on the validity of animal models in 

that they are not a comprehensive reflection of a whole disorder 24, it is accepted 

that partial models are helpful 25. Therefore, the concept of endophenotypes 

makes the relevance of animal models for human psychiatric disorders more 

applicable 26, as the validity of these components 27 is considerably stronger than 

when trying to model the complex human disorder in whole. Therefore, studying 

analogous behavioral domains across the neuropsychiatric spectrum as proposed 

by Kas et al. 28 may provide a sensible approach. As stated above, increased 

anxiety levels are seen across a wide range of psychiatric disorders and may be 

mediated by certain common mechanisms. 

 

Genetic and pharmacological research indicates that the neural basis of anxiety 

and emotion of animals is congruent to that of humans 29. For instance, on the 

genetic level there is a large synteny between humans and mice, indicating the 

partial preservation of order of genes on chromosomes (figure 1) 30. By examining 

the genetic and neural mechanisms in which behavior is disturbed in animals, the 

possibility arises to identify potential mechanisms involved in human mood 

disorders. Human-mouse synteny in relation to common physiological processes, 

such as hypertension 31, seems to provide a good basis to perform comparative 

genomics for identifying similar molecular genetic mechanisms underlying 

complex traits.  This concept, however, is rather new to the field of 

neuropsychiatric disorders. Thus far, successes have been booked in this field 

with the identification of the Rgs2 gene as a modulator of anxiety in both mice 
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and human panic disorder patients 32.  Rgs2 was found in mouse studies to alter 

anxiety-related behavior 33, after which single nucleotide polymorphisms in the 

human homologous gene were shown by Leygraf et al. 32 to be associated with 

panic disorder and specifically patients with agoraphobia. 

 

                                                      
 

 

Novel methodology 

Up until now, the search for pharmacological targets has focused on the use of 

animal models validated by the behavioral response elicited after treatment with 

known antidepressants or genetic modification of a certain gene. However, 

identifying novel and more selective targets is improbable with this method, as 

these are still based on the monoamine neurotransmission theory and related 

neurobiological systems.  

 

In response to the availability of genome information on an increasing number of 

strains and species 34, exciting novel approaches are currently emerging in the 

field of behavioral genetics. By increasing the sensitivity of behavioral and genetic 

screenings, the identification of biological cascades influencing neurobehavioral 

traits is becoming more feasible. 

 

 

Figure 1.Human 

chromosomes, with 

segments containing at least 

two genes whose order is 

conserved in the mouse 

genome as colour blocks. 

Each colour corresponds to a 

particular mouse chromosome. 

Centromeres, subcentromeric 

heterochromatin of 

chromosomes 1, 9 and 16, and 

the repetitive short arms of 13, 

14, 15, 21 and 22 are in black.  

 

Reprinted by permission from 

Macmillan Publishers Ltd: 

Nature, International Human 

Genome Sequencing 

Consortium, 2001. Initial 

sequencing and analysis of the 

human genome. Nature 409, 

860-921, copyright (2001) 
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Conventional behavioral tests, such as the elevated plus maze and open field, are 

commonly employed to study avoidance and motor activity levels. However, the 

nature of these tests makes it difficult to interpret the behavioral variation 35 and 

experimenter interference can have a great impact on the behavioral outcome 36-

38. Currently, multi-day automated behavioral observations in carefully designed 

environments are being developed, examining both novelty responsiveness as 

well as baseline behaviors and circadian rhythms 39,40. By designing these 

environments in specific ways, the possibility arises to dissect anxiety-related 

parameters from locomotor activity levels, a major confounding factor in current 

behavioral test paradigms.  

 

Furthermore, it is important to select a sensitive genetic mapping strategy with 

the possibility to detect quantitative trait loci (QTLs) affecting these behaviors. 

There are several approaches currently available, including F2 intercrosses and 

backcrosses, recombinant inbred lines, congenics and chromosome substitution 

strains, advanced intercross lines and heterogeneous stocks 41.  Also, by using 

common inbred strains, haplotype mapping can contribute to further identify 

genomic regions associated with the behavioral phenotype 34,42.  The choice for a 

particular genetic approach highly depends on the aim of the study and practical 

considerations, as all strategies have their characteristic advantages and short 

comings 41. However, Belknap and Atkins were able to show substantial 

consistency in quantitative trait loci for ethanol preference based on different 

mapping populations 43, confirming the result stability of mouse mapping 

strategies. 

 

Future perspectives 

The challenge in current genetic research is to go from the quantitative trait locus 

to the underlying genes, or even nucleotides. The tactic of combining different 

complementary lines of research to narrow the region of interest is showing very 

promising. Leygraf et al. 32, for example, used a combination of haplotype 

mapping of an outbred mouse population, confirmation by knock-out strategy and 

linkage analysis of a human patient population to identify Rgs2 as a modulator of 

anxiety. But also combining different mapping populations 43 and matching 

syntenic regions between humans and rodents (figure 2) 31 may help us reduce 

the size of the genomic regions and aid in the identification of causal genes. Micro 

array analysis can complement these methods and identify possible differences in 

gene expression in specific tissues 44-46. 
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Conclusions 

Investigating the genetic and biological mechanisms and pathways of novel 

identified genes promises to be a powerful tool to discover innovative targets for 

pharmacological action. The possibility arises not only to target these genes and 

their products, but also other elements within these pathways. Additionally, these 

genetic pathways can lead to the identification of endophenotypes or the 

classification of specific subtypes in mood disorders, showing distinct aetiological 

and pathophysiological mechanisms and allowing individualised treatment 

regimes.  

 

Finally, it can be stated that recent developments in neurogenetic behavioral 

research offer challenging opportunities and show great progress towards the 

development of personalized medicines of heterogeneous psychiatric syndromes. 

Ultimately, improved therapies could be developed with fundamentally novel 

mechanisms of action, allowing individualized treatment based on genotypes or 

endophenotypes of the patient, reforming psychiatric treatments in the future.  

 

 

 

 

Figure 2. Comparative 

genomics. The red box depicts 

a blood pressure QTL interval 

on mouse chromosome 15. The 

green and blue boxes depict 

corresponding blood pressure 

QTL in the homologous regions 

of the rat and human genome, 

respectively. Based on the 

assumption that the same 

causal gene underlies the QTL 

in all three species, 

comparative genomic analysis 

of this mouse QTL localizes the 

gene to the region of overlap 

between the three species, 

represented by the area 

between the dashed lines.  

 

Reprinted from Trends Genet., 21, DiPetrillo,K., Wang,X., Stylianou,I.M., 

Bioinformatics toolbox for narrowing rodent quantitative trait loci, 683-692, 

Copyright (2005), with permission from Elsevier.  
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Aim and outline of this thesis 

As described in the preceding paragraphs of chapter 1, identifying susceptibility 

genes for endophenotypes by studying analogous behaviors across species is 

proposed as an important strategy for understanding the pathophysiology 

underlying psychiatric disorders. This approach may provide information on 

biological pathways involved, plus validated animal models that both are critical 

for selective drug development. The overall aim of this thesis is to identify genes 

and/or genetic pathways for behavioral traits in mice that may be involved in the 

pathophysiology of psychiatric disorders. As a first step to address this issue, the 

research described in this thesis specifically aims at:  

 

(1) enhancing behavioral profiling in mice by combining multiday continuous 

home cage recordings and a sensitive genetic mapping mouse panel;  

 

(2) identifying genetic loci specifically influencing either motor activity levels or 

avoidance behavior under novelty and baseline conditions;  

 

(3) applying translational trait genetics by means of using comparative genomics 

on behavioral domains 

 

In chapter 2, mice are tested in an automated home cage task, to allow motor 

activity levels to be studied independently from avoidance behavior. Further, 

genetic loci involved and pharmacological responsiveness of these independent 

phenotypes are studied. Chapters 3 and 4 focus on genetic loci involved in 

avoidance behavior and homology with human genetic linkage regions for 

psychiatric disorders. Chapters 5 and 6 focus on genetic regions influencing motor 

activity levels and combine different research methods to decrease the number of 

genes of interest. Finally, chapter 7 demonstrates how epigenetic interactions, 

such as grand-parent effects, can interfere with QTL identification and obscure 

results.  
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Abstract 

Traditional behavioral tests, such as the open field test, measure an animal‟s 

responsiveness to a novel environment.  However, in most cases it is difficult to 

assess whether the behavioral response obtained from these tests relates to the 

expression level of motor activity and/or to avoidance of anxiogenic areas, such 

as the center of an open field arena.  In the present study, an automated home 

cage environment for mice was designed to obtain independent measures of 

motor activity levels and of sheltered feeding preference during three consecutive 

days.  Chronic treatment with the anxiolytic drug chlordiazepoxide (5 and 10 

mg/kg/day) in C57BL/6J mice reduced sheltered feeding preference without 

altering motor activity levels.  Furthermore, two distinct chromosome substitution 

mouse strains, derived from C57BL/6J (host strain) and A/J (donor strain) inbred 

lines, expressed either increased sheltering preference in females (chromosome 

15) or reduced motor activity levels in both females and males (chromosome 1) 

when compared to C57BL/6J.  Three day continuous behavioral monitoring 

revealed that these phenotypic differences were not specific to novelty, since they 

maintained after adaptation to the home cage.  Thus, by combining new 

behavioral phenotyping approaches, pharmacology and the use of sensitive 

genetic mouse mapping strains, behavior can be dissociated into distinct 

behavioral domains (e.g., anxiety-related and motor activity domains) with 

different underlying genetic origin and pharmacological responsiveness. 
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Introduction 

Conventional laboratory tests for behavioral testing in rodent species have several 

shortcomings that could benefit from new and improved analytical 

procedures35,47-51. For example, traditional anxiety tests are usually short-lasting 

(5–60 minutes) and assess an animal‟s reaction to a novel environment.  

Furthermore, most of these traditional behavioral testing methods are 

confounded by strain differences in motor activity levels.  Since recent studies 

clearly demonstrated the effect of an experimenter on behavior52 minimal human 

intrusion is also preferred during behavioral testing.   

 

In general, rodent species have an innate preference for sheltered places that 

have lower light intensities than the outside-world and that provide a sense of 

safety via body contact with the shelter area surface (thigmotaxis).  The open 

field test was one of the first behavioral tests developed for emotionality and that 

was based on the assessment of these behavioral expressions 53. However, to 

tackle the shortcomings mentioned before, we have recently designed an 

automated home cage environment to assess separate behavioral domains over 

the 24-h day35,54.  For instance, a hungry organism searching for food depends on 

an efficient exploration strategy in which finding the food resource in an 

appropriate period of time needs to be balanced against the risk of being exposed 

to potentially threats, such as predators.  Thus, exploration for food relies on a 

balance between movement throughout the environment and avoidance behavior.  

To assess these behavioral domains as a function of time of day, a home cage 

environment for mice was designed with a sheltered and a non-sheltered feeding 

platform that would allow dissociation of the preference for shelter during feeding 

and for motor activity levels over several days and with minimal human 

disturbance. 

 

To obtain inbred strain differences in this behavioral paradigm, we selected 

chromosome substitution (CS) strains in which individual chromosomes from one 

mouse inbred strain are substituted into the genetic background of another 

mouse inbred strain55,56. Recent studies revealed that this set of CS-strains 

provide a very sensitive approach for genetically dissecting complex traits, such 

as behavior, since each substituted chromosome from the donor strain is tested 

in a controlled genetic background of the host strain55,57. For example, it was 

shown that CS-strain 1 and 15, derived from C57BL/6J host and A/J donor 

strains, exert reduced movement in the open field test56, indicating that the A/J 

chromosomes 1 and 15 carry at least one genetic locus affecting open field 

behavior.  However, recent studies using these CS-strains suggest that a QTL on 

A/J chromosome 1 contributes to motor activity rather than to anxiety-related 

behaviors58,59. Therefore, in the present study, we compared the behavioral 

responses of these two CS-strains (CS-strains 1 and 15) to the genetic 
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background control strain (C57BL/6J) in the open field and in an automated home 

cage environment to assess whether these CS-strains differ in their behavioral 

expression of motor activity levels and/or of shelter preference as a function of 

novelty and/or after adaptation to the automated home cage environment. To 

pharmacologically differentiate between anxiety-related and non-anxiety-related 

behavioral responses in the home cage, the effect of chronic infusion with the 

anxiolytic benzodiazepine chlordiazepoxide (using 5 and 10 mg/kg/day) was 

assessed. 

 

Methods 

Animals 

Mice were obtained from in house breeding of C57BL/6J, C57BL/6J-Chr 1A/NaJ, 

and C57BL/6J-Chr 15A/NaJ breeding pairs (Jackson Laboratories, Maine, USA)56. 

All mice used for the experiments were bred under standard conditions (21 ± 

1.0˚C and 50% humidity) in Macrolon cages (Type II-extended, Type number: 

1284 L.) with free access to food and water and maintained in a 12-hr light/ 12-

hr dark cycle.  Four weeks after birth, mice were weaned and socially housed (2-4 

same sex littermates per cage) with ad libitum access to food and water.  At least 

two weeks prior to the start of the experiment the animals were moved from the 

breeding colony to the adaptation room next to the experimental room with a 12-

hr light / 12-hr dark cycle (light intensity of 60 lux (taken at the height of the 

mouse when on the home cage floor); lights on at 01.00 am). Room temperature 

was 21.0±1.0˚C.  At the age of 3-4 months, male and female mice were tested in 

the automated home cage environment or in the open field arena (n=9 per strain 

per gender).  The mice were bred from at least 4 different breeding pairs per 

strain.  All experimental procedures were approved by the ethical committee for 

animal experimentation of the Utrecht University, The Netherlands. 

 

Open field 

Mice were placed next to the grey wall of a circular open field arena (80 cm 

diameter; wall 30 cm high) for a 10-minute session (light intensity 60 lux at floor 

level; room temperature 21.0±1.0˚C).  Movement of the animals during the 

session was tracked using Ethovision® (Noldus technology information, 

Wageningen, The Netherlands).  After each trial, the arena was cleaned with 70% 

ethanol.  For the analysis, movement in the open field arena was divided into 

distance moved in the outer zone (ring of 11 cm from the wall of the open field 

arena) and the remaining inner zone. 

 

Home cage apparatus 

The outer walls of the home cage, the two feeding platforms, and the home base 

shelter were all made from Perspex and were constructed at the University 

Medical Center in Utrecht, The Netherlands.  In the home cage (30 x 30 x 35 cm 
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(length x width x height)), the animal can choose between a home base shelter 

(10.8 x 6.3 x 6.4 cm) and two different feeding platforms (6.3 x 5.8 x 10.5 cm) 

throughout the 24-hr day.  At one feeding platform the animal can eat while 

exposed to the environment and at the other it can eat while sheltered (shelter 

on the feeding platform has a height of 5.0 cm (inner dimension); entrance of the 

sheltered feeding platform were 6.0 x 5.0 cm (length x heigth)).  Both platforms 

provided ad libitum access to food via a food hopper and were accessible via a 

Perspex ladder.  Reduced preference for exposed areas (avoidance behavior) was 

assessed by the animal‟s preference to visit the sheltered feeding platform.  The 

tests were performed using the PhenoTyper system (Noldus Information 

Technology, Wageningen, The Netherlands). The PhenoTyper is a video-based 

observation system for automated monitoring of rodent behavior. Integrated with 

the Ethovision® video tracking system, mice can be monitored automatically for 

several consecutive days54,60. The top-unit contains an infrared-sensitive CMOS 

camera and an array of infrared LEDs and is connected to a computer running the 

EthoVision® 3.0 video-tracking software.  Videotracking was performed at a rate 

of 12.5 samples/second with a spatial resolution of approximately 0,6 mm 

(figures 1a – 1c).  Consumption behaviors (drinking and feeding attempt 

frequency and duration) were registered by means of infra-red sensors that are 

placed just in front the access area to the food hopper and drinking spout.  Mice 

were given unrestricted access to SDS diet. This diet contains 3.4% oil, 18.8% 

protein, 60.3% carbohydrate, and 3.7% fiber, in addition to 3% minerals, 

vitamins, and amino acids (Special Diet Services [SDS], Witham, Essex, United 

Kingdom). 

 

Animal surgery and drug infusion 

Male C57BL/6J mice were anesthesized (2% isofluorane in medial grade oxygen) 

and surgically implanted with a minipump (Model 1007D, Alzet, California, USA) 

placed subcutaneously on their back (incision between the shoulder blades).  The 

minipumps were filled with either 0.9% saline solution or chlordiazepoxide 

(Pharbita, Zaandam, The Netherlands) such that there was a daily release of 

saline or 5 or 10 mg/kg CDP.  Animals were allowed to recover for four days after 

surgery.  Subsequently, all animals were tested in the home cage for three 

consecutive days.   

 

Statistics 

Values are expressed as mean ± standard error of the mean. For the statistical 

analyses SPSS 11.5 for Windows was used. Open field behavioral parameters 

from CS-strains 1 and 15 were compared to those from C57BL/6J mice using an 

independent sample t-test.  For the home cage data analysis, male and female 

mice were analyzed separately because of previously found gender effects61. For 

the home cage data analysis, one statistical test was performed on two behavioral 
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parameters, namely distance moved and feeding platform preference. Parameters 

were considered for normal distribution and consequently a log-transformation 

was applied to the daily distance moved. Home cage data were analyzed using a 

linear mixed model with day as the repeated factor and an unstructured repeated 

covariance type, using the LSD post-hoc test to compare the main effects per day 

per strain to C57BL/6J (significance level of α = 0.05).  Preference for either 

platform was analyzed per strain using a one-sample T-test on the difference 

between the open and the sheltered platform (“delta”) (α = 0.05).   

 

Results 

Consistent with previous studies56, CS-strains 1 and 15 showed marked lower 

levels in distance moved during a 10-minute open field session (4689 ± 38 cm 

and 5105 ± 41 cm, respectively) when compared to C57BL/6J control mice 

(6429±84 cm; P<0.0001; n=9 mice / strain).  In addition to the distance moved, 

open field testing allows observation of thigmotaxis; the time that an animal 

remains close to the wall of the arena (outer zone) during the session.  C57BL/6J 

mice expressed 71.1±0.3% of their activity in the outer zone of the open field 

arena and CS-strain 15  expressed 70.3±0.5% of their activity in the outer zone 

of the open field, comparable to C57BL/6J.   In contrast, CS-strain 1 mice spent a 

greater percentage of their activity in the outer zone of the open field arena 

(79.1±0.5%; P=0.002 (compared to C57BL/6J)).   

 

When tested in the automated home cage environment, CS-strain 1 and 15 

exhibited marked behavioral differences in motor activity levels and in preference 

to shelter when compared to the C57BL/6J control strain (figure 1).   In general, 

CS-strain 1 showed a strong reduction in motor activity levels without altering 

shelter preference, and CS-strain 15 females exhibited altered shelter preference 

without affecting motor activity levels.  

Three consecutive days of home cage monitoring showed both a strain and day 

effect on distance moved (males: Fstrain[2,24]=9.8, P=0.001; Fday[2,24]=19.5, 

P<0.001 ; females: Fstrain[2,22]=8.4, P=0.002; Fday[2,22]=17.6, P<0.001)(n=9 

mice per group), but no interaction effect (figure 2).  CS-strain 1 moved 

significantly less than the C57BL/6J genetic background control strain.  Both 

males and females of CS-strain 1 exhibited a reduction in distance moved.  Motor 

activity levels between C57BL/6J mice and CS-strain 1 were significantly different 

on all three days  (males pday1=0.013, pday2=0.011, pday3<0.001 ; females 

pday1=0.005, pday2<0.001, pday3=0.001).   In contrast to CS-strain 1, motor 

activity levels of both females and males of CS-strain 15 were similar to those 

observed in C57BL/6J mice (males pday1=0.354, pday2=0.530, pday3=0.903 ; 

females pday1=0.057, pday2=0.152, pday3=0.580).  In general,  females from all 

three strains were more active than male mice (C57BL/6J F=31.7, P<0.001; CS-

strain 1 F=5.1, P=0.042; CS-strain 15 F=21.0, P<0.001). 
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As many laboratories perform behavioral assays during the light phase, we also 

compared the light phase distance moved levels between the three strains on day 

1 through 3 of the home cage observations.   The analysis revealed that both 

female and male mice of C57BL/6J, CS-strain 1 and CS-strain 15 did not 

significantly differ in their light phase levels of distance moved.   Indeed, 

circadian rhythms of distance moved reflects that observed strain differences in 

distance moved levels are observed during the dark phase rather than during the 

light phase. 

Figure 1.  The home cage task is developed in a way that mice can choose 

between a sheltered and a non-sheltered feeding platform. Mice can drink ad 

libitum and have a home base shelter (a, b (top view in the cage), and c (feeding 

platform dimensions)). Representative samples of individual mice from each strain 

(C57BL/6J, CS-strain 1, and CS-strain 15, respectively) taken during the first 10 

minutes in the cage illustrate reduced movement in CS-strain 1 and increased 

preference for sheltered feeding in CS-strain 15 (d). In the three schematic 

representations of the home cage of panel d, sheltered and non-sheltered feeding 

platforms are indicated by the black and white square, respectively. The small grey 

rectangles indicate access to a drinking bottle. The striped rectangles indicate the home 

base shelter of the animals. The red lines show actual recordings from the location of 

individual mice (based upon the center of gravity).  
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The preference for the sheltered feeding platform was significantly affected by 

gender (figure 3).  For example, male C57BL/6J mice had a significant preference 

for the sheltered feeding platform on all three days, but C57BL/6J females 

showed no preference for either of the two feeding platforms (males tday1=2.6, 

p=0.029; tday2=2.6, p=0.028; tday3=3.0, p=0.014; females tday1=-0.4, p=0.714; 

tday2=1.0, p=0.348; tday3=1.1, p=0.313).   

 

 

Figure 2.   CS-strain 1 (CSS 1) showed decreased motor activity levels on three 

consecutive days in the automated home cage environment.   Motor activity 

levels are measured by the total daily distance moved (in meters (m)).  Note that the 

reduced levels were observed in both males and females of CS-strain 1.  In contrast, 

CS-strain 15 had motor activity levels comparable to the C57BL/6J, the genetic 

background control strain for these chromosome substitution strains.  (* indicates 

difference from C57BL/6J mice with P=0.005) (upper two panels).  The lower two 

panels show circadian rhythms of distance moved of the three strains for male (left) 

and female mice (right). 
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CS-strain 1 mice showed a reduction in the duration of their feeding behavior 

(consistent with their reduced motor activity levels) and expressed a preference 

for the sheltered feeding platform that was comparable to the C57BL/6J controls 

(males tday1=2.1, p=0.074; tday2=5.4, p=0.002; tday3=1.5, p=0.183; females 

tday1=-0.6, p=0.541; tday2=0.3, p=0.785; tday3=1.4, p=0.201).  In contrast to CS-

stain 1 and C57BL/6J females, CS-strain 15 females showed a significant 

preference for the sheltered feeding platform over the non-sheltered feeding 

platform.  CS-strain 15 males did not have a significant preference for the 

sheltered feeding platform (males tday1=0.8, p=0.461; tday2=1.1, p=0.310; 

tday3=1.5, p=0.180; females tday1=1.6, p=0.187; tday2=2.8, p=0.047; tday3=4.4, 

p=0.012).  The light phase preference levels for sheltered feeding are not 

significantly different between the three strains on day 1 through 3 of the home 

Figure 3.  Gender and strain difference in the preference for the sheltered 

feeding platform over the non-sheltered feeding platform.  Female C57BL/6J mice 

do not have a preference for sheltered feeding, in contrast to CS-strain 15 females.  The 

effect on sheltering preference observed between CS-strain 15 and C57BL/6J females 

was opposite in male mice of C57BL/6J and CS-strain 15.  (* indicates a significant 

difference between time spent on the sheltered versus non-sheltered feeding platform).  

The lower panels indicate the circadian rhythms of shelter preference (delta) of the 

three strains for male (left) and female mice (right). 
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cage observations.  Consistent with the notion that nocturnal mice mainly eat 

during the dark phase (their habitual activity phase), circadian rhythms of 

sheltered feeding preference indicated strain differences during the dark phase 

rather than during the light phase (figure 3). 

 

In order to study whether the preference for sheltered feeding was sensitive to a 

known anxiolytic drug62, male C57BL/6J mice were treated with either saline, 5, 

or 10 mg/kg chlordiazepoxide (CDP) (figure 4).  We treated C57BL/6J male and 

not female mice with CDP, since only the C57BL/6J male mice showed and 

increased sheltered feeding preference.  These studies showed that chronic 

treatment with CDP had no effect on the distance moved in the home cage cage 

(Ftreatment=1.4, P=0.266)(n=6-9 mice per dose). Comparable to non-treated 

C57BL/6J males,  C57BL/6J males chronically treated with saline showed a strong 

preference for the sheltered feeding platform (saline tday1=3.2, p=0.008; 

tday2=2.6, p=0.024; tday3=5.4, p<0.001).  In contrast, C57BL/6J males treated 

with CDP showed no significant preference for the sheltered feeding platform 

(5mg/kg CDP tday1=1.9, p=0.126; tday2=1.6, p=0.182; tday3=2.1, p=0.105; 

10mg/kg CDP tday1=0.5, p=0.656; tday2=1.7, p=0.127; tday3=1.5, p=0.180) 
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Figure 4.   The anxiolytic chlordiazepoxide (CDP) influenced the preference for 

sheltered feeding without affecting motor activity levels.  Chronic infusion of both 

5 and 10 mg/kg CDP did not affect the home cage distance moved (upper panel) in 

male C57BL/6J mice, but suppressed the innate preference for feeding at the sheltered 

platform (middle and lower panel) (* indicates a delta value significantly different from 

0 (P<0.05), denoting a difference in feeding duration at the sheltered versus non-

sheltered feeding platform.) 
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Discussion 

In the present study, an automated home cage environment for mice was 

designed to obtain independent measures for the sheltering preference and motor 

activity levels, a major confounding factor for most currently available anxiety 

tests. By using both a genetic and a pharmacological approach, it was shown that 

strain differences in the preference to shelter exist regardless of the strain 

differences in motor activity levels.  For example, CS-strain 15 females showed 

no effect on total daily motor activity levels in the automated home cage 

environment, but had a marked preference for the sheltered over the non-

sheltered feeding platform compared to C57BL/6J (figure 3).  In contrast to CS-

strain 15, CS-strain 1 exhibited a reduction in the motor activity levels without 

affecting shelter preference (as indicated by the similar durations of feeding at 

the two different feeding platforms).  These findings extend previous observations 

of affected open field behavior of CS-strains 1 and 1556, and are consistent with a 

QTL on A/J chromosome 1 being expected to regulate motor activity levels rather 

than anxiety-related measures58,59.  In addition, chronic infusion of the anxiolytic 

drug chlordiazepoxide reduced sheltering preference in the home cage on all 

three days without altering motor activity levels, indicating that the baseline 

sheltered feeding preference represents an anxiety-related behavior in mice.  

Thus, by testing both chlordiazepoxide and chromosome substitution strains in an 

automated home cage environment it was shown that motor activity levels and 

an anxiety-related behavior can be dissociated both pharmacologically and 

genetically. 

 

CS-strain 1 showed both reduced motor activity levels in the open field and in the 

automated home cage environment. Consistent with previous studies63, these 

data suggests that there is a direct relationship between distance moved in the 

open field and home cage activity levels.  In light of high through-put behavioral 

testing, it is therefore tempting to assume that open field distance moved could 

provide a fair indication for baseline motor activity levels.  However, this 

relationship between open field and home cage distance moved was not found in 

CS-strain 15.  For example, CS-strain 15 males showed reduced movement in the 

open field, but not in the automated home cage environment.  Therefore, to 

further optimise behavioral resolution, adaptation to novel environments should 

be taken into account when studying complex behavioral phenotypes. 

 

Increased thigmotaxis, a standard anxiety-related readout from the open field64, 

and distance moved in the home cage were both affected in CS-strain 1.  These 

findings are consistent with several genetic mapping studies that have put 

forward the involvement of loci on mouse chromosome 1 in the regulation of 

anxiety-related behaviors and of motor activity levels33,56,58,59,65-69. Consistent 

with the home cage data in the present study, recent studies using the 
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chromosome substitution strains derived from C57BL/6J (host) and A/J 

(donor)58,59 showed that A/J chromsome 1 carries at least a locus that regulates 

motor activity levels. CS-strain 15 expressed an altered preference for sheltered 

feeding in the home cage, but did not show thigmotaxis differences in the open 

field, indicating that these behavioral phenotypes are not directly related.  Thus, 

the present study showed that both chlordiazepoxide as well as different mouse 

chromosomal regions affect different behavioral domains in the automated home 

cage environment.  Additional genetic mapping of QTL(s) on chromosome 1 and 

15 for open field and home cage behaviors is necessary to further genetically 

dissect the various behavioral components in these different testing paradigms.  

Furthermore, when using these inbred strains of mice, environmental factors, 

such as differences in maternal care and cage mate interactions, should be taken 

into account to further explain these behavioral differences.  

 

While behavioral observations in the home cage can offer great and novel 

opportunities for neuroscience research, limitations in the duration of behavioral 

testing and the design of environments (such as with respect to daily variation in 

photoperiod and ambient temperature) are part of the practical realities of the 

mouse laboratory.  In addition, multi-day recordings will have an impact on the 

capacity for behavioral testing of a mouse colony.  However, with the 

improvements of behavioral resolution in mind, it is worthwhile considering a 

home-cage environment that assesses multiple behavioral domains of interest 

over the 24-hr day (e,g, cognitive, social, anxiety, or eating domain70) as 

compared to multiple short-lasting tests each addressing a single behavioral 

component.  Testing powerful genetic mouse mapping populations, such as the 

CS-strains and recombinant inbred strains , as well as novel pharmacological 

compounds in automated home cage environments will offer challenging future 

opportunities for the identification of novel pharmaceutical targets for refined 

neurobehavioral traits.   
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Abstract 

Identifying susceptibility genes for endophenotypes by studying analogous 

behaviors across species is an important strategy for understanding the 

pathophysiology underlying psychiatric disorders. This approach provides novel 

biological pathways, plus validated animal models, critical for selective drug 

development. One such endophenotype is avoidance behavior. After testing a 

panel of chromosome substitution mouse strains in an automated home cage 

environment, subsequent fine-mapping revealed a QTL for avoidance behavior on 

mouse chromosome 15, homologous with a human genome region (8q24) linked 

to bipolar disorder (BPD). Integrating the syntenic mouse QTL-interval with 

genotypes of 1,868 BPD cases versus 14,311 controls revealed two associated 

genes (ADCY8, and KCNQ3). Only Adcy8 was differentially expressed as a 

function of mouse avoidance behavior in brain regions associated with mood 

regulation. Since Adcy8 mutant mice show altered anxiety-related behavior, and 

mood-stabilizers lithium and carbamazepine alter adenylyl cyclase activity, we 

conclude that this gene encodes a behavioral endophenotype of BPD. 
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Introduction 

Mood disorders have a major impact on the quality of life of many people, with a 

prevalence of 10-20% worldwide71. Finding the mechanisms underlying these 

heterogeneous psychiatric disorders and obtaining valid animal models is 

essential for the development of selective pharmacological treatments72. 

Interspecies genetic analysis of mood disorder endophenotypes is an important 

approach to the discovery of novel insights in causality and to identify 

translational pre-clinical models70,73. Here, we focus on the genetic dissection of 

avoidance behavior in mice with the aim of finding more selective and effective 

pharmacological targets for neurobehavioral disorders in humans. 

 

The balance between approach and avoidance behavior is part of the innate 

behavioral strategy to obtain food or mediate social interactions and avoiding 

threatening situations in many species, including humans. This behavior is 

influenced by genetic variation, as shown by behavioral differences between 

inbred strains of mice and subsequent Quantitative Trait Loci (QTL) analysis67,74. 

Avoidance and motor activity levels are commonly studied in rodent species by 

using traditional anxiety tests, such as the elevated plus maze and open field. 

However, the nature of these tests makes it difficult to differentiate between 

these two behavioral components and experimenter-effects can have a great 

impact on the behavioral outcome35. In the present study, novel automated 

registration methods for longitudinal behavioral assessment in home cages are 

used to screen a panel of recently generated mouse chromosome substitution 

strains (CSSs) that are very powerful in QTL-detection for complex traits56. The 

automated home cage environment (figure 1A-C) is designed to increase 

behavioral resolution by dissociating behavioral endophenotypes in mice40. It 

assesses levels of avoidance behavior (sheltering) independent of motor activity 

levels (horizontal distance moved) and with minimal human interference. 

Furthermore, this avoidance behavior in the home cage is sensitive to 

benzodiazepines40, providing predictive validity for this anxiety-related 

endophenotype that may relate, for example, to mood disorders with anxious 

symptoms. 

 

In contrast to the concepts of face and predictive validity, construct validity 

(similarity to the underlying causes and mechanisms of the disease) is the most 

difficult to provide for animal models of psychiatric disorders, simply because of 

the lack of knowledge about the underlying aetiological mechanisms of such 

complex disorders. Currently, large scale genome wide association studies 

(GWAS) are being performed and have, in some cases, revealed (unexpected) 

candidate genes that have low odds ratios and explain a small percentage of the 

variance. In light of this, genetic validity may provide a new entrance to the 

biology of psychiatric diseases using animal models75. By integrating mouse and 
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homologous human genetic mapping data, we identified a gene, adenylyl cyclase 

8 (ADCY8), connecting mouse avoidance behavior obtained in automated home 

cage environments to human bipolar affective disorder. These findings provide 

novel mechanisms underlying bipolar affective disorders and open new roads for 

translational research of its psychiatric endophenotypes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Behavioral screening of a CSS panel revealed a locus for avoidance 

behavior in an automated home cage environment on mouse chromosome 

15.  A, B) The automated home cage environment is equipped with a home base 

shelter (mainly used during the light phase), a drinking spout and two feeding 

platforms (C): one feeding platform is exposed to the environment and one allowing 

sheltered feeding. The PhenoTyper® top unit contains an infra-red camera and infra-

red LED lights allowing continuous recording independent of lighting conditions in the 

test room. D) C57BL/6J and CSS15 females; feeding duration on the two platforms 

on the three days of testing. CSS15 females show an increasing preference for the 

sheltered platform over the consecutive days. * exposed versus sheltered feeding 

platform per day p<0.05. E, F) Representative track samples during automated 

baseline behavioral registration, showing a reduction in visitation of the exposed  

feeding platform for CSS15 (F) compared to C57BL/6J (E).  
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Results 

Genetic dissection of mouse avoidance behavior 

To efficiently screen for genetic regions influencing motor activity levels or 

avoidance behavior, the  CSS mouse panel, their genetic background strains 

(C57BL/6J host, A/J donor strain), and a F2-progeny for QTL mapping, were 

tested in an automated home cage environment for three continuous days. In the 

automated home cage environment (figure 1) the animals can choose to eat at 

two different feeding platforms, where they had ad libitum access to regular 

chow. At one feeding platform the animals could eat while exposed to the 

environment and at the other while sheltered. The preference for visiting the 

sheltered feeding platform (and therefore, avoiding the exposed feeding platform) 

is considered a measure for avoidance behavior40. 

 

A/J and C57BL/6J 

The genetic background strains of the CSS panel showed marked behavioral 

differences in the automated home cage environment. Under novelty conditions 

(the first hour of testing), both male and female A/J mice exhibited significant 

lower motor activity levels (horizontal distance moved) then C57BL/6J males and 

females, respectively, (p<0.001). In line with these suppressed motor activity 

levels, A/J mice did not explore the feeding platforms during this first hour, 

illustrating the confounding effects of novelty-induced motor activity levels on the 

assessment of avoidance behavior during short lasting behavioral tasks in new 

environments. During the subsequent longitudinal measurements (for 3 days), 

A/J females showed a reduction in motor activity levels compared to C57BL/6J 

females (figure 2D; total distance moved day 3: F[2,55]=8.438, p=0.005), but 

both strains exhibited no preference for either feeding platform (figure 2B). In 

contrast, A/J males showed higher motor activity levels during both the light and 

the dark phase compared to C57BL/6J males (figure 2C; total distance moved day 

3: F[2,71]=41.255, p<0.001), whereas only the C57BL/6J males showed significant 

avoidance of the exposed feeding platform (figure 2A; df=37, t=3.013, p=0.005).  

Thus, male C57BL/6J mice were found to have a preference in visit and feeding 

duration for the sheltered feeding platform on all three days, whereas female 

C57BL/6J mice showed no preference on any day of the experiment. 

 

The CSS panel 

As with the genetic background strains, significant gender differences were also 

observed in the CSS panel (figure 2 and table 1). In males, overall preference for 

the sheltered feeding platform was significant for C57BL6/J (t=3.0, p=0.005), 

CSS1 (t=4.4, p=0.005), CSS3 (t=4.8, p=0.002), CSS4 (t=3.5, p=0.004), CSS6 

(t=3.2, p=0.012), CSS8 (t=7.1, p<0.001), CSS14 (t=2.6, p=0.020) and CSSY 

(t=8.4, p<0.001). In females, only CSS15 (t=3.4, p=0.027) and CSS19 (t=3.7, 
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p=0.004) had a significant overall preference for the sheltered feeding platform. 

None of the strains exhibited a preference for the exposed feeding platform. 

 

Different chromosomes were found to influence basal motor activity levels 

(horizontal distance moved), confirming that the home cage environment 

measures avoidance levels independent of motor activity levels (figure 2).  When 

comparing the motor activity levels of male and female CSS to their C57BL/6J 

controls, we found a significant strain as well as day effect (males 

Fstrain[20,210.959]=6.0, P<0.0001, Fday[2,210.417]=166.4, P<0.0001; females 

Fstrain[20,192]=5.0, P<0.0001, Fday[2,192]=138.6, P<0.0001), but no interaction 

effect. Both male and female CSS1 showed lower motor activity levels compared 

to their C57BL/6J controls on all three days (males pday1=0.0007, pday2=0.0013, 

pday3<0.0001 ; females pday1<0.0001, pday2<0.0001, pday3<0.0001). Since the 

motor activity levels of CSS1 mice is lower when compared to the background 

strains (A/J and C57BL/6J), epistatic interactions are most likely involved. 

Interestingly, CSS14 and CSS16 males showed increased motor activity levels 

compared to C57BL/6J (CSS14 males pday1<0.0001, pday2<0.0001, pday3<0.0001 ; 

CSS16 males pday1=0.0076, pday2=0.0002, pday3=0.0006), confirming the complex 

genetic regulation of motor activity levels.  Please see tables 1 and 2 for a further 

overview of the home cage parameters analyzed. 
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CSS15-F2 

As chromosome 15 has repeatedly been found to contain a region involved in 

avoidance behavior58,67 and CSS15 showed a significant effect on avoidance 

behavior on day 2 (t=2.829, p=0.047) and day 3 (t=4.371, p=0.012)(figure 1), 

this strain was selected for further genetic fine mapping.  A CSS15-F2 population 

was bred (n=105) for QTL analysis and tested in the the open field, automated 

home cage environment, elevated plus maze and light-dark box. 

Figure 2. Genetic dissection of mouse avoidance behavior and motor activity 

levels (horizontal distance moved) in a CSS panel.   A,B) Preference for sheltered 

feeding on the third day of home cage environment testing. A) males B) females.  

Sheltering preference is calculated as difference between duration of feeding on the 

sheltered platform and the exposed platform (“delta”). A positive number indicates 

preference for the sheltered feeding platform (thus, avoidance of the exposed feeding 

platform).  * Delta versus 0 (“no preference”) p<0.05.  C,D) Distance moved on the 

third day of home cage environment testing.  C) males D) females.    A/J versus 

C57BL/6J p<0.05    * CSS versus C57BL/6J p<0.003 
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Table 1. Location of QTLs for several parameters using consomic mouse strains on the three days of measurement in the 
home cage environment. The black boxes show QTLs indicated by a significant difference (p<0.003) between the corresponding 
chromosome substitution strain and C57BL/6J. Grey boxes indicate suggestive QTLs (0.05>p>0.003).  The lower two rows of the table 
indicate whether a preference in feeding or visit duration for either platform is present;  a black box indicates a significant preference 
(one-sample T-test on difference between sheltered and exposed platform, p<0.05). 
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Table 2. Location of QTLs for additional parameters using consomic mouse strains. Grams of chow eaten during the whole 
experiment and novelty (first hour) measures in the home cage environment. The black boxes show QTLs indicated by a significant difference 
(p<0.003) between the corresponding chromosome substitution strain and C57BL/6J. 
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Behavioral correlations revealed no significant relationship between the avoidance 

behavior assessed in the home cage environment and the standard behavioral 

tests for exploration and avoidance (except for motor activity levels during 

novelty in the home cage environment and open field; females p=0.001, r=0.41). 

Since the anxiolytic benzodiazepine chlordiazepoxide reduces sheltered feeding 

preference in the automated home cage environment40 these findings emphasize 

that the home cage avoidance phenotype reveals additional behavioral 

characteristics related to anxiety when compared to the avoidance parameters in 

the traditional behavioral tests (open field, elevated plus maze and light-dark 

box). 

 

Genetic mapping of avoidance behavior on mouse chromosome 15 

QTL analysis on the CSS15-F2 population revealed several significant LOD scores 

for the females in the home cage environment and open field, but not for the 

elevated plus maze and light-dark box (for LOD scores and peak markers, see 

table 3). Three distinct loci were identified for different home cage behaviors 

(figure 3); one for baseline avoidance behavior, one for motor activity levels 

(horizontal distance moved) during novelty and one for novelty avoidance 

behavior. It was determined that 22.7% of the variance in the F2-population was 

accounted for by the QTL for baseline avoidance behavior, 25.2% of the variance 

by the QTL for novelty-induced motor activity, and 25.7% of the variance by the 

QTL for novelty avoidance behavior. 

 
 

 

 

 

Figure 3. Genetic fine mapping of behavioral QTLs on mouse chromosome 15.  

Genetic fine mapping of QTL analysis revealed 3 significant peaks on chromosome 15 

showing specific genetic control for distinct behaviors.   
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Table 3. Peak marker locations for behavioral QTLs on mouse chromosome 15. Except for “distance moved open field” all 

parameters are from the home cage environment measurements. “Open” indicates the exposed feeding platform.  

 

Table 4. Association of ADCY8 and KCNQ3 with bipolar affective disorder using data from the WTCCC GWA study.  P-values 

of all SNPs within the Affymetrix 500k Gene chip100 located within the selected candidate genes were examined (total of 391 SNPs within 

the 9 selected genes) using additive/genetic models with or without sex-stratification. Summarized statistics comparing both the basic 

control group (shared control group for all diseases within the WTCCC dataset) and the combined control group (control group consisting 

of all individuals within the WTCCC study without psychiatric diagnosis) to bipolar patients, were analyzed. To identify genes of interest, 

a significant p-value of p<0.0056 was chosen. ADCY8 and KCNQ3 showed  to be the only  significant genes within this region.   
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Homology with 8q24 linkage region for human bipolar disorder 

The QTL for baseline avoidance behavior in the home cage is located around 

markers rs13482612 and D15MIT234. The significant 13 Mb QTL-interval (using 

the -1.0 LOD support interval) comprises 42 known genes 

(http://www.informatics.jax.org/) and is located between 56,114,878 bp – 

69,568,581 bp (using interpolation calculations).  Interestingly, this QTL-interval 

is homologous with human genetic region 8q24, repeatedly found in human 

linkage studies of bipolar affective disorder76 and suicidal behavior77. In a genome 

scan meta analysis (GSMA78) of bipolar affective disorder, 8q24 (bin 8.6) was 

ranked as the fifth most significant region of linkage out of 120 genome bins 

under a narrow diagnostic model of bipolar disorder, and the third most 

significant under a broad diagnostic model, which included unipolar depression76. 

For the application of comparative genomics on the basis of the homology with 

the 8q24 human linkage region, all known brain-expressed genes within the 

mouse QTL for baseline avoidance containing known SNPs (using 

www.jax.org/phenome/snp.html and www.brain-map.org) between the 

progenitor strains of the CSS panel (A/J and C57BL/6J) were selected as 

candidate genes to be tested in a human sample of bipolar affective disorder 

patients and controls. These genes were Mlze; Ddef1; Adcy8; Kcnq3; Lrrc6; 

Phf20l1; Wisp1; Ndrg1; Zfat1. To obtain human data, GWA data for bipolar 

disorder generated by the Wellcome Trust Case Control Consortium was 

examined and the summary statistics for the Affymetrix 500K gene chip, subset 

“bipolar disorder” were obtained (1,868 cases versus the 14,311 combined 

controls (control group consisting of all individuals within the WTCCC study 

without psychiatric diagnosis) or 2,938 basic controls (shared control group for all 

diseases within the WTCCC dataset)). For the selected mouse genes, the human 

location was determined using the UCSC genome browser 

(http://genome.ucsc.edu/cgi-bin/hgGateway, human set March 2006) and p-

values of the GWA study for all SNPs located within these regions were examined 

(total of 391 SNPs within the 9 selected genes). Two genes were found to be 

associated with BPD (table 4). Within the combined control dataset, a significant 

association was found for ADCY8 (rs3914071). We analyzed this SNP for 

association with other disorders in the WTCCC study (e.g., type 1 and type 2 

diabetes) and found evidence for association of rs3914071 with type 2 diabetes 

(p=0.001). Since this suggests that there may be cross-association of ADCY8 

with type 2 diabetes and BPD, the type 2 diabetes cases were excluded from the 

case-control analysis. Following this correction the association between the 

ADCY8 SNP and BPD remained significant (p=0.0055). In addition, within the 

basic control dataset, a significant association was found for KCNQ3 (rs1437812;  

p=0.0029).These findings are consistent with recent studies on human candidate 

genes identified for bipolar affective disorder within the human 8q24 region using 

an independent sample79,80.  

http://www.informatics.jax.org/
http://www.jax.org/phenome/snp.html
http://www.brain-map.org/
http://genome.ucsc.edu/cgi-bin/hgGateway
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Differential expression of brain Adcy8 

To examine whether differential expression of these two genes is associated with 

mouse avoidance behavior, brain gene expression patterns were studied. Adcy8 

and Kcnq3 mRNA expression levels in brain regions known to be involved in mood 

were examined in C57BL/6J and CSS15 females using radio-active in situ 

hybridization.  For Kcnq3, no changes were found in expression levels in the 

examined brain areas. However, CSS15 females showed an increased expression 

of Adcy8 in the ventromedial hypothalamus (p=0.01) and the piriform cortex 

(p=0.01) (figure 4), indicating that the levels of Adcy8 in these brain regions are 

associated with avoidance behavior. 

 
 

 

 

Figure 4. Adcy8 is differentially expressed in specific brain regions as a 
function of avoidance behavior. mRNA expression levels of A) Kcnq3 and B) Adcy8 
in the basal amygdala, lateral amygdala, CA1 region of the hippocampus, dentate 
gyrus, dorsomedial hypothalamus, ventromedial hypothalamus, piriform cortex and  
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Discussion 

Understanding the pathophysiology of affective disorders, and thus identifying 

underlying disease pathways and hence identifying novel drug targets, is crucial 

for the development of selective treatments. One approach to this is the mapping 

of susceptibility genes that influence behavioral endophenotypes of the disorder, 

as they may identify treatable components of the disease. Thus, endophenotypes 

that can be examined across species not only provide tools for mapping genes 

and therefore biological insights into disease, but also validated animal models 

necessary for drug development70,73.  So far, the identification of animal models 

for affective disorders has been hampered by their poor resemblance to the 

human symptoms and the lack of knowledge about the aetiology of these 

heterogeneous disorders.  However, recent genome wide association studies in 

humans have provided new insights in the aetiology of some psychiatric disorders 

such as bipolar disorder81. Although these findings generally revealed gene 

mutations with small effect sizes, they offer new leads to the cause of these 

complex disorders. Based on the notion that in different species, the same genes 

may independently give rise to alleles with similar functional and phenotypic 

effects, genetic validity could be used as a tool for identifying analogous 

pathology between animals and human affective disorders.  In the present study 

a genetic association was found for ADCY8 linking mouse avoidance behavior and 

bipolar affective disorder. 

 

Previously, we showed that avoidance behavior in the automated home cage 

environment was differentially regulated from motor activity levels and that 

avoidance behavior (and not motor activity levels) was suppressed by chronic 

infusion of anxiolytic benzodiazepines40, indicating that they are separable traits. 

In the present study, using CS strains of mice, we found that different 

chromosomes contributed to avoidance behavior or motor activity levels in the 

automated home cage environment. As commonly seen in human psychiatric 

disorders, the behavioral parameters in the automated home cage environment 

were generally differentially affected in female and male mice. The relationship 

between increased avoidance behavior in CSS15 females and bipolar affective 

disorders is not known, although population-based epidemiological studies have 

shown that the prevalence of bipolar disorder is greater in women82. 

 

thalamus. CSS15 mice show increased expression of Adcy8 in the ventromedial 
hypothalamus (C: C57BL/6J D: CSS15) and in the piriform cortex (E: C57BL/6J F: 
CSS15). Please note that the ventromedial hypothalamic region is encircled in figure C 
and D.  The arrow (E and F) points to the piriform cortex (abbreviated with „pir‟)  * 
CSS15 versus C57BL/6J p<0.05) 
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Further genetic fine mapping showed that mouse avoidance behavior in the home 

cage is not directly related to anxiety-related parameters obtained from 

traditional behavioral tests for rodent species, such as the open field test and the 

elevated plus maze.  However, the home cage QTL on mouse chromosome 15 

obtained for motor activity levels during novelty and open field activity mapped to 

the same location as “emo2”, a QTL for motor activity levels and defecation in the 

open field test74.  Further, the locus for visiting the exposed feeding platform in 

the first hour of home cage testing, a measure for avoidance and exploration 

during novelty is located approximately 2 cM from marker rs13482748.  

The -1 LOD support interval for this QTL encompasses a large genetic region, and 

contains genes previously found to be involved in neophobia (Vdr, Vitamin D 

receptor) 83 and spatial learning (Nell2)84.  These findings further underscore the 

need for novel behavioral phenotyping methods that allow dissociation of 

behavioral components and assessment of both novelty-induced and baseline 

behaviors. 

 

By means of comparative genomics, we have explored the underlying genetic 

origin of a potential behavioral endophenotype of bipolar disorder, which occurs 

across mice and humans. The QTL we identified for mouse avoidance behavior on 

chromosome 15q is homologous with human chromosome 8q24, a locus linked to 

bipolar affective disorder and possibly also unipolar depression76. This finding 

provides a unique opportunity to combine human and mouse data to identify 

homologous mechanisms relevant to mood disorders, especially as the validity of 

animal models for this class of psychiatric disorders has been controversial85. 

 

We found two genes from this locus showing association with bipolar disorder in 

humans, which are expressed in the brain and are plausible candidates based on 

their known function. KCNQ3, a voltage-gated potassium channel, is known to be 

involved in epilepsy86. As anticonvulsants are successful in treating bipolar 

disorder, subtle changes in this gene might contribute to both disorders.  ADCY8 

is a member of the adenylyl cyclase family of genes. Adenylyl cyclase activity is 

known to be altered in bipolar affective disorders87 and is a direct target for mood 

stabilizers, such as lithium and carbamazepine88. Also, Adcy8 knock-out mice 

show altered stress-induced alterations in anxiety-related behavior after previous 

stress89.  Since the stress-hormone axis has been associated with bipolar 

affective disorder, the relationship between environmental stressors and the 

expression of anxiety-related behavior in Adcy8 knock out mice is highly 

interesting. 

 

To further analyze the association between these two candidate genes and 

avoidance behavior in mice, gene expression analysis was performed as a 

function of mouse avoidance behavior.  Analysis of mRNA expression levels of 
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Kcnq3 in a variety of brain regions showed no differential regulation. In contrast, 

Adcy8 was differentially expressed in both hypothalamic regions and the piriform 

cortex. Other brain regions such as the amygdala and hippocampus did not show 

differentially regulation of Adcy8, suggesting a brain region specific function of 

Adcy8 in mouse avoidance behavior. Consistent with data from Adcy8 knock out 

mice that exhibit decreased anxiety-related behavior89, the high avoidance 

behavior strain (CSS15) showed up-regulation of Adcy8 in these specific brain 

regions. 

 

The differential regulation of Adcy8 in the ventromedial hypothalamus and 

piriform cortex may offer novel insights in the neurocircuitry underlying affective 

disorders. Interestingly, the ventromedial hypothalamus plays a key role in 

motivational systems involved in feeding and sexual behavior, but has also been 

shown to be involved in anxiety related behavior90,91. The neural connections of 

the ventromedial hypothalamus with sensory systems including the olfactory 

bulbs and amygdala place it in a unique neuro-anatomical position to influence 

behavioral output in response to environmental stimuli.  Even though the function 

of the piriform cortex other than integrating olfactory information, especially in 

humans, is largely unknown, this brain region provides an appealing new target 

area. The piriform cortex has previously been found to be involved in anxiety-

related behavior 92 and, interestingly, in olfactory bulbectomized rodents, the lack 

of olfactory information processing has a large impact on emotional state.  For 

example, these lesions deprive the piriform form input signals and induce 

depressive-like symptoms in rodents 93. Furthermore, increasing evidence shows 

an association between mood disorders and a deficit in the processing of 

environmental stimuli94, which is one of the key functions of the piriform cortex. 

The elaborate connectivity of the piriform cortex with structures involved in 

emotion regulation, such as the hypothalamus, amygdala, thalamus and 

hippocampus further strengthens the potential relevance of this neuronal circuit 

in mood regulation.  Furthermore, the piriform cortex is known for the induction 

of temporal seizures. Recently, the kindling model, known to induce seizures in 

rodents, has been proposed as a model for mood fluctuations in bipolar affective 

disorders, as dysregulation of cellular signaling networks might underlie the 

oscillation in behavioral states observed in mood disorders 95. Intriguingly, the 

activity levels of adenylyl cyclases have been found to be fluctuating in relation to 

mood changes in humans.  For example, the levels of cyclic AMP (that is 

synthesized from ATP by adenylyl cyclase) are increasing in bipolar patients 

moving towards a less depressed mood, whereas the levels are decreasing in 

patients moving away from mania96. These findings indicate that adenylyl cyclase 

activity is directly related to the different mood states that are characteristic for 

bipolar affective disorder. Additionally, Sequeira et al. (2007) found a brain-

region specific increase in expression of ADCY8 in suicide victims without major 
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depression97, but who possibly suffered from an other (un-diagnosed) psychiatric 

disorder such as bipolar disorder. 

 

In conclusion, by combining mouse QTL mapping data with human GWA data, two 

candidate genes were identified potentially linking mouse avoidance behavior to a 

human mood disorder. By analyzing the expression of these genes in relation to 

mouse avoidance behavior, we found a direct relationship between Adcy8 

signaling in the piriform cortex and hypothalamus and this behavioral trait. The 

regulation of ADCY8 expression in the piriform cortex and hypothalamus may 

provide a potential mechanism underlying a core endophenotype in bipolar 

affective disorder (e.g., linked to the depressive phase) that could aid the 

identification of more selective, individual treatments for this captivating 

psychiatric disorder. 

 

Methods 

Animals. 

Chromosome substitution strains (CSSs). 

The complete CSS panel (C57BL/6J-Chr 1A/NaJ to C57BL/6J-Chr 19A/NaJ, 

C57BL/6J-Chr XA/NaJ, C57BL/6J-Chr YA/NaJ; from now on referred to as CSS1, 

CSS2, etc) was screened in the home cage environment during this experiment 

(except for CSS7 due to low availability). Original CSS breeding pairs were 

obtained from the Jackson Laboratory (Bar Harbor, Main USA) and used in our 

internal breeding program. Both male and female C57BL/6J (n=40 per gender), 

A/J (n=17 per gender) and males and females from the 21 CSS (n=9-12 per 

strain per gender) were screened, with a total 450 mice. All animals were naïve 

when tested in the home cage environment. 

 

CSS15-F2 population. 

To produce F1 hybrids, C57BL/6J females and males were mated with C57BL/6J-

Chr 15A/NaJ males and females, respectively. The F1 hybrids were intercrossed, 

producing 105 F2-progeny (47 males and 58 females). A separate control group 

of C57BL/6J (n = 16 per gender) was used. The animals were tested 

consecutively in the open field, automated home cage environment, elevated plus 

maze and light-dark box (fixed order), with a minimum of 1.5 weeks between 

tests. 

 

Housing conditions. 

Mice were housed in groups (2-5 same sex littermates per cage), with tap water 

and chow (CRM (E), Special Diets Services, England) provided ad libitum. A 

minimum of two weeks prior to the start of the experiment, the animals were 

moved from the stables to the adaptation room next to the experimental room 
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(12-hr light / 12-hr dark cycle; light intensity of 60 lux; lights on at 01.00 am). 

Room temperature was 21.0±1.0˚C. Different rooms were used for each gender. 

 

Mouse behavioral testing. 

All experimental procedures were approved by the ethical committee for animal 

experimentation of the University Medical Center Utrecht, The Netherlands. 

 

Home cage environment 

For a description of the home cage environment dimensions, please see Kas et 

al., 20089.  One hour prior to the start of the dark phase, mice (10-14 weeks old) 

were weighed and placed individually in a home cage environment for 73 hours. 

No experimenter interference took place during these three days. At the end of 

the experiment, body weight change and food- and water intake were measured. 

Smears were taken from the female mice to account for possible effects of the 

estrous cycle on behavior. The distance moved, enter frequency and duration 

spent in the shelter and on the two feeding platforms were obtained using the 

video-tracking system (PhenoTyper® PT10S/P /N Version 1.01, Noldus 

Information Technology, Wageningen, The Netherlands). The PhenoTyper is a 

video-based observation system for automated monitoring of rodent behavior. 

Integrated with the Ethovision® video tracking system, mice can be monitored 

automatically for several consecutive days9. The top-unit contains an infrared-

sensitive CMOS camera and an array of infrared LEDs and is connected to a 

computer running the EthoVision® 3.0 video-tracking software.  Infrared sensors 

placed in front of the food and water supplies registered the frequency and 

duration of feeding and drinking.  Bedding in the home cage environment was the 

same woodchip bedding as used in the normal cages, except when the tested 

strain was albino (as was the case for A/J), in which case gray bedding made of 

paper-pulp was used. 

 

Open Field. 

The open field consisted of a round, grey circular arena ( 80 cm, wall height 30 

cm). Animals were placed next to the wall and movement during the 10 minute 

session was registered by Ethovision®. Measurements were taken during the 2 

hours preceding the dark phase. Light intensity was 60 lx and between sessions 

the open field was cleaned with 70% ethanol. Horizontal distance moved and 

visitation frequency and duration were analyzed for the outer zone (defined as 

the outer 11 cm of the arena), the remaining inner zone and the total arena. 

 

Elevated plus maze. 

The elevated plus maze consisted of 4 arms (2 open arms (29.5 cm length x 6.5 

cm width with ledges 0.5 cm width x 0.3 cm height); 2 closed arms (29.5 cm 

length x 6.5 cm width x 15 cm height); central square (5.5 cm length x 5.5 cm 
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width); height of maze 66 cm). Animals were placed in the centre facing an open 

arm and movement during the 10 minute session was registered by Ethovision®. 

Measurements were taken during the 2 hours preceding the dark phase. Light 

intensity was 60 lx and between sessions the elevated plus maze was cleaned 

with 70% ethanol. Horizontal distance moved and visitation frequency and 

duration was analyzed for the open arms, enclosed arms, centre and total arena. 

Stretch attend postures and head dips were manually recorded using the 

Observer® (Noldus Information Technology, Wageningen, The Netherlands). 

 

Light-dark box. 

The light-dark box consisted of a rectangular arena (44x21 cm, height 21.5 cm), 

divided in a dark and light compartment (area 1:2, dark compartment 20 lx, light 

compartment 300 lx) separated by a wall with a doorway of 5x5 cm. Animals 

were placed in the dark compartment and movement during the 5 minute session 

was registered by Ethovision®. Measurements were taken during the first 4 hours 

of the dark phase. Between sessions the light-dark box was cleaned with 70% 

ethanol. Horizontal distance moved and visitation frequency and duration were 

analyzed for the light compartment, dark compartment and the total arena. 

Latency to leave the dark compartment, rearing and grooming were manually 

recorded using the Observer® (Noldus Information Technology, Wageningen, The 

Netherlands). 

 

QTL analysis 

SNP analysis. 

A total of 13 markers were selected across chromosome 15 (average spacing of 

consecutive markers was 4.2 cM) using the Celera-database based on the 

presence of allelic differences between the mouse strains A/J and C57BL/6J. For 

the selected SNPs Taqman Assay by Design were ordered (Applied Biosystems, 

Foster City, CA, USA).   

 

Genomic DNA was isolated from spleen and tail from F1-hybrids, F2-intercross 

mice and A/J and C57BL/6J mice, using a phenol/chlorophorm/iso-amylalcohol 

protocol. The Taqman assay was performed according to the Taqman-protocol 

(Applied Biosystems, Foster City, CA, USA) on a total of 10 ng of genomic mouse 

DNA, in a total reaction-volume of 5 µl. The assays were run on a sequence 

detection system (7900HT) (Applied Biosystems, Foster City, CA, USA). The 

values obtained were corrected and normalized against controls. Genotype 

assessments were based on 95% confidence interval. 

 

Map construction 

Segregation ratio of the genotypes of individual markers was checked with the 

Chi-squared goodness-of-fit test. For all loci the allele frequencies were not 
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statistically different (P>0.05) from the expected ratio, 1:2:1 (BB:BA:AA). The 

genetic map distance for the markers was computed with the software package 

JoinMap, version 3.0. For the establishment of linkage groups, a critical minimal 

LOD score of 3.0 was used. For calculation of map distances and estimating most 

likely gene orders, a critical LOD score of 0.05 was used. Recombination 

frequencies were converted to map distances in centiMorgans using the Kosambi 

function. 

 

QTL analysis 

The location of the QTLs affecting the (transformed) measured quantitative traits 

and the variance explained by each locus were determined using the MapQTL 

software package (version 4.0). Because the (transformed) traits were normally 

distributed, the interval mapping module was used. QTL analysis was also 

performed by MQM-mapping98. MQM (multiple-QTL- model or marker-QTL-

marker) mapping is more powerful than the traditional interval mapping 

approach98.  This method is essentially a combination of interval mapping and 

multiple regression: the model involves regression both on QTL within an interval 

and on marker loci outside that interval. Markers take over the role of nearby 

QTLs and are fitted as cofactors while testing for a single QTL elsewhere in the 

genome. This way, the cofactors function as a genetic background control and 

absorb most of the genetic effects of their nearby QTLs from the residual 

variance. As a result, the power of the QTL analyses is enhanced. Results were 

expressed as LOD scores.  Based on Lander and Botstein 99, having an average 

distance between the markers of 4.2 cM and taking into account that a genetic 

scan was performed across a single, complete chromosome rather than the entire 

genome, an association was assumed significant when the LOD score was ≥ 1.71. 

For MQM mapping, simulation studies have demonstrated that the thresholds 

derived for conventional interval mapping are still valid in many situations98. After 

grouping by genotype for the DNA marker flanking the peak of the QTL or at the 

peak of the QTL, trait comparison of the F2-animals was performed. If a DNA 

marker and the trait of interest are segregating independently, the values of the 

trait will be equally distributed among the homozygote and heterozygote 

genotypes. The Kolmogorov-Smirnov one-sample test was used to check 

normality of these data.  

All data within genotype groups were found to be normally distributed. The 

significance of the difference between the genotype groups was calculated with 

the unpaired Student's t test. The unpaired Student‟s t tests were performed with 

pooled (for equal variances) or separate (for unequal variances) variance 

estimates. Homoscedasticity was tested using the Levene‟s test. For the unpaired 

Student‟s t tests with separate variance estimates the Welch-Satterthwaite 

correction was used. The mode of inheritance was chosen as free, additive, 

dominant or recessive according to the significance of differences in the mean 
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values of the traits between mice that were homozygous C57BL/6J, heterozygous 

and homozygous A/J. 

 

Statistics 

Mouse data 

Values were expressed as mean ± standard error of the mean. For the statistical 

analyses SPSS 11.5 for Windows was used. Mice that lost more than 1.5 grams 

during the three days of testing were taken out of the experiment. Male and 

female mice were analyzed separately due to observed gender effects. 

Parameters were considered for normal distribution and transformed where 

appropriate. Data were analyzed using a linear mixed model with day as the 

repeated factor and an unstructured repeated covariance type (best fit), using the 

LSD test to compare the main effects per day per strain to C57BL/6J. For the 

non-repeated measures, a one-way ANOVA by strain was used with Dunnett‟s 

post hoc comparing all CSS with the C57BL/6J control strain. Significance levels 

(α = 0.05) were corrected using the Dunnett method to account for the multiple 

strain comparison (p = 0.003) 57. Preference for either feeding platform was 

analyzed per strain using a one-sample T-test on the difference between the open 

and the sheltered feeding platform (“delta”) (α = 0.05). In situ hybridization 

results were analyzed using a one-way ANOVA (α = 0.05) . 

 

Human data 

This study makes use of data generated by the Wellcome Trust Case Control 

Consortium. For materials and methods for genome wide association studies, see 

reference 100. Summary statistics for the Affymetrix 500K gene chip, subset 

“bipolar disorder” (http://www.wtccc.org.uk) were obtained  (1,868 cases versus 

the 14,311 combined controls (control group consisting of all individuals within 

the WTCCC study without psychiatric diagnosis) or 2938 basic controls (shared 

control group for all diseases within the WTCCC dataset)).  

 

P-values of all SNPs within the Affymetrix 500k Gene chip located within these 

regions were examined (total of 391 SNPs within the 9 selected genes) using 

additive/genetic models with or without sex-stratification. To identify genes of 

interest, a significant corrected p-value of p<0.0056 was chosen (p= 0.05 / 9 

genes tested). The Ensemble Genome Browser 

(http://www.ensembl.org/index.html) was used to detect if SNPs were located in 

intronic or coding regions. 

 

In situ hybridization 

In situ hybridization analysis was performed on brain sections from an additional 

set of female C57BL/6J (n=9) and CSS15 (n=9) mice. Mice were decapitated in 

the first halve of the light phase, trunk blood was collected and brains were 

http://www.wtccc.org.uk/info/summary_stats.shtml
http://www.ensembl.org/index.html
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removed from the skull, rapidly frozen and stored at -800 C until further 

processing. Cryosections (coronal, 16 μm, 1.9 bregma to –3.8 bregma) of the 

brains were sliced using a cryostat (Leica, Rijswijk, The Netherlands) and thaw-

mounted onto RNAse free Superfrost slides (Menzel, Brannschweig, Germany). 

The slides were stored at –80 C until processed for in situ hybridization. In situ 

hybridization analysis was performed as previously described 101. The primers 

used in this assay were designed using the genomic sequence of Adcy8 and 

Kcnq3 provided by the PubMed nucleotide database 

(http://www.ncbi.nlm.nih.gov/pubmed; NM_009623 and NM_152923) and the 

online Primer3 program (http://frodo.wi.mit.edu/primer3/input.htm). 

The forward primer used for Adcy8 was 5‟- AATCCTGGGGGACTGCTACT -3‟, 

starting from base number 2562, and the reverse primer was 5‟- 

AGTCACCATTGAGGCAATCC-3‟, starting from base number 2872.The forward 

primer used for Kcnq3 was 5‟- TGCATGTTGGACATCTTCGT -3‟, starting from base 

number 598, and the reverse primer was 5‟- AGACGTCCTTCCCAGGTTTT -3‟, 

starting from base number 995. These primers would result in a PCR product of 

311(Adcy8) and 398 (Kcnq3) bp. This product was cloned into pGEMT easy vector 

using T4 DNA ligase (Promega, Madison, USA) according to standard procedures. 

The DNA was sequenced to confirm the expected sequence and was used for the 

preparation of the probe. The DNA insert in the clone was removed by restriction 

enzyme digestion using EcoR1. The DNA fragments were then labled with 33P. 

Sections were exposed to X-ray films (Kodak Bio-Max MR) for 7(Adcy8) and 9 

(Kcnq3) days. The films were developed and film absorbance values (converted to 

radioactivity concentrations using a standard curve) reflecting Adcy8 and Kcnq3 

expression were semi-quantitatively analyzed using the Microcomputer Imaging 

Device (MCID) (Imaging Research Inc., St. Catharine's, Ont., Canada). 
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Abstract 

The identification of susceptibility genes and genetic pathways involved in 

psychiatric disorders can be utilized to elucidate the underlying neurobiological 

pathology of these diseases. By using endophenotypes in translational behavioral 

research, increased validity is obtained for animal models examining genetic 

influences on behavior. Recently, after screening a chromosome substitution 

strain panel in an automated home cage environment, chromosome 15 and 19 

were identified in female mice for carrying genetic loci that contribute to 

increased avoidance behavior (sheltering preference). Furthermore, we showed 

that the QTL for baseline avoidance behavior on chromosome 15 is homologous 

with a human linkage region for bipolar disorder (8q24). Here, a QTL is identified 

at 39.0 - 41.3 Mb on chromosome 19 for avoidance under baseline conditions for 

female mice. Interestingly, this region is homologous with human syntenic region 

10q23-24. Similar to 8q24, this human region has in several studies been linked 

to bipolar disorder.  Furthermore, the human 10q23-24 region  carries 2 genes 

(Pdlim1 and Sorbs1) that are in the same signaling pathway as the gene 

identified for the region on mouse chromosome 15 (Adcy8). These data indicate 

that the genetic regions identified for mouse chromosome 15 and 19 influence 

baseline avoidance behavior in mice and that the candidate genes within these 

regions are possibly associated with bipolar disorder in humans. These findings 

pave new roads for both the identification of the molecular mechanisms and novel 

treatment possibilities for psychiatric disorders, as well as for the validity of 

translational research of linked psychiatric endophenotypes. 
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Introduction 

Despite the fact that mood disorders rank among the top 10 causes of world wide 

disability  102, no selective and effective treatment options have been developed. 

One concern is that the underlying pathophysiology of these disorders is largely 

unknown103. By using interspecies trait genetics in combination with the 

endophenotype approach as described by Kas et al. 35,70  susceptibility genes can 

be identified involved in these complex disorders and possibly elucidate 

underlying mechanisms.  

 

Recently, we tested a mouse chromosome substitution strain (CSS) panel, based 

on C57BL/6J as host and A/J as donor strain, in a designed home cage 

environment for increased avoidance behavior104. Chromosome 15 and 19 were 

identified in female mice for carrying genetic loci that contribute to increased 

avoidance behavior, measured by the preference for sheltered feeding in an 

automated home cage environment40. In a previous study, we showed that the 

QTL for baseline avoidance behavior on chromosome 15 is homologous with a 

human linkage region for bipolar disorder (8q24).  Furthermore, we showed 

significant differences in expression of Adcy8 in mouse brain regions involved in 

the regulation of emotion (de Mooij –van Malsen et al, submitted).  

 

Based on the current literature, mouse chromosome 19 has not often been 

implicated in anxiety-related behaviors. Possibly, as we have showed for 

avoidance behavior in the automated home cage environment, anxiety-related 

behaviors in mice may be gender specific which need to be taken into account 

during the study design and analysis.  Furthermore,  most behavioral tests used 

in these studies are short-lasting tests (5-60 minutes) and reflect novelty-induced 

behaviors, whereas the home cage environment is able to measure avoidance 

levels under baseline conditions and over various circadian cycles. Interestingly, 

Laarakker et al. 58 found that male CSS19 mice showed increased avoidance 

behavior on the modified holeboard.  To determine the location of the QTL for 

avoidance behavior on chromosome 19, a CSS19-F2 population was generated 

and tested in the home cage environment and QTL analysis was performed.  

 

Materials and Methods 

Ethical note 

The protocol of the experiment was reviewed by the scientific committee of the 

Department of Animals, Science & Society, Utrecht University, the Netherlands, 

and approved by the Animal Experiments Committee of the Academic Biomedical 

Centre, Utrecht, The Netherlands. 
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Animals 

The C57BL/6J and C57BL/6J-Chr 19A/NaJ (from now on referred to as CSS19)  

strains, both obtained from The Jackson Laboratory (Bar Harbor, ME, USA) , were 

used as progenitor strains. The F1 generation was derived by reciprocal matings of 

C57BL/6J and CSS19 animals. The F1-hybrids were intercrossed (brother x sister 

matings) producing an F2 progeny (n = 88 females and n = 96 males). Thus, two 

grandparent-combination groups can be distinguished in the F2 population.The 

male and female F2 mice were used to construct the linkage map of chromosome 

19. For monitoring home cage environment avoidance behavior only female F2 

animals were used, since for this phenotype male CSS19 mice did not deviate 

significantly from male C57BL/6J animals (de Mooij-van Malsen et al. submitted). 

Control groups for C57BL/6J (n = 10 females) and CSS19 (n=4 females) was 

used to reproduce previously found results. As no difference was found between 

these CSS19 females and the consomic females previously tested, these groups 

were combined for analysis, resulting in a total of n=14 CSS19 females.  

 

Housing conditions. 

Mice were housed in groups (2-5 same sex littermates per cage), with tap water 

and chow (CRM (E), Special Diets Services, England) provided ad libitum. A 

minimum of two weeks prior to the start of the experiment, the animals were 

moved from the stables to the habituation room next to the experimental room 

(12 h light /12 h dark cycle; light intensity of 60 lux; lights on at 01.00 am). 

Room temperature was 21.0±1.0˚C. Different stables, habituation and 

experimental rooms were used for each gender.  

 

Home cage environment  

For a description of the home cage environment dimensions, please see Kas et 

al., 20089.  One hour prior to the start of the dark phase, mice (10-14 weeks old) 

were weighed and placed individually in a home cage environment for 73 hours. 

No experimenter interference took place during these three days. At the end of 

the experiment, body weight change and food- and water intake were measured. 

The distance moved, enter frequency and duration spent in the shelter and on the 

two feeding platforms were obtained using the video-tracking system 

(PhenoTyper® PT10S/P /N Version 1.01, Noldus Information Technology, 

Wageningen, The Netherlands). The PhenoTyper is a video-based observation 

system for automated monitoring of rodent behavior. Integrated with the 

Ethovision® video tracking system, mice can be monitored automatically for 

several consecutive days9. The top-unit contains an infrared-sensitive CMOS 

camera and an array of infrared LEDs and is connected to a computer running the 

EthoVision® 3.0 video-tracking software.  Infrared sensors placed in front of the 

food and water supplies registered the frequency and duration of feeding and 

drinking. 



 59 

DNA samples 

Spleens were dissected after decapitation, frozen on dry ice and kept in –80ºC 

until used for DNA isolation. Total genome DNA was isolated using a PureGene 

DNA isolation kit (Gentra Systems, Venlo, The Netherlands) according to the 

accompanying protocol for frozen tissues. Isolated DNA was resuspended in TE 

buffer (10 mM Tris, 0.2 mM EDTA, pH 8.0) at a concentration of 40 ng/μl. The 

DNA concentrations were determined by measuring the A260 with a PU8700 

UV/visible spectrophotometer.  DNA samples were stored at 4°C. 

 

PCR amplification of microsatellite loci 

 For generating a genetic map of chromosome 19, fifteen microsatellites were 

selected based on a haplotype difference between C57BL/6J and A/J of at least 8 

bp. These markers were dispersed throughout mouse chromosome 19 (D19Mit59, 

D19Mit109, D19Mit61, D19Mit16, D19Mit106, D19Mit86, D19Mit46, D19Mit65, 

D19Mit119, D19Mit10, D19Mit123, D19Mit36, D19Mit1, D19Mit34 and 

D19Mit137). Primers flanking these microsatellites were purchased from 

Invitrogen Life Sciences (Breda, The Netherlands). The genomic DNA samples 

were amplified in a GeneAmp thermocycler (PCR System 9700, Applied 

Biosciences) according to the supplied protocol accompanying the microsatellite 

primers using Super Taq polymerase (SphaeroQ, Gorinchem, The Netherlands). 

PCR products were analyzed by electrophoresis on 3% (w/v) agarose gels 

(Hispanagar MS-8 panarose, SphaeroQ, Gorinchem, The Netherlands) and 

visualized by ethidium bromide staining (0.5 μg/ml PCR products). All genotype 

scoring was done independently by two persons. After one turn of genotype 

scoring, all differences between the independent reads were checked. All 

indications of a double recombination event were re-scored and if necessary, re-

typed.  

 

Map construction 

Segregation ratio of the genotypes of individual markers was checked with the 

Chi-squared goodness-of-fit test. None of the markers showed significant 

segregation distortion. The genetic map distance for the markers was computed 

with the software package JoinMapTM, version 3.0105. The critical LOD scores used 

to establish linkage groups and calculate map distance are called „linklod‟and 

„maplod‟, respectively. Marker pairs with a recombination LOD score above a 

critical „linklod‟ are considered to be linked. Only information for marker pairs 

with a LOD score above „maplod‟ is used in the calculation of map distances. To 

be sure that all markers are placed in the genetic map, a low value for „maplod‟ 

should be used. For the establishment of linkage groups, a critical minimal LOD 

score („linklod‟) of 3.0 was used. For calculation of map distances and estimating 

most likely gene orders, a critical LOD score („maplod‟) of 0.05 was used. 
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Recombination frequencies were converted to map distances in centiMorgans 

using the Kosambi function. 

Statistical analysis 

Both for the C57BL/6J, CSS19 and the F2-intercross mice, all statistical analyses 

of the measured phenotypes were carried out according to Petrie and Watson106 

using a SPSS® for Windows (version 15.0) computer program (SPSS Inc., IL, 

USA). Two-sided, exact (i.e. for the nonparametric tests) probabilities were 

estimated throughout. Data were summarized as means with standard error of 

the mean (SEM). 

a. C57BL/6J and CSS19 

The phenotypic characteristics of the C57BL/6J and CSS19 mice were checked for 

normality using the Kolmogorov-Smirnov one-sample test. All results within 

groups and per day were found to be normally distributed. Behavioral data were 

subjected to a multivariate repeated measures ANOVA with strain as between-

subject factor, and day and/or feeding platform as within-subject factors. 

Preference for either feeding platform was further analyzed per strain and per day 

with the paired Student‟s t test. The probability of a Type I error of 0.05 was 

taken as the criterion of significance.  

b. F2 animals 

For the genetic analysis the phenotypes were first normalized to a standard 

normal distribution (i.e. a distribution with a mean of „zero‟ and a variance of 

„one‟) in both grandparent-combination-group. The measured individual values 

were subtracted by the mean established for that grandparent-combination-group 

and then divided by the standard deviation of that grandparent-combination-

group. Within the combined population the transformed variable „difference 

between the visit duration on the sheltered and exposed platform‟ had a non-

normal distribution. This trait was further transformed to a Gaussian distribution 

using the inverse function. 

 

QTL analysis 

The location of the QTLs affecting the measured (transformed) quantitative traits 

and the variance explained by each locus were determined using the MapQTL 

software package (version 4.0)107. Because the (transformed) traits were 

normally distributed, the interval mapping module was used. QTL analysis was 

also performed by MQM-mapping. MQM (multiple-QTL- model or marker-QTL-

marker) mapping is more powerful than the traditional interval mapping 

approach98. This method is essentially a combination of interval mapping and 

multiple regression: the model involves regression both on QTL within an interval 

and on marker loci outside that interval. Markers take over the role of nearby 

QTLs and are fitted as cofactors while testing for a single QTL elsewhere in the 

genome. This way, the cofactors function as a genetic background control and 
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absorb most of the genetic effects of their nearby QTLs from the residual 

variance. As a result, the power of the QTL analyses is enhanced. Results were 

expressed as LOD scores.  Based on Lander and Botstein108 having an average 

distance between the markers of 6.3 cM and taking into account that a genetic 

scan was performed across a single, complete chromosome rather than the entire 

genome, an association was assumed significant when the LOD score was ≥ 1.61. 

For MQM mapping, simulation studies have demonstrated that the thresholds 

derived for conventional interval mapping are still valid in many situations98. After 

grouping by genotype for the DNA marker flanking the peak of the QTL or at the 

peak of the QTL, trait comparison of the F2-animals was performed. The 

Kolmogorov-Smirnov one-sample test was used to check normality of these data. 

All data within genotype groups were found to be normally distributed. The 

significance of the difference between the genotype groups was calculated with 

the unpaired Student's t test. The unpaired Student‟s t tests were performed with 

pooled (for equal variances) or separate (for unequal variances) variance 

estimates. Homoscedasticity was tested using the Levene‟s test. For the unpaired 

Student‟s t tests with separate variance estimates the Welch-Satterthwaite 

correction was used. The mode of inheritance was chosen as free, additive, 

dominant or recessive according to the significance of differences in the mean 

values of the traits between mice that were homozygous C57BL/6J, heterozygous 

and homozygous A/J. 

 

Statistical analysis mouse behavior 

Values were expressed as mean ± standard error of the mean. For the statistical 

analyses SPSS 15.0 for Windows was used. Mice that lost more than 1.5 grams 

during the three days of testing were taken out of the experiment. Behavioral 

data was analyzed using repeated measures ANOVAs. Preference for either 

feeding platform was analyzed per strain using a one-sample T-test on the 

difference in duration on the sheltered and exposed feeding platform (“delta”) (α 

= 0.05). 

 

Results 

No difference in motor activity levels were found between C57BL/6J and CSS19 

(fig. 1a). C57BL/6J females show no preference for either platform, whereas 

CSS19 females showed a significant preference for feeding on the sheltered 

platform on day 2 (p=0.028) and 3 (p<0.01) of home cage environment testing 

(fig. 1b).  

 

QTL analysis on the CSS19-F2 population revealed significant LOD scores for the 

females in the home cage environment. The most significant peak was found for 

the difference in visit duration between the sheltered and exposed feeding 

platform (“delta”) during baseline testing (3rd day) in the home cage environment 
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(fig.2; -1 LOD interval between markers D19mit65 and D19mit119, peak LOD 

2.84).   It was determined that 25.7% of the variance in the F2-population was 

accounted for by this QTL for baseline avoidance behavior.  The significant 1.44 

Mb QTL-interval (using the -1.0 LOD support interval) is located between 

39467818 bp – 40908308 bp (using interpolation calculations).   

 

 
 

 

 

 

 

 

Figure 1. Distance moved and feeding location preference for CSS19 females.  

A: Distance moved (horizontal activity level) during the three days of home cage 

environment testing for C57BL/6J and CSS19 females. B: Feeding duration on the two 

different platforms during the three days of home cage environment testing. CSS19 

females showed a significant preference for the sheltered platform on the second and 

third day of testing.  
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Figure 2. QTL analysis for the visit preference during baseline.  

MQM mapping for the difference between the visit duration on the sheltered and 

exposed platform (“delta”) on the third day of home cage environment testing. 
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Discussion 

To determine the location of the QTL on chromosome 19, previously indicated in 

baseline avoidance behavior during the screen of a CSS panel in the home cage 

environment, a CSS19-F2 population was tested in the home cage environment 

and QTL analysis was performed for the relevant parameters. A significant QTL 

was found between 39467818 bp – 40908308 bp on chromosome 19 for baseline 

avoidance behavior (preference for sheltered feeding).  

Within the -1 LOD interval for the visit preference during baseline, 18 genes are 

present carrying SNPs between C57Bl/6J and A/J (SNPs data downloaded from 

Mouse Phenome Database (http://www.jax.org/phenome), build 37). 

Interestingly, of these 18 genes, 8 code for cytochrome P450, family 2, subfamily 

c polypeptides. Cytochrome P450s are haem-thiolate proteins involved in the 

oxidative degradation of various compounds109. They are particularly well known 

for their role in the degradation of environmental toxins and mutagens and are 

most likely not the causative factor influencing animal behavior.  

Several interesting genes lie within our QTL interval, especially when taking 

previous found results for chromosome 15 into account. For chromosome 15, we 

found the genetic region influencing baseline avoidance behavior was homologous 

with a human linkage region for bipolar disorder. Further, we were able to identify 

adenylate cyclase 8 as most likely candidate gene, showing differences in 

expression in mouse brain regions as a function of avoidance behavior104.  

One gene located in the peak of the CSS19 baseline avoidance QTL is Pdlim1, a 

PDZ and LIM domain.  Interestingly, a different subtype of this family, PDLIM5, 

has also been found in linkage studies for bipolar disorder110 and a gene 

expression analysis111  reported PDLIM5 to be related to BP112. Further, PDLIM5 is 

an adaptor protein that selectively binds the isozyme PKCε to N-type Ca2+ 

channels in neurons113. As the gene we identified for the same phenotype on 

chromosome 15, namely adenylate cyclase 8, is also intricately involved in 

protein kinase A (PKA) signaling, this raises important questions on how different 

subtypes of PDZ and LIM domains, like Pdlim1 might be involved in the same 

mechanisms influencing certain behavioral traits.    

Also, Sorbs1 (sorbin and SH3 domain containing 1), encoding for CAP (Cbl-

associated protein), is located within our interval and involved in signal 

transduction. This protein has been found to be able to peripherally bind to 

PKA114. Possibly, this same mechanisms could be functioning in the brain, altering 

signal transduction cascades. 

This data indicates that the QTLs found for chromosomes 15 and 19 contribute to 

baseline avoidance behavior in mice.  Since these QTL-intervals are homologous 

to those found in human linkage studies for bipolar disorder, our findings may 

pave new roads for both the identification of the molecular mechanisms and novel 

treatment possibilities for psychiatric disorders, as well as for the validity of 

translational research of linked psychiatric endophenotypes. 

http://www.jax.org/phenome
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Abstract   

The generation of motor activity levels is under tight neural control to execute 

essential behaviors, such as movement towards food or for social interaction.  To 

identify novel neurobiological mechanisms underlying motor activity levels, we 

studied a panel of chromosome substitution (CS) strains derived from mice with 

high (C57BL/6J strain) or low motor activity levels (A/J strain) using automated 

home cage behavioral registration.  Here, we genetically mapped the expression 

of baseline motor activity levels (horizontal distance moved) to mouse 

chromosome 1.  Further genetic mapping of this trait revealed an 8.3 Mb QTL-

interval.  This locus is distinct from the QTL-interval for open field anxiety-related 

motor behavior on this chromosome.  By data mining an existing phenotypic and 

genotypic data set of 2,445 genetically heterogeneous mice 

(http://gscan.well.ox.ac.uk/), we confirmed linkage to the peak marker at 

79,970,253 bp and refined the QTL to a 312 kb interval containing a single gene 

(A830043J08Rik).  Sequence analysis revealed a nucleotide deletion in the 3‟UTR 

of the Riken gene.  Genome-wide microarray gene expression profiling in brains 

of discordant F2-individuals from CS–strain 1 showed a significant up-regulation 

of Epha4 in low active F2-individuals.  Inclusion of a genetic marker for Epha4 

confirmed that this gene is located outside of the QTL-interval.  Both Epha4 and 

A830043J08Rik are expressed in brain motor circuits, and similar to Epha4 

mutants, we found linkage between reduced motor neurons number and A/J 

chromosome 1.  Our findings provide a novel QTL and a potential downstream 

target underlying motor circuitry development and the expression of physical 

activity levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://gscan.well.ox.ac.uk/
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Introduction  

Motor activity expression is essential for both animal and human species to 

explore their environment for food and social interaction. The control of these 

diverse but directed movements, therefore, relies on a highly integrated neural 

networks, such as satiety signals that trigger the need to search for food, and 

projections from the motor cortex to local circuits in the spinal cord that generate 

locomotion. Furthermore, motor systems development occurs early in life and 

highly depends on molecules that code motor neuron maturation and axon 

guidance. Novel molecular genetic methods and sensitive behavioral phenotyping 

approaches are emerging to unravel the mechanisms underlying these integrated 

behavioral processes. 

 

The heritability of motor activity levels has been well recognized and many mouse 

genetic studies have localized quantitative trait loci (QTLs) for this trait.  For 

example, motor activity QTLs have been identified on chromosomes 9 and 19115, 

5 and 13116, 1 and 12117, 5, 8 and 1466, 1, 2, and 6118, but have been mainly 

identified on chromosome 165,119-124. Identification of a specific QT-gene and 

potential downstream targets involved in the expression of baseline motor activity 

levels has proven to be difficult.   

 

Gene identification may be hampered by random gene-environment interference 

in the relatively short (5-10 minutes) behavioral tests used to monitor baseline 

motor activity levels.  For example, most QTL-studies have assessed motor 

activity levels in the open field test that measures novelty-responsiveness. In 

most cases it is difficult to assess whether the behavioral response obtained from 

these traditional tests relates to motor activity levels and/or to avoidance of 

anxiogenic areas, such as the center of the open field arena.  Additionally, recent 

studies clearly demonstrated the effect of an experimenter on behavioral 

outcome52, indicating that minimal human intrusion is preferred during behavioral 

testing.  

 

In the present study, novel automated behavioral registration methods for 

longitudinal motor activity level assessment in home cages39 are used to screen a 

panel of recently generated mouse chromosome substitution (CS) strains derived 

from the C57BL/6J (host) strain and the A/J (donor) strain56.  The automated 

home cage environment used here is designed to dissociate between different 

behavioral endophenotypes in mice40.  In this way, motor activity levels 

(horizontal distance moved) are assessed independent of sheltering preference 

and with minimal human interference to enhance behavioral resolution. Besides 

gene-environment interactions, gene identification may be hampered by 

insufficient informative meiosis to fine-map the gene, and/or by genetic 

interactions with QTLs co-segregating on different chromosomes.  Therefore, the 
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QTL detection approach with CS-strains is combined with existing home cage and 

genotype data from a large stock of genetically heterogeneous mice125 to increase 

genetic resolution.  

 

Materials and Methods 

Animals 

The complete chromosome substitution strain panel (C57BL/6J-Chr 1A/NaJ to 

C57BL/6J-Chr 19A/NaJ, C57BL/6J-Chr XA/NaJ, C57BL/6J-Chr YA/NaJ; referred to 

as CS-strains)56 was screened in an automated home cage environment40 during 

this experiment.  Original CS-strain breeding pairs were obtained from the 

Jackson Laboratory (Bar Harbor, Main USA) and used in our internal breeding 

program. Males and females of the C57BL/6J strain (n=80) and the 21 CS-strains 

(n=16-20 per strain) were generated and tested.   

 

To produce F1 hybrids, C57BL/6J females and males were mated with C57BL/6J-

Chr 1A/NaJ males and females, respectively. The F1 hybrids were intercrossed, 

producing 82 F2 progeny (41 males and 41 females). The number of F2 mice was 

based on Singer et al.56. With this number of animals Singer et al.56 were able to 

detect a (significant) QTL for activity levels in the open field. Four weeks after 

birth, mice were weaned and socially housed (2-4 same sex littermates per cage) 

with ad libitum access to food and water.  The animals were maintained in a 12-h 

light / 12-h dark cycle (light intensity of 60 lux; lights off at 13.00 hrs). Room 

temperature was 21.0±1.0˚C.  At the age of 3-4 months mice were tested in the 

home cage environment. All experimental procedures were approved by the 

ethical committee for animal experimentation of the Utrecht University, The 

Netherlands. 

Home cage monitoring  

In the home cage (30 x 30 x 35 cm (length x width x height)), the animals could 

choose between a home base shelter (10.8 x 6.3 x 6.4 cm) and two different 

feeding platforms (5.8 x 6.3 x 10.5 cm) throughout the 24-h day.  The outer 

walls of the home cage, the two feeding platforms, and the shelter home base 

were all made from Perspex.  At one feeding platform the animals could eat while 

exposed to the environment and at the other they could eat while sheltered 

(shelter on the feeding platform has a height of 5.9 cm).  Both platforms provided 

ad libitum access to food.  Changes in approach behavior towards food were 

detected by alternations in the total frequency of platform visits. Reduced 

preference for exposed areas (avoidance behavior) is indicated by the animal‟s 

preference to visit the sheltered feeding platform40.The tests were performed 

using the PhenoTyper system (Noldus Information Technology, Wageningen, The 

Netherlands). The PhenoTyper is a video-based observation system for 

automated monitoring of rodent behavior. Integrated with the Ethovision® video 
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tracking system, mice can be monitored automatically for several consecutive 

days39. The top-unit contains an infrared-sensitive CMOS camera and an array of 

infrared LEDs and is connected to a computer running the EthoVision® 3.0 video-

tracking software.  Videotracking was performed at a rate of 12.5 samples/second 

(see figure 1). Consumption behaviors (drinking and feeding attempt frequency 

and duration) were registered with infra-red sensors.  Mice were housed 

individually and behavioral monitoring was performed for three consecutive days.   

SNP analysis 

A total of 15 SNPs were selected across chromosome 1 using the Celera-database 

based on the presence of allelic differences between the mouse strains A/J and 

C57Bl/6J.  For the selected SNPs Taqman Assay by Design were ordered (Applied 

Biosystems, Foster City, CA, USA).  Genomic DNA was isolated from spleen and 

tail from F1 hybrids, F2 intercross mice and A/J and C57BL/6J mice, using a 

phenol/chlorophorm/iso-amylalcohol protocol126. The Taqman assay was 

performed according to the Taqman-protocol (Applied Biosystems, Foster City, 

CA, USA) on a total of 10 ng of genomic mouse DNA, in a total reaction-volume of 

5 µl. The assays were run on a sequence detection system (7900HT) (Applied 

Biosystems, Foster City, CA, USA).  The values obtained were corrected and 

normalized against controls. Genotype assessments were based on 95% 

confidence interval.  

 

Map construction 

Segregation ratio of the genotypes of individual markers was checked with the 

Chi-squared goodness-of-fit test. For all loci the allele frequencies were not 

statistically different (P>0.05) from the expected ratio, 1:2:1 (BB:BA:AA). The 

genetic map distance for the markers was computed with  

 

The QTL location was determined using the interval- the software package 

JoinMap, version 3.0105. The critical LOD scores used to establish linkage groups 

and calculate map distance are called „linklod‟ and „maplod‟, respectively. Marker 

pairs with recombination LOD score above a critical „linklod‟ are considered to be 

linked. Only information for marker pairs with a LOD score above „maplod‟ is used 

in the calculation of map distances. To be sure that all markers are placed in the 

genetic map a low value for „maplod‟ should be used. For the establishment of 

linkage groups, a critical minimal LOD score („linklod‟) of 3.0 was used. For 

calculation of map distances and estimating most likely gene orders, a critical 

LOD score („maplod‟) of 0.05 was used. Recombination frequencies were 

converted to map distances in centiMorgans using the Kosambi function.   
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QTL analysis 

For all three days of the monitoring session and within males and females, the 

trait „average distance moved‟ was normally distributed. However, at all three 

days gender appeared to have a significant influence on „average distance 

moved‟. In order to carry out a genetic analysis using both males and females 

together for „average distance moved‟, this phenotype was first normalized to a 

standard normal distribution (i.e. a distribution with a mean of „zero‟ and a 

variance of  „one‟) in each gender. The measured individual values were 

subtracted by the mean established for that gender and then divided by the 

standard deviation of that gender. Within the combined male and female 

population this transformed variable had a Gaussian distribution at all three days 

(according to the Kolmogorov-Smirnov one-sample test). mapping module of the 

MapQTL software package (version 4.0)107. Results were expressed as LOD 

scores.  Based on Lander and Botstein108, (having an average distance between 

the markers of 5.6 cM and taking into account that a genetic scan was performed 

across a single, complete chromosome rather than the entire genome) an 

association was assumed significant when the LOD score was ≥ 1.65. After 

grouping by genotype for the DNA marker flanking the peak of the QTL or at the 

peak of the QTL, trait comparison of the F2 animals was performed. If a DNA 

marker and the trait of interest are segregating independently, the values of the 

trait will be equally distributed among the homozygote and heterozygote 

genotypes. All data within genotype groups were normally distributed by using 

the Kolmogorov-Smirnov one-sample test. The co-segregation of phenotypes with 

alleles at the selected marker locus was evaluated with one-way ANOVA analysis 

with post hoc Student's t test.  The mode of inheritance was chosen as free, 

additive, dominant or recessive according to the significance of differences in the 

mean values of the traits between mice that were homozygous C57BL/6J, 

heterozygous and homozygous A/J. In the ANOVA tests, homogeneity of 

variances was tested (Levene's test). When necessary, the variances were 

equalized by logarithmic transformation of the data. After transformation the 

within-group data were still normally distributed.  

 

To address whether the QTL identified contains multiple QTL‟s on chromosome 1 

that are not completely separated by the F2 study, we have performed an 

additional QTL analysis by using the “Multiple-QTL-Models”  (or MQM) module of 

MapQTL98. 

 

Microarray gene expression analysis   

In order to perform a genome-wide gene expression search for genes 

differentially expressed between high and low active F2 individuals, six pairs of 

low active (e.g., comparable to CS-strain 1) and high active (e.g., comparable to 

C57BL/6J) male mice from the F2 progeny were selected on the basis of their 
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motor activity levels observed in the home cage (see data in Results section). 

Animals (5-6 months old) were decapitated under baseline conditions in the 

middle of the light phase and hippocampi were freshly dissected from the right 

hemisphere and snap frozen at -80°C. The hippocampus was selected for 

microarray analysis because of its known role in the regulation of locomotor 

behavior in rodent species127.  Furthermore, the hippocampus structure allows 

reproducible dissection which reduces the chance of false negative and false 

positive findings. Two color oligonucleotide microarray analysis was performed as 

described by Roepman et al.128. Briefly, total RNA was isolated from right 

hippocampi using TRIzol reagent (Invitrogen, Breda, The Netherlands), purified 

by DNase treatment (DNAse kit, Ambion, Austin, TX, USA) and by the RNeasy 

MinElute Cleanup kit (Qiagen N.V., Venlo, The Netherlands). RNA quality was 

analyzed using the 2100 Bioanalyzer (Agilent Technologies Inc, Palo Alto, CA, 

USA). cDNA was synthesized with Superscript III reverse transcriptase 

(Invitrogen) using a T7 oligo(dT)24VN primer (5‟-GGC CAG TGA ATT GTA ATA 

CGA CTC ACT ATA GGG AGG CGG T24VN, whereby V=G,A or C and N=T, G, A or 

C). cDNA was in vitro transcribed using the T7 Megascript kit (Ambion), in the 

presence of aminoallyl-UTP and cRNA quality was analyzed using the 2100 

Bioanalyzer. Cy3 or Cy5 fluorophores (Amersham Biosciences Europe GmbH, 

Roosendaal, The Netherlands) were coupled to 1500 ng cRNA of both affected and 

non-affected animals. The degree of label incorporation was monitored by a 

spectrophotometer scan and each hybridization was set up with 1000 ng of Cy3 

and 1000 ng of Cy5 labeled cRNA. Each cRNA sample was labeled twice, once 

with Cy3 and once with Cy5 and hybridized twice in dye-swap after 

fragmentation. 

 

The mouse Array-Ready oligo set (version 3.0, Operon Biotechnologies GmbH, 

Cologne, Germany) was printed on Corning UltraGAPS slides as described128. 

Slides were washed manually and immediately scanned in the Agilent G2565AA 

DNA Microarray Scanner (100% laser power, 30% photomultiplier tube). Scanned 

slides were quantified and background corrected with Imagene (version 5.6.1, 

BioDiscovery, Inc., El Segundo, CA, USA) and Loess normalized per print-tip129.  

 

Stock of heterogeneous mice  

To further explore the QTL interval that we obtained using the CS-strains, we 

made use of an existing data base with home cage and genotype data of 2,445 

HS mice.  These mice are derived from the following eight inbred strains: A/J, 

AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J and LP/J.  Both genotyping 

protocols and phenotyping methods (30 minutes home cage activity (total beam 

breaks)) have been described elsewhere125,130. When mining the available data 

set at http://gscan.well.ox.ac.uk/gs/wwwqtl.cgi, genome scan viewer plots were 

generated using genome Mus musculus build 36  

http://gscan.well.ox.ac.uk/gs/wwwqtl.cgi
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Sequencing of A830043J08Rik 

Using the mus musculus A830043J98Rik gene sequence in Ensembl 

(ENSMUSG00000043230), primers 1-6 (see table 1 below) were chosen to 

amplify A830043J09Rik exon 1 (1012 bp) and exon 2 (1843 bp) including the 5‟- 

and 3‟-UTR using genomic DNA from adult C57Bl/6J, A/J and CSS1 mice.   

 

     Table 1. Primers A830043J98Rik 

Exon Primer Forward Reverse Product- 

size (bp) 

1 1 GCGTGGGTCTCAGCATTAT

AG 

AGAACAAGACCTCCCCTGT

G 

649 

 2 CCCAGGAATGTCTGTTTTG

C 

TGTAGATGGACGGCCAAGT

C 

640 

2 3 GGCTAGGCAGTGAAAAATC

G 

CCTGCAGATGATGGGAACA

T 

657 

 4 TCCACCCTCTGTCACTTCCT AGCTCAGACCCTGGGTTTT

C 

638 

 5 TAGGCTCTCGATGCCCAGT

A 

TCATCCCTGTCTTCCTTGGT 637 

 6 GTGTGGCCTCCTTTGGTAA

G 

GGCTGGGATTGTGGAATAA

G 

629 

 

The 10 μl reaction mix consisted of 1 μl PCR buffer (GE Healthcare, 27-0799-06), 

10 μM of each primer, 0.2 μM of each dNTP, 0.25 U PFU (primer 1) or Taq (primer 

2-6) (GE Healthcare, 27-0799-06) and 5 μl genomic DNA isolated from spleen or 

tail. 

DNA was amplified using a touchdown PCR protocol (55 degrees, 1 minute 

elongation, 30 cycles). PCR products were purified using Roche colums 

(11732676001) following the manufacturer‟s instructions. For the use of 

Quickshot sequencing, 100 ng of purified cDNA with 25 pmol of forward primer 

was send to BaseClear B.V., Leiden, The Netherlands for sequencing. Nucleotide 

sequences for 3 animals per strain were aligned and examined for polymorphic 

nucleotide positions. 

 

Statistical analysis 

All statistical analysis of the phenotypes in the C57BL/6J and C57BL/6J-Chr 

1A/NaJ to C57BL/6J-Chr 19A/NaJ, C57BL/6J-Chr XA/NaJ,  

C57BL/6J-Chr YA/NaJ strains and for the F2 animals were carried out using SPSS 

version 11.5 for Windows. Values were expressed as mean ± standard error of 

the mean.  The behavioral analysis was performed on all three consecutive days 

recordings of horizontal distance moved in the automated home cage 

environment.  Male and female mice were analyzed separately because of 

previously found gender effects39.    
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Parameters were considered for normal distribution and transformed where 

appropriate.  Data were analyzed using a linear mixed model with day as the 

repeated factor and an unstructured repeated covariance type (best fit), using the 

LSD test to compare the main effects per day per strain to C57BL/6J. For the 

non-repeated measures, an one-way ANOVA by strain was used with Dunnett‟s 

post hoc comparing all CS-strains with the C57BL/6J control strain. Significance 

levels (α = 0.05) were corrected using the Dunnett method to account for the 

multiple strain comparison (p = 0.003)57. 

 

The phenotypic characteristics of the C57BL/6J and C57BL/6J-Chr 1A/NaJ mice 

were checked for normality using the Kolmogorov-Smirnov one-sample test.  All 

results within groups were found to be normally distributed. Multi-day recordings 

in the home cage of motor activity levels were analysed by means of repeated 

measures ANOVA.   

 

For identification of significantly differentially expressed genes, ANOVA was 

applied (R/MAANOVA version 0.98-3, http://www.r-project.org/). In a fixed effect 

analysis, sample, array and dye effects were modeled. P-values were determined 

after a family-wise error rate correction by permutation in which residuals were 

shuffled 1000 times globally. This resulted in selection of three genes (p<= 0.05), 

of which one C230081A13Rik, was excluded from further analysis based on 

insignificant expression (average fluorescent intensity over all the datapoints was 

only 3). The remaining two genes, Stk25 and EphA4, exhibited average 

fluorescent intensities of 1500 and 400 respectively.   MIAME-compliant 

descriptions of protocols, experiment design, arrays, raw and normalized data 

have been deposited in the public microarray database ArrayExpress 

(http://www.ebi.ac.uk/arrayexpress/), all under the experiment accession 

number E-UMCU-22.  

 

Spearman R correlation coefficient for expression scatter plots of microarray 

analysis (figure 4) was performed using GraphPad Prism version 4.02 for 

Windows (GraphPad Software, San Diego California, USA, www.graphpad.com). 

 

Results 

Genetic mapping  

To genetically dissect complex mouse exploratory behavior into distinct 

behavioral components, such as sheltering behavior and motor activity levels, a 

home cage environment was designed that allows multi-day automatic 

registration of these different behavioral traits in mice.  When comparing the 

motor activity levels of all 21 male and female chromosome substitution strains 

(CS-strains)55,56 to their C57BL/6J controls in the automated home cage 

environment, we found a significant strain as well as day effect (males 

http://www.r-project.org/
http://www.ebi.ac.uk/arrayexpress/
http://www.graphpad.com/
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Fstrain[20,210.959]=6.0, P<0.0001, Fday[2,210.417]=166.4, P<0.0001; females 

Fstrain[20,192]=5.0, P<0.0001, Fday[2,192]=138.6, P<0.0001), but no interaction 

effect.  Of all 21 strains, we found that only substitution of chromosome 1 from 

A/J mice in the genetic background of C57BL/6J mice caused a significant 

reduction of motor activity levels on all 3 days of the monitoring session (males 

day1: t=-3.8, p=0.0007; day 2: t=-4.0, p=0.0013; day 3: t=-4.5, p<0.0001; 

females day 1: t=-4.9, p<0.0001; day 2: t=-3.7, p<0.0001; day 3 t=-4.2, 

p<0.0001; figure 1).   Thus, chromosome 1 carries at least one QTL that controls 

baseline motor activity levels.   

 

To genetically map this QTL, we generated an F2 population from an F1-intercross 

of CS-strain 1.  All 82 F2 progeny (41 males and 41 females) were behaviorally 

monitored for 3 consecutive days in the home cage environment. Baseline motor 

activity levels were normally distributed within each gender (males: distance 

moved day 1 (DM1) Z = 1.127, p = 0.158, DM2 Z = 0.674, p = 0.754, DM3 Z = 

1.115, p = 0.167; females: DM1 Z = 0.693, p = 0.723, DM2 Z = 0.822, p = 

0.508, DM3 Z = 0.847, p = 0.470; Kolmogorov-Smirnov). Female mice had 

significantly higher baseline motor activity levels than male mice (DM1 t80 = -

5.26, p < 0.0005, DM2 t80 = -5.64, p < 0.0005, DM3 t79 = -5.12, p < 0.0005, 

unpaired Student‟s t test). However, the population distribution of motor activity 

levels in both males and females of the F2 progeny showed a consistent shift to 

lower average motor activity levels when compared to the corresponding gender 

of the C57BL/6J genetic background (figures 2a and 2b).  Therefore the genetic 

analysis was performed on the whole F2 progeny after normalization for gender 

differences in absolute values. 
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Figure 1.  Reduced baseline motor activity levels of CS-strain 1 compared to 

the C57BL/6J genetic background strain.  In their home cage, mice can choose 

between a sheltered and a non-sheltered feeding platform, can drink ad libitum and 

have a home base shelter (used predominantly during the 12-hr light phase (A; home 

cage top view).  Mouse behavior was automatically monitored using the Ethovision® 

video-tracking system integrated in the top of the home cage (D). Representative 

tracks (red lines) of a C57BL/6J (B) and a CS-strain 1 (C)) mouse (taken during the 

first two hours of the second night) show reduced locomotor activity levels in the CS-

strain 1, but showed similar movement patterns and preference at the feeding 

platforms.  Sheltered (black) and non-sheltered (white) feeding platforms, drinking 

bottles (small grey rectangles) and shelter (hatched rectangles) are drawn 

schematically (B,C).  Total distance moved was monitored on three consecutive days 

(E).  Both males and females from CS-strain 1 have significantly lower motor activity 

levels on all three days (* indicates p<0.001; n=10 male mice / group; panel E shows 

data from males only).  Grey horizontal lines indicate that total distance moved on day 

1 was significantly different from day 2 and day 3 for both C57BL/6J (day 1 versus day 

2: t88=6.2, p=0.0001; day 1 versus day 3: t73=7.4, p=0.0001) and CS-strain 1 (day 1 

versus day 2 t9.6=3.5, p=0.006; day 1 versus day 3 t14=3.8, p=0.002).  In contrast, 

total distance moved on day 2 was not different from total distance moved on day 3 

for both C57Bl/6J (t88=1.5, p=0.1) and CS-strain 1 (t9.7=1.4, p=0.2). 
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To map the QTL on chromosome 1, 15 dispersed SNPs were selected and each F2 

individual was genotyped for all 15 SNPs.  Interval mapping of the QTL revealed 

significant LOD-scores for distance moved on all three days of the behavioral 

monitoring sessions (day 1 LOD-score of 5.7; day 2 LOD-score of 5.1; day 3 LOD-

score of 3.8). The significant LOD-scores for distance moved revealed a peak at 

one of the SNP markers (at 79,970,253 base pairs) (figure 2c).  Based on 

statistical analyses of the phenotypes of each of the 3 genotypes (BB, BA, and 

AA; segregating at 79,970,253 base pairs) the mode of inheritance was dominant 

with respect to the A/J grandparent allele (table 2). The remaining significant 8.3 

Mb QTL-interval (using the 1.0-LOD support interval) comprises 67 genes 

(http://www.ncbi.nlm.nih.gov/). “Multiple-QTL-Models”  (or MQM) analysis 

showed that no additional peaks were found, indicating that there are no other 

QTL‟s for the motor activity trait on A/J chromosome 1 used for our F2 studies.  

Furthermore, it was determined that 27.2% of the variance in the F2 population 

was accounted for by this QTL.   

  

To further genetically fine-map the QTL-region, an existing data base with home 

cage activity data from a stock of 2,445 genetically heterogeneous mice and their 

dense genome-wide SNP distribution pattern (using 13,459 SNPs) were mined.  

This was done by using a publicly available online database containing phenotypic 

and genotypic data of these mice to aid QTL-identification 

(http://gscan.well.ox.ac.uk/).  In order to justify the integration of this data base 

and our automated home cage data set, we first compared home cage activity 

data from mouse inbred strains (A/J, C57BL/6J, DBA/2J, and AKR/J; n=8 per 

strain) obtained in our home cages to that of the corresponding home cage 

measures of these strains in the Wellcome Trust data set130.  Parametric 

correlation analysis revealed a Pearson‟s r of 0.9, providing a strong correlation 

between the Wellcome Trust and our home cage data set and provides further 

justification to integrate the findings from these two data sets. 

 

Home cage activity levels from the heterogeneous mice revealed a single 

significant locus within the 8.3 Mb QTL-interval obtained from the CS-strain 1 F2 

progeny (figure 3).   This 312 kb region on chromosome 1 (79,837,679-

80,149,231 bp) is delimited by two markers (rs13475943 and rs13475944) and 

maps, in line with the CS-data, to the peak marker of the 8.3 Mb QTL-interval.  

This 312 kb region contains only one gene, namely the A830043J08Rik gene (at 

80,077,730 - 80,092,968 bp), and a 106 bp U6 small nuclear RNA element (at 

80,014,490 - 80,014,596 bp) (http://gscan.well.ox.ac.uk; Build 36).  Also note 

that the haplotype structure of the QTL detected in the HS animals is correct with 

respect to the A/J and C57BL/6J genotypes (figure 3). 

 

http://www.ncbi.nlm.nih.gov/
http://gscan.well.ox.ac.uk/
http://gscan.well.ox.ac.uk/


 77 

 
 

 

 

 

 

 

Figure 2. QTL analysis. The majority of females and males of the F2-progeny of CS-

strain 1 exhibited reduced motor activity levels compared to C57BL/6J background 

controls (hatched bar indicates mean C57BL/6J value).  Note that females have 

generally higher baseline values for distance moved than males (e.g., compare peak 

population distribution females (a) and males (b)).   Interval mapping of motor activity 

levels on chromosome 1 revealed a significant LOD-score of 5.7 on day 1, of 5.1 on day 

2, and of 3.8 on day 3 of the behavioral recordings with a consistent peak at 

79,970,253 base pairs (panel shows map of day 1) (c).  Interval mapping was based on 

home cage motor activity levels from the F2-progeny (n= 82 mice) and genotypes from 

all these individuals using 15 SNPs across chromosome 1.  LOD-threshold for 

significance was 1.6. Dotted lines delimit the 1-LOD support interval (black box on x-

axis) (c). 
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Figure 3.   Output data file from genome scan viewer (http://gscan.well.ox.ac.uk/) showing the high resolution genetic 

map for home cage data using a large stock of genetically heterogeneous mice.  In the 8.3 Mb QTL interval obtained from  

the F2 population of CS-strain 1, only one significant QTL region was found using the heterogeneous stock data base (E<0.05)125 (upper 

panel).  The 312 kb region also mapped to the peak marker location of the 8.3 Mb QTL interval (for visual enlargement of this region see 

lower panel).  This 312 kb region contains one gene, A830043J08 Riken gene (at 80,077,730 - 80,092,968 bp) as well as a U6 small 

nuclear RNA element (at 80,014,490 - 80,014,596 bp).  As indicated by the haplotype blocks (below lower panel), C57BL/6J (black bar) 

and A/J (white bar), the parental lines from which the CS-panel was derived, show different haplotype blocks in this genomic region. 

http://gscan.well.ox.ac.uk/


82 

 

Microarray gene expression analysis 

Low active F2 individuals selected for the microarray analysis were significantly 

less active than high active F2 individuals (day 1: 955 ± 76 versus 2115 ± 218 

cm / hr; day 2: 760 ± 53 versus 1551 ± 131 cm / hr; day 3: 653 ± 40 versus 

1462 ± 118 cm / hr, respectively (group effect; F(1, 12696920)= 43,4; 

p<0.0001 using a repeated measure ANOVA; with for day 1: t18=-5.0; p<0.0001; 

day 2: t18=-5.5; p=0.007; day 3 t18=-6.5; p<0.0001 (using an independent t-

test)).  Hippocampal mRNA expression was compared between these six 

independent pairs, in dye-swap duplicate, using dual-channel 70-mer 

oligonucleotide microarrays.  The rational behind this distal phenotype pair 

analysis is reduction of "genetic noise", which does not differ between the high 

active and the low active groups, and enhancing statistical power to identify 

genes directly related to the behavioral trait of interest (e.g., motor activity 

levels).  Indeed, pooling the data from individual pairs significantly reduced the 

variation in expression measurements (figure 4). Analysis of Variation (ANOVA) 

on the data-sets from the six pairs showed that no gene in the 8.3 Mb QTL-

interval is differentially expressed. Two genes that are located on chromosome 1, 

but that are outside of the 8.3 Mb interval, Epha4 (77,250,333-77,398,236 bp) 

and Stk25 (95,452,314-95,466,128 bp), showed differential expression after 

multiple testing corrections. Interestingly, one of the genes identified, Epha4, is 

expressed in motor circuits and Epha4 mutants show impaired locomotor 

behavior131-134. Furthermore, Epha4 can be excluded as a QT-gene for the motor 

activity trait studied, since one of our selected markers was in the Epha4 gene 

that mapped outside of the 1-LOD support interval.   Inclusion of this marker in 

the QTL-analysis markedly dropped the LOD-score at this Epha4 marker location. 

 
 

 

 

 

 

 

Figure 4.  Expression scatter plots of all mouse genes from chromosome 1 

showing reduction in genetic variation using distal pair analysis. A: Single array, 

self-self comparison showing technical variation. B: Single array, non-affected (x-axis) 

versus affected pair analysis, showing combination of technical and biological variation. 

C: Average of 6 non-affected versus 6 affected animals; each spot represents the 

average ratio of 12 hybridisations (6 pairs in dye swap). The correlation coefficient 

(Spearman R) for these graphs is 0.989, 0.957 and 0.999, respectively.  
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Gene sequencing 

Sequencing and subsequent alignment of the two coding regions of the 

A830043J08Rik gene showed no differences between A/J and C57BL/6J 

genotypes.  However, a genetic deletion of a single nucleotide (Thymine) in the 3‟ 

UTR of the A830043J08Rik gene in C57BL/6J was found when compared to 

genomic DNA of A/J mice and CS-strain 1.  This deletion was found in the T-

repeat sequence at the end of the 3‟ UTR of the Riken gene (A/J: 10 T repeat 

sequence versus C57BL/6J: 9 T repeat sequence; T repeat starts at 80,195,270 

bp (Build 37)). 

 

Discussion 

Here we report on the identification of a single gene locus (containing 

A830043J08Rik) that contributes to the expression of mammalian motor activity 

levels (horizontal distance moved).  This 312 kb QTL-interval was obtained after 

combining home cage activity genetic mapping data from two different and very 

sensitive genetic mouse mapping populations.  The QTL identified is far distal 

from the QT-gene, Rgs2, recently found on mouse chromosome 1 for open field 

activity levels 33 and from a QTL for open field activity levels using an F2 

intercross of A/J and C57BL/6J strains65.  Together, these data show that the 

anxiety-related open field activity levels and home cage activity levels are under 

different genetic control. While the horizontal distance moved differed between 

day 1 and the two subsequent days of the automated home cage recordings, it 

did not differ in C57BL/6J and CS-strain 1 between day 2 and day 3.  This 

indicates that the mice were adapted to the home cage environment on day 2 and 

3 of the recordings. Since QTL-analysis also showed that horizontal distance 

moved on day 1, day 2, and day 3 all mapped to the same locus on chromosome 

1, we conclude that we have identified a QTL for baseline rather than novelty-

induced motor activity levels. 

 

Sequence analysis of the two coding regions of the A830043J08Rik gene showed 

no differences between A/J and C57BL/6J genotypes.  However, we found a 

deletion of a single nucleotide (Thymine) in the 3‟UTR of the gene in C57BL/6J 

when compared to genomic DNA of A/J mice and CS-strain 1.  This single 

nucleotide deletion is not shown in the Mouse Phenome SNP database, indicating 

that the current database may reflect only a fraction of the true number of SNPs.  

In addition, using the Mouse Phenome database SNP browser, we found that the 

A830043J08Rik contains several intronic SNP‟s that are polymorphic between 

C57BL/6J and A/J mice, the host and donor strains for CS-strain 1, respectively. 

Perlegen mouse genome sequence data revealed intronic SNP‟s within the 

A830043J08Rik gene that are polymorphic between C57BL/6J and A/J mice.  

These SNP‟s are also associated with home cage activity levels of other inbred 

strains (e.g., Mogil and Seburn studies at http://phenome.jax.org).  For example, 

http://phenome.jax.org/
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the A/J genotype for intronic SNP‟s rs32957531 and rs32957529 is also present in 

inbred strains with low home cage activity levels, such as 129S1/SvImJ and 

C3H/heJ.  Furthermore, C57BL/6J genotypes for these SNP‟s are found in inbred 

strain with high levels of home cage activity, such as NOD/ShiltJ, AKR/J and 

DBA/2J.  These polymorphisms could, therefore, in part explain the differences in 

baseline motor activity levels between various mouse inbred lines.   

 

Microarray gene expression analysis between six pairs of high and low active F2 

mice revealed no differential regulation of genes located in the 8.3 Mb QTL 

interval.  In contrast, two genes located outside the QTL-interval, Epha4 and 

Stk25, did show differential gene expression between high and low active F2-

individuals.  Although Epha4 and Stk‟s have been implicated in mitogen-activated 

protein (MAP) kinase signaling135,136, it is unlikely that Stk25 is as a trans-acting 

gene for motor activity levels, based on microarray expression data on 99 

C57BL/6JxDBA/2J recombinant inbred strains (using WebQTL 

(www.genenetwork.org). This analysis revealed a very large cis-effect on Stk25 

gene expression level at the Stk25 locus (LRS-score of 204.6), indicating that we 

may have enriched this cis-effect on Stk25 gene expression when selecting low 

and high active F2-individuals for microarray analysis.  Further microarray gene 

expression analysis using all 82 F2 individuals of this consomic line may be 

needed to also identify differential regulation of genes on chromosomes other 

than chromosome 1.  

 

Based on its known function, Epha4 is a strong candidate downstream target 

involved in motor activity regulation.  For example, studies in mice with a 

complete genetic ablation of Epha4 showed that this gene plays a key role in 

neuronal circuitry controlling movement.   Homozygous Epha4 knock-out mice 

display extreme motor dysfunctions, resulting in reduced and uncoordinated 

locomotor behavior131-133.  Anatomical studies revealed major disruptions of the 

corticospinal tract in Epha4 null mutant animals131, indicating that altered Epha4 

signaling may contribute to reduced motor activity levels by inducing 

developmental changes. Consistent with these findings, we found that CS-strain 1 

mice have a significantly reduced number of motor neurons of the spinal cord 

when compared to control C57BL/6J mice (de Mooij-van Malsen, Olivier, and Kas, 

unpublished observations; see chapter 6 of this thesis), indicating that the 

reduced motor activity levels in this strain may at least in part be caused by 

alternations in corticospinal tract development.     

 

In addition to the A830043J08Rik gene, the 312 kb QTL-region also contains a U6 

small nuclear RNA element and a predicted gene EG433326.  Small nuclear RNAs 

(snRNA) refer to small RNA molecules that are important in several processes 

including RNA splicing (removal of the introns from hnRNA)137 and maintenance 

http://www.genenetwork.org/
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of the telomeres or chromosome ends138. They are always found associated with 

specific proteins and the complexes are referred to as small nuclear 

ribonucleoproteins.  These complexes and U6 small nuclear RNA elements have 

been associated with spinal muscular atrophy139, a neuromuscular disease that 

results in muscular weakness and atrophy due to degeneration of motor neurons 

of the spinal cord140. Thus, based on its known function, the snRNA is a potential 

candidate in the 312 kb QTL region for controlling motor activity levels. However, 

the current available genome sequence data does not reveal any polymorphic 

SNP‟s between A/J and C57BL/6J in this snRNA.  In addition, recent genome 

sequence data revealed a predicted gene in the 312 kb QTL-interval, EG433326, 

that contains several coding non-synonymous SNP‟s (rs30466575, rs30843282, 

rs32669536) that are polymorphic between A/J and C57BL/6J mice, the 

progenitor strains of our screen.  Further studies are required to find out whether 

this predicted gene within the QTL-interval is truly a functional gene. 

 

In conclusion, QTL mapping data from mouse chromosome substitution strains 

and from a large stock of genetically heterogeneous mice identified the same 

genetic locus for motor activity levels (horizontal distance moved) on mouse 

chromosome 1. The present findings show the potential of this approach to 

genetically fine map initial large QTLs (5-10 Mb) for complex traits to very small 

genomic regions125. The 312 kb QTL-region identified here contains a single gene 

(A830043J08Rik) with a nucleotide deletion in its 3‟ untranslated region when 

comparing genome sequences between the two progenitors strains of our screen 

(C57BL/6J and A/J).  Microarray analysis in discordant extremes from the F2 

population revealed Epha4 as a potential regulatory gene for this behavioral trait.  

The fact that A830043J08Rik and Epha4 are both associated with the regulation 

of physical activity levels suggests that they are components of a novel genetic 

pathway. 
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Abstract 

The effect of neuro-anatomical differences in the motor circuitry on the 

performance of different inbred mouse strains in behavioral test remains largely 

unknown. Recently, we found increased expression for EphA4, a gene intricately 

involved in motor neuron development, between parental strain C57BL/6J and the 

low active chromosome substitution strain 1 (CSS1).  For that reason, we 

investigate here anatomical differences in the spinal cord and ventral roots as a 

function of genetic background using several inbred strains, including CSS1, its 

parental strains C57BL/6J (host) and A/J (donor), AKR/J, 129x1/SvJ and DBA/2J.  

Furthermore, motor performance of these strains was assessed using various 

behavioral paradigms. Significant differences were found between the inbred 

strains on motor activity levels in the home cage, on the beam balance test and 

on grip test performance, as well as on coordinated versus uncoordinated 

movement (e.g., hind limb hopping). Also, considerable differences were found in 

motor neuron morphology, both for the spinal cord and the ventral roots, with A/J 

and CSS1 showing smaller, possibly less developed, motor neuron axons 

compared to the other inbred strains. For CSS1 and C57BL/6J, a correlation was 

found between motor activity levels, uncoordinated hind limb movement and 

neuro-anatomical differences in the cortico-spinal tract. Inclusion of other inbred 

strain data, such as from AKR/J and DBA/2J, revealed the complex nature of 

mammalian motor system development that may be further dissected using 

available chromosome substitution and recombinant inbred strain panels. 
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Introduction 

For many years, differences in motor activity levels between inbred strains of 

mice have been subject to research141-144. As locomotor activity is required for 

many complex behavioral tasks, variation in activity nonspecifically affects 

performance in many behavioral tests and can even function as a confounding 

factor35. The question rises whether this naturally occurring variation in motor 

activity levels is caused by changes on the (neuro-) anatomical or emotional level 

(or a combination) and what this implies for the validity of behavioral tests.  

 

Locomotion is a complex behavior affected by many different brain- and spinal 

cord systems, as well as by variations in the peripheral nervous system145,146. 

However, the exact underlying mechanisms in which molecular and 

developmental changes within the cortico-spinal tract affect behavior are largely 

unknown due to its composite nature. For example, nitric oxide has been found to 

modulate motor behavior both in essential brain systems involved in locomotion 

(e.g. by interfering with neurotransmission in the striatum147), as well as by 

influencing the molecular maturation of motor neurons in the spinal cord148. This 

indicates that the cortico-spinal tract should be taken into account when 

examining the effect of, for example, genetic variations involved in motor activity 

levels.  

 

In a forward genetic screen on mouse behavioral traits, we recently identified a 

QTL on chromosome 1 regulating motor activity levels in mice149. Genome-wide 

microarray gene expression profiling in brains of F2-individuals from chromosome 

substitution strain 1 (host strain C57BL/6J; donor strain A/J) showed a significant 

up-regulation of EphA4 in low active F2-individuals. Inclusion of a genetic marker 

for EphA4 confirmed that this gene is located outside of the QTL-interval and 

might therefore be a downstream target of the identified gene within the QTL, 

A830043J08Rik.  

 

EphA4 has been found to be a crucial component in the neuronal circuitry 

controlling movement due to its regulating function in axon guidance and cell 

migration in the developing (central) nervous system150,151. Additionally, EphA4-

positive neurons are found to be key components of the mammalian central 

pattern generators 133(CPGs; the local circuits in the spinal cord responsible for 

coordinated bilateral control over the normal limb alternation that underlies 

walking). Also, Dottori131 showed that mice with a null mutation in the EphA4 

gene displayed major disruptions of the cortico-spinal tract. Consequently, 

homozygous Epha4 knockout mice display extreme motor dysfunctions, resulting 

in reduced and uncoordinated locomotor performance131-133. Even though the 

CSS1 strain in general displays a normal walking pattern, this raises the question 

whether during development this genetic background could contribute to the 
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reduced motor activity levels displayed by this strain and/or other inbred strains 

of mice.  

 

Here we investigate the correlation between anatomy of the cortico-spinal motor 

neurons and motor behavior of several inbred mouse strains, including C57BL/6J 

and CSS1. The animals were tested in a home cage environment allowing 

automated longitudinal monitoring of motor activity levels40. Additionally, the 

animals were trained to perform on a beam balance and grip test to examine 

muscle strength and motor coordination. Further, their spinal cord and ventral 

roots containing motor neurons were studied to identify neuro-anatomical 

changes in the corticospinal tract as a function of genetic background.  

 

Materials and Methods 

Animals and husbandry 

Male C57BL/6J (n = 8), DBA/2J (n = 8), AKR/J (n = 8), 129X1/SvJ (n=8), 

C57BL/6J-Chr1A/NaJ (simplified to CSS1) (n=7) and A/J (n=6) mice were used. 

AKR/J and 129X1/SvJ males were obtained from The Jackson Laboratory (Bar 

Harbor, ME). For C57BL/6J, DBA/2J, A/J and CSS1, initial breeding pairs were 

obtained from The Jackson Laboratory (Bar Harbor, ME) and animals bred from 

our internal breeding program were tested. Mice were group housed (2–4 

animals/cage; Macrolon type II; no. 1284 L) with food and water available ad 

libitum, in a room maintained on a 12:12-h dark-light cycle (white light on: 02:00 

– 14:00) and room temperature was maintained at 22.0 ± 2.0 °C. Experiments 

were conducted when the mice were aged 5-7 months old. Data displayed for 

C57BL/6J, CSS1 and A/J for home cage environment measurements are based on 

the previous study by Kas et al.149. For motor neuron counting in the spinal cord 

two extra groups of C57BL/6J (n=5) and CSS1 (n=6) males were used. The 

Animal Ethical Committee of Utrecht University approved all experimental 

procedures. 

 

Home cage environment 

For a description of the home cage environment dimensions, please see Kas et 

al.40.  One hour prior to the start of the dark phase, mice were weighed and 

placed individually in a home cage environment for 73 hours. No experimenter 

interference took place during these three days. At the end of the experiment, 

body weight change and food- and water intake were measured. Smears were 

taken from the female mice to account for possible effects of the estrous cycle on 

behavior. The distance moved, enter frequency and duration spent in the shelter 

and on the two feeding platforms were obtained using the video-tracking system 

(PhenoTyper® PT10S/P /N Version 1.01, Noldus Information Technology, 

Wageningen, The Netherlands). The PhenoTyper is a video-based observation 

system for automated monitoring of rodent behavior. Integrated with the 
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Ethovision® video tracking system, mice can be monitored automatically for 

several consecutive days9. The top-unit contains an infrared-sensitive CMOS 

camera and an array of infrared LEDs and is connected to a computer running the 

EthoVision® 3.0 video-tracking software.  Infrared sensors placed in front of the 

food and water supplies registered the frequency and duration of feeding and 

drinking.  

 

Beam balance 

The beam balance task is designed to analyze the vestibular-motor coordination 

of the mice. The beam-balance apparatus is composed of a circular platform (7 

cm in diameter) and a narrow beam (1.5 cm in width; 27.5 cm in length) which is 

connected to a box (12.7 x 11.2 x 10 cm3). Lighting was provided by a desk light 

(illumination level at 400 lux). The task was performed during the dark phase of 

the circadian cycle. Mice were adapted to the test room 15 minutes prior to the 

task. Animals were allowed to train once a day for four days, followed by a test 

day. The maximum trial duration was set to 10 minutes. At the start of each 

session the mouse was placed at the circular platform. The latencies of exploring 

on the start platform and crossing the beam to reach the covered box were 

recorded. Between sessions, the apparatus was cleaned with 70% ethanol. 

 

Grip test  

The grip test was used to determine the muscle strength of the limbs of the mice. 

Mice were tested on a grid (22 x 28.5 cm2) with a gap width of 1 cm. The task 

was performed during the dark phase of the circadian cycle. Animals were allowed 

to train once a day for four days, followed by a test day. The task consisted of 

five minutes of testing, during which the animal was hanging on the inverted grid 

with its fore-limbs and hind-limbs (illumination level 130 lux). Mice that were able 

to hold on for five minutes were considered to have passed the test. In between 

test sessions, the grid was cleaned with 70% ethanol. On the test day, the motor 

performance of each mouse was recorded on videotape and further analyzed 

using Observer® (version 3.0, Noldus Information Technology, the Netherlands). 

The frequencies of hind limb coordinated and hopping movement were analyzed.  

 

Tissue processing 

Male mice of 7-8 months old were anesthetized with pentobarbital intra-

peritoneally. Phosphate-buffered saline (PBS) with heparin was infused intra-

cardially. The animals were then perfused with freshly prepared 4% 

paraformaldehyde (PFA; pH 7.30) and post-fixed overnight in 0.4% PFA at 4°C 

until dissection. The L3-L5 region of the spinal cord and the ventral roots exiting 

the spinal cord at L4 were isolated. 
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Spinal cord 

The spinal segments were immersed in 0.05 M phosphate buffer containing 25% 

sucrose immediately after dissection and incubated over night at 4°C. The 

segments were frozen in isopentane cooled with liquid nitrogen and stored at -

80°C until further processing. Consecutive cryostat-cut 10 μm thick sections of 

the spinal L3-L5 segments were mounted onto chrome-gelatin coated glass cover 

slips, air-dried and stored at -80°C. Cryo-sections from the spinal segments were 

first dehydrated in 100% alcohol for 6 minutes, stained with in 2% cresyl violet 

solution and rinsed in 95% ethanol for three times. They were dehydrated 

through 95% and 100% ethanol, cleared in xylene and mounted onto cover slips 

with DePeX. Sections were selected to cover regions spreading out from the 

caudal to the rostral regions across the L3-L5 spinal segments. At least 60 

sections from each animal were counted (n=6 (CSS1); n=5 (C57Bl/6J)). The 

number of motor neurons on both the left and right ventral horns per slide was 

assessed for each animal. Motor neurons were identified and counted under light 

microscope according to following morphological criteria: a single prominent 

nucleus, coarse Nissl granules in the cytoplasm and a soma diameter of minimally 

25 μm. The motor neurons were sub-divided into four groups according to their 

locations: ventral-medial, ventral lateral, dorsal-medial and dorsal lateral regions. 

 

Ventral roots 

The ventral roots, composed of axons originating from the motor neurons in the 

L4 spinal cord, were stored in 0.4% PFA, then post-fixed in 2% osmium tetroxide, 

dehydrated in serially increasing concentration of acetone and in Epon-acetone 

mixture overnight. Finally the ventral roots were embedded in Epon resin, cut into 

1 μm-thick sections with a pyramitome (L.K.B. Ltd., Sweden) and stained with 

toluidine blue for light microscopic examination. Micrographs were taken with a 

digital camera, the  size and number of myelinated fibers was analyzed with 

ImageJ (http://rsb.info.nih.go/ij; developed by Wayne Rasband, National 

Institute of Mental Health, Bethesda, Maryland, U.S.A) 

 

Statistical analysis 

All data are expressed as mean ± SEM unless indicated differently. Data were 

analyzed using SPSS 12 for Windows. Behavioral measurements and ventral root 

data were analyzed using a one-way ANOVA with Bonferroni post-hoc analysis. 

Spinal cord measurements were analyzed using a Student‟s t test (α =0.05).  

 

 

 

 

 

 

http://rsb.info.nih.go/
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Results 

Home cage environment 

Home cage environment motor activity levels (figure 1a,b) differed between 

inbred strains both during baseline (3rd day of testing) conditions (df=5; F=22.1; 

p<0.001), as well as under novelty (first hour of testing) conditions (df=5; 

F=23.0; p<0.001). Rank order for distance moved baseline CSS1, 129x1/SvJ < 

C57BL/6J < A/J, DBA/2J, AKR/J; rank order for distance moved novelty A/J, 

129x1/SvJ < CSS1, AKR/J, DBA/2J, C57BL/6J (with < indicating a significant 

strain difference with p<0.05).  

Beam balance 

All inbred strains were able to perform on the beam balance task (figure 1c). 

Traveling time across the beam was log-transformed to fit a normal distribution. 

There was a significant effect on traveling time (sec) across the beam (df=5; 

F=3.5; p=0.013). Post-hoc analysis showed a significant strain difference 

between C57BL/6J and 129x1/SvJ on travel duration (p=0.015).  

 

Grip test 

A significant difference in grip duration was found (df=5; F=6.2; p<0.001), with 

A/J, AKR/J and DBA/2J mice not able to hold on the grid for the full 5 minutes of 

testing (figure 1d). Rank order for grip duration is AKR/J, DBA/2J < A/J, 

C57BL/6J, CSS1, 129x1/SvJ (with < indicating a significant difference with 

p<0.05).  

 

Further, significant differences in the absolute frequency (df=5; F=12.0; 

p<0.001; figure 1e) and percentage (df=5; F=13.0; p<0.001; figure 1f) of 

uncoordinated movement (hind limb hopping) during the grip test were found, 

with CSS1 showing significant increase in hind limb hopping frequency compared 

to the other strains. Rank order for uncoordinated movement frequency A/J, 

129x1/SvJ, C57BL/6J, DBA/2J, AKR/J < CSS1 (with < indicating a significant 

difference with p<0.05); Rank order for uncoordinated movement percentage 

A/J, 129x1/SvJ, C57BL/6J < AKR/J, CSS1, DBA2J (with < indicating a significant 

difference with p<0.05).  
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Figure 1. Behavioral measurements for the inbred strains in the home cage 

environment, beam balance and grip test. See text for statistical analysis. A: 

Baseline motor activity levels on the third day of testing in the home cage 

environment. B: Novelty induced motor activity levels during the first hour of testing 

in the home cage environment. C: Beam balance performance of inbred strains; The 

average traveling time (sec) across the beam to reach the covered box. D: Grip test 

performance of inbred strains; Duration (sec) the animals were able to hold on to the 

grid without falling (maximum duration 300 sec).  
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Spinal cord motor neuron counting 

To further analyze the anatomical changes concordant with reduced locomotor 

activity and the hind limb hopping in CSS 1 animals, the number of motor 

neurons in CSS1 and its parental strain C57BL/6J was quantified by Nissl staining. 

On average, four motor neurons were observed in each 10 μm spinal section of 

C57BL/6J (2 per semi-spinal section) and three motor neurons were found per 

spinal section (1.5 per semi-spinal section) of CSS1 mice (figure 2 displays 

analysis per semi-spinal sections: df=9; t=4.3; p=0.002). 

 

 
 

 

 

 

 

Ventral root neuro-anatomy 

When examining the distributions of axon size within the ventral roots (figure 3), 

it is clear that CSS1 and A/J mice show a distribution very different from the 

other strains. No axons larger than 80 μm2 are present within the CSS1 and A/J 

ventral roots. For analysis, all axon sizes were divided into bins of 50 μm2  

(figure 4e). Significant effects between strains were found for all bins (Bin0-50 

df=5; F=21.0; p<0.001; Bin50-100 df=5; F=11.4; p<0.001; Bin100-150 df=5; 

F=34.6; p<0.001).  
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Figure 2. Number of motorneurons per semispinal section for C57BL/6J and 

CSS1. Cryostat sections from the spinal cord of C57BL/6J (n =5) and CSS1 (n =6) 

strains were examined for number of motor neurons. CSS1 shows a significant 

reduction in number of motor neurons compared to C57BL/6J (* indicates p=0.002). 

 

E: Frequency of uncoordinated (hind limb hopping) and coordinated (alternating hind 

limbs) movement during the grip test of inbred strains. F: Percentage of 

uncoordinated (hind limb hopping) and coordinated (alternating hind limbs) movement 

during the grip test of inbred strains.  
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Total root size 

Due to technical issues DBA/2J images of the total roots were of insufficient 

quality to be included in this analysis. Differences were found in the total size 

(cross-section, μm2) of the ventral roots (figure 4b; df=4; F=18.3; p<0.001). 

Rank order for total ventral root size 129x1/SvJ, A/J, CSS1, AKR/J < C57BL/6J 

(with < indicating a significant difference with p<0.05). 

Number of axons per root 

The number of axons per close-up picture were determined and multiplied by the 

total root area to calculate the number of axons per root (figure 4c). A significant 

difference was found in the total number of axons per ventral root (df=4; F=7.0; 

p=0.001). Rank order for number of axons per root C57BL/6J, AKR/J, 129x1/SvJ 

< CSS1, A/J (with < indicating a significant difference with p<0.05).   

 

Axon size 

A significant difference was found in the median axon size between the inbred 

strains (figure 4d; df=5; F=26,1; p<0.001). Rank order for median axon size 

129x1/SvJ, DBA/2J, A/J < CSS1, AKR/J < C57BL/6J (with < indicating a 

significant difference with p<0.05). 
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Figure 3. Inbred strains show morphological differences in L4 ventral roots 

anatomy. A representative image of semi-thin sections of ventral root close-up images 

(A-F) are shown. The number of axons (y-axis) per size-bin (μm2; x-axis) are displayed. 

Microscope images of ventral roots: bar = 10 μm 

 



98 

 

 
 

 

 

 

 

Figure 4. Significant neuro-anatomical differences in ventral root and axon 

morphology.  Please see text for statistical analysis. A: A representative image of 

ventral root with location of close-up images used for analysis shown in grey boxes. B: 

Total size of the ventral root for several inbred strains. C: Number of axons present per 

ventral root for several inbred strains. D: Median axon size in ventral root for several 

inbred strains. E. Percentage of axons per size-bin (μm2) show significant differences 

between inbred strains.  
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Discussion 

In a forward genetic screen, combined with micro array expression data, we 

recently identified EphA4 as a possible downstream target influencing locomotor 

activity levels. Based on the regulating function of this gene within cortico-spinal 

motor neuron development131,133,150-152, further motor functioning and neuro-

anatomical data was collected on several inbred strains to explore possible 

correlations. Significant differences were found between the inbred strains on 

motor activity levels, beam balance and grip test performance, as well as on 

coordinated versus uncoordinated movement. Also, significant differences in the 

neuro-anatomy of the motor neurons and corresponding ventral root axons were 

found. However, no direct correlations between behavior and anatomy were 

identified using a range of inbred strains.  

 

When tested in the home cage environment for activity levels, inbred strains 

show significant differences in motor activity levels. Interestingly, we find that, 

under baseline conditions, C57BL/6J males show lower activity levels than A/J. 

Mhyre et al. 143 also tested these inbred strains for motor activity levels for 

several days, and found the same order of activity levels within these strains, 

except for the finding that C57BL/6J showed the highest level of activity in that 

set-up. However, the setup used in Mhyre et al. is based on 3 days of repetitive 

measurements for 45 minutes, and not 3 days of continuous measurement. As we 

find that C57BL/6J show very high novelty reactivity on activity levels, it might be 

that this difference is influencing the contrast in these two setups.  

 

In all behavioral tests, 129x1/SvJ consistently has the lowest motor activity 

levels. Even though this strain is able to perform the grip test, it shows the lowest 

level of movement on the grid during the test. CSS1, AKR/J and DBA/2J display a 

high level of uncoordinated “hopping” movement. The alternated or “hopping” 

movement pattern of these strains does not directly correlate with the ability to 

perform the grip test, as CSS1, contrary to AKR/J and DBA/2J, is able to finish 

the grip test for 5 minutes.  Interestingly, this high-hopping phenotype of CSS1 

compared to C57BL/6J is consistent with EphA4 knock-out studies. Under baseline 

conditions, CSS1 does not display this uncoordinated movement pattern. 

Possibly, this is due to a subtle dysfunction within this system which only 

behaviorally expresses itself when higher workload is applied to the muscles.  

 

In spinal cord sections, a significant decrease in number of motor neurons was 

found in CSS1 compared to C57BL/6J. According to previous studies, the length 

of the L3-L5 spinal cord was estimated to be 1360 μm132. This estimation 

suggests that there would be a loss of around 140 motor neurons for CSS1 

compared to the C57BL/6J. However, the classification of a motor neuron as 

defined here is dependent on the size of the cell body. Therefore, using only this 
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parameter, a difference in development of the motor neurons causing the 

neurons to be smaller would not be picked up and show the same results. Hence, 

to further obtain insights into the neuron anatomy, ventral roots from the L4 

spinal region were collected and examined for differences in axon-anatomy. 

These studies demonstrate large differences in the morphology of the ventral 

roots between different inbred strains, both in size and number of axons present. 

Intriguingly, CSS1 and AJ appear to have smaller axons than C57BL/6J and the 

other inbred strains examined. No large axons (>100μm2) are present in these 

strains, whereas the number of small axons (0-50 μm2) and total number of 

axons per ventral root is larger in CSS1 and A/J. Also, as there is no evidence for 

either degeneration, for example no mylin debris remaining after axonal 

degeneration, nor regeneration, as the thickness of the myelin sheets is in 

proportion with the diameter of the axons. This implies a shift to smaller, less 

developed axons, instead of a total loss as implied by the motor neuron counting 

in the spinal cord. As EphA4 is intricately involved in the development of motor 

neurons across the cortico-spinal tract, the possible involvement of differential 

regulation of this gene, as found for C57BL/6J and CSS1, in these findings is 

fascinating. 

 

When only taking C57BL/6J and CSS1 into account, there appears to be a good 

correlation between the decrease in activity levels, increase in uncoordinated 

movement, decrease in the number of (well-developed) motor neuron cell bodies 

within the spinal cord and the size distribution pattern of the axons within the 

ventral roots. However, the additional inbred strains tested show that these 

parameters are complex in nature and influenced by many other genetic, 

epigenetic and developmental systems. To conclude, the present study indicates 

that observed inbred strain differences in motor behavior and neuro-anatomical 

variations within the cortico-spinal tract may offer novel opportunities to further 

understand neuro-developmental aspects of the mammalian motor circuits.  
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Abstract 

The expression of motor activity levels in response to novel situations is under 

complex genetic and environmental control.  Several genetic loci have been 

implicated in the regulation of this behavioral phenotype, but their relationship to 

epigenetic and epistatic interactions is relatively unknown. Here, we report on a 

quantitative trait locus (QTL) on mouse chromosome 1 for novelty-induced motor 

activity in the open field, using chromosome substitution strains derived from a 

high active host strain (C57BL/6J) and a low active donor strain (A/J).  The QTL 

for open field (horizontal distance moved) peaked at the location of Kcnj9, 

however, QTL detection was initially masked by an interplay of both grandparent 

genetic origin and genetic co-factors influencing behavior on chromosome 1.  Our 

findings indicate that epigenetic interactions can play an important role in the 

identification of behavioral QTLs and must be taken into consideration when 

applying behavioral genetic strategies.  
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Introduction 

The genetic variation that contributes to locomotor activity has for long been 

subject to research. Motor activity levels are under complex genetic control with 

several chromosomes containing loci contributing to this phenotype. Various 

mouse genetic studies, using different genetic background strains, revealed QTLs 

for open field activity on, for example, chromosomes 1, 4, 5, 8, 9, 12, 14, and 19 
66,67,153,154.  Consistently, loci on mouse chromosome 1 have been found in a 

number of investigations to be involved in locomotor activity and exploration in a 

novel environment.  

 

In general, two different loci are detected on chromosome 1 influencing activity 

levels, mainly tested as the distance traveled in an open field arena. The first 

location is positioned in the proximity of 145 Mb 33,65,69,155. Yalcin et al. 33 were 

able to identify Rgs2 as a modulator of open field behavior on this location by 

testing an outbred strain of mice. Importantly, in additional studies, a single 

nucleotide polymorphism in the human homologous gene was shown by Leygraf 

et al. 32 to be associated with panic disorder, demonstrating the potential of 

comparative genomics. The second location is positioned in the proximity of 175 

Mb 67,74,123,124,155,156. By using gene expression analysis, Hitzemann et al. 124 were 

able to identify Kcnj9 as the most likely candidate gene in this region. In addition, 

several other likely positions for loci on chromosome 1 are found that affect 

motor activity levels 190 Mb, 56,157; 80 MB, Kas, M.J.H. et al., 2008,100 Mb, 158 

 

The fact that there are several loci influencing this behavior is not surprising, as 

the genotypic variance underlying a complex trait can be accounted for by a 

number of QTLs. Consequently, a single QTL accounts for only a minor portion of 

the genetic variance 67. Therefore, it is to be expected that there are several QTLs 

on chromosome 1 influencing the established phenotype. Different strains, with 

different genetic make up, can provide additional information on loci involved. For 

instance, chromosome substitution strains (CSS) can be used to trace genetic 

loci. In such strains, one chromosome of the background strain C57BL/6J is 

substituted by the corresponding chromosome of donor strain A/J (e.g. CSS1 has 

chromosome 1 of the A/J strain in a C57BL/6J genetic background) 55. 

Phenotypical differences in one of these strains indicate involvement of the 

particular -replaced- chromosome in the behavior observed. This method allows 

rapid identification of QTLs for complex traits 56. 

 

Recently, we demonstrated that CSS1 shows a reduction in behavior in the 

novelty-induced behavior in an open field, consistent with previous studies 157, as 

well as in baseline activity measured in an automated home cage environment40. 

Moreover, we identified a small genetic region on chromosome 1 involved in 

baseline motor activity levels located at 80 Mb149. In addition, we now explore the 
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possibility of the involvement of one or several QTLs on chromosome 1 affecting 

the novelty-induced open field activity levels in a CSS1-F2 population. Notably, 

Singer et al. did not find a significant QTL for open field activity for a CSS1-

backcross population 56,157. Light-dark box measurements on this population, 

however, showed a significant QTL peak at approximately 190 Mb, as did open 

field defecation. The question arises why a QTL for open field activity was not 

identified using these consomics, since the CSS1 founders showed, similarly to 

A/J, low motor activity levels in the open field arena. 

  

Epigenetic effects can play a role in the identification of QTL by influencing the 

behavior of an animal and thereby masking potential genetic effects on a 

phenotype. Parental effects and/or other environmental influences may have a 

great impact on brain structures and emotion-based behavioral strategies 159,160 

and should be taken into account in genetic studies using parents with different 

genetic backgrounds. Here we examine the possibility of one or more QTLs 

affecting open field activity levels on chromosome 1 taking possible parental 

interaction effects influencing this phenotype into account. 

 

Materials and methods 

Ethical note 

The research project was approved by the Animal Experiments Committee of the 

Academic Biomedical Centre, Utrecht-The Netherlands. 

 

Mice 

Male and female A/J, C57BL/6J and C57BL/6J-Chr1A/NaJ (simplified to CSS1) 

mice were obtained from the Jackson Laboratory (Bar Harbor, Main USA) and 

used in our internal breeding program to sustain the lines. To produce F1 hybrids, 

C57BL/6J females and males were mated with C57BL/6J-Chr1A/NaJ males and 

females, respectively. The F1 hybrids were intercrossed, (see table 1) producing 

93 F2 progeny (45 males and 48 females). Male and female C57BL/6J (14 males 

and 16 females) were used as control groups. 

Four weeks after birth, mice were weaned and housed in groups (2-5 same sex 

littermates per cage), with tap water and chow (CRM (E), Special Diets Services, 

Essex, England) provided ad libitum. A minimum of two weeks prior to the start 

of the experiment, the animals were moved from the stables to the habituation 

room next to the experimental room with a 12-hours light / 12 hours dark cycle 

(lights off at 1300). Different stables, habituation and experimental rooms were 

used for each gender.  

 

Open field experiments 

The open field consisted of a round circular arena ( 80 cm, height 30 cm) of 

gray PVC. Animals were placed next to the wall and movement during the 10 
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minute session was recorded by Ethovision® (Noldus Information Technology, 

Wageningen, The Netherlands). Measurements were performed during the 2 

hours preceding the dark phase (11.00-13.00h). Light intensity was 60 lux 

(ceiling lamp). Between sessions the open field was cleaned with 70% ethanol. 

Activity, visitation frequency and duration was analyzed for the outer zone (outer 

11 cm of the arena), the remaining inner zone (the “centre” of the open field) and 

the total arena. Only the results for the parameter activity (distance moved, cm) 

in the total arena has been presented here. 

 

SNP analysis 

A total of 15 SNPs were selected across chromosome 1 using the Celera-database 

based on the presence of allelic differences between the mouse strains A/J and 

C57BL/6J. SNP analysis was performed as described in Kas et al.149. 

Map construction 

Segregation ratio of the genotypes of individual markers was checked with the 

Chi-squared goodness-of-fit test. None of the markers showed significant 

segregation distortion. The genetic map distance for the markers was computed 

with the software package JoinMapTM, version 3.0 161. Markers are assigned to 

linkage groups using the odds ratio, which refers to the ratio of the probability 

that two loci are linked with a given recombination value over a probability that 

the two are not linked. This ratio is called the logarithm of odds (LOD) value or 

LOD score. The critical LOD scores used to establish linkage groups and calculate 

map distance are called „link-lod‟ and „map-lod‟, respectively. Marker pairs with 

recombination LOD score above a critical „link-lod‟ are considered to be linked, 

whereas those with a LOD score less than „link-lod‟ are considered unlinked. Only 

information for marker pairs with a LOD score above „map-lod‟ is used in the 

calculation of map distances. To be sure that all markers are placed in the genetic 

map a low value for „map-lod‟ should be used. For the establishment of linkage 

groups, a critical minimal LOD score („link-lod‟) of 3.0 was used. For calculation of 

map distances and estimating most likely gene orders, a critical LOD score („map-

lod‟) of 0.05 was used. Recombination frequencies were converted to map 

distances in centiMorgans using the Kosambi function.   

 

Statistical analysis 

Both for the parental strains, CSS1 and the F2-intercross mice, all statistical 

analyses of the measured phenotypes were carried out using a SPSS® for 

Windows (version 11.5) computer program (SPSS Inc., IL, USA). Two-sided, 

exact (i.e. for the nonparameteric tests) probabilities were estimated throughout. 

Data were summarized as means with standard error of the mean (SEM). 

a. Parental strains and consomic line 

The phenotypic characteristics of the C57BL/6J, A/J and CSS1 mice were checked 

for normality using the Kolmogorov-Smirnov one-sample test. All results for the 
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parameter „activity in the total arena‟ within groups were found to be normally 

distributed. No difference (unpaired Student‟s t test, p<0.05) was found between 

the two genders, thus these data were combined. The significance of differences 

between C57BL/6J, A/J and CSS1 mice was calculated by a one-way analysis of 

variance (ANOVA) with strain as main factor. Homoscedasticity was tested using 

the Levene‟s test, which is powerful and robust test based on the F statistic. If the 

ANOVA showed significant effects the group means were further compared with 

the unpaired Student‟s t test. The unpaired Student‟s t tests were performed 

using pooled (for equal variances) or separate (for unequal variances) variance 

estimates. Equality of the variances was tested using the Levene‟s test. For the 

unpaired Student‟s t test with separate variance estimates, SPSS® uses the 

Welch-Satterthwaite correction. To take into account the greater probability of a 

type I error due to multiple comparisons, the level of significance for these 

Student‟s t tests was pre-set by 0.01695 (α = 1 – [1 – 0.05]1/c; c = number of 

comparisons = 3; Dunn-Šidák correction). In all other cases p<0.05 was taken as 

the criterion of significance. 

b. F2 animals 

Within each gender, the parameter „activity in the total arena‟ was normally 

distributed (Kolmogorov-Smirnov one-sample test, p > 0.05). Gender has no 

significant influence on this trait (unpaired Student‟s t test, p > 0.05). However, 

grandparent combination appeared to have a significant influence on the 

parameter „activity in the total arena‟ (one-way ANOVA, p<0.005; table 1). In 

order to carry out a genetic analysis using the three grandparent combinations 

together for the parameter „activity in the total arena‟, this phenotype was first 

normalized to a standard normal distribution (i.e. a distribution with a mean of 

„zero‟ and a variance of „one‟) in each „grandparent-combination-group‟. The 

measured individual values were subtracted by the mean established for that 

„grandparent-combination-group‟ and then divided by the standard deviation of 

that „grandparent-combination-group‟. Within the combined population this 

transformed variable had a Gaussian distribution according to the Kolmogorov-

Smirnov one-sample test (p>0.05). 

 

QTL analysis 

The location of the QTLs affecting the (transformed) parameter „activity in the 

total arena‟ and the variance explained by each locus were determined using the 

MapQTL software package (version 4.0) 162. Because the (transformed) 

parameter „activity in the total arena‟ was normally distributed, the interval 

mapping module was used. QTL analysis was also performed by MQM-mapping. 

MQM (multiple-QTL- model or marker-QTL-marker) mapping is more powerful 

than the traditional interval mapping approach (Jansen RC, 1994). This method is 

essentially a combination of interval mapping and multiple regression: the model 

involves regression both on QTL within an interval and on marker loci outside that 
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interval. Markers take over the role of nearby QTLs and are fitted as cofactors 

while testing for a single QTL elsewhere in the genome. This way, the cofactors 

function as a genetic background control and absorb most of the genetic effects 

of their nearby QTLs from the residual variance. As a result, the power of the QTL 

analyses is enhanced. Results were expressed as LOD scores.  Based on Lander 

and Botstein 163, having an average distance between the markers of 5.6 cM and 

taking into account that a genetic scan was performed across a single, complete 

chromosome rather than the entire genome, an association was assumed 

significant when the LOD score was ≥ 1.65. For MQM mapping, simulation studies 

have demonstrated that the thresholds derived for conventional interval mapping 

are still valid in many situations (Jansen RC 1994).  After grouping by genotype 

for the DNA marker flanking the peak of the QTL or at the peak of the QTL, trait 

comparison of the F2 animals was also performed. If a DNA marker and the trait 

of interest are segregating independently, the values of the trait will be equally 

distributed among the homozygote and heterozygote genotypes. The 

Kolmogorov-Smirnov one-sample test was used to check normality of these data. 

All data within genotype groups were found to be normally distributed (p>0.05). 

The significance of the difference between the genotype groups was calculated 

with the unpaired Student's t test. The mode of inheritance was chosen as free, 

additive, dominant or recessive according to the significance of differences in the 

mean values of the traits between mice that were homozygous C57BL/6J, 

heterozygous and homozygous A/J.  

 

Results 

Open field measurements A/J, C57BL/6J and CSS1 

The three inbred strains differ significantly in total activity (distance moved, cm) 

in the open field arena (one-way ANOVA: df=2,  F=1.92, p <0.001), Both CSS1 

and A/J mice showed a significant reduction in total activity in the open field 

compared to C57BL/6J, with CSS1 exhibiting an intermediate phenotype 

compared to the two parental strains (p<0.001 for all three comparisons, see 

figure 1). 

                                 

Figure 1. Distance 

moved in the open 

field for C57BL6/J, 

CSS1 and A/J mice. 

CSS1 showed an 

intermediate phenotype 

on total distance moved 

in the open field 

compared to it‟s 

progenitor strains  * 

p<0.001  
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Open field measurements and QTL analysis for CSS1-F2 population 

The total distance moved in the open field arena was examined for the CSS1-F2 

population (figure  2). 

 

 
 

 

 

 

 

Initial QTL analysis (interval mapping) revealed a QTL-peak for the parameter 

„activity in the total arena‟ at the marker at 179.989.475 bp with a LOD-score of 

1.67 (figure  3). As already stated in the Materials and methods-section 

grandparent combination had a significant effect on the parameter „activity in the 

total arena‟ (table 1, p<0.005), with grandparent-combinations 1 and 3 both 

showing, when compared with grandparent-combination 2, significantly higher 

levels of activity (1 vs. 2 p=0.011; 1 vs. 3 p=0.211; 2 vs.3 p=0.001). No gender-

grandparent interaction was found. In order to carry out a QTL analyses in which 

we correct for grandparent-combination-effects, we first transformed this 

phenotype. After QTL analysis (interval mapping) the QTL-peak for the 

transformed parameter had a LOD-score of 1.73 (results not shown). 

Additional cosegregation analysis (one-way ANOVA) revealed an association of 

the parameter „activity in the total arena‟ with the marker at 179.989.475 bp 

(p<0.024: homozygous C57BL/6J, 5487 ± 194, n = 22; heterozygous, 4909 ± 

Figure 2. Histogram of the CSS1-F2 population showing a right skewed 

distribution, indicating a consistent shift to lower average distance moved in 

the open field compared to C57BL/6J. Striped bar indicates C57BL/6J average 

distance moved.  
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107, n = 54; homozygous A/J, 4976 ± 209, n = 17). The difference in the mean 

values of genotype groups points to a dominant/recessive inheritance.  

A two-way ANOVA with marker and grandparent-combination as main factors 

showed interaction effects of markers at 23.832.440 bp (B) and 35.803.616 bp 

(C) and grandparent-combination (B*combination: p=0.003; C*combination:  

p=0.010). MQM mapping 164 with marker B and C as cofactor of the transformed 

parameter resulted in a QTL on the locus at 179.989.475 bp with a LOD-score of 

2.39, well above the significance chromosome-wide level (figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. LOD scores for open field horizontal distance moved in the CSS1-F2 

population. Grey line indicates initial QTL analysis without consideration of epigenetic 

or co-factor interactions; Black line indicates QTL analysis with incorporated grand-

parent genotype effect and genetic co-factor on chromosome 1.  The corresponding 

SNP number and genomic location (both in base pairs and cM) of the markers used 

are depicted below the x-axis. 
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Table I. Possible combinations of genotype of grandparent for CSS1-F2 individuals 

generated in this study and the total distance moved in the open field by the 

offspring (mean ± stdev). 

 

Combi-

nation 

Mother’s 

mother 

Mother’s 

father 

Father’s 

mother 

Father’s 

father 

Distance 

moved  

1 CSS1 C57BL/6J C57BL/6J CSS1 5121.4±860 

2 CSS1 C57BL/6J CSS1 C57BL/6J 4570.8±665  

3 C57BL/6J CSS1 C57BL/6J CSS1 5405.2±840 

 

 

 

Discussion 

Here we show the effects of epigenetic interactions on the localization of a QTL on 

mouse chromosome 1 for motor activity levels (horizontal distance moved) in the 

open field. A complex interplay was found between a QTL and a different locus on 

chromosome 1, influenced by grandparental effects. These interactions masked 

QTL detection, despite a significant and robust effect on motor activity levels in 

the open field. Possibly, these interactions also may have disturbed the 

identification of a QTL for open field activity in the study by Singer et al 56,157. 

This intricacy displays the multifaceted nature of behavior genetics and argues 

strongly for taking epigenetic and genetic interaction effects into account when 

searching for QTL. 

 

Although our QTL still compasses a large genetic region, based on previous 

research a number of interesting candidate genes can be recognized. For 

example, Kcnj9, located at the top of our peak and having several SNPs for 

C57BL/6J and A/J in coding regions, has previously been linked to basal 

locomotor activity124. Also, Atp1a2 has several SNPs in coding regions and has 

been found to be involved in emotion related behavior 92. However, due to the 

epigenetic interactions, more animals would be needed to further fine-map this 

region and further functional studies will be required to provide the QT-gene for 

this behavioral trait.  

 

MQM mapping identified a second position on MMU1 influencing open field 

activity, but obscuring the main QTL identification. Even though these effects 

complicate identification of linked loci, they also provide us with crucial 

information on the complex of multi-gene functioning. Possibly, focusing on gene-

networks (systems genetics) rather than a one-gene-approach provides the 

means to place the different genetic influences in the system that eventually 

causes the behavioral outcome 165.  
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The complication with epigenetics is that it is unfeasible to identify all factors that 

might have an influence on the behavior of an animal. Even a relatively small 

environmental disturbance may create significant effects, depending on the 

animals‟ sensitivity and reactivity to specific environmental events. However, a 

number of these environmental factors can be standardized in experimental 

laboratory settings and examined for their effects on behavior. Parental effects 

are one of the most examined environmental factors influencing an animal both 

during childhood, adolescence and adulthood. In the present study, it was found 

that animals with a C57BL/6J grandmother and/or a CSS1 grandfather show 

higher levels of activity than animals with a CSS1 grandmother and/or C57BL/6J 

grandfather (see also table 1). Whether there is a grandmother-origin-dependent 

effect and/or grandfather-origin-dependent effect can not be concluded from this 

study. However, a paternal effect is unlikely, as the C57BL/6J genotype generally 

causes an increase in activity compared to the CSS1 genotype, which shows to be 

reversed in the case of a (grand)paternal effect. As the male is removed from the 

cage once the female shows to be pregnant, this effect can not be caused by the 

father‟s behavior towards the pups. An indirect effect by the male on the mother 

during the early stages of pregnancy (e.g. stress levels) would be the only way in 

which the male‟s behavior could affect the pups.  

 

One other possibility in the case of a paternal effect would be the involvement of 

genetic imprinting.  However, as the roles of imprinted genes in mammals have 

been found to be mostly related to the control of embryonic and post-natal 

growth and development 166-168, the direct functionality of possible imprinted 

genes regulating activity levels under novelty is not clear-cut at this stage. 

Moreover, the effects shown here are not a direct effect of parent, but of 

grandparent. As science is currently just starting to understand possible 

mechanisms of imprinting, the way these effects would be transmitted across 

multiple generations is still unknown.   Furthermore, based on the direction of the 

behavioral effect, epigenetic effects originating from the (grand-) mother may be 

more likely. Not only maternal care can influence an animals response 169,170, but 

also the intra-uterine developmental environment 171,172; environment and 

interactions between these factors can shape an animals reactivity to 

environmental cues. Our data revealed that the epigenetic factor (grandparent 

effect) mainly influenced the secondary locus, which functioned as a cofactor, 

affecting open field activity. More specific research within our population would be 

needed to identify the environmental, genetic and molecular basis of this complex 

structure. 

 

By testing a CSS1-F2 population in both the open field and the automated home 

cage environment, we were able to identify a locus regulating baseline motor 

activity levels (Kas et al, 2008a), as well as replicate the identification of a 
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different locus at 177 Mb regulating novelty-induced motor activity levels in the 

open field. These two findings indicate that motor activity levels (horizontal 

distance moved) displayed are subject to complex genetic influence. In addition, 

the open field is a traditional behavioral test that measures integrated behaviors 

from several domains, such as general motor activity and anxiety levels (e.g., 

time spent in the open field centre). Also, novelty plays an important role in this 

setup, due to the short test period 35. At present, we show that baseline motor 

activity levels are under dissimilar genetic control than novelty based motor 

activity levels, as shown in the open field. By testing the same CSS1-F2 

population in an automated home cage environment, which allows continuous 

monitoring for several days, we were able to identify a small genetic region on 

chromosome 1 involved in baseline motor activity levels in the region of 79.9 Mb 
40 , whereas we show here that novelty induces motor activity levels being 

influenced by a QTL located around 177 Mb. Thus, by testing the same population 

in two different setups, we were able to identify two distinct regions involved in 

motor activity levels (horizontal distance moved) on chromosome 1 and make a 

functional distinction between these two regions.  

 

In conclusion we can say that both epigenetic and genetic interactions play an 

important role in the expression of open field behavior and must be taken into 

consideration when applying behavioral genetic strategies. Further, by using 

several and more sensitive behavioral testing paradigms, more distinct 

phenotypes can be acknowledged, aiding behavioral genetic research.  
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General discussion 
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To advance treatment of mood disorders, the neurobiology underlying 

these psychiatric disorders is of essential importance and not yet fully 

understood. However, there has been limited progress in unraveling the 

complex biological substrates underlying these disorders. As stated in 

chapter 1, the complexity of mood disorders obscures the identification 

of genes through approaches successful for single gene disorders 16,18. 

Even though there are many studies on the heterogeneity of mood 

disorders and obtaining data on endophenotypes, these studies show 

little integration of genetically informative sampling strategies. 

Conversely, most linkage studies focus solely on (complex) DSM-IV 

diagnostic criteria rather than on the rich array of endophenotypes 

present in familial studies, high-risk, and longitudinal research 21. Also, 

validating animal models for these multifaceted mood disorders has 

proven to be very complicated. The behavioral domain theory, as 

proposed by Kas et al.70(fig.1) provides novel prospects to finding 

underlying mechanisms and the use of animal models in mood disorder 

research by taking into account both the heterogeneity and multi-factorial 

nature (gene by environment interactions) of these complex disorders. 

 

As proposed in figure 1, the relation of a susceptibility gene to the 

behavioral domain is much more direct than to the eventual, complex 

psychiatric diagnosis. Further, the use of these behavioral domains 

increases the possibility to provide validity for animal models for these 

behavioral profiles.  

In this thesis, I propose to enhance behavioral profiling in mice by 

combining multiday continuous home cage recordings. This has been 

found to be essential, as standard, short lasting behavioral tests such as 

the open field measure behavior that results from several integrated 

domains, such as general motor activity and anxiety-related behaviors. 

Also, novelty plays an important role while testing under these 

conditions, due to the short test period (e.g., 5-60 minutes). We have 

succeeded in meeting this aim, by being able to differentiate between 

novelty induced and baseline motor activity levels, as well as by 

measuring these motor activity levels independently from avoidance 

behavior (chapters 2 and 3). By testing the chromosome substitution 

strain (CSS) panel in a designed living environment, we identified specific 

chromosomes involved in either motor activity levels or avoidance 

behavior (chapters 2 and 3). 
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To examine whether the preference for the sheltered platform was 

sensitive to benzodiazepines, i.p. injections of chlordiazepoxide were 

administered to male C57BL/7J mice. However, when tested in the home 

cage environment, the sedatory effects caused the animals to withdraw 

within the home base shelter for the duration the drug was effective. 

Therefore, osmotic mini pumps were implanted subcutaneously to 

administer the same dose per day for 1 week. On day 4 after 

implantation, animals were placed in the home cage environment.  

Figure 1. The behavioral domain concept across psychiatric diagnosis. 

The relationship of behavioral domains to susceptibility genes will be more 

direct than the relationship with clinical diagnosis, since the disease will be a 

more heterogeneous composite of behavioral traits, which are modulated by 

protective and adverse life events. The contribution of these life events can 

also be modeled in mouse where environment can be controlled and 

manipulated. Note that this schematic diagram is intended to be illustrative of 

a behavioral domain concept, rather than demonstrate associations, which are 

proven by genetic epidemiology. Behavioral domains can be deconstructed in 

endophenotypes that can be measured in both rodents and humans. 

(Reprinted by permission from Macmillan Publishers Ltd: Molecular 

Psychiatry70,copyright 2006) 
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With this regime, no sedative effects were measured, but the avoidance 

of the exposed feeding platform was indeed reduced (chapter 2). This 

shows not only that the preference measured in the home cage 

environment of C57BL/6J males is sensitive to benzodiazepines, and 

therefore might be anxiety-related, but also raises questions on the role 

sedative effects can play when using single injections of psychoactive 

drugs and short lasting behavioral paradigms.  

 

The finding that the home cage environment measures motor activity 

levels and avoidance behavior independently is strengthened by the fact 

that these parameters are under differential genetic control, as proposed 

in the second aim of this thesis. Chromosome 1 was found to be mainly 

involved in motor activity levels, whereas chromosome 15 and 19 were 

found to influence avoidance behavior (chapter 3). However, the 

genotype-phenotype relationship was found to be less than straight-

forward.  

 

For example, we found baseline motor activity levels to be under 

dissimilar genetic control compared to novelty induced motor activity 

levels as shown in the open field (chapters 5 and 7). For chromosome 

1, we were able to identify a small genetic region involved in motor 

activity levels under baseline (third day of testing) in the home cage 

environment at 79.9 Mb. Interestingly, for novelty induced activity, 

defined as motor activity in the first hour of recording, we find a 

significant QTL-peak (LOD 2.16, data not shown) located at the same 

marker as the peak for baseline distance moved (79.9 Mb), whereas the 

QTL peak for open field activity lies at 180 Mb. This raises the question 

whether this difference is due to the difference in time frame (10 minutes 

versus 1 hour) or epigenetic effects caused by the difference in 

behavioral testing conditions.  

 

Additionally, both CSS1 and CSS15 show a reduction in activity under 

novelty, both in the home cage environment as well as in the open field. 

However, for chromosome 1, novelty induced activity is influenced by two 

different loci for these two behavioral test, whereas for chromosome 15, 

this parameter maps to the same locus for both tests. Intriguingly, when 

testing the CSS15-F2 population, the locus for distance moved during 

novelty in the home cage environment was perfectly aligned with the 
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locus for open field distance moved (chapter 3). Apparently, there are 

both combined, as well as distinctly different genetic factors influencing 

novelty induced activity as measured in the home cage environment and 

open field. 

 

For chromosome 15, we found different genomic locations on the same 

chromosome involved in either baseline avoidance, novelty induced 

avoidance and novelty induced motor activity levels (chapter 3), again 

confirming the possibility to dissect complex behaviors within a single 

behavioral testing environment. For female baseline avoidance behavior, 

we demonstrated that at least 2 different chromosomes are involved in 

this phenotype (chapters 3 and 4), whereas both progenitor strains, 

C57Bl/6J and A/J, have no preference for either platform, showing the 

genetic complexity of this phenotype. This is an indication of the 

elaborate epistatic interactions influencing the eventual behavioral 

outcome.  

 

Finally, epigenetic influences can significantly alter behavior, but even 

modest changes in behavioral outcome can disturb QTL analysis, based 

on behavioral variation. As seen for CSS1 in the open field, as described 

in chapter 7, even the grandparent combination of an F2 animal can 

influence the eventual behavior two generations later. The fact that 

CSS1-F2 animals with a CSS1 grandmother and C57BL/6J grandfather 

have lower motor activity levels in the open field was introducing extra 

variability in the population and therefore complicating QTL identification. 

The exact mechanism of inheritance, either by maternal/paternal 

behavior or neurobiological underpinning is still unknown, but these 

factors should be taken into account when setting up for example 

breeding schedules and be used as co-factors in analysis. Remarkably, 

we did not find interactions like these for the home cage environment 

QTL analyses.  

 

Mapping genetic loci involved in behavior using inbred and consomic 

strains has proven to be very successful. However, chapter 6 illustrates 

that caution must be taken when making conclusions about the 

underlying mechanisms and where the identified genes generate their 

effects. Even though locomotor related behaviors are affected by a 

complex network, with different elements being of importance in the 
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various parts of the cortico-spinal tract, here we identify striking 

differences in ventral root anatomy between inbred strains. Although no 

direct correlation is found between motor performance and ventral root 

anatomy, for C57BL/6J and CSS1, two strains differing in only one 

chromosome, the morphology of the cortico-spinal tract does seem to 

relate to their differences in motor behavior. This raises the question 

whether haplotype mapping of complex phenotypes is indeed possible.  

 

The main aim of this thesis was to identify genes and/or genetic 

pathways for behavioral traits in mice that may be involved in the 

pathophysiology of psychiatric disorders. As described in chapters 3 and 

4, by systematically analyzing mouse behavior in a controlled 

environment under baseline conditions, we were able to show a link 

between two distinct genetic regions in the mouse influencing avoidance 

behavior, both homologous with human syntenic regions linked to bipolar 

disorder. For chromosome 15, significant expression differences between 

C57BL/6J and CSS15 female mice were found for Adcy8, adenylyl cyclase 

8, in the piriform cortex and ventromedial hypothalamus. Activation of 

adenylyl cyclase causes the conversion of ATP to cAMP, which serves as a 

second messenger, activating (amongst others) PKA (fig.2). Once 

activated, PKA phosphorylates various intracellular proteins, modifying 

hormonal and neurotransmitter responses and  conferring extracellular 

signals to intracellular changes. Interestingly, the QTL on mouse 

chromosome 19 contains genes which are also functional in the protein 

kinase A (PKA) signaling pathway.  

 

Recently, Dwivedi and Pandey reviewed the role of adenylyl cyclase-

cyclicAMP signaling, and especially the role of PKA within this signaling 

system, in bipolar and unipolar depression173. They conclude that “the 

majority of studies suggest that the changes in agonist-stimulated cAMP 

formation and catalytic activation of adenylyl cyclases are direct 

opposites in unipolar versus bipolar states, such that cAMP formation and 

adenylyl cyclases activity are decreased in unipolar and increased in 

bipolar disorder.” Further, the consistent finding of an increase in PKA 

catalytic activity in bipolar patients confirms that PKA and related 

signaling molecules may serve as important neurobiological factors in 

mood disorders and may be relevant in target-specific therapeutic 

interventions for mood disorders173.  
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Figure 2. Overview of the adenylyl cyclase–cyclicAMP signaling 

system. In this signaling pathway, the binding of agonists to receptors leads 

to the activation of G proteins, which in turn activate adenylyl cyclase. In the 

inactive state the α subunit of G protein is bound to GDP and to βγ subunits. 

The binding of agonists to receptors causes an interaction of receptors with G 

proteins, which, in turn, releases GDP in exchange with GTP. This leads to 

generation of α-GTP and a βγ subunits dimer. Both α and βγ subunits can 

interact with effectors. Activation of adenylyl cyclase causes generation of 

cAMP from ATP. cAMP binds to the regulatory (R) subunits of tetrameric PKA 

holoenzymes. The binding of cAMP to an R subunit lowers its affinity for the C 

subunit. This causes the release of free catalytic (C) subunits. The C subunit 

can catalyze reversible protein phosphorylation and irreversible 

phosphorylation of newly synthesized peptides. Phosphorylation of substrates 

can occur in the cytoplasm or, after translocation of the C subunits, in the 

nucleus. One of the substrates of PKA is transcription factor cyclicAMP 

response element binding protein CREB, which regulates transcription of many 

neuronally expressed genes, including brain-derived neurotrophic factor 

(BDNF). The exchange protein activated by cAMP (Epac) is stimulated by 

cAMP to exchange GDP with GTP on Rap-1. Rap can also be regulated by 

phosphorylation by a C subunit of PKA. Deactivation of PKA is achieved 

through degradation of cAMP to 5‟AMP by cAMP-specific phosphodiesterases. 

(Reprinted by permission from Y. Dwivedi; Adenylyl cyclase-cyclicAMP 

signaling in mood disorders: Role of the crucial phosphorylating enzyme 

protein kinase A. Neuropsychiatr.Dis.Treat173) 
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If the changes in behavior observed in CSS15 and CSS19 are indeed 

found to be caused by changes in the adenylyl cyclase-cAMP signaling 

pathway, testing these and other strains in the home cage environment 

as described in this thesis can provide us with a great opportunity not 

only to screen for other genes and cascades related to this pathway, but 

also to use a genetically validated model to search for effective treatment 

options influencing this biological signaling pathway. Future research will 

have to confirm whether avoidance behavior found in mice can indeed be 

validated as an endophenotype for human mood disorders by testing 

mood stabilizers effective in bipolar disorder and functional via the 

adenylyl cyclase-cAMP pathway (e.g. carbamazepine and lithium) in 

different strains in the home cage environment. 

 

Future perspectives 

The refinement of behavioral testing by using automated longitudinal 

monitoring of mouse behavior as described in this thesis has proven to be 

very successful. Combining this designed living environment with the 

testing of a sensitive genetic-mapping panel has allowed the dissociation 

of complex strategies both at a genetic and behavioral level in mice. As 

possible relevant translational results have been obtained by using the 

home cage environment, it holds great potential for future research on 

genetics and pharmacology.  

 

As described in this thesis, by combining different methods of research, 

progress can be made in the identification of genetic regions influencing 

behavior and the subsequent fine mapping of these regions. Diverse 

animal and human genetic mapping studies, neuro-anatomical- and gene 

expression profiling, and studying epigenetic influences can all aid in 

reducing the number of genes of interest within the QTL-interval. 

Advanced open web resources, such as WebQTL 

(http://www.webqtl.org), the mouse phenome database 

(http://www.jax.org/phenome) and web resources for data on 

heterogeneous stock (http://gscan.well.ox.ac.uk/), are currently being 

further developed to support merging data from different studies and 

increasing the resolution of genetic studies. However, these data sets 

only include mouse data. This thesis shows that genomic research would 

greatly benefit from a database allowing comparative genomics, in which 

not only different mouse strains, but also homologous genetic regions for, 

http://www.webqtl.org/
http://www.jax.org/phenome
http://gscan.well.ox.ac.uk/
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for example, the rat and/or humans could be aligned. Further, vast 

progress will need to be made in the methods used to analyze linkage 

and association studies. At this time, most analyses are still based on 

one-gene models, whereas the complex nature of these disorders will 

interfere with the finding of associated genetic and biological pathways. 

As bio- informatics is evolving at high speed at this moment, these 

systems and methods will surely advance and allow more powerful 

genomic research.   

 

For psychiatrists and pre-clinical scientists, it is important to increase 

collaboration and pool resources to identify valid measures of 

endophenotypes and behavioral domains to increase the power of both 

human and animal genetic association studies. This will create novel 

opportunities for the application of translational trait genetics, and 

thereby the discovery of new drug targets. For example, the DSM IV 

diagnosing method is based too much on the general phenotypical 

manifestation of certain psychiatric disorders, instead of appreciating the 

biological overlap within the pathophysiology of these “different” 

disorders, which is becoming more and more apparent. Also, validating 

animal models for these diseases has proven to be a challenging 

undertaking. Changing this system of diagnosis will however require a 

shift in the way both pre-clinical scientists and psychiatrists regard mood- 

and psychiatric disorders, which will take great effort and, especially, 

time. However, this thesis shows exciting results in the field of behavioral 

domains and its translational possibilities. Even though the functioning of 

avoidance behavior as a behavioral domain involved in bipolar disorder 

needs further confirmation, the genetic validation of these two behavioral 

profiles seems to hold promising perspectives for future research in this 

field.  
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Hoewel veel mensen ernstig lijden onder psychiatrische stoornissen, zijn 

de onderliggende mechanismen welke deze veroorzaken in het brein 

grotendeels onbekend. Dit gebrek aan kennis van de pathofysiologie is 

een van de redenen dat de meeste onderzoeken nog niet in staat zijn 

geweest specifieke en effectieve medicatie te ontwikkelen voor deze 

stoornissen.  

 

Een manier om de systemen in het brein te ontrafelen welke 

verantwoordelijk zijn voor psychiatrische stoornissen is genen te 

identificeren welke voor een verhoogd risico zorgen (hoofdstuk 1). Gezien 

psychiatrische stoornissen gedragsmatig complex zijn en beïnvloed 

worden door meerdere genen, is het mogelijk subtypen te onderscheiden 

in het gedrag (endo-fenotypen), welke een meer directe relatie hebben 

met de genen waardoor ze beïnvloed worden dan de gehele stoornis. 

Deze endo-fenotypen kunnen ook makkelijker met diermodellen 

onderzocht worden.  

 

Een van deze endo-fenotypen is het vermijden van potentieel gevaarlijke 

situaties – “avoidance”, ofwel vermijdingsgedrag. Door kooien te 

ontwikkelen waarin dit vermijdingsgedrag onafhankelijk kan worden 

gemeten van motor activiteit zijn we in staat om genen te ontdekken 

welke dit gedrag beïnvloeden (hoofdstuk 2). Het gedrag van de muizen 

wordt automatisch geregistreerd voor meerdere dagen. Zo wordt 

informatie verkregen zowel aangaande gedrag geïnduceerd door een 

nieuwe omgeving, als gedrag onder standaard omstandigheden. Dit was 

tot nu toe met de standaard gedragstesten niet mogelijk. De muizen 

kunnen in deze “thuiskooien” kiezen om te eten op een open, 

“onbeschermd” platform, of op een afgesloten, “veilig” platform. Indien 

een muis een voorkeur heeft om beschermd te eten, onderdeel van de 

aangeboren overlevingsstrategie, spreken we van een hoge “vermijding” 

(van de potentieel gevaarlijke situatie op het onafgesloten platform). 

Deze parameter is onafhankelijk te meten van motoractiviteit, en 

daardoor zeer specifiek te bepalen. Tevens hebben we aangetoond dat dit 

gedrag gevoelig is voor benzodiazepinen, medicatie voorgeschreven bij 

angststoornissen (hoofdstuk 2). 
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Bij chromosoom substitutie stammen wordt gebruik gemaakt van de 

genetisch verschillende achtergrond van inteelt muizenstammen. Door 

middel van kruising wordt een heel chromosoom van een bepaalde stam 

vervangen door het corresponderende chromosoom van een andere, 

gedragsmatig verschillende, muizenstam. Door dan het gedrag van deze 

chromosoom substitutie stammen te vergelijken met de parentale stam 

kunnen op zeer efficiënte wijze genetische regio‟s opgespoord worden 

welke het gedrag beïnvloeden (hoofdstuk 2).  

 

In dit proefschrift is het gehele chromosoom substitutie panel, gebaseerd 

op C57BL/6J als gast-stam en A/J als donor-stam, getest in de 

thuiskooien voor 3 dagen. Verschillende chromosomen werden gevonden 

welke ofwel motoractiviteit, ofwel vermijdingsgedrag beïnvloeden 

(hoofdstuk 3). Ook hebben we epigenetische (omgevings-) effecten 

aangetoond op motoractiviteitniveaus, in dit geval grootoudergenotype, 

welke mogelijk QTL-analyse kunnen beïnvloeden (hoofdstuk 7).  

 

Voor chromosoom 1 is een kleine genetische regio gevonden welke 

motoractiviteit niveaus beïnvloed (hoofdstuk 5). Voor het geïdentificeerde 

gen binnen deze regio is door middel van sequencing een mutatie 

gevonden in de 3‟UTR regio. Tevens is er een verschil in mRNA expressie 

niveaus van EphA4, een mogelijke “downstream target” van het causale 

gen, aangetoond in het brein tussen dieren met hoge en lage activiteit 

niveaus. Het is bekend uit andere studies dat dit gen intensief betrokken 

is bij de ontwikkeling van motor neuronen tijdens de groei. Neuro-

anatomisch onderzoek in het ruggenmerg en ventrale wortels welke de 

spieren van de achterpoten aansturen hebben aangetoond dat er 

significante verschillen zijn in de morfologie van de neuronen binnen het 

cortico-spinale systeem (hoofdstuk 6). Verder onderzoek zal nodig zijn 

om een mogelijk causaal verband tussen deze morfologische verschillen 

en activiteit niveaus aan te tonen.  

 

Dit proefschrift toont aan dat zowel chromosoom 15 als 19 betrokken zijn 

bij vermijdingsgedrag (hoofdstuk 3). Voor chromosoom 15 is een relatief 

kleine genetische regio gevonden welke geassocieerd is met dit gedrag. 

Indien we deze regio vergelijken met humane genetische associatie 

studies vinden we dat de homologe genetische regio bij de mens 

betrokken is bij manisch depressiviteit. Door gebruik te maken van een 
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humane genoom wijde associatie studie, waarin genetische verschillen 

tussen manisch depressieve patiënten en controles worden vergeleken, 

zijn 2 genen geïdentificeerd als  mogelijke kandidaat genen. Een van 

deze genen, Adcy8, vertoont expressie verschillen als functie van 

vermijdingsgedrag in de muis. Dieren met een verhoogd 

vermijdingsgedrag vertonen een verhoogde expressie van Adcy8 in de 

ventromediale hypothalamus en piriforme cortex (hoofdstuk 3). Deze 

beide hersengebieden zijn betrokken bij het verwerken van informatie uit 

de omgeving het doorgeven van deze informatie naar het limbisch 

systeem, het regulatie centrum voor emotie. Deze data komt overeen 

met eerder gevonden gedragsverschillen in muizen waarin dit gen werd 

“uitgeschakeld” (knock-out studies). Adcy8 is een adenylyl cyclase, een 

enzym wat voor de omzetting van ATP in cAMP zorgt, en is betrokken bij 

neurale plasticiteit. Tevens is het functioneren van het adenylyl cyclase 

systeem veranderd in manisch depressieve patiënten en is adenylyl 

cyclase een target voor medicatie voorgeschreven aan manisch 

depressieve patiënten, zoals lithium en carbamazepine. Deze bevindingen 

worden tevens gestaafd door het feit dat de genetische regio welke 

hetzelfde gedrag beïnvloed op muis chromosoom 19 ook homoloog is aan 

een humane regio welke betrokken is bij manisch depressiviteit, en dat 

binnen deze regio 2 genen liggen welke in dezelfde cascade betrokken 

zijn als adenylyl cyclase (hoofdstuk 4). 

 

Indien de veranderingen in gedrag gevonden voor chromosoom 

substitutie stam 15 en 19 inderdaad veroorzaakt worden door 

veranderingen in de adenylyl cyclase-cAMP cascade, kan het testen van 

deze en andere stammen in de thuiskooi, zoals beschreven in dit 

proefschrift, grote mogelijkheden bieden om niet alleen andere genen 

binnen deze cascade te identificeren welke betrokken zijn bij manisch 

depressiviteit, maar ook om een genetisch gevalideerd model te 

gebruiken om selectievere, individuele medicatie te ontwikkelen voor 

deze psychiatrische aandoening.  
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