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For animals, the ability to navigate an environment and to form lasting, yet flexible memories of 

preferred and avoided locations, is essential for foraging. Similarly, acquiring and consolidating 

events such as actions and outcomes, as well as to flexibly alter such associations is one of the 

core skills for survival. 

The importance of the mouse as an animal model in neuroscientific research has increased 

sharply in the past decade due to the vast amount of available genetic and molecular tools. 

However, mouse models of flexible learning, particularly in forms other than fear learning, have 

been scarce. Similarly, most previous animal studies attempting to elucidate the neuronal 

processing underlying memory consolidation processes used the rat as an animal model. 

The scope of this thesis is twofold: First, we studied acquisition and extinction of instrumental 

conditioning by quantitative genetics, which allows identifying the heritable background of 

behavioural traits as well as suggesting chromosomal areas and even genes attributed to them. 

We aimed to develop and validate a flexible appetitive learning protocol that would require a 

relatively low number of training sessions and allow high-throughput screening of mouse lines 

of interest. Using this training protocol, we characterized the performance of common inbred 

mouse strains in a series of appetitively motivated learning tasks. We also phenotyped a set of 

recombinant-inbred mouse lines using this task to assess the heritability and dissociability of 

different stages of operant/instrumental learning and subsequent extinction, and to distinguish 

chromosomal areas that regulate these stages. Furthermore, mouse lines with specific deficits 

in one or more of these stages have the potential to become mouse models in studying 

cognitive impairments and perseverative disorders. 

The second part of the thesis focuses on hippocampus-dependent spatial learning. Like operant 

behaviour, plasticity and spatial coding in the hippocampus are under genetic control. In order 

to dissect the neuronal processes that underlie acquisition and consolidation of spatial learning, 

we used a mouse model that lacks function of the Arc/Arg3.1 gene that has, on the one hand, 

been shown to play an important role in synaptic plasticity and that, on the other hand, has 

been associated with deficits in memory consolidation and in spatial learning. To bridge the gap 

between findings that describe the effect of loss of Arc/Arg3.1 function at the level of synaptic 

plasticity with behavioural findings, we recorded hippocampal neuronal spiking activity and 

local field potentials in behaving mice which were exploring different environments. 
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1.1. From behaviour to genes 

Although B.F. Skinner’s famous experiments were done in an operant chamber where the rat 

was working for a food reward, the majority of contemporary behavioural mouse studies has 

assessed the  learning capability of animals by using aversive conditioning protocols, for 

instance because these require very little training. However, when focusing on the architecture 

and mechanisms of learning as a cognitive process, aversive learning paradigms come with 

certain caveats: for instance, they expose the animals to a greater amount of stress and the 

learning curve is often very steep, which poses a challenge for finding subtle differences 

between strains. Furthermore, fear learning and reward learning may engage different 

neuronal mechanisms and brain areas. Finally, appetitively motivated tasks may help in 

elucidating mechanisms that underlie compulsive food seeking and addictions. Here, we set out 

to find relationships between genes or groups of genes and learning traits.  

1.1.1. Acquisition of appetitively motivated operant behaviour 

Classical (or Pavlovian) conditioning is a process in which a conditioned stimulus is consistently 

presented together with a second, unconditioned stimulus that acts as a reinforcer. This 

reinforcer is biologically relevant to the animal and can be positive, such as food reward, or 

negative, such as a foot shock. Over time, the conditioned stimulus becomes associated with 

the unconditioned stimulus, and the animal begins to react to the conditioned stimulus alone in 

a similar way as it would do in response to the unconditioned stimulus, for instance by excreting 

saliva, as Pavlov’s famous dogs did, or by freezing in anticipation of foot shock, indicating that 

the animal has formed an association between the presented stimulus and the subsequent 

outcome (Mackintosh, 1974; Dickinson, 1980). 

Pavlovian conditioning also forms a background to operant conditioning. Operant conditioning 

is a complex process that requires the capacity to form multiple associations. Unlike classical 

conditioning, the outcome is contingent on a voluntary action of the animal, meaning that the 

animal must be able to associate its action with the outcome. Furthermore, animals must be 

able to chain different actions such as lever pressing and nose–poking together in the correct 

order (Balleine & Dickinson 1998; Graybiel 1998; Suri & Schultz 1998; Corbit & Balleine 2003; 

Ostlund et al. 2009). 
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The majority of commonly used conditioning protocols does not enable researchers to assess 

whether these stages are dissociable and if so, such protocols do not allow to elucidate the 

genetic basis underlying the capacities required for operant learning. Dissecting the heritable 

background of operant learning allows us to identify mouse strains with specific deficits in one 

or more of these stages that can serve as mouse models for specific cognitive impairments, or 

construct mouse models with targeted mutations in these areas. 

Another incentive to study appetitive operant learning in mice was that, somewhat surprisingly, 

the positively reinforced instrumental learning performance of even the most common inbred 

mouse lines in cognitive tasks is not well characterized (but see e.g. Owen et al. 1997; Baron & 

Meltzer 2001; Isles et al. 2004; McKerchar et al. 2005; Hefner et al. 2008). This is a potential 

caveat in behavioural studies which use mouse models with targeted mutations, as the 

commonly used background strains, such as the 129 strain, usually differ in genetic composition 

and behavioural phenotype, stressing the importance of characterization and selection of the 

background strain (Crusio, 1996; Gerlai, 1996). 

1.1.2. Extinction of appetitively motivated operant behaviour 

Acquisition of operant learning itself is not sufficient for adaptive behaviour: associations and 

actions must also be flexible. As a result of overtraining or under pathological conditions, 

associative stimulus-response learning can also evolve into a form of habit learning: the 

response becomes detached from the outcome and therefore resistant to extinction even in the 

absence of the reinforcer. Rodent studies have shown that reward-seeking behaviour may 

become so persistent that it hinders the animal in abandoning acquired behaviour in changing 

circumstances as well as in effectively learning new stimulus–outcome relationships (Neuringer 

et al., 2001; Killcross and Coutureau, 2003). Similarly to acquisition of operant behaviour, 

extinction in mice has been studied predominantly in the context of fear conditioning (Stiedl et 

al., 1999; Waddell et al., 2004; Siegmund et al., 2005). A majority of studies examining positively 

reinforced conditioning has focused on extinction of substance abuse behaviour (Stolerman et 

al., 1999; Zghoul et al., 2007; Orsini et al., 2008) and even studies that use appetitively 

motivated responses often do so in a setting that is primarily serving addiction studies  (Lederle 

et al., 2011). 
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In humans, pathological conditions which involve behavioural inflexibility include e.g. 

schizophrenia (Elliott et al., 1995) and obsessive–compulsive disorder (OCD; Veale et al. 1996). 

Patients with these disorders show impairments in the Wisconsin Card Sorting Test (WCST), in 

which the subject has to adapt to changing rules - such as sorting cards according to either the 

number or colour of symbols - referred to as ‘set-shifting’ (Berg, 1948). Another maladaptive 

form of perseverative behaviour is compulsive seeking of drugs or food (Vanderschuren and 

Everitt, 2004; Latagliata et al., 2010). 

Extinction is not simply forgetting but a form of new learning in which "old" actions are omitted 

(Dickinson, 1980; Myers and Davis, 2006; Quirk and Milad, 2010). It is thus not surprising that 

acquisition and extinction appear to engage different brain areas. Extinction has been studied 

predominantly in the context of fear conditioning. Rat studies have linked acquisition of cue-

dependent fear conditioning to the amygdala, whereas its extinction has been associated with 

the ventromedial prefrontal cortex (Milad & Quirk 2002; Morgan et al. 2003) and inferior 

prefrontal cortex in humans (Konishi et al., 1998). Studies that link extinction of appetitive 

operant learning with specific brain areas have been scarce, but a mouse study has shown that 

lesions to the dorsal hippocampal Cornu Ammonis area 1 (CA1) impair extinction but not 

acquisition of appetitive operant learning (Dillon et al., 2008). 

Multiple neurotransmitters have been suggested to regulate cognitive flexibility, reversal 

learning and extinction. Several rat studies have indicated that activation of cholinergic 

pathways, particularly those originating from the basal forebrain, promotes reversal learning 

and extinction of operant behaviour (Mason, 1983; Cabrera et al., 2006). Animal studies have 

shown that serotonin depletion in the prefrontal cortex may cause the animal to stick to 

previously learned (but no longer effective) rules as observed in WCST in human patients 

(Clarke et al., 2004) and serotonergic systems are implicated also in compulsive lever pressing 

for food (Joel et al. 2004; Schilman et al. 2010). 

The latter finding is particularly interesting in the light of the serotonin hypothesis of OCD and 

the findings that some human OCD patients benefit from treatment with selective serotonin 

reuptake inhibitors (SSRIs; Insel et al. 1985; Barr et al. 1993). Consistent with this, anxiety and 

OCD-like symptoms could be ameliorated by SSRIs in some mice models of OCD (Welch et al. 
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2007; Shmelkov et al. 2010). Interestingly, eating disorders are comorbid with OCD (Fontenelle 

et al., 2005; Jiménez-Murcia et al., 2007). 

1.1.3. Quantitative genetics 

In the past years, animal models, particularly genetically engineered mice, together with clinical 

findings in human populations, have increased our understanding of the role of genes in 

cognitive processes such as memory and learning. However, animal models with cognitive 

deficits have usually been created to model neuropsychiatric disorders, in which a wide 

spectrum of symptoms is present, rather than to express deficits limited to specific phenotypic 

traits (e.g. The Dutch-Belgian Fragile X Consortium et al. 1994; Van Dam et al. 2000; Koistinaho 

et al. 2001; Khelfaoui et al. 2007; Morice et al. 2008). Confounding factors such as changes in 

sensory function, locomotor activity and anxiety level, often observed in these model animals, 

make it challenging to interpret the observed impairments in the cognitive domain. 

Furthermore, susceptibility to cognitive dysfunctions is mostly affected by quantitative effects 

of groups of genes, rather than single genes (e.g. Valdar et al. 2006). Moreover, even though 

the mouse genome has been mapped, the function of most of the genes is still unknown, 

making the identification of genes for targeted mutations challenging. 

An alternative approach is to correlate behavioural traits and chromosomal areas by genome-

wide scanning. Instead of studying how a change in a single gene affects behaviour, genome-

wide linkage studies allow correlating a change in behaviour with the complete genetic layout 

of the organism. This is particularly useful when studying complex traits such as cognitive 

functions, which are regulated by multiple chromosomal loci. This complementary approach 

also provides substrates for molecular and genetic engineering and allows assessing convergent 

control of complex traits by multiple chromosomal areas. 

Human genome-wide association studies (GWAS), which compare single nucleotide 

polymorphisms (SNPs) between affected and control populations, have provided interesting 

insights into disorders with a polygenic, heritable background:  by combining data on variability 

of a given trait, such as occurrence of a specific disease, and chromosomal variability in a 

population, the trait can be linked with the chromosomal area(s) that control(s) it.  However, 
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large cohorts of suitable human populations that have been tested for both the trait and 

chromosomal area of interest are scarcely available.  

Hence, neurogeneticists have developed sets of recombinant inbred (RI) mouse lines with 

known chromosomal recombinations, which allow mapping the whole genome for the trait of 

interest. These RI mouse lines can then be screened for virtually any trait, be it morphological, 

physiological or behavioural, in order to associate the trait with particular chromosomal areas 

in the mouse genome. When done with sufficient precision (number of tested strains as well as 

number of subjects per strain), it is often even possible to point out candidate genes that 

regulate a particular trait. Another advantage is that the mouse genome has been thoroughly 

studied in the past decade, meaning that there are extensive, open databases providing 

information on expression of genes as well as what is known of their function. 

One of the most remarkable sets of recombinant inbred strains are the so-called BxD mouse 

lines developed from the widely used inbred laboratory mouse strains C57BL/6J and DBA/2J 

(Peirce et al. 2004; for a breeding scheme of BxD mice, see Fig. 1). Both the parental strains and 

80+ offspring recombinant inbred lines have been fully genotyped and have a high number of 

unique chromosomal recombinations, resulting in highly variable phenotypes. This makes BxD 

lines very suitable for studying heritable components of complex traits, such as in the domain of 

cognition and behaviour. Another advantage is that there is a large database of phenotypic 

traits of these strains, as well as a web-based online tool (WebQTL) that allows easy 

identification of chromosomal areas that are associated with specific traits 

(http://www.genenetwork.org). Moreover, extensive availability of mouse genome data helps 

in narrowing down the genes of interest even further (Chesler et al., 2004; Williams, 2006; 

Williams and Mulligan, 2012). 

Early BxD studies of behavioural traits focused predominantly on substance abuse (Tolliver et al. 

1994; Gehle & Erwin 1998; Jones et al. 1999; Kirstein et al. 2002) and fear conditioning (Owen 

et al. 1997; Reijmers et al. 2006; Yang et al. 2008), leaving the genetic background of behaviour 

motivated by naturalistic rewards virtually unexplored (but see for instance Brennan, 2004; 

Loos et al., 2009). 
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However, studying the genetic background of appetitively motivated tasks allows dissecting the 

genetic background of learning further in a setting that is less stressful for the mice than 

paradigms using e.g. foot shock, brightly lit environments or immersion in water.  Furthermore, 

aversive and reward learning may be mediated by distinct pathways and involve different 

neural processes. Finally, appetitively motivated tasks may help us understand compulsive 

behaviour (particularly compulsive and binge eating) and offer putative models for other 

perseverative disorders. 

 

Figure 1. Illustration of creation of 

BxD strains.  

This figure illustrates the creation 

of BxD recombinant inbred mouse 

lines. Progenitor lines C57Bl/6J 

(‘B’) is crossed (‘x’) with DBA/2J 

(‘D’) and the offspring brother-

sister pairs are further inbred for 

multiple generations , allowing 

unique, stable recombinations of 

C57Bl/6J and DBA/2J genome to 

form. ©Netherlands Institute for 

Neuroscience, Group of Christiaan 

Levelt.
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1.2. Acquisition and consolidation of spatial learning in the 

hippocampus 

While operant learning requires binding actions and outcomes together, it is obvious that 

natural environments are usually much more complex than operant chambers. To survive in 

their habitat, animals have to be able to integrate multiple sensory stimuli, navigate their 

environment effectively and associate particular locations and objects in the environment with 

food sources and potential threats. 

One of the structures that have previously been shown to be important in spatial learning and 

navigation is the hippocampus. The first evidence for this came from lesion studies, which 

showed that rats (Morris et al. 1990) and mice (Logue et al., 1997) with hippocampal lesions 

were severely impaired in navigation based on extra-maze cues. In rodents, the two hippocampi 

are located underneath the corpus callosum. Hippocampus receives input from the neocortex 

mainly through the parahippocampal region that surrounds the hippocampus, particularly 

entorhinal cortex (for a detailed overview on the anatomy and connectivity of hippocampus and 

its surrounding regions, see Witter 1993). 

1.2.1. CA1 pyramidal cells and their spatial selectivity 

In a dark environment devoid of external cues, rodents with an intact hippocampus can 

navigate based on idiothetic cues (i.e. self-motion, based on their own body movements). 

However, in environments in which external cues are available, rodents use these to adjust 

their internal map of the environment, which is thought to depend on place-specific firing of 

hippocampal place cells (O’Keefe & Dostrovsky 1971; O’Keefe 1976; but see Shrager et al. 2008) 

and entorhinal grid cells, which fire at specific grid points that are regularly spaced apart 

(Hafting et al., 2005). Hippocampal place cells undergo a dramatic increase in firing rate when 

the animal is in or around their preferred place, referred to as their place field. 

Studying place memory has also been proposed to serve as a proxy to studying episodic 

memory in rodents (O’Keefe & Nadel 1978; Buzsáki 2005; Bird & Burgess 2008). It is not too 

surprising that the hippocampus serves a role in both consolidation of episodic-like memory 

and spatial navigation: According to Tulving (1972), human episodic memory includes conscious 
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recall of “what”, “where” and “when”, i.e. besides the knowledge component attributed to a 

particular event, it includes spatial and temporal components. Clayton and Dickinson (1998) 

argue that spatial navigation can represent the “where” component of episodic-like memory in 

animals. 

Furthermore, spatial coding and learning are entwined: place cell activity in area CA1 is not 

static, but can be modulated by learning (Lever et al., 2002). One form of modulation is 

clustering of place fields near reward locations, which has been observed in CA1 but not CA3 

neurons in rats (Hollup et al., 2001; Dupret et al., 2010). Other rat studies have reported that 

firing rates of hippocampal place cells can increase in conjunction with reward expectation 

(Hölscher et al., 2003) or changes in reward contingencies (Wikenheiser and Redish, 2011). 

1.2.2. Oscillatory activity in hippocampus: relationship with 

episodic and spatial learning 

1.2.2.1. Theta activity 

The spatially selective firing behavior of hippocampal CA1 cells cannot be understood without 

considering rhythmic phenomena as observed in locally recorded field potentials, which largely 

reflect mass synaptic activity in this area. 

Hippocampal theta oscillations (6-10 Hz as registered by intra-hippocampal local field potentials 

in rodents; 3-8 Hz in human scalp EEG recording) are prominent during the awake state and 

were first described in animals by seminal work of Green and Arduini (1954). The first account 

of the role of hippocampal theta oscillations in coordinating behaviour came from Whishaw & 

Vanderwolf (1973), who associated theta rhythm with voluntary behaviours such as locomotion 

and exploration. Later, theta rhythm has been indicated to have a manifold role.  

Time locking of theta rhythm to the onset of a conditioned stimulus (Buzsáki et al. 1979) tied 

this rhythm to reward-dependent learning. Increased theta power has indeed been shown to 

predict learning performance, e.g. in a classical conditioning task in rabbits (Berry and 

Thompson, 1978) and an implicit word learning task in humans (Klimesch et al. 1994; 1996). 

Hippocampal  theta rhythm has been suggested to serve also  episodic-like learning in rats 

(Yamaguchi et al. 2004; Buzsáki 2005). 
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Theta-related enhancement of episodic learning may be partially mediated by increased phase-

locking of neuronal firing to theta oscillations: the strength of phase locking of hippocampal and 

amygdaloid neurons predicts memory performance in epileptic patients (Rutishauser et al., 

2010a). This phase-locking is usually not very tight because of theta phase precession (see 

below). 

Furthermore, hippocampal theta oscillations appear to be closely tied to spatial coding and 

navigation, the ‘where’ component of episodic-like memory. In the rodent brain, place cell firing 

rate is positively correlated with theta power and in healthy human subjects, hippocampal 

theta power is correlated with navigation performance (Cornwell et al., 2008). 

Similarly to observations of phase locking during learning tasks, hippocampal place cells have a 

tendency to fire at a specific phase of the theta cycle, given that the animal occupies a certain 

place in its environment. This preferred phase advances as the animal moves through the place 

field, a phenomenon known as theta phase precession (O’Keefe and Recce, 1993). When the 

animal runs though the environment, portions of the temporal sequence of CA1 pyramidal cell 

place fields are repeated within individual theta cycles in a compressed form, a phenomenon 

known as sequence compression.  This combination of replication and compression has been 

hypothesized to facilitate long-term potentiation, promoting learning of experienced 

sequences, even after a single trial (Skaggs et al., 1996; Sato and Yamaguchi, 2003). Phase 

precession is a manifestation of temporal coding, a mechanism by which neurons encode 

information by the exact timing of spikes. It is not limited to spatial learning, but has been 

shown to occur also in non-spatial behaviours (Harris et al., 2002; Pastalkova et al., 2008).  

Besides locking of hippocampal neurons to the local theta rhythm, neurons in the rat medial 

prefrontal cortex (mPFC; Jones & Wilson 2005; Benchenane et al. 2010) and ventral striatum 

(Berke et al. 2004; Lansink et al. 2009; DeCoteau et al. 2007; van der Meer & Redish 2011) have 

been shown to lock to hippocampal theta phase. Thus, phase coding may allow functional 

connectivity between hippocampus and mPFC, associated with processes such as decision-

making, rule-learning and working memory (for a recent review, see e.g. Curtis and Lee, 2010), 

as well as hippocampus and ventral striatum, which may account for appetitive contextual 

learning (Schacter et al., 1989; Sutherland and Rodriguez, 1989; Ito et al., 2008; Pennartz et al., 

2009, 2011). 
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Theta is by no means unique to hippocampus: prominent theta rhythm has been observed e.g. 

in the sensory cortices (Raghavachari et al., 2001) and prefrontal areas (van Wingerden et al., 

2010). It has been suggested that theta phase coding is not limited to hippocampal oscillatory 

activity, but serves as a more general coding mechanism in the brain (Lisman 2005). Grid cells in 

the rat entorhinal cortex show theta phase locking very similar to that observed in the 

hippocampus (Reifenstein et al., 2012) and in monkeys theta/alpha phase locking of visual 

cortical neurons during a working memory task has been observed (Lee et al. 2005). 

Furthermore, phase coding engages also other rhythms besides theta, most importantly gamma 

rhythm. 

1.2.2.2. High-frequency beta activity 

Beta band activity (14-30 Hz in rodents) has been coupled predominantly with locomotion and 

motor activity by previous studies in humans and other primates (Sanes and Donoghue, 1993; 

Pfurtscheller et al., 1996; Klostermann et al., 2007), although later studies have suggested it to 

have a role also in, for instance, functional coupling of neuronal activity over large distances 

(Kopell et al. 2000) and maintenance of the current cognitive set and anticipation of future 

events (Engel and Fries, 2010). While human studies have linked activity in the low beta (15-20 

Hz) range with short-term memory and processing of novel visual (Tallon-Baudry et al., 1999) 

and auditory (Haenschel et al., 2000) stimuli, little is known about possible dissociable roles of 

low and high beta in rodents. 

In mice, bursts of high beta activity (beta-2; 23-30 Hz) are observed in CA1 and CA3 during laps 

of exploration through novel environments and are attenuated when the environment becomes 

more familiar.  

More generally, beta activity in rodents is often observed in olfactory bulb as a response to 

odours, however, introducing novel odours to an animal in a familiar environment does not 

significantly increase beta-2 oscillations in the hippocampus (Berke et al., 2008) Furthermore, 

hippocampal beta-2 also does not covary with theta, which further supports the suggestion that 

beta-2 has a  specific role in novel environment exploration (Berke et al., 2008). This is 

somewhat in contrast with the previous roles assigned to beta-band activity. However, it should 

be noted that many of the earlier studies have not distinguished between high beta and low 
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beta (beta-1; 14-20 Hz) activity, possibly confounding the distinct roles of these two frequency 

bands. 

Transient blockade of CA3 NMDA receptors by viral vector infusion,  which has previously been 

shown to be crucial for within-session spatial learning (Nakazawa et al., 2003), disrupts novelty-

evoked beta-2 oscillations in CA1 and CA3. Beta-2 entrainment of CA1 and CA3 neurons may be 

mediated by increased place-specificity of hippocampal place cells (Berke et al., 2008), which 

might facilitate more effective encoding of spatial information when pyramidal cells, 

orchestrated by beta-2, are more likely to fire during a narrow time-window that is promoting 

plasticity changes (Bi and Poo, 1998; Berke et al., 2008). 

1.2.2.3. Gamma activity 

Learning and neural plasticity may also be controlled by gamma oscillations (humans: 25-100 

Hz; rodents: 35-100 Hz), which have been linked among others with cognitive functions such as 

top-down control of stimulus processing in thalamocortical networks (for a review, see Engel et 

al. 2001), visual attention (e.g. Fries et al. 2001; Melloni et al. 2007), working memory (Lisman & 

Idiart 1995; Fuster 2000; Jensen &  Lisman 2005; van Vugt et al. 2010) and awareness (Engel et 

al. 1999), and remains the most hotly debated local field potential (LFP) phenomenon 

During each gamma cycle, a group of neurons fires synchronously. Gamma may subserve 

cognitive functions by grouping neurons that fire together into distinct gamma cycles, thus 

binding together the ensembles that represent information related to a particular object or 

feature (Von der Malsburg and Schneider, 1986; Singer, 2000; Perez-Orive et al., 2004; but see 

e.g. Shadlen and Movshon (1999) for a critical review). 

Besides being prominent in e.g. sensory cortices (Adrian, 1942; Gray et al., 1989), gamma 

oscillations are also found in the hippocampus, where both interneurons and principal cells may 

fire preferentially at a given gamma phase (Bragin et al. 1995; Hájos et al. 2004; Lisman 2005; 

Tukker et al. 2007). However, besides serving as a scaffold for single unit firing, gamma may also 

organize neuronal firing patterns in concert with theta.  

Gamma power has been shown to covary with hippocampal theta phase, both in the 

hippocampus (Bragin et al., 1995) and other brain areas such as ventral striatum (Tort et al., 
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2008) and various areas of the neocortex (Chrobak & Buzsáki 1998; Canolty et al. 2006; 

Sigurdsson et al. 2010; Scheffzük et al. 2011). This led to the hypothesis that theta and gamma 

may function together, allowing encoding of multiple units of information, nested in theta 

cycles, in a sequential order and preserved by gamma cycles (Lisman, 2005; Senior et al., 2008; 

Colgin and Moser, 2010). 

1.2.3. Memory consolidation 

Memory consolidation is the process by which initially stored memories become more resilient 

to interference and disruption (Müller & Pilzecker 1900). Influential for the concept of short-

term to long-term memory transfer and memory consolidation was the famous case of patient 

H.M., who had large parts of his temporal lobes removed to treat his severe epilepsy, which 

was resistant to medication. After surgery, H.M. was able to learn new skills and perform well 

on working memory tasks such as the “Tower of Hanoi” task, but was unable to form and 

consolidate new episodic long-term memories. Furthermore, he had forgotten recent memories 

that preceded the operation (Scoville and Milner, 1957), whilst more remote, already 

consolidated memories were intact, in accordance with Ribot’s law (Ribot, 1881). 

Animals, particularly mammals and birds, express behaviour that is indicative of episodic 

("what, where and when") memory, such as remembering the spatial locations and contents of 

food caches as well as how long the food had been stored there (Clayton and Dickinson, 1998). 

Therefore this type of memory is often characterized as "episodic-like".  Later on, animal 

studies confirmed the instrumental role of the hippocampus in consolidation of episodic-like 

memories. The hippocampus is an allocortical structure which in primates is located in the 

medial temporal lobe. Lesions to this structure result in a phenotype that resembles in many 

ways that of H.M.: spatial and contextual learning are attenuated, and memory consolidation of 

explicit learning is impaired. Furthermore, rats with large hippocampal lesions exhibit a 

temporally graded retrograde amnesia (Morris et al. 1990; Logue et al. 1997; Winocur et al. 

2001; for a review, see Morris 2001). 

More recent studies have shown this role to be limited to a relatively short time window, after 

which memory becomes less dependent on the hippocampus: For instance, contextual fear 

responses are abolished in rats that received hippocampal lesions one day after contextual fear 

conditioning, but not if the lesioning was delayed from one week to 4 weeks (Kim & Fanselow 
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1992). Similarly, mice show impaired retention in the trace eyeblink conditioning test after they 

received lesions the day after training, but not if they were lesioned 4 weeks after (Takehara et 

al., 2002).  

This transfer of the dependence of memory traces from hippocampus to neocortex has been 

suggested to apply to the generation of semantic knowledge (schemata), whereas hippocampus 

would remain important, also after prolonged times, for storing episode-like memories (Nadel 

& Moscovitch 1997; Rosenbaum et al. 2001; Winocur et al. 2007; Battaglia et al. 2011; Tse et al. 

2011). In this view, which contrasts with the hypothesis of a time-dependent 'memory transfer' 

from hippocampus to neocortex, the hippocampus continuously mediates episodic memory 

processes whereas semantic knowledge, generated from individual episodic memories, would 

be primarily stored in neocortex. 

However, a rat study using classical trace eyeblink conditioning showed that the role of 

hippocampus in maintaining episodic-like memories decreases over time due  to the circuitry 

being reorganized to rely mostly on medial prefrontal cortex (mPFC) and cerebellum instead of 

hippocampus (Takehara et al., 2003), supporting the original hypothesis of transfer of episodic 

memory from hippocampus to neocortical structures over time (O’Keefe and Nadel, 1978). 

1.2.3.1. Sleep-dependent enhancement of memory consolidation 

Animals spend significant periods of time asleep and sleep deprivation  leads to compromised 

cognitive and immune system functions (Imeri and Opp, 2009). While the reasons for the 

importance of sleep for physical and mental well-being are largely elusive, it has been shown 

that sleep deprivation impairs learning in a manner that cannot be explained purely by non-

specific factors such as fatigue and concomitant loss of arousal or attention (for reviews, see 

e.g. Stickgold 2005; Stickgold & Walker 2005). 

The first evidence for the role of sleep in memory consolidation came from human studies 

(Ekstrand, 1967). Later studies have corrected for the effects of circadian time (Barrett and 

Ekstrand, 1972), arousal and fatigue (Stickgold et al. 2001). Both animal and human studies 

suggest that the memory-enhancing effects of sleep are limited to a certain time window 

following learning (for a review, see Sara 2010). In mice, sleep deprivation shortly after 

acquisition of a novel object recognition task impairs recognition when tested 24 hours later 
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(Palchykova et al., 2006), but this effect did not occur when mice were sleep-deprived 6 hours 

after acquisition, consistent with human studies showing similar effects (e.g. Stickgold et al. 

2000). 

Different sleep stages have been argued to support different types of learning. In humans, slow-

wave sleep (SWS), which is characterized by slow, large-amplitude oscillations in the neocortex, 

is essential particularly to episodic, hippocampus-dependent memory (Gais et al. 2000; 

Peigneux et al. 2001; Hoffman et al. 2007; Van Der Werf et al. 2009). The importance of rapid 

eye movement (REM) sleep, accompanied by wake-like neocortical desynchronized EEG activity, 

for consolidation processes is debated (for a review, see Siegel 2001), but it may improve 

hippocampus-independent implicit learning, such as motor skill formation (Karni et al. 1994; 

Maquet et al. 2000; Rasch et al. 2007; Stickgold et al. 2001) and eyeblink conditioning (Ohno et 

al., 2002), which are associated with the cerebellum and corticostriatal circuitry, as well as 

amygdala-dependent emotional learning (Wagner et al., 2001). 

Similarly to human studies, studies in rodents suggest that the role of sleep depends on the 

type of learning. Sleep has been shown to facilitate spatial learning but not non-spatial learning 

in rats (Hairston et al., 2005) and context- but not cue-dependent fear conditioning memory in 

mice (Cai et al. 2009), indicating that processes that take place during sleep promote 

particularly hippocampus-dependent memories.   

Sleep restriction studies have often been criticized for not being able to dissociate the effect of 

sleep restriction from the nonspecific effects of fatigue or stress caused by the sleep restriction 

protocol. Both chronic (Pham et al., 2003) and acute (Thomas et al., 2007) stress have been 

shown to suppress neurogenesis in the hippocampus (for a review, see Mirescu & Gould 2006) 

and the consolidation-impairing effects of sleep restriction have been suggested to be at least 

partially mediated by inhibition of learning-induced neurogenesis in the hippocampus (Hairston 

et al., 2005). However, a recent mouse study avoided these caveats by stimulating arousal-

regulating hypocretin/orexin neurons optogenetically, thus disrupting sleep. Fragmenting sleep, 

while keeping its overall duration intact, impaired consolidation of a novel object recognition 

task. Furthermore, the authors suggest that, because their stimulation method did not 

significantly alter duration of REM sleep fragments, their findings indicate that memory 

consolidation requires continuous episodes of SWS (Rolls et al., 2011). 
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1.2.3.2. Hippocampal sharp wave–ripples correlate with learning performance 

Taken together the findings which, on the one hand, indicate the hippocampus to play an 

important role in memory consolidation, and on the other hand, suggest sleep to enhance 

consolidation of at least episodic types of memory, it seems likely that neuronal processes that 

drive memory consolidation would take place in the hippocampus during SWS. 

One of the most striking LFP patterns observed predominantly during sleep is the hippocampal 

sharp wave–ripple complex (SWR); the synchronous event with the highest oscillation 

frequency known in the healthy rodent brain (Chapter 5; Fig. 1B-C). When recorded from 

hippocampal area CA1, sharp waves are CA3 afferent-induced, population-level depolarizations 

of pyramidal cells and interneurons (Buzsáki et al. 1983; Csicsvari et al. 2000). They often 

appear concomitantly with high-amplitude, high-frequency (100-250 Hz) oscillations abundant 

in the CA1 pyramidal layer during sleep and quiet wakefulness  (O’Keefe & Nadel 1978; Buzsáki 

1986), but have also been observed during exploration and consummatory behaviors (eSWRs; 

O’Neill et al. 2006; Chen et al. 2011). This waxing and waning oscillation is called a ' ripple'. 

During SWRs, pyramidal cells engage in synchronous firing activity. The transient population 

bursts occurring during hippocampal ripples are thought to promote synaptic plasticity: they 

are rather similar in terms of frequency and involvement of population activity to tetanic stimuli 

used to induce long-term potentiation (Ylinen et al. 1995; Buzsáki 1989; Draguhn et al. 1998). 

Ripple activity is temporally associated with strong changes in excitability in structures 

connected to the hippocampal formation, such as VS and mPFC, underscoring its major impact 

on off-line information processing in target structures (Siapas & Wilson 1998; Pennartz et al. 

2004). 

SWR activity has been shown to increase during a sleep episode subsequent to exposure to a 

novel experience relative to baseline ripple density during sleep that preceded learning 

(Ramadan et al., 2009). An additional  increase (i.e., relative to a novelty-only situation) can be 

observed after animals learn to perform a behavioural task, with increased SWR activity during 

sleep that follows training correlating with learning performance (Eschenko et al. 2008; 

Ramadan et al. 2009; Singer & Frank 2009). More specifically, it has been shown in rats that not 

only the number of ripple events per sleep episode, but also their increased intrinsic frequency 

and amplitude, may correlate with learning performance (Ponomarenko et al., 2008).  
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In awake animals performing a task, the firing rate of hippocampal CA3 cells during SWRs has 

also been observed to be enhanced by a reward (Singer & Frank 2009), possibly promoting 

remembering salient experiences (Carr et al., 2011). It has also been suggested that the rate of 

ripple events may be increased during memory retrieval, although more briefly (Eschenko et al., 

2008). 

Thus far, the evidence for a role of ripples in learning and consolidation has been correlative. 

However, interfering with ripple activity during a sleep episode that follows training has been 

shown to impair spatial learning performance (Girardeau et al. 2009; Ego-Stengel & Wilson 

2010). This effect would appear to be dependent on CA3 output: A study using an inducible 

CA3-TeTX (tetanus toxin) transgenic mouse model showed that bilateral disruption of synaptic 

transmission via inducible expression of TeTX in the Schaffer collateral–CA1 synapses briefly 

after contextual fear conditioning, while the memory is still labile, impairs consolidation. This 

impairment is accompanied by decreased intrinsic ripple frequency, even though ripple rate 

remains intact (Nakashiba et al., 2009). The remaining SWR activity may be generated by CA1 

alone, plus its remaining set of afferent inputs e.g. originating in the entorhinal cortex (Buzsáki 

et al. 1992). 

1.2.3.3. Replay of previously experienced events may facilitate memory 

consolidation 

While SWRs appear to be linked to memory consolidation, the exact process behind the link is 

elusive (but see Pennartz et al. 2002). It has been suggested that SWRs may promote 

reactivation by triggering firing through excitation of neurons that would otherwise be silent 

and did take part in encoding the memorized experience (Buzsáki, 1989; Csicsvari et al., 1999; 

Kudrimoti et al., 1999).  

In humans, presentation of a task-related cue during sleep has been shown to enhance post-

sleep learning performance, probably due to triggering reactivation of circuits that were active  

previously during learning  (Rasch et al., 2007; Rudoy et al., 2009). Despite challenges in 

replicating these findings in animals (for a review, see Hennevin et al. 2007), preliminary data 

from rats suggest that the content of hippocampal replay can be biased by presenting task-

related sounds during sleep (Bendor and Wilson, 2012). 
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During SWRs, neuronal patterns characteristic of previous behavioral activity are often replayed 

in a rapid, time-condensed manner which preserves the temporal order of the firing sequences 

(Skaggs and McNaughton, 1996; Euston et al., 2007; Lansink et al., 2009). Most replay events in 

the hippocampus take place during SWRs (Kudrimoti et al., 1999) and hippocampal SWRs are 

associated with replay events in other brain areas, for instance ventral striatum (Pennartz et al. 

2004) and medial prefrontal cortex (mPFC; Peyrache et al. 2009). This replay of previously 

experienced activity is thought to be crucial for memory (Girardeau et al., 2009; Ego-Stengel 

and Wilson, 2010; for a review, see O’Neill et al. 2010; Battaglia et al. 2011). Similarly to SWR 

density, reactivation of neuronal ensembles is strongest in sleep sequences following exposure 

to a  novel environment (O’Neill et al., 2008). 

1.2.4. Arc/Arg3.1 

Arc/Arg3.1 (shortened from activity-regulated cytoskeleton-associated protein/activity-

regulated gene) is an immediate early gene, found in 1995 by two independent groups, which 

both described Arc/Arg3.1 after inducing its massive expression in the rat hippocampus by 

electroconvulsive seizures. Both groups also found Arc/Arg3.1 to be inducible by non-epileptic 

mechanisms, such as a long-term potentiation inducing stimulation protocol, and its function to 

be dependent on NMDA-receptor activation (Link et al. 1995; Lyford et al. 1995).  

According to the Allen Mouse Brain Atlas (Allen Institute for Brain Science, Seattle, Washington; 

http://mouse.brain-map.org/welcome.do), Arc/Arg3.1 is present in the mouse brain at least 

from prenatal day E11.5.  The presence of Arc/Arg3.1 during early development may mean that 

it has a crucial role in shaping circuitries and synaptic maturation processes. Arc/Arg3.1 is found 

in various areas of the brain. Under non-pathological conditions it is enriched for instance in 

hippocampal principal neurons. Arc/Arg3.1 mRNA is transported from the nucleus to dendrites, 

where it is translated locally, allowing rapid modifications in the molecular network of the 

postsynaptic density (Lyford et al., 1995). 

Disruption of the Arc/Arg3.1 expression balance towards either hypo- or hyperfunction is 

indicated in multiple human conditions that involve cognitive impairment. In humans, increased 

Arc mRNA levels have been linked to Angelman syndrome (Greer et al., 2010), Prader-Willi 

syndrome (Ingason et al., 2011) and Alzheimer disease (Wu et al. 2011), whereas decreased 

levels are present in certain heritable forms of autism (Greer et al., 2010). Furthermore, Arc 
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mRNA levels have been shown to be altered in mouse models of Alzheimer disease (Wegenast-

Braun et al. 2009; Wu et al. 2011) and Fragile X mental retardation syndrome (Zalfa et al. 2003; 

Park et al. 2008). Although the exact role of Arc/Arg3.1 involvement in these disorders is 

elusive, it might contribute to the cognitive impairments.  

The last two findings are particularly interesting, because they place Arc/Arg3.1 in the context 

of the mGluR hypothesis of Fragile X mental retardation. In Fragile X syndrome, the function of 

the Fragile X mental retardation protein (FMRP) is lost. Under normal circumstances, FMRP acts 

as a translation repressor for specific mRNAs, including Arc/Arg3.1 (Park et al. 2008). The mGluR 

theory of Fragile X syndrome  attributes various symptoms of Fragile X with disproportionate 

function of glutamatergic metabotropic receptors (Bear et al., 2004), and Arc/Arg3.1 is known 

to mediate mGluR-dependent long-term depression (LTD; Park et al. 2008; Waung et al. 2008). 

1.2.4.1. Arc/Arg3.1 is involved in maintenance of synaptic plasticity, memory 

consolidation and spatial learning 

Arc/Arg3.1 is part of a complex molecular network (Fig. 2) and plays an essential role in 

maintenance of both LTP (Guzowski et al., 2000; Plath et al., 2006; Messaoudi et al., 2007) and 

LTD ( Plath et al. 2006; Park et al. 2008; Waung et al. 2008). It promotes trafficking of AMPA 

receptors away from the synaptic membrane (Chowdhury et al., 2006; Rial Verde et al., 2006) 

and regulates spine morphology and actin polymerization (Messaoudi et al., 2007; Peebles et 

al., 2010). This dual function is likely to explain its importance in both long-term potentiation 

and depression of synaptic strengths (for a recent review, see Korb & Finkbeiner 2011).   

Expression of Arc/Arg3.1 protein is upregulated by NMDA receptor activation (Bloomer et al., 

2008), which is interesting taken that NMDA receptor blockade prevents most forms of 

associative LTP from being induced (Collingridge et al. 1983; Harris et al. 1984) and impairs 

spatial memory (Morris 1989). Arc/Arg3.1-dependent mediation of LTP via cytoskeleton-

dependent routes links Arc/Arg3.1 with local protein synthesis (Bramham, 2008), which has 

been proposed to be an essential cellular mechanism required for learning  (Sutton and 

Schuman, 2006; Villareal et al., 2007). The importance of Arc/Arg3.1 for long-term changes at 

the level of synaptic strength makes it an interesting candidate for acting as a molecular 

regulator of memory consolidation, taken the hypothesis that synaptic plasticity may be both a 
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necessary and sufficient mechanism for information storage in the brain (for a review, see  

Neves et al. 2008). Interestingly, Arc/Arg3.1 knockout mice have intact short-term memory in 

cued and contextual fear conditioning, object recognition and conditioned taste aversion tasks, 

 

Figure 2. Molecular network of Arc/Arg3.1. 
Arc/Arg3.1 is a part of a complex molecular network in the postsynaptic density, as illustrated  

Arc/Arg3.1 transcription and localization to the dendrites is upregulated by NMDA receptor and 

voltage-sensitive calcium channel (VSCC) activation. mGluR5 activation results in both increase 

in Arc/Arg3.1 transcription as well as in rapid, local translation of Arc mRNA in the dendrites. 

Dendritic Arc/Arg3.1 translation is inhibited by FMRP, and the translated protein is tagged for 

degradation by binding to Angelman syndrome protein Ube3a. When functional, Arc/Arg3.1  

promotes endocytosis of AMPA receptors, which promotes LTD.

 

but impaired long-term memory in the same tasks, as tested a day following the learning tasks 

(Plath et al., 2006). Arc/Arg3.1 knockout mice do not express major differences in viability, size 

or weight and appear normal to the observer unless exposed to learning tasks that require long-

term memory or advanced spatial navigation skills (Plath et al. 2006; Wang et al. 2006; McCurry 

et al. 2010). In rats, expression of Arc/Arg3.1 protein in the lateral amygdala is required for 

consolidation and reconsolidation of fear memory (Ploski et al., 2008; Maddox and Schafe, 

2011). 
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Plath et al. (2006) showed also that, besides having severe long-term memory deficits, 

Arc/Arg3.1 knockout mice were impaired in the late acquisition and reversal phase in Morris 

water maze task. A link between Arc/Arg3.1 and spatial coding by hippocampal place cells had 

been suggested already earlier: A fluorescent in-situ hybridization study revealed that firing 

activity of hippocampal cells during novel environment exploration was sufficient to rapidly 

induce Arc/Arg3.1 expression and that in a novel environment, about 40% of hippocampal 

pyramidal cells expressed Arc/Arg3.1 (Guzowski et al., 1999). This is interesting taken earlier 

findings from ensemble recording studies, which indicate that around 40% of hippocampal CA1 

pyramidal neurons are active as place cells during exploration in any given environment (Wilson 

& McNaughton 1993; Gothard et al. 1996). Furthermore, if Arc/Arg.1 activation could be used 

as a marker of place cell activity, the stochastic nature of hippocampal place cell activation 

would predict that 16% of pyramidal cells (0.4 * 0.4 = 0.16) should be active in both 

environments, which matches the findings of Guzowski et al. 

To discover links between plasticity, spatial representations and learning, one must be able to 

disrupt plasticity mechanisms and study its consequences on spatial encoding, learning and 

memory. Arc/Arg3.1 KO mice provide a compelling model for doing this, as electrophysiological 

ensemble recordings in behaving animals allow us to assess how changes observed in single-cell 

and network-level activity in the Arc/Arg3.1 KO mice are reflected in behaviour. 
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1.3. Aims of this thesis 

In order to assess the heritable background of appetitive operant learning, we aimed to develop 

a medium-throughput sequential operant learning protocol that would allow fast and efficient 

characterization of mouse strains with high and low capacity for different stages of operant 

learning. First, we phenotyped the most commonly used inbred laboratory mouse strains using 

this protocol in order to provide information on the behavioural profile of mouse strains often 

used as background strains for genetic engineering. Next, we screened a set of recombinant-

inbred mouse lines using the same protocol in order to dissect the heritable background of 

various stages of operant learning as well as to find chromosomal areas that regulate these 

stages. These results will be presented in Chapter 2. 

Besides the capacity to acquire operant behaviour, the flexibility to adapt behaviour under 

changing circumstances is equally important. Thus, we studied the same commonly used inbred 

mouse strains and a set of RI lines with high operant learning performance to find out, whether 

the capacity to acquire operant behaviour would be dissociable from the extinction of operant 

behaviour and, if so, whether the ability to extinguish acquired behaviour would be heritable. 

Screening these mouse strains using an extinction task would also provide important 

phenotypic information for genetic engineering studies and provide an opportunity for finding 

putative mouse models for perseverative disorders such as OCD. These topics will be addressed 

in Chapter 3. 

Knocking out Arc/Arg3.1 globally in the brain has been reported to abolish long-term synaptic 

plasticity in hippocampus (Plath et al., 2006), allowing us to study the impact of synaptic 

plasticity on spatial coding. Arc/Arg3.1 KO mice offer a very interesting model for studying the 

neural basis of hippocampal spatial representations and spatial learning, because they show no 

behavioural abnormalities or learning deficits other than the memory consolidation deficit and 

impairment in the late acquisition and reversal phase of the Morris water task as described by 

Plath et al. (2006). Knowing that Arc/Arg3.1 is expressed particularly during environmental 

exploration, and is, in association with other genes, strongly involved in synaptic plasticity, we 

investigated the role of Arc/Arg3.1 in coding spatial environments and in the regulation of 

hippocampal mass dynamics modulated during spatial exploration. We recorded hippocampal 

CA1 single unit and local field potential activity in Arc/Arg3.1 knockout (KO) and wildtype (WT) 
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mice in different environments. Specifically, we aimed to assess whether Arc/Arg3.1 would 

affect place field characteristics and network oscillations previously linked to spatial coding, 

possibly contributing to the spatial learning deficits observed in Arc/Arg3.1 KO mice. These 

results will be presented in Chapter 4. 

Finally, Arc/Arg3.1 KO mice provide a particularly attractive model for studying neuronal 

processes underlying memory consolidation in vivo, because baseline synaptic signalling were 

reported to remain intact in these mice, while short-term plasticity was present, but long-term 

synaptic plasticity was absent both in vivo and in vitro. We studied the involvement of 

Arc/Arg3.1 in a candidate mechanism for memory consolidation processes, namely, 

hippocampal ripples and correlated firing in Arc/Arg3.1 KO and WT mice in a task where mice 

were repeatedly exposed to specific novel and familiar environments. Furthermore, we 

compared the LFP activity in Arc/Arg3.1 KO and WT animals during sleep to find out whether 

lack of Arc/Arg3.1 function results in network-level changes that may affect memory 

consolidation during slow-wave sleep. This will be the topic of Chapter 5. 
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Abstract 

To study the heritability of different training stages of appetitive operant conditioning, we 

carried out behavioural screening of 5 standard inbred mouse strains, 28 recombinant-inbred 

(BxD) mouse lines and their progenitor strains C57BL/6J and DBA/2J. We also computed 

correlations between successive training stages to study whether learning deficits at an 

advanced stage of operant conditioning may be dissociated from normal performance in 

preceding phases of training.  

The training consisted of two phases: an operant nose poking phase, in which mice learned to 

collect a sucrose pellet from a food magazine by nose poking, and an operant lever press and 

nose poking phase, in which mice had to execute a sequence of these two actions to collect a 

food pellet. As a measure of magazine oriented exploration, we also studied the nose poke 

entries in the food magazine during the intertrial intervals at the beginning of the first session 

of the nose poke training phase. 

We found significantly heritable components in initial magazine checking behaviour, operant 

nose poking and lever press–nose poking. Performance levels in these phases were positively 

correlated, but several individual strains were identified that showed poor lever press–nose 

poking while performing well in preceding training stages. Quantitative trait loci mapping 

revealed suggestive likelihood ratio statistic peaks for initial magazine checking behaviour and 

lever press–nose poking. These findings indicate that consecutive stages towards more complex 

operant behavior show significant heritable components, as well as dissociability between 

stages in specific mouse strains. These heritable components may reside in different 

chromosomal areas. 
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1. Introduction 

Appetitive operant learning is often studied in a conditioning chamber in which animals learn to 

lever press and nose poke in order to receive a food or liquid reward delivered at a specific 

reward site. Operant learning usually results in complex behaviour that depends on a multitude 

of capacities such as forming place-reward and action-outcome associations, and chaining 

actions such as lever pressing and nose poking into a food magazine together. Little is known 

about the genetic basis of appetitive operant conditioning in general, or of the subsequent 

trainings stages that lead up to it. The first general goal of our study was to examine whether 

performance of a large group of mouse strains at consecutive training stages leading up to, and 

including operant conditioning, contain a heritable component. Secondly, for genetic mouse 

models of learning and memory, it would be an asset to identify strains that show a dissociation 

between poor performance at advanced training stages but good performance at preceding 

stages. Such dissociations may indicate which mouse strains present models specifically 

targeting more complex operant learning, or alternatively show deficits in more basic behaviors 

and learning processes. 

In the past years, animal models with targeted mutations together with clinical findings in 

human populations have increased our understanding of the role of genes in cognitive 

processes such as memory and learning (The Dutch-Belgian Fragile X Consorthium et al., 1994; 

Khelfaoui et al., 2007; Morice et al., 2008). However, standard inbred mouse strains, such as the 

129 strains, commonly used for transgenic studies differ in genetic background and behavioural 

phenotype, stressing the importance of characterization and selection of the background strain 

(Crusio, 1996; Gerlai, 1996).  

Despite thorough genetic and behavioural characterization, the genetic components of the 

appetitive learning abilities of standard inbred mice (e.g. strains C57BL/6J and DBA/2J, A/J, 

Balb/c, C3H/HeJ, NOD/Ltj and 129S1/Sv) are largely unknown (but see Isles et al., 2004) for 

estimates of the genetic effect on choice bias for immediate rewards based on four standard 

inbred mouse lines and (Baron and Meltzer, 2001; McKerchar et al., 2005) for strain 

comparisons in an operant nose poke task and lever press task, respectively). Especially the 

behavioural characterization of learning in NOD/Ltj mice is far from complete. Overall, this 
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makes it difficult to select a background strain if one aims to develop a genetic mouse model for 

appetitive learning disabilities. 

Susceptibility to cognitive dysfunctions is mostly affected by quantitative effects of groups of 

genes, rather than single genes (Valdar et al., 2006). Taking an approach opposite to studying 

targeted mutations, a behaviour-to-genes approach with genome-wide scanning for linkages 

between behavioural traits and chromosomal areas aims at elucidating the roles of genes in 

complex traits such as cognitive functions. Complementing the vast number of genetically 

engineered mouse lines, several sets of recombinant-inbred mouse lines have been created, 

perhaps most remarkably the BxD lines developed from the popular inbred laboratory mouse 

strains C57BL/6J and DBA/2J (Peirce et al., 2004). The high number of unique chromosomal 

recombinations in BxD lines, resulting in highly variable phenotypes, makes them very suitable 

for studying heritable components of cognition and behaviour. 

However, many of the neuroscientific studies on recombinant inbred mouse lines published so 

far have focused on brain morphology (e.g. Martin et al., 2006; Badea et al., 2009) or 

behavioural traits associated with substance abuse, such as sensitization and tolerance to 

alcohol and cocaine (Tolliver et al., 1994; Gehle and Erwin, 1998; Jones et al., 1999; Kirstein et 

al., 2002). While some studies have managed to correlate morphology with behaviour (Yang et 

al., 2008), research on traits pertaining to learning behaviour motivated by naturalistic rewards 

has been scarce and, to our knowledge, heritability of operant tasks of different complexity, 

and motivated by appetitive rewards, has not been studied before. 

In this study we characterized five commonly used inbred mouse lines and recombinant inbred 

(BxD) lines in their behavior across several consecutive training stages towards the acquisition 

of an appetitive, composite operant response, consisting of a lever press followed by a nose 

poke. The training stages preceding this final stage were magazine-checking behavior very early 

during training, in part reflecting exploratory behavior, and learning to nose poke for food 

reward. To lay a foundation for the development of novel mouse models for operant learning 

disabilities, we examined whether performance at these stages has a heritable background. We 

also investigated whether performance at more advanced stages of training can be dissociated 

from preceding stages, which may yield more specific mouse models deficient in operant 

learning. To expand the heritability analysis, we carried out a QTL mapping study based on the 



43 

 

data from 28 BxD lines and their progenitor lines to study whether these task stages are 

regulated by different chromosomal areas. 

2. Methods 

2.1. Animals 

The BxD recombinant-inbred mouse lines used in this study were originally created in The 

Jackson Laboratory (http://www.jax.org). Both BxD and standard inbred mouse lines were bred 

locally at Harlan Netherlands (http://www.harlaneurope.com). The socially housed male mice 

(8-9 weeks of age at the beginning of experimental training) were kept in a reversed day–night 

cycle (7.00 lights off, 19.00 lights on). Each tested strain (standard mouse lines A/J, Balb/c/ByJ, 

C3H/HeJ, NOD/Ltj and 129S1/Sv, BxD-lines 1, 2, 8, 14, 16, 19, 21, 23, 27, 29, 31, 32, 33, 36, 39, 

40, 42, 43, 51, 61, 62, 65, 68, 69, 73, 75, 87, 90 and their progenitor strains C57BL/6J and 

DBA/2J, N=5-19 mice per line, in total 343 animals, on average 9.8 animals per strain) consisted 

of several batches of mice with at least two litters from separate mothers. Prior to the 

beginning of the experiments, mice were habituated to the colony room for four weeks. Food 

and water were available ad libitum. In the week preceding the experiments, the mice were 

handled daily by the experimenter, habituated to the operant boxes for one hour per day and 

given samples of food pellets (14 mg dextrose-sucrose precision pellet produced by Bio-Serv, 

Frenchtown, NJ, http://www.bio-serv.com) in the home cage. 

During the course of experiments, the mice were food-restricted by removing the food prior to 

the beginning of each training session to achieve about 5% weight loss. After the training 

session (once daily), food was available ad libitum until the beginning of the next restriction 

period on the following day. Water was provided in the home cages ad libitum at all times. All 

experimental procedures were approved by the institution’s Animal Welfare Committee and 

were in compliance with the European Council Directive (86/609/EEC) and Principles of 

laboratory animal care (NIH publication No. 86-23, revised 1985). 
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2.2. Behavioural apparatus 

Mouse operant boxes (classical mouse modular test chamber, model ENV-307A, inside 

dimensions 15.9 x 14.0 x 12.7 cm, see Fig. 1) were equipped each with two stimulus lights above 

two retractable levers and a reward tray in the front panel. Each of the eight boxes was 

positioned inside a sound-attenuating cubicle (standard medium-density fiberboard cubicle, 

model ENV-022MD, inside dimensions 55.9 x 38.1 x 40.6 cm); the chambers were placed in 

parallel on two shelves, each holding four boxes). Control of the operant boxes and recording 

behavioural data was carried out by a MED-PC research control and acquisition system (version 

IV). Behavioural hardware and controlling software were provided by MED Associates, St. 

Albans, VT (http://www.med-associates.com). 

 
Figure 1. Behavioural testing chamber. 
The behavioural box with stimulus lights, two operant levers (shown in the withdrawn state) 
and food magazine (in the middle) on the front panel. 
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2.3. Behavioural training and parameters 

Every training session began with a habituation period during which the mice were placed in 

the operant box for one hour before training onset. To avoid decreased motivation by satiety, 

mice were able to collect a maximum of 30 pellets in one training session. Each training session 

was terminated when the mice reached this maximum or when the training session exceeded 

the maximum length of 60 minutes. The mice were trained for one session per day. 

2.3.1. Operant nose poke task 

Trial onset was marked by one of the green LED lights on the front panel of the operant box 

being lit up for 30 seconds or until the mouse collected a reward (one 14 mg sucrose pellet) 

with pseudorandom intertrial intervals of 5-25 seconds (15 s on average). While the light was 

on, the mice were able to collect a reward by the operant behavior of approaching and poking 

the food magazine in the front panel. Food magazine entries were detected by a photobeam 

detector. To prevent accumulation of sucrose pellets in the magazine tray, the pellet was only 

delivered at the moment the mouse put its nose into the tray. The mice were trained on this 

task for three sessions. 

We will refer to this task as operant nose poking (NP) and not as (Pavlovian) cue conditioning 

(i.e., to the LED light) because no evidence was obtained that specific cue-reward associations 

were formed and expressed in behaviour, and furthermore the mice had to poke their nose in 

the feeder tray in order to obtain a pellet. We assessed the occurrence of cue conditioning by 

measuring the selectivity ratio, defined as the nose poke rate during stimulus light onset 

divided by nose poke rate during the intertrial interval. Cue conditioning should lead to a ratio 

clearly above one (Nordquist et al., 2003), but this was not the case in any of the mouse strains 

studied.  

2.3.2. Operant lever press–nose poke task 

In the lever press–nose poke task, the two levers (one on each side of the food magazine) 

protruded from the operant box wall. While the lever was in a protruded position, the mouse 

could obtain a sucrose pellet by first pressing the lever and subsequently poking its nose in the 

food magazine, thus expressing a chaining of two operant behaviors. Following a lever press or 
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timeout after 150 seconds without response, the levers were retracted to prevent possible 

extinction behaviour during the course of training, and a pseudorandom intertrial interval of 5-

25 seconds followed. The mice were trained on this more complex operant task for five sessions 

in total. LED lights were not in use during this task. 

2.4. Quantification and statistical analysis of behavioural 

parameters and heritability 

2.4.1. Behavioural parameters 

The following three parameters were analyzed in this study: (1) Initial magazine checking 

behaviour at the beginning of the first session of nose poke training; this behavior is taken to 

reflect primarily environmental exploration although early nose–poke learning may also 

contribute; (2) nose poke success at the end of nose poke training, and (3) lever press–nose 

poke performance at the end of training. 

Initial magazine checking behaviour was defined as the number of nose poke entries in the food 

magazine per minute of inter-trial interval (ITI) during the first ten trials of the first session. 

Nose poke success was defined as the number of trials in the third, last session of training in 

which the mouse collected the reward during the trial by approaching and poking the food 

magazine, divided by the total number of trials in which pellet acquisition was possible. Lever 

press–nose poke performance was defined as the percentage of action sequences leading to 

reward deliveries relative to the total number of trials in the fifth, last session of training.  

To quantify correlations between behavioural parameters, we computed standard Spearman's 

rank correlation coefficients and partial correlation coefficients on strain means. To assess the 

overall significance of behavioural differences between strains, we carried out one-way 

ANOVAs and post-hoc t-tests (Tukey's least significant difference procedure). All analysis was 

carried out in MATLAB (MathWorks, Natick, MA). 

2.4.2. Heritability 

Behavioural parameters from BxD lines, progenitor and standard inbred mouse strains were 

pooled to estimate narrow-sense heritabilities, which reflect the proportion of total phenotypic 
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variation that is due to the allelic effects of genes, thus excluding environmental factors, 

epistatic interactions, etc. (h
2
; (Hegmann and Possidente, 1981)) for behavioural patterns. To 

estimate the heritability, we used a procedure which controls for variable group sizes in 

different strains (Isles et al., 2004), where N is the total number of animals, S is the total 

number of tested strains, ns is the number of animals for a given strains, ts is the trait average 

for a given strain, vs is the trait variance for a given strain and T refers to the trait average across 

all strains: 

)2/()(2 BkBABAh   
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The p-levels of the heritability estimates were calculated by a permutation test with 1000 

permutations (Moore and McCabe, 2000). Both the heritability estimates and their significance 

were calculated with a custom MatLab script (Heimel et al., 2008), available at 

http://www.nin.knaw.nl/~heimel/software/heritability. 

2.4.3. Mapping of quantitative trait loci 

Mapping of quantitative trait loci (QTLs) was performed by standard interval mapping scripts 

available at the WebQTL interface at http://www.genenetwork.org/ that link the observed 

behavioural traits with chromosomal areas with the help of established single nucleotide 

polymorphism (SNP) data. Likelihood ratio statistics (LRS) were calculated for each marker locus 

(Chesler et al., 2003, 2004; Wang et al., 2003). The whole-genome significance threshold for 

QTLs was defined by using a 1000x permutation test. We did not enable use of parent strains in 

order not to bias the permutation test. 
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4. Results 

4.1. Initial magazine checking behaviour 

The average nose poke rate during intertrial intervals of the first 10 trials of reward collection 

training varied from 0.53 pokes / min (129S1/Sv) to 10.28 pokes / min of ITI (NOD/Ltj), the 

mean + SEM being 3.35 ± 0.34 pokes / min of ITI (Fig. 2A). While none of the BxD lines 

expressed more initial magazine checking behaviour than the progenitor line DBA/2J, the 

majority of the mouse lines showed less initial magazine checking than either of the progenitor 

lines, demonstrating transgressive segregation in the trait (see e.g. (Jones and Mormède, 2007), 

chapter 25).  The heritability of this behavior was 10.4% (p < 0.001). A one-way ANOVA test 

revealed a significant strain effect (F(34,315) = 3.31, p = 0.15 * 10
-7

). Post-hoc testing indicated 

that out of 595 possible pair-wise comparisons between strains, 123 were significantly different 

from each other. 

4.2. Nose poke task 

During the third, last session of the nose poke task, the performance scores defined as the 

number of trials where the mouse collected the pellet divided by all trials ranged from 20.0% in 

BxD-73 to 93.2% in NOD/Ltj, the mean being 55.0 ± 3.5 % (Fig. 2B). As with initial magazine 

checking, the majority of the BxD mouse lines showed lower performance levels than either of 

the progenitor lines, but three BxD lines (2, 16 and 32) achieved higher levels than either 

progenitor line. The heritability for nose poke success in the last session of training was 19.6% 

(p<0.001). Also the nose poke task showed a significant strain effect in one-way ANOVA 

(F(34,315) = 5.85, p = 0), with 254 out of 595 possible pair-wise comparisons significantly 

differing from each other. 

4.3. Lever press–nose poke task 

Over the course of training on this task, one line (BxD-90) failed to complete any trials despite 

showing clear nose poke behaviour in the earlier training phase (Fig. 2C). Most strains showed 

improving performance over the five training sessions (Fig. 3). In the last, fifth session of 

training, performance in the operant task varied remarkably across strains: performance varied  
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Figure 2. Variability of 
behavioural parameters 
across the 35 strains tested. 
129S1/Sv, NOD/Ltj and BxD-
43 (discussed in the text) are 
indicated with arrows.  
A | Initial magazine checking 
behaviour at the beginning of 
the first session of training. 
Initial magazine checking 
behaviour is presented by 
the number of nose pokes in 
the food magazine per 
minute of intertrial interval 
during the first ten trials of 
the first session of 
behavioural training. Values 
shown are strain means and 
SEMs. B | Nose poke success 
per strain. Nose poke success 
in the third session of 
training is presented as the 
percentage of trials during 
which the mouse collected 
sucrose pellets during an 
interval of 30 s following trial 
onset, relative to the total 
number of trials. C | Lever 

press–nose poke performance at the end of training. Performance in the last (fifth) session of 
training is presented as the percentage of trials during which the mouse presses the lever and 
nose pokes into the magazine to collect the sucrose pellet during the trial period (150 s 
following trial onset). 
 

from 0.0% (BxD-90) to 99.6 % (NOD/Ltj), the average being 46.4 ± 4.9% (Fig. 2C). A number of 

BxD lines (27, 8, 2, 33, 51 and 43) outweighed both of the progenitor strains in performance, 

but none of the above mentioned lines was topping the progenitor strain DBA in the initial 

magazine checking behaviour. Similarly, mouse lines 69, 31 and 16 that showed the highest 

initial magazine checking activity among the BxD lines, were performing worse in the lever 

press–nose poke task than either progenitor line. For many strains, a clear dissociation was 

found between initial magazine checking and lever press–nose poke performance, or between 
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nose poke success and lever press–nose poke performance. For instance, BxD-43, the top BxD 

line for lever press–nose poke learning, was amongst the lines expressing the least initial 

magazine checking behaviour and below the average in the nose poke task.  

 

Figure 3. Acquisition of lever press–nose poke performance.  
Lever press–nose poke performance percentages over the course of five training sessions for 
each strain. Strain means presented in colour-coding, see colour bar on the right; colour scale 
ranges from 0 to 100% correct performance. Strains are sorted based on their level of 
performance. A few of the mice did not complete the 5

th
 session of training (which causes the 

drop in performance of lines 87 and 1), in which case we used the average of the last session of 
each mouse as the best available approximation for the final performance of the strain (Figure 
2C). 
 

Of most interest from the viewpoint of deficient operant learning were the lines showing poor 

lever press–nose poke learning but moderate or normal levels of nose poking behavior; these 

lines included BxD strains 23, 19, 21 and 32, and to a lesser extent C3H. For instance, BxD-32 
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had a low lever press–nose poke performance of about 20% despite it being among the top 

lines in during operant nose poke learning. 

We found a significant (p < 0.001) heritable component (21.3%) in lever press–nose poke 

performance in the fifth session. Moreover, we found a significant strain effect in one-way 

ANOVA (F(34,309) = 3.22, p = 0.01), with 277 significantly different pair-wise comparisons out of 

595. 

4.4. Correlations between different training stages 

There was a significant positive correlation between the strain means of initial magazine 

checking behaviour and the nose poke task (r = 0.63, p = 0.00006; Table 1), the nose poke task 

and lever press–nose poke performance (r = 0.52, p = 0.00143) and lever press–nose poking 

versus initial magazine checking behaviour (r = 0.53 p = 0.00116). 

We also examined how performance levels at two of the three task stages were correlated 

when the influence of the third stage was taken into account (Table 1). The partial correlation 

for initial magazine checking and the nose poke stage per strain mean remained significant (r = 

0.48, p = 0.00382; with lever press–nose poke learning partialed out). In contrast, the partial 

correlations between nose poke and lever press – nose poke performance (r = 0.29, p = 

0.09828; with initial magazine checking partialed out) and initial magazine checking and lever 

press–nose poke performance (r = 0.31, p = 0.07664; with reward collection partialed out) 

showed a slight trend towards correlation but were insignificant. Especially the lack of a 

significant partial correlation between the nose poke and lever press–nose poke stages is 

notable, because these were contiguous in time and both represent a form of operant 

conditioning. 

 

Table 1. Correlations and partial correlations between initial magazine checking (IMC), nose 
poke success (NP) and lever press–nose poke performance (LPNP). 
 
IMC & NP                r = 0.63  p = 0.00006   IMC & NP | LPNP r = 0.48   p = 0.00382 

NP & LPNP        r = 0.52  p = 0.00143 NP & LPNP | IMC r = 0.29   p = 0.09828 

IMC & LPNP        r = 0.53  p=  0.00116 IMC & LPNP | NP r = 0.31   p=  0.07664 
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4.5. QTL mapping results 

4.5.1. Initial magazine checking behaviour 

The QTL map for initial magazine checking behaviour showed suggestive peaks on 

chromosomes 4 and 6 (Fig 4A). When zoomed in further, the LRS is above the threshold for a 

suggestive QTL around 47-48 megabases on chromosome 4 (Fig. 4B) and around 93-95 MB on 

chromosome 6 (Fig. 4C). In both cases, the peaks were relatively flat and had several genes 

expressed in the central nervous system under them, meaning that it was not possible to point 

out a single candidate gene. Genes found under the peak are listed in Table 2A and 2B for 

chromosomes 4 and 6, respectively. 

4.5.2. Nose poke task 

Mapping the nose poke performance at the end of the training either as percentage of correct 

trials or percentage of correct trials normalized on the total number of nose pokes failed to 

reveal suggestive QTLs.  

4.5.3. Lever press–nose poke task 

QTL mapping of lever press–nose poke performance in the last session of training resulted in a 

suggestive peak on chromosome 9, (58 MB; Fig. 5). Normalizing lever press–nose poke 

performance on the total number of nose pokes in the preceding phase did not cause a notable 

change in the location or significance of the LRS. Due to the relative flatness of the peak 

combined with a high number of genes situated under the peak area being expressed in the 

mouse central nervous system, it was not feasible to point out a single candidate gene for this 

final stage of operant learning. Genes found under the peak are listed in Table 2C.  

5. Discussion 

The main results of this study can be summarized as follows: First, all three task stages studied 

here showed significant levels of heritability, ranging from 10.4% for initial magazine checking 

behavior to 21.3% for the final and most complex stage, lever press–nose poke learning. A 

significant strain effect due to multiple differences between mouse lines, not just a few outlier 
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Figure 4. QTL maps for initial 
magazine checking behaviour 
A | Quantitative trait loci (QTL) 
map for initial magazine checking 
behaviour. QTL map for initial 
magazine checking behaviour 
presents likelihood ratio statistics 
for the trait over the whole 
genome. Numbers on the X axis 
represent chromosomes. 
Suggestive and conservative 
significance thresholds are marked 
by gray horizontal lines. The 
likelihood ratio statistic (LRS) score 
reaches the suggestive threshold 
on chromosomes 4 and 6.  
B | QTL map for initial magazine 
checking behaviour, zoomed in on 
chromosome 4. LRS for the 
chromosome 4 reaches its peak 
around 47-48 megabases (MB). 
The abscissa runs from 0 to 155 
megabases. C | QTL map for the 
same trait, zoomed in on 
chromosome 6. LRS reaches the 
threshold for suggestive QTL 
around 93-95 MB. The abscissa 
runs from 0 to 145 megabases.  

 

Figure 5. QTL maps for lever press–
nose poke performance  
A | QTL map for lever press–nose 
poke performance in the fifth 
session of training. LRS reaches 
suggestive threshold on 
chromosome 9. 
B | QTL map for lever press–nose 
poke performance in the fifth 
session of training, zoomed in on 
chromosome 9. LRS peak is situated 
around 58 MB. The abscissa runs 
from 0 to 124 megabases. 
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strains, could be seen at all stages. In our QTL mapping analysis, suggestive LRS peaks were 

found for initial magazine checking (on chromosome 4 and 6) and for the lever press–nose poke 

task (chromosome 9), but not for nose poke learning. When analyzing correlations and 

dissociations between task stages, it should be emphasized that the analysis of heritability and 

quantitative trait loci hinges on high-throughput screening of many mouse lines, making it 

unfeasible to study different learning traits in separately trained subgroups of the same strain. 

In our paradigm where consecutive learning stages could be monitored in the same mouse, 

strong correlations were found between all three stages, but the correlations between initial 

magazine checking and lever press–nose poking, and between nose–poking and lever press-

nose poking became insignificant when the third stage was factored out. The dissociability of 

nose–poking and lever press–nose poking was most poignantly illustrated by several BxD lines 

(especially BxD-32, but also e.g. 21, 19, 23 and 90) showing high performance on operant nose 

poking but low success on lever press–nose poking. 

5.1. Operant nose poke learning and initial magazine 

checking behaviour 

Although seemingly simple, the stage of operant nose poking for food reward may allow several 

associations to be formed. Apart from action–outcome (nose poke–food) learning, the animal 

may have formed cue-outcome (Ito et al., 2005; for a review see e.g. (Savage and Ramos, 2009) 

as well as place-outcome associations (McAlonan et al., 1993; Ito et al., 2008), but in the 

current study no evidence for conditioning to the cue light was found. Initial magazine checking 

behavior marks the very beginning of learning to approach the magazine and nose poking into 

it, and this stage is likely to be dominated by environmental exploration, as it was measured 

during the intertrial intervals of the first 10 trials. 

We found that both magazine checking and nose poke performance had a significant heritable 

component. The positive correlation between nose poke performance and initial magazine 

checking behaviour (Table 1) remained significant when lever press–nose poke performance 

was partialed out. This can be explained, at least in part, by the notion that exploratory 

behaviour is an essential early step in operant nose poke behaviour: nose pokes in the feeder 

tray are required for the animal to discover a reward. Furthermore, during the course of 
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training the animals expressing more pronounced initial magazine checking behaviour are likely 

to visit the reward site at a higher rate, which directly facilitates performance success. Thus, our 

measures of magazine checking and final nose poke performance can be taken to reflect a 

continuum of learning, sampled at extreme time points, making the high correlation between 

these two stages a logical and expected result. 

Of the standard inbred mouse lines, NOD/Ltj mice were expressing the most and 129S1/Sv the 

least initial magazine checking (Fig. 2A, indicated with arrows), which is in accordance with 

previous open field exploration and locomotor activity studies (for NOD/Ltj, see Bothe et al., 

2005, for various 129 substrains, see Baron and Meltzer, 2001; Isles et al., 2004; Bothe et al., 

2005). 

5.2. Lever press–nose poke performance 

To our knowledge, the heritability of appetitive lever press–nose poke learning has not been 

previously studied. Isles et al. (2004) studied several inbred mouse lines using an appetitive 

operant delayed-reinforcement paradigm in which mice were trained to respond to visual 

stimuli with a nose poke in order to get condensed milk as a reward, but this study did not focus 

directly on heritability of operant conditioning but on heritability of choice bias for immediate 

reward (15.8% and 16.5% depending on parameter definition; Isles et al., 2004). Studies using a 

non-appetitive, escape/avoidance lever press task (Brennan, 2004) and an appetitive task using 

condensed milk as reward (Baron and Meltzer, 2001; McKerchar et al., 2005) reported notable 

differences between inbred mouse lines but did not estimate the heritability. 

Learning to perform an operant sequence of lever press–nose poking can be argued to be a 

complex process that depends on multiple components and is influenced, first, by several 

background factors such as basal exploratory activity, neophobia towards protruding levers, 

stress, motivational variables and incentive learning of pellet value (Luksys et al., 2009). These 

factors are not specific to our task per se, but affect learning indirectly, for instance by limiting 

the number of trials the animal will engage in. A second group of factors is discussed below and 

relates to learning that a previously effective operant response (nose poke) has to be preceded 

in this subsequent stage by a second, novel operant response (lever pressing). Given this 

complexity, it is not too surprising that acquisition of operant behavior varied highly across the 
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strains. Considering all contributing factors and associated behavioural variability, the 

significantly heritable component of 21.3% in lever press-nose poke performance may be 

considered rather high. 

5.3. Correlation analysis and dissociations between 

subsequent operant tasks 

While initial magazine checking behaviour, nose poke success and lever press–nose poke 

performance all appeared to have a positive correlation with each other, the individual positive 

correlations between lever press–nose poke performance and the two other stages 

disappeared when taking into account the effect of the third trait. This is less remarkable for 

initial magazine checking and the lever press-nose poke task because the variable performance 

on nose poking for food was temporally situated in between these two stages. Of more interest 

is the finding that the nose poke and lever press–nose poke stages lost their significant 

correlation when the influence of initial, exploratory magazine pokes was taken out, because 

these stages were temporally contiguous and both represent forms of operant conditioning. 

In our experiments neither high expression of initial magazine checking behaviour nor nose 

poke success provided reliable predictive power for the outcome of the lever press–nose poke 

training – a finding which is also reflected by some individual mouse lines. While lines BxD-90 

and NOD/Ltj were clearly on the lower or higher end of performance at each training stage, a 

dramatic dissociation was seen in mouse line BxD-43. When comparing initial magazine 

checking activity and lever press–nose poke performance, BxD-43 (Fig 2, indicated with an 

arrow) was among the lines having the lowest initial magazine checking activity, and its nose 

poke success was below average. Nevertheless, it had the highest lever press–nose poke 

performance of all the BxD-lines, second only to NOD/Ltj. Conversely, C3H and BxD-32 mice 

performed well above average on the nose poke task, but clearly below average on the 

subsequent lever press–nose poke task. A similar trend was observed in BxD lines 21, 19, 23 and 

90, which were notably worse in lever press–nose poke task. 

Several explanations may be noted for a poor performance on lever press–nose poking given 

moderate to high levels of nose poke learning. First, animals may be neophobic towards 

protruding levers and may have difficulty forming a trace between the act of lever pressing and 
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obtaining a reward later on in the trial. Second, the previously established nose poke–reward 

association may impair or even block acquisition of a novel lever press–reward association. 

Third, animals may lack the capacity to ´chain´ lever press and nose poke actions in the correct 

order (Balleine and Dickinson, 1998; Graybiel, 1998; Suri and Schultz, 1998; Corbit and Balleine, 

2003) In all three scenarios, C3H and the BxD-lines 32, 21, 19, 23 and 90 may be regarded as 

interesting models for further exploring deficiencies in more advanced forms of instrumental 

learning and cognitive flexibility. 

It is difficult at present to link the different stages of training to neuroanatomical substrates. 

Nevertheless, both for the nose poke and lever press–nose poke tasks the learning of action-

outcome associations is important, depending on medial prefrontal-dorsomedial striatal 

systems (Balleine and Dickinson, 1998; Dalley et al., 2004; Yin et al., 2005). Secondly, these 

systems have also been implicated in the process of chaining or ´chunking´ two or more actions 

together (Ostlund et al., 2009; Pennartz et al., 2009). Thirdly, success on the nose poke task also 

depends on learning place-reward associations, and in general appetitive contextual 

conditioning is mediated at least in part by the hippocampal-ventral striatal system (Schacter et 

al., 1989; Sutherland and Rodriguez, 1989; Ito et al., 2008). These dorsal and ventral striatal 

systems are anatomically and physiologically linked in multiple ways, e.g. via the dopaminergic 

mesencephalon and via connected cortico-basal ganglia loops (Haber, 2003; Voorn et al., 2004).  

Although the dissociability of lever press–nose poke performance and initial magazine checking 

may not be entirely surprising, it is of note that the QTL maps for initial magazine checking and 

lever press–nose poke learning showed no overlapping loci (Fig. 4 and 5). This result, together 

with the heritability and correlation analysis, indicates that the neural processes mediating 

these two task stages have a heritable background and suggests that they are genetically 

dissociable. 

5.4. Comparisons to other studies of common inbred mouse 

lines 

Taken the importance of standard inbred mouse lines as disease models and background in 

gene-targeting studies, it is interesting to note that the  NOD mice, of which relatively little 

behavioural data is available, were showing not only the highest initial magazine checking 
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activity (consistent with their reportedly high exploratory activity; (Bothe et al., 2005) and nose 

poke success amongst the strains, but also the highest lever press–nose poke performance, and 

that 129S1/Sv had little success on the lever press–nose poke task, with only one of the eight 

tested subjects making any lever press responses in this task. Although the large variety in 129 

(sub)strains used in various studies makes interpretation of the behavioural data obtained in 

different laboratories challenging, our results on the 129S1/Sv strain are in agreement with 

previous reports of  poor performance of this strain in an appetitive lever press task (McKerchar 

et al., 2005), and aversively motivated escape/avoidance lever press task (129S6/SvEvTac; 

Brennan et al 2004). McKerchar et al. (2005) also reported a positive correlation between 

locomotor activity and operant performance, which is in line with our data on magazine 

checking and operant learning. 

In a study using a delayed-reinforcer task, the 129S2/SvHsd strain learned to respond to a light 

cue with a nose poke in order to receive a reward. Despite showing lower spontaneous 

locomotor activity, its start latency, choice latency and number of non-started trials in a 

delayed-reinforcer task were not significantly different from the highly active BALB/c and 

C57BL/6J mice (Isles et al., 2004). In a touchscreen-based appetitive operant task, 129S1/SvIMJ 

performed similarly to C57BL/6J (Hefner et al., 2008) and in a task where the mice had to make 

a nose poke into an illuminated hole, the latency of 129X1/SvJ and 129X1/SvJ mice to emit 50 

operant responses was at the same level as C3H/Hej and DBA/2J mice were performing, while 

the difference to DBA/2J and Balb/cByJ was significant, but not as dramatic as was the case in 

operant lever press tasks (Baron and Meltzer, 2001). Together with our finding that 129 S1 mice 

performed moderately on the operant nose poke task (Fig. 2B), these findings suggest that the 

poor operant lever press–nose poke performance of 129 strains may be due to a specific 

learning deficit related to lever pressing rather than insensitivity to a reinforcer or low activity 

levels. Alternatively, 129 strains may be capable of acquiring high asymptotic levels of lever 

press performance after more prolonged autoshaping or training than was done in our study (5 

sessions; cf. Isles et al. 2004). 
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5.5. Genetic loci potentially contributing to operant learning 

performance 

To complement the behavioural and heritability analysis, we also conducted QTL mapping. For 

initial magazine checking behaviour, we found suggestive likelihood ratio statistic (LRS) peaks 

on chromosomes 4 and 6 (Fig. 4), indicating areas containing a number of genes expressed in 

the mouse central nervous system, but could not point out single candidate genes for this task 

stage. For nose poke performance, no LRS peaks were found. 

For lever press–nose poke learning, we identified a suggestive LRS peak on chromosome 9 (Fig. 

5). Also this peak was relatively flat due to a low number of local SNPs and/or an insufficient 

number of unique recombinations in the area of interest. Although it was not possible to point 

out a single candidate gene, it is interesting to note that the genes under the peak region 

included Bbs4, a locus known to be associated with human Bardet-Biedl syndrome type 4 which 

is characterized by deficits in sensory function and learning disabilities in addition to 

physiological symptoms such as obesity (Beales et al., 1997). 

Despite careful standardization of the experiments, none of the observed LRS peaks exceeded 

the conservative threshold for significance. Even with low variability – high heritability traits 

such as morphometric data on brain area size, QTLs may not be detected due to a relatively 

small contributing effect of each individual QTL (Crusio, 2004) which often results in difficulties 

finding highly significant QTLs for complex traits. Despite these limitations, the present QTL 

results are useful for comparisons with further studies, which may help pinpointing the 

polygenic nature of learning behaviour to specific gene groups. Furthermore, the finding that 

QTL maps for initial magazine checking and lever press–nose poke learning showed no overlap 

supports our hypothesis that these processes are genetically dissociable.  

According to the www.ensemble.org database, the progenitor lines C57BL/6J and DBA/2J show 

a small difference in the coding region of Bbs4 (human Bardet-Biedl syndrome type 4 gene, the 

mouse homolog of which is located on chromosome 9, under the QTL peak for operant 

performance), raising the possibility that some of the BxD lines may also differ in this locus, 

although this information is not available in the BXD Genotypes Database (see 

www.genenetwork.org), so we could not correlate the Bbs4 sequence in BxD lines with their 
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learning performance. No studies describing the cognitive-behavioural abilities of an existing 

Bbs4 knockout mouse line (Mykytyn et al., 2004) have been published, leaving open the 

question whether this locus may partially explain the observed variance in our lever press–nose 

poke task. 

Even though the involvement of brain areas regulating operant conditioning has been studied 

extensively, its genetic background remains far from unraveled. One of the few identified genes 

known to regulate operant learning is Gpr6 on mouse chromosome 10, deletion of which 

facilitates acquisition of lever press behaviour in mice. It codes G protein-coupled receptor 6, 

which is known to be selectively expressed in striatal neurons projecting to the pallidum (Lobo 

et al., 2007). However, C57BL/6J and DBA/2J do not differ in this locus, so we could not assess 

its role in the operant performance variability by QTL mapping based on BxD mouse lines. 

Interestingly, 129S1/Sv, which had the worst lever press–nose poke performance of the 

standard mouse lines in our study, and also showed poor lever-press performance in previous 

studies, differs in amino acid sequence from C57BL/6J and DBA/2J in this locus. The QTLs found 

in previous contextual and auditory-cued fear conditioning studies (Owen et al., 1997a; 

Reijmers et al., 2006) did not appear in our study, which suggests that appetitive operant 

learning may be genetically dissociable from these aversively motivated types of learning – a 

subject awaiting further examination. 

In conclusion, this study first showed that various task stages leading up to appetitive learning 

of sequential operant actions have a heritable component. Second, lever press–nose poke 

performance was only poorly predictable from the preceding task stage of operant nose poke 

learning, as illustrated by BxD line 43 showing poor nose poke performance but high lever 

press–nose poke learning, and by BxD lines 32, 21, 19, 23 and 90 as well as strain C3H, showing 

an opposite tendency. Especially the latter lines may provide mouse models to study 

deficiencies in learning more complex, chained operant responses. Together, the correlation 

analysis and novel QTL maps suggest that different task stages of appetitive operant learning 

are regulated by different sets of genes.  
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Table 2. List of genes under suggestive LRS peaks. Genes indicated by underscores are known to 
be expressed in the CNS according to Mouse Genome Informatix gene expression database 
(www.informatics.jax.org) are underlined. 
 
A | Initial magazine checking, chromosome 4 
Gene      Full name 

Gabbr2    gamma-aminobutyric acid (GABA) B receptor, 2 

Anks6    ankyrin repeat and sterile alpha motif domain containing 6  

Gm568   predicted gene 568 

Galnt12    UDP-N-acetyl-alpha-D-galactosamine: polypeptide N- 

   acetylgalactosaminyltransferase 12  

Col15a1    collagen, type XV, alpha 1  

Tgfbr1    transforming growth factor, beta receptor I 

Alg2   asparagine-linked glycosylation 2 homolog (yeast, alpha-1,3-

   mannosyltransferase) 

Sec61b   Sec61 beta subunit  

Nr4a3   nuclear receptor subfamily 4, group A, member 3 

Stx17   syntaxin 17 

Erp44   endoplasmic reticulum protein 44 

Invs   inversin 

C030004N09Rik   RIKEN cDNA C030004N09 gene 

Tex10    testis expressed gene 10 

5730528L13Rik   RIKEN cDNA 5730528L13 gene 

Tmeff1    transmembrane protein with EGF-like and two follistatin-like  

domains 1  

Murc    muscle-related coiled-coil protein 

4933437F24Rik   RIKEN cDNA 4933437F24 gene 

E130309F12Rik   RIKEN cDNA E130309F12 gene 

Acnat2    acyl-coenzyme A amino acid N-acyltransferase 2 

Acnat1   acyl-coenzyme A amino acid N-acyltransferase 1 

9030417H13Rik  RIKEN cDNA 9030417H13 gene 

Baat    bile acid-Coenzyme A: amino acid N-acyltransferase 

Mrpl50    mitochondrial ribosomal protein L50 

Zfp189    zinc finger protein 189 

Aldob    aldolase B, fructose-bisphosphate 

2810432L12Rik   RIKEN cDNA 2810432L12 gene 

Rnf20    ring finger protein 20 

Grin3a    glutamate receptor ionotropic, NMDA3A 

Ppp3r2  protein phosphatase 3, regulatory subunit B, alpha isoform 

(calcineurin B, type II) 
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B | Initial magazine checking, chromosome 6 
Gene       Full name 

C130022K22Rik  RIKEN cDNA C130022K22 gene 

4930590J08Rik   RIKEN cDNA 4930590J08 gene 

Fgd5    FYVE, RhoGEF and PH domain containing 5 

4930466I24Rik   RIKEN cDNA 4930466I24 gene  

Nr2c2    nuclear receptor subfamily 2, group C, member 2 

9430019H13Rik   RIKEN cDNA 9430019H13 gene 

Mrps25    mitochondrial ribosomal protein S25 

Zfyve20    zinc finger, FYVE domain containing 20 

Trh    thyrotropin releasing hormone 

Prickle2    prickle homolog 2 

Adamts9    a disintegrin-like and metallopeptidase (reprolysin type) with 

   thrombospondin type 1 motif, 9 

A730049H05Rik   RIKEN cDNA A730049H05 gene 

9530026P05Rik   RIKEN cDNA 9530026P05 gene 

D630004L18Rik   RIKEN cDNA D630004L18 gene 

Magi1    membrane associated guanylate kinase, WW and PDZ domain 

   containing 1 

B430316J06Rik   RIKEN cDNA B430316J06 gene 

8030459D09Rik   RIKEN cDNA 8030459D09 gene 

4930511A08Rik   RIKEN cDNA 4930511A08 gene 

Slc25a26    solute carrier family 25 (mitochondrial carrier, phosphate carrier), 

   member 26  

Lrig1    leucine-rich repeats and immunoglobulin-like domains 1 

4930511E03Rik   RIKEN cDNA 4930511E03 gene 

2410024F20Rik   RIKEN cDNA 2410024F20 gene 

1700010K10Rik   RIKEN cDNA 1700010K10 gene 

Kbtbd8    kelch repeat and BTB (POZ) domain containing 8 

 

C | Lever press-nose poke performance, chromosome 9 
Gene       Full Name 

Scamp 5   secretory carrier-associated membrane protein 5 

Rpp25   ribonuclease P protein subunit p25 

Cox5a   cytochrome c oxidase, subunit Va 

LOC735298  hypothetical locus LOC735298 

2310046O06Rik  RIKEN cDNA 2310046O06 gene 

Mpi   mannose phosphate isomerase 

Scamp2   secretory carrier membrane protein 2 

Ulk3   unc-51-like kinase 3 

Cplx3   complexin 3 
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Lman1l   lectin, mannose-binding 1 like 

Csk   c-src tyrosine kinase 

Cyp1a2   cytochrome P450, family 1, subfamily a, polypeptide 2 

Cyp1a1   cytochrome P450, family 1, subfamily a, polypeptide 1 

Edc3   enhancer of mRNA decapping 3 homolog  

Clk3   CDC-like kinase 3 

Arid3b   AT rich interactive domain 3B (BRIGHT-like) 

Ubl7   ubiquitin-like 7 (bone marrow stromal cell-derived) 

Sema7a   sema domain, immunoglobulin domain (Ig), and GPI membrane 

anchor, (semaphorin) 7A 

Cyp11a1    cytochrome P450, family 11, subfamily a, polypeptide 1 

Ccdc33    coiled-coil domain containing 33 

E330033L03   hypothetical protein E330033L03 

1700120E02Rik   RIKEN cDNA 1700120E02 gene 

Stra6    stimulated by retinoic acid gene 6 

Islr    immunoglobulin superfamily containing leucine-rich repeat 

Islr2    immunoglobulin superfamily containing leucine-rich repeat 2 

1600029O15Rik  RIKEN cDNA 1600029O15 gene 

Pml    promyelocytic leukemia 

Stoml1    stomatin-like 1 

Loxl1    lysyl oxidase-like 1  

Tbc1d21   TBC1 domain family, member 21 

1700072B07Rik  RIKEN cDNA 1700072B07 gene  

4930461G14Rik  RIKEN cDNA 4930461G14 gene 

6030419C18Rik   RIKEN cDNA 6030419C18 gene  

Cd276    CD276 antigen 

Nptn   neuroplastin 

2410076I21Rik   RIKEN cDNA 2410076I21 gene 

A130026P03Rik  RIKEN cDNA A130026P03 gene 

Hcn4    hyperpolarization-activated, cyclic nucleotide-gated K+4 

Neo1   neogenin 

Adpgk   ADP-dependent glucokinase  

Bbs4   Bardet-Biedl syndrome 4 

Arih1  ariadne ubiquitin-conjugating enzyme E2 binding protein  

homolog 1 

Tmem202   transmembrane protein 202  

Hexa    hexosaminidase A  

Celf6    CUGBP, Elav-like family member 

Parp6   poly (ADP-ribose) polymerase family, member 6   
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Abstract 

Extinction of instrumental responses is an essential skill for adaptive behaviour such us 

foraging. So far, only few studies have focused on extinction following appetitive conditioning in 

mice. We studied extinction of appetitive operant lever-press behavior in 6 standard inbred 

mouse strains (A/J, C3H/HeJ, C57BL/6J, DBA/2J, BALB/cByJ and NOD/Ltj) and 8 recombinant 

inbred mouse lines. From the response rates at the end of operant and extinction training we 

computed an extinction index, with higher values indicating better capability to omit behavioral 

responding in absence of reward. This index varied highly across the mouse lines tested, and 

the variability was partially due to a significant heritable component of 12.6%. 

To further characterize the relationship between operant learning and extinction, we calculated 

the slope of the time course of extinction across sessions. While many strains showed a 

considerable capacity to omit responding when lever pressing was no longer rewarded, we 

found a few lines showing an abnormally high perseveration in lever press behavior, showing no 

decay in response scores over extinction sessions. 

No correlation was found between operant and extinction response scores, suggesting that 

appetitive operant learning and extinction learning are dissociable, a finding in line with 

previous studies indicating that these forms of learning are dependent on different brain areas. 

These data shed light on the heritable basis of extinction learning and may help develop animal 

models of addictive habits and other perseverative disorders, such as compulsive food seeking 

and eating. 
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1. Introduction 

Extinction of previously acquired behavior that no longer results in a desired outcome is 

essential for adaptive responding to a changing environment. For successful foraging, animals 

should be able to rapidly learn actions that are rewarded, but also quickly omit responding to 

stimuli that are no longer rewarding. However, once an action-outcome association has been 

established, animals typically need many trials to extinguish a behavioral response that no 

longer results in a positive outcome (Neuringer et al., 2001; Killcross and Coutureau, 2003). 

After prolonged training, reward-seeking behavior may become so persistent that it hinders the 

animal in effectively learning new stimulus-outcome relationships. The action may become 

habitual, implying the animal will display it even in the absence of a desired outcome. In 

humans, similar processes may take place in pathological conditions characterized by 

behavioral inflexibility, such as schizophrenia (Elliott et al., 1995) or obsessive-compulsive 

disorder (Veale et al., 1996), in which anxiety is often coupled to carrying out non-functional 

rituals and habits (Swedo, 1989). Similarly, seeking food or drugs of abuse may continue even in 

the presence of punishers for such behavior (Vanderschuren and Everitt, 2004; Latagliata et al., 

2010). 

Brain areas regulating the acquisition of operant behavior may not be the same ones as those 

mediating extinction. Extinction is not equivalent to forgetting but constitutes a form of new 

learning, and acquisition and extinction appear to engage different neural mechanisms in rats 

(Dickinson, 1980; Sotres-Bayon et al., 2004; Myers and Davis, 2006; Quirk and Milad, 2010). This 

was first found in the context of fear conditioning: While acquisition of fear conditioning in rats 

is linked to the amygdala, the ventromedial prefrontal cortex has been implicated in the 

extinction of fear conditioning in rats (Milad and Quirk, 2002; Morgan et al., 2003).  

As in rats, extinction of acquired behavior in mice has been studied most extensively in the 

context of fear conditioning (Waddell et al., 2004; Siegmund et al., 2005); for C57BL/6  and 

DBA/2 and substrain comparisons see (Stiedl et al., 1999) and conditioned taste aversion 

(Crabbe et al., 1982; Ingram, 1982). Extinction of positively reinforced conditioning has been 

examined in most common inbred mouse strains. While a majority of these studies 

concentrated on substances of abuse (Stolerman et al., 1999; Zghoul et al., 2007; Orsini et al., 
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2008) one study comparing three inbred mouse strains addressed extinction of appetitively 

motivated responses (Lederle et al., 2011). 

Like in fear conditioning, acquisition and extinction of appetitive operant conditioning in mice 

appear to depend on different brain areas: Excitotoxic lesions of the dorsal hippocampal area 

CA1 of C57BL/6 mice impaired extinction but not acquisition of appetitive operant learning 

(Dillon et al., 2008). In both rats and mice, prelimbic cortex was shown to promote appetitive 

instrumental responding, particularly when reinforcement is uncertain or unavailable (Balleine 

and Dickinson, 1998; Killcross and Coutureau, 2003; Mulder et al., 2003). As concerns the role 

of ascending neuromodulatory systems, lesions of the cholinergic nucleus basalis 

magnocellularis impaired reversal learning and extinction in an appetitive lever press task 

(Cabrera et al., 2006) in rats. This study supported earlier findings in which systemic treatment 

of rats with cholinergic agonist resulted in faster extinction and treatment with cholinergic 

antagonist in greater perseveration in an operant task (for a review, see Mason, 1983). 

Disrupted communication between the rat orbitofrontal cortex, striatum and the serotonergic 

system has been implicated in compulsive lever-pressing for food in the absence of reward 

(Schilman et al., 2010). Compulsive lever pressing for food in rats has been shown to be 

attenuated by selective serotonin reuptake inhibitors (SSRIs) but not tricyclic antidepressants or 

anxiolytic substances (Joel et al., 2004), which is interesting in the light of the serotonin 

hypothesis of obsessive-compulsive disorder (OCD; Insel et al., 1985; Barr et al., 1993; Lederle 

et al., 2011). Given the complexity of neural mechanisms underlying obsessive-compulsive 

disorder, more specific animal models exhibiting features typical of OCD, such as compulsivity 

and resistance to extinction, will be required. Such studies may also be useful in elucidating the 

genetic background of eating disorders, which are comorbid with OCD (Fontenelle et al., 2005; 

Jiménez-Murcia et al., 2007), which speaks for using an appetitive task for screening. 

Several mouse models have been shown to express persistent behavior, most commonly a 

reversal learning deficit. However, these models are usually generated to model 

neuropsychiatric disorders involving cognitive inflexibility, thus expressing other abnormalities 

as well (e.g. Koistinaho et al., 2001; Van Dam et al., 2000). Research on mouse models of 

perseveration in appetitively motivated tasks has been scarce: while a number of studies have 

characterized the role of various transmitter-receptor systems and mouse brain areas in 

extinction of appetitive operant behavior (e.g. Niyuhire et al., 2007; Crombag et al., 2008; Dillon 
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et al., 2008; Gourley et al., 2009), extinction behavior and its heritability has not been 

systematically assessed in common inbred mouse lines (but see Lederle et al., 2011), despite 

their importance for providing a background against which targeted mutations can be studied. 

Furthermore, the heritability of this behavior constitutes an important parameter for the 

development of genetic mouse models, but remains to be explored. 

The first goal of this study was to identify mouse strains that may serve as animal models for 

perseverative disorders such as OCD and compulsive food seeking and to characterize 

extinction behavior in a number of common inbred mouse lines that belong to the so called 

“priority group A” in the Mouse Phenome Project because of their popularity as background 

strains in transgenic studies (Bogue and Grubb, 2004). Secondly, we aimed to estimate the 

proportion of variability in extinction that can be explained by heritability. In order to assess the 

overall contribution of heritable factors, we first trained a large number of mouse strains (35 

strains, N=343 animals) on an operant lever press task, and subsequently studied extinction 

behavior in strains that achieved sufficient operant performance. To accommodate the large 

number of strains, we developed a behavioral protocol of a limited duration, comprising 5 

sessions of operant training followed by 3 extinction sessions. As a third, additional aim, this 

protocol allowed us to examine whether operant learning was correlated with subsequent 

extinction. 

2. Methods 

2.1. Animals 

BxD mouse lines refer to a set of lines that were originally created in The Jackson Laboratory 

(http://www.jax.org) by crossing C57BL/6J and DBA/2J and inbreeding the offspring sister-

brother pairs for tens of generations in order to create a set of recombinant inbred mouse lines 

that can be used e.g. for heritability and quantitative trait loci analysis. All BxD mouse lines 

included in this study (lines 2, 8, 16, 27, 29, 33, 42, 43), their progenitor strains C57BL/6J and 

DBA/2J, inbred strains A/J, C3H/HeJ, Balb/cByJ and NOD/Ltj (N=5-19 mice per line, all male, on 

average 7.9 mice per strain (median=7.5 mice, total 111 mice) were bred locally at Harlan 

Netherlands (http://www.harlaneurope.com). Each strain consisted of several batches of mice 
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with at least two litters from separate mothers; mice were 9-10 weeks of age at the beginning 

of extinction training. 

In brief, the experimental details up until the extinction phase followed the description in 

(Malkki et al., 2010). Prior to the beginning of experiments, mice were habituated to the colony 

room (reversed day–night cycle; 7.00 lights off, 19.00 lights on, social housing) for four weeks. 

Food and water were available ad libitum. In the week preceding the experiments, the mice 

were handled daily by the experimenter, habituated to the operant boxes for one hour per day 

and given samples of food pellets (14 mg dextrose-sucrose precision pellet produced by Bio-

Serv, Frenchtown, NJ, http://www.bio-serv.com) in the home cage.  

During the course of experiments, mice were food-restricted by removing food 4-5 hours prior 

to each training session, resulting in weight loss of about 5%. After each training session (once 

daily), food was available ad libitum until the beginning of the next restriction period the 

following day. Water was provided in the home cages ad libitum at all times. All experimental 

procedures were approved by the institution’s Animal Welfare Committee and were in 

compliance with the European Council Directive (86/609/EEC) and Principles of laboratory 

animal care (NIH publication No. 86-23, revised 1985). 

2.2. Behavioral apparatus 

Standard mouse operant boxes (model ENV-307A) were equipped with two retractable levers 

(model ENV-312-2W) and a feeder tray in between them (See Chapter 2, Fig. 1). Each of the 

eight boxes was positioned inside a sound-attenuating cubicle (model ENV-022MD). The 

chambers were placed in parallel on two shelves, each holding four boxes. Control of the 

operant boxes and recording behavioral data was carried out by a MED-PC research control and 

acquisition system (version IV; MED Associates, St. Albans, VT). 

2.3. Behavioral training 

The timeline of behavioral training is illustrated in Fig. 1. Before the mice were trained on the 

operant task, they were first subjected to a series of habituation and shaping sessions 

(“pretraining”; Malkki et al. 2010). Every training session began with a pretask period during 

which the mice were placed in the operant box one hour before training onset. Mice were 
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trained for one session per day. In the operant conditioning task, the onset of each trial was 

marked by two levers (one on each side of the food magazine) protruding from the operant box 

wall. While the levers were protruded, the mice could obtain a sucrose pellet (14 mg) by 

pressing either lever and subsequently poking their nose in the food magazine. Following a 

lever press response or a period of 150 seconds without response, the levers were retracted to 

prevent possible extinction behavior during the course of training, and a pseudorandom 

intertrial interval of 5-25 (on average 15 s) seconds followed.  

 

Figure 1: Timeline of the experiments. The protocol is ordered in time from left to right, 

beginning with handling and ending with extinction sessions. 

 

To avoid satiety, mice could collect a maximum of 30 pellets in one session. Each training 

session lasted up to one hour, after which the mouse was removed from the operant chamber, 

even if it had not yet made 30 correct responses. The mice were trained on operant 

conditioning for five sessions in total. A response was considered correct when the mouse 

pressed a protruded lever before the 150 sec timeout. Only mouse strains in which a majority 

and at minimum five of the subjects had achieved at least 50% correct performance on average 
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in the last (fifth) session of operant phase were included in extinction training. This criterion 

resulted in the rejection of 21 strains and acceptance of 14 strains.  

Extinction training followed the operant conditioning task under similar conditions. The 

pseudorandom intertrial intervals as well as 150 second lever presentation were the same, but 

now we omitted sucrose pellets as a reward for a lever press. Thus, each mouse could produce 

at most one lever press response per trial. The session length was limited to 60 minutes as in 

the previous training phase and each mouse was subjected to 3 extinction sessions in total. 

2.4. Analysis of behavioral parameters 

The following parameters were analyzed in this study:  

1. RO and RE: 

The response score in operant training sessions (RO) was defined as the percentage of lever 

presses leading to reward delivery relative to the total number of trials in a given session. 

Similarly, the extinction response score (RE) was defined as the number of lever presses (which 

is equivalent to the number of trials with a lever press occurring) divided by the total number of 

trials in a given session. 

2. SlopeO and SlopeE: To assess the course of acquisition of operant behavior and extinction, we 

calculated SlopeO and SlopeE by applying linear regression to RO and RE in each session of 

operant and extinction training, respectively. SlopeO and SlopeE were defined as the average 

percentage change in response score per session. 

3. The extinction index EI was defined as  

EI = 1 - (RE / RO), 

where RE and RO are the response scores in the last session of extinction and operant training 

(3
rd

 and 5
th

, respectively). Thus, a higher extinction index indicates a higher capability to omit 

behavioral responding in absence of reward, with an EI value of 1 indicating complete extinction 

of lever press behavior and a value of 0 complete absence of extinction. Note that EI may in 

principle assume a negative value, while its upper bound is 1. 
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To quantify correlations between behavioral parameters, we computed standard Spearman's 

rank correlation coefficients on strain means and on all subjects pooled together. To assess the 

significance of behavioral differences between strains, one-way ANOVAs and post-hoc t-tests 

were carried out (Tukey’s least significant difference procedure). All analyses were carried out 

in MATLAB (MathWorks, Natick, MA). 

2.5. Heritability 

Narrow-sense heritability estimates, which reflect the portion of total phenotypic variation that 

is due to the allelic effects of genes (h
2
,
 
(Hegmann and Possidente, 1981), were calculated with 

a procedure using the following equations that control for variable group sizes in different 

strains, 

)2/()(2 BkBABAh   

)1/()/1( 2   SnNNk
s s  

)1/(])([ 2   STtnA
s ss  

 
s ss SNvnB )/()(  

where N is the total number of animals, S is the total number of tested strains, ns is the number 

of animals for a given strain s, ts is the trait average for a given strain (in this case, EI), vs is the 

trait variance for a given strain and T refers to the trait average across all strains (Isles et al., 

2004); Heimel et al. 2008). 

The p-levels of the heritability estimates were calculated by a permutation test with 1000 

permutations (Moore and McCabe, 2000). Both the heritability estimates and their significance 

were calculated with a custom MatLab script (Heimel et al., 2008), available at 

http://www.nin.knaw.nl/~heimel/software/heritability. 
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3. Results 

3.1 Heritability of extinction behavior 

The extinction index (EI) was computed from the response scores RO and RE measured at the 

end of operant and extinction training, with higher values indicating higher capability to omit 

responding in the absence of reward. Amongst the 14 strains satisfying our criterion for operant 

learning, EI varied from 0.09 in BxD-16 to 0.77 in C3H (mean ± SEM: 0.38 ± 0.05). C3H, BxD-27, 

A/J and DBA/2J showed the highest EI values, indicating efficient omission of non-rewarded 

behavior. Conversely, mouse lines BxD-16, BxD-42 and NOD/Ltj showed the lowest EI, indicating 

the least decay of RE when normalized to RO (Fig. 2). 

Figure 2: Extinction index. 

Extinction index over the 

14 strains tested. Values 

represent the mean ± SEM 

EI per strain. 

 

EI showed a highly 

significant heritability 

(12.6%, p<0.001). Overall, 

we found a significant 

variability in EI across all 

14 strains tested: One-way ANOVA revealed a significant strain effect for EI (F(13,97) =3 .25, p = 

0.0004). Post-hoc tests indicated multiple differences between strains with 30 out of 91 

possible pair-wise correlations between strains significantly different from each other. 

3.2. Comparison of operant and extinction response scores 

Comparing the response scores in the last sessions of operant lever pressing (RO) and extinction 

training (RE, Fig. 3) tells how effectively strains were able to acquire lever press behavior in the 

presence of reward and how capable they were of omitting their response in the absence of 

reward. The rationale for making this comparison is that poor extinction might positively 
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correlate with fast and reliable operant conditioning, based on the assumption that animals 

have greater difficulty adapting a response once it has been firmly rather than weakly 

established. However, neither strain mean nor subject-wise correlation analysis revealed any 

significant correlation between the response scores at the end of the operant and extinction 

phases (RO and RE; r=0.19, p = 0.51 and r = 0.13, p = 0.18, respectively), confirming that 

extinction was statistically dissociable from operant conditioning. Consistently, no significant 

strain mean or subject level correlations were found between response score at the end of the 

operant phase and the extinction index (RO vs EI; r = 0.11, p = 0.70 and r = 0.04, p = 0.67, 

respectively). Overall, the lack of correlation indicates a dissociability of the two measures: 

strong extinction may well occur following high operant performance. 

Figure 3: Comparison of response 

scores during operant and 

extinction phase.  

Response scores in the last session 

of operant (abscissa) vs. extinction 

(ordinate) training. Each data point 

represents the response score 

averaged across all mice belonging 

to the strain indicated. 

 

RO ranged from 84.4% (BxD-42) to 

100.0% (BxD-27), with a mean ± SEM 

of 93.2 ± 1.4% and RE between 

21.7% (C3H) and 86.6% (BxD-16), mean ± SEM: 58.0 ± 4.3%. Strain C3H showed the most 

flexibility during extinction, with a very low response score in the last session of extinction 

training despite its high operant performance. Another striking example of flexibility is BxD-27, 

which reached 100% successful performance in the operant lever press task, and also had a 

relatively high extinction index. Other strains showing relatively low RE values coupled to high 

operant performance include DBA/2J and A/J. 

To further control whether performance differences might be attributed to a variable 

motivation to work for sucrose rewards, we correlated the data presented here with data from 
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a pretraining task, where mice were collecting sucrose pellets by making a nose poke in the 

food magazine (Malkki et al., 2010). In the last (third) session of this pretraining task, the 14 

strains included in this study were collecting on average the vast majority of pellets offered in 

the task (28.7 ± 0.7 pellets; mean ± SEM; maximum number of pellets being 30), indicating a 

high motivation to work for sucrose rewards. Furthermore, we found no correlation between 

the number of pellets collected in this pretraining task and either EI (R = -0.23, p = 0.43), SlopeO 

(R = 0.07, p = 0.80) or SlopeE (R = 0.27, p = 0.35). 

3.3. Development of extinction behavior over sessions 

To study the time course of operant learning and extinction, we calculated the response scores 

for each session in these training phases (Fig. 4) and assessed the development of operant and 

extinction learning by applying linear regression to the response scores of each session of 

operant learning (SlopeO) and extinction (SlopeE; see Fig. S1 for additional information on the 

course of operant and extinction sessions as well as slopes per strain and Fig. 5 for comparison 

of SlopeO and SlopeE values between strains). As was the case for the response scores RO and RE, 

we found no significant correlation between SlopeE and SlopeO (r=0.11, p=0.70) as determined 

per strain. Furthermore, EI correlated with neither SlopeE (R=-0.52, p=0.062) nor SlopeO (R=0.15, 

p=0.61). This result confirms that a high rate of operant conditioning is not predictive of a 

subsequent poor progression of extinction for the mouse lines studied. 

SlopeO ranged between +8.1% in NOD/Ltj and +21.8% in C3H (mean 15.0 ± 1.2%) and SlopeE 

between -27.8% in BxD-27 and +8.4% in BxD-68 (mean -3.5% ± 2.3%; Fig. 5). BxD-27 not only 

had the steepest negative SlopeE: Together with displaying the second highest EI, it can be 

stated that it was the quickest and the most efficient mouse line in extinguishing unrewarded 

behavior. While most of the mouse lines showed a modest decline in response scores during 

extinction, BxD-68, BxD-42, C57BL/6J, BxD-16 and NOD/Ltj failed to express a steady, 

progressive extinction. Of these, the NOD/Ltj strain had acquired one of the highest (93.2%) 

response scores (RO) during operant training. Together with a SlopeE of 0.00, its RE value, which 

was among the highest, and EI value, which was among the lowest (0.21), indicate inflexibility in 

adjusting to absence of reward. 
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BxD-16 and BxD-42 were among the strains with the lowest extinction indices (Fig. 2) and their 

rates of lever pressing in the last extinction session were among the highest (Fig. 4). Like 

NOD/Ltj, they also failed to show progressive extinction. Instead, their SlopeE values (+3% and 

+5%, respectively) even indicated a slight increase in response scores towards the third session. 

4. Discussion 

In this study we tested 14 mouse strains on their capacity to extinguish a previously acquired 

operant lever press response using a medium-throughput protocol which allows rapid 

behavioural screening but effectively differentiates between good and poor extinguishers: 

several examples of both types were found. The extinction index EI, which was normalised to 

operant lever response scores, had a significant heritable component. Together with the 

observed heritability, the widespread and often subtle interstrain differences suggest that EI is 

not regulated by a single gene but by multiple genes of small effect size. If extinction would be 

regulated by a single gene, a more robust bimodal distribution between high and low strain 

values would be expected (Jones and Mormède, 2007), chapter 25). 

All mice showed lower response rates after removal of the reward (Fig. 4). However, the decline 

of response rate, defined as SlopeE, varied between mouse lines. Interestingly, some mouse 

lines showed a positive SlopeE, meaning that after an initial drop in response scores, their lever 

press behavior was resistant to extinction and even gained strength. Of these, BxD-16, BxD-42 

and NOD/Ltj had the lowest EI, making them the most suitable models for perseveration, while 

BxD-27 showed the highest RO, second highest EI and a pronounced, negative SlopeE. Thus, BxD-

27 may present a good model for high cognitive flexibility. From the viewpoint of perseveration, 

NOD/Ltj was perhaps the most interesting standard inbred strain: it readily acquired operant 

behavior and reached the second highest operant response score, but maintained a high 

response rate in the absence of reward, thus having the third lowest EI after BxD-16 and BxD-

42. The popularity of C57BL/6 as a background strain for transgenic models as well as for 

behavioral testing in general makes it noteworthy that also this line expressed some 

perseverative behavior: despite its moderate EI values and a substantial drop in response rates  
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Figure 4. Response scores over operant and extinction training. 
Time course of response scores of mouse lines across five operant and three extinction 
sessions. Mouse lines are sorted according to their operant response scores in the last (5th) 
session of operant training. Black vertical line indicates the end of operant (left) and start of 
extinction (right) sessions. Colour scale indicates the response score defined as percentage of 
trials with a lever press. 

 

 

Figure 5. Slope measures of operant 
and extinction performance.  
Linear regression slopes over three 
sessions of operant training (Δ 
Operant response score / session) vs. 
three sessions of extinction training 
(Δ Extinction response score / 
session). Gray horizontal line 
indicates SlopeE value of 0. Note that 
the slope measures plotted here do 
not take into account the change in 
response score occurring from the 
last (5th) operant training session to 
the 1st extinction session (Fig. 4). 
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from the last operant session to the last extinction session (86.4% to 54.3%, respectively; see 

Fig. 3.), there was no steady decline of lever press responses across extinction sessions (Fig. 4 

and 5). 

The lack of correlation between RO, RE and EI, as well as between regression slopes for 

extinction and operant stages (SlopeE and SlopeO, respectively) reflects a dissociation between 

acquisition and extinction of operant performance shown by many strains. Strong extinction 

may well occur following high performance during acquisition. This is in accordance with a 

previous study reporting that acquisition and extinction of appetitive operant behavior in mice 

are primarily dependent on different brain areas (Dillon et al., 2008). 

A general point to consider for follow-up studies is to examine whether strong extinction is still 

found after prolonged operant training where a plateau level of responding is reached, which is 

interesting for studying the persistence of habits. 

4.1. Comparison to previous extinction studies in mice 

A recent study screening C57BL/6J, DBA/2J and Balb/cJ mice using an appetitively motivated 

touchscreen-based stimulus-reward operant task reported that DBA/2J were slightly slower and 

Balb/cJ slightly faster to extinguish than C57BL/6J, although the differences were small (Lederle 

et al., 2011). This stands in partial contrast with our study, where DBA/2J actually had a slightly 

lower RE and steeper negative SlopeE than the other two strains, while EI levels were 

comparable across all three strains. The most important difference between the studies is the 

lack of a steady decline in the response pattern of C57BL/6J found in our study. This may be 

explained by differences in apparatus and/or experimental protocol (such as lever press vs. 

touchscreen, short vs. prolonged training and different time windows in which responses to 

stimuli were allowed). Two other studies (Niyuhire et al., 2007; Dillon et al., 2008) reported 

C57BL/6J to express a steady decline in lever press behaviour when rewards were omitted, but 

this is not directly in contradiction with our study, because both studies used much shorter 

sessions. A short first extinction session often captures the so called ‘extinction burst’, i.e. a 

transient increase in response rate after removal of reinforcer, resulting in a steep negative 

slope. Both studies reported a substantial decline from the last operant session to the third 

extinction session, which is in accordance with our study. 
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Studies comparing extinction of appetitive lever press behavior across standard inbred mouse 

strains have been scarce, but comparison to extinction of fearful behavior and other aversively 

motivated tasks revealed some similarities. In cued fear conditioning, DBA/2J extinguished 

fearful responses more quickly than C57BL/6J (Waddell et al., 2004), in line with the results of 

our study, where DBA/2J had higher EI values and steeper SlopeE. Other studies reported Balb/c 

mice to express prominent acquisition of fear memory (Brinks et al., 2009) and no fear 

extinction deficit when compared to C57BL/6J (Norcross et al., 2008), which is basically in 

accordance with our results: the EIs of both Balb/cByJ and C57BL/6J mice were comparable and 

moderate. In an active avoidance task using a two-way shuttle box, strains C3H and A showed a 

rapidly developing extinction of a conditioned fear response (Hamburger et al., 1985). In 

agreement with these results, these strains showed the highest (C3H) and third highest (A/J) EI 

of the inbred strains in our study. While C57BL/6J mice showed little or no extinction in the 

Hamburger et al. study, they reached moderate extinction levels in our task (Fig. 2). Differences 

between our study and studies of extinction of fearful memory may be explained by the notion 

that extinction of fearful and appetitive behaviors may be under differential neurochemical 

control (Niyuhire et al., 2007). 

4.2. Comparison to models of obsessive-compulsive disorders 

OCD is a common psychiatric disorder with a lifetime prevalence of around 2%. While the 

intrusive obsessive thoughts characteristic of OCD are difficult, if not impossible, to model in 

rodents, several attempts have been made to construct a mouse model for the compulsive 

components of OCD, such as excessive grooming (Nordstrom and Burton, 2002; Chou-Green et 

al., 2003; Welch et al., 2007; Shmelkov et al., 2010). In some of these models, OCD-like 

symptoms and anxiety could be ameliorated by selective serotonin reuptake inhibitors (SSRIs; 

(Welch et al., 2007; Shmelkov et al., 2010), which are commonly used in treating OCD in 

humans. These results support the previously proposed serotonin hypothesis, which 

emphasizes a central role of serotonergic modulation of prefrontal and striatal areas in this 

disorder. This hypothesis has gained support from human genetics: Heritable alterations in 

serotonin function, such as in the human serotonin transporter (hSERT) gene, have been 

suggested to be a risk factor for OCD (Ozaki et al., 2003). In addition to serotonin, glutamatergic 

and dopaminergic transmission have been implicated in OCD (Denys et al., 2004; Pittenger et 
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al., 2006), for instance, glutamatergic drugs have been reported to aggravate symptoms of OCD 

spectrum disorders in transgenic mice with enhanced cortico-limbic D1 receptor signaling 

(McGrath et al., 2000). Perseverative and stereotypic patterns are also present in dopamine 

transporter knockout mice, possibly arising from interactions with serotonergic regulation 

(Giros et al., 1996; Pogorelov et al., 2005). Numerous candidate genes, including serotonergic, 

dopaminergic, glutamatergic and opioid receptor and transporter genes, have been proposed 

to be associated with OCD (Wang et al., 2009). However, at this stage many of the studies have 

not been replicated and the genetic background of the syndrome remains elusive. 

Our findings may be tentatively associated to OCD and other persistent disorders as low 

extinction indices are indicative of compulsion-like behavior. From the standard strains used in 

our study, C3H, C57BL/6J and DBA/2J are each known to have specific hSERT genotypes, while 

A/J and Balb/c have a specific, yet shared genotype (Carneiro et al., 2009). Taken that the 

progenitor strains have different genotypes, it is possible that the BxD strains used in our study 

also differ in this locus. Previous studies did not assess SERT function in strains BxD-16, BxD-42 

and NOD/Ltj that emerged as most interesting candidate models in our study. Thus, the 

relationship between serotonin transporter genotype and perseverative behaviors in these 

strains must await further study. 

4.3. Comparison to mouse models of addictive behaviors 

It has been suggested that consumption of sweet substances can elicit addictive behavior in 

animal models. Besides behavioral changes due to high sugar intake, changes in opioid and 

dopamine receptors (Colantuoni et al., 2001) and cross-sensitization to substances of abuse 

have been observed (Gosnell et al., 2010). Mechanisms for food and drug addiction may share 

common pathways, at least partially, as both stimulate the same neural systems (Hernandez 

and Hoebel, 1988). 

After learning to lever press for sucrose reward, several mouse lines in our study had difficulty 

letting go of food-seeking behavior. In an earlier study, rats that had daily access to glucose in 

their home cage exhibited increased lever press rates for glucose after abstinence, a behavior 

often used to measure "craving" for a substance of abuse (Avena et al., 2005, 2008). While the 

response rate during extinction did not exceed the peak rate in the rewarded phase in any 
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mouse strain in our study, several mouse lines showed an increasing trend in lever-pressing in 

the absence of the reward (Fig. 4, 5). These lines are particularly interesting for developing 

genetic mouse models for drug or food seeking. 

While to our knowledge no studies on sucrose or high-fat addiction in mice have been 

published, both inbred and BxD mouse lines have been studied in the context of substance 

abuse. After learning to lever press for nicotine, DBA/2 showed lower lever press rates than 

C57BL/6J in the absence of the drug (Stolerman et al., 1999). Similarly, in our study, DBA/2J 

showed a slightly lower lever press rate in the third extinction session relative to C57BL/6J (Fig. 

4). 

In the current dataset the Balb/cByJ strain showed slightly more perseveration than C57BL/6J 

when this persistence was defined by lower EI values. In an earlier study where mice were 

trained to press a lever for etonitazene (a potent benzimidazole type opioid) administration, 

Balb/cJ mice showed a more rapid decline in responding in the absence of the drug than 

C57BL/6 mice, which might be explained by the strains’ differential preferences (C57BL/6 high, 

Balb/c low) for opioids (Elmer et al., 1995). Therefore, these results are not contradictory to our 

study per se. 

4.5. Concluding remarks 

To our knowledge, heritability of persistent behavior in standard inbred mice has not been 

previously assessed. Here we showed that while some mouse strains were able to flexibly let go 

off unrewarded behavior, some lines kept on persistently responding even after relatively short 

operant training. A significant portion of the variability in extinction of lever press behavior 

could be explained by genetic background, implying the possibility to develop specific genetic 

models for compulsive disorders in which inflexibility of appetitively motivated behavior is 

involved. BxD-16, BxD-42 and NOD/Ltj may present suitable models for specific impairment in 

extinguishing food-rewarded operant responses, while C3H and BxD-27could serve as a model 

displaying high flexibility. As C57BL/6J displayed moderate or relatively poor extinction, 

depending on the measure considered, one should be cautious when considering it as a 

background strain against which genetic models of perseveration and compulsion may be 

constructed. 
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Multiple significant differences between strains suggest that the capacity to extinguish 

unrewarded behavior is regulated by multiple genes of small effect size. Thus it should be 

feasible to probe the candidate genes for such models by screening a larger number of BxD-

lines and performing analysis for quantitative trait loci (Plomin et al., 1991), preferably paying 

extra attention to loci in which BxD-16 and BxD-42 differ from BxD-27.  
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Supplementary Figure S1. Operant and extinction slopes per strain. Response scores defined 
as percentage of trials with lever press during acquisition (blue dots) and extinction (red dots) 
of operant behaviour. SlopeO and SlopeE  are listed for each strain and illustrated by blue and red 
lines, respectively. Five sessions of operant and three sessions of extinction are indicated on 
abscissa. 
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Abstract 

Arc/Arg3.1 is an immediate early gene whose mRNA is localized in dendrites of principal cells in 

various areas of the brain. It is prominently found in hippocampal pyramidal neurons, where its 

expression is rapidly increased upon exploration of a novel environment. Loss of Arc/Arg3.1 

function has been previously linked to impaired late-phase acquisition of spatial learning and 

spatial reversal learning, as well long-term synaptic plasticity and memory consolidation. 

To study the role of Arc/Arg3.1 in neural coding and oscillatory activity in the hippocampus 

during spatial exploration and navigation, we recorded hippocampal CA1 single unit and local 

field potential activity in Arc/Arg3.1 knockout and wildtype mice in different novel and familiar 

environments.  

We found significant changes neither in behavioural activity nor general firing properties of 

pyramidal cells. Place fields of hippocampal cells in Arc/Arg3.1 KO mice were intact. However, 

we found a significant attenuation of power in the higher frequency range of local field 

potential oscillations in KO animals during exploration, particularly in the beta-2 (20-35 Hz) and 

gamma frequency bands (35-100 Hz). Furthermore, we found that locking of spiking activity to 

LFP oscillations in theta, beta and gamma bands was decreased in KO mice. 

Enhancement of beta-2 activity in mouse hippocampus has been previously implicated in 

exploration of novel environments on a rapid time scale. Gamma oscillations have been linked 

to cognitive functions including working memory as well as formation and retrieval of long-term 

memory, and their attenuation may contribute to the previously observed learning deficits in 

Arc/Arg3.1 knockout animals. In addition, the decrement in phase-locking of spiking may help 

explain their impairment in encoding and retrieving spatial information. 
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1. Introduction 

Arc/Arg3.1 is an immediate early gene that is rapidly expressed upon an animal’s exposure to a 

novel environment (Vazdarjanova et al., 2006). It is expressed in 30-40% of hippocampal 

pyramidal neurons, which is around the same proportion of hippocampal pyramidal neurons 

showing spatially selective firing rate changes (Guzowski et al. 1999). Following an exposure to 

a novel environment, the Arc/Arg3.1 gene is transcribed within minutes and the mRNA is 

transferred from the nucleus to cytoplasm and further to activated synaptic sites within 30 

minutes (Guzowski et al., 1999; Steward and Worley, 2001). In support of a causal role of 

Arc/Arg3.1 in learning, knockout mice were significantly impaired both in the late acquisition 

phase and reversal learning of the Morris water maze task, despite normal basal behavioral 

characteristics (i.e. swimming velocity and floating times; Plath et al. 2006).  

So far, studies on Arc/Arg3.1 function have been mainly restricted to the molecular machinery 

underlying synaptic plasticity (Chowdhury et al., 2006; Huang et al., 2007; Messaoudi et al., 

2007; Peebles et al., 2010). Recent studies have shown Arc/Arg3.1 to be crucial for experience-

dependent plasticity in mouse visual cortex (Gao et al., 2010; McCurry et al., 2010). However, 

the role of Arc/Arg3.1 in the coding of more complex, relational information, pertaining to 

configurations of objects in space and to navigation, is unknown. Given that Arc/Arg3.1 is 

expressed in hippocampus particularly during environmental exploration and is strongly 

involved in synaptic plasticity — which may be important in shaping and stability of place fields 

(McHugh et al., 1996; Mehta et al., 1997; Kentros et al., 1998) — we investigated the role of 

Arc/Ag3.1 in hippocampal coding while mice ran a circular-track task.  

First, we assessed whether a genetic knockout of Arc/Arg3.1 function affects place cell 

characteristics such as place field size and information transmitted per spike, or alters the firing 

rate of spatially selective cells. Second, we studied whether Arc/Arg3.1 is involved in regulating 

oscillatory activity associated with spatial learning, such as theta, beta and gamma power. Place 

cells have a tendency to fire at specific phases of the theta oscillation cycle. This preferred 

phase advances as the animal moves through the place field, a phenomenon known as theta 

phase precession (O’Keefe and Recce, 1993). As precession results in a time-compressed 

representation of sequentially visited locations by place cells, it may subserve functions in 

memory encoding (Skaggs et al., 1996; Lisman, 2005; Maurer et al., 2006). Both hippocampal 
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theta power and strength of spike–field phase locking are correlated with improved learning 

outcomes (Berry and Thompson, 1978; Rutishauser et al., 2010; cf. Klimesch et al., 1996).  

Theta phase covaries with gamma power (35-100 Hz), both in hippocampus and other brain 

areas such as the neocortex (Buzsáki et al., 1983; Sirota et al., 2003; Canolty et al., 2006; Colgin 

et al., 2009) and striatum (Tort et al., 2008). Unlike gamma-band activity, beta-2 activity (23-30 

Hz) has not been shown to covary with theta, suggesting it has an independent role in 

information processing, for instance, during exploration of novel environments (Berke et al., 

2008). 

2. Methods 

2.1. Mice 

Arc/Arg3.1 KO and wildtype mice were bred at the Center for Molecular Neurobiology, 

University of Hamburg (Germany) and arrived at the local animal housing facility at the age of 5-

7 weeks. After arrival, mice were habituated to the colony rooms set on a reversed day–night 

cycle (light off/on at 9.00/21.00 hrs) for at least 3 weeks prior to surgery. During the habituation 

period, mice were also offered sucrose pellets (14 mg, Bioserv, Frenchtown, NJ) in the home 

cage in addition to regular lab chow.  

Before implantation, mice were housed in pairs with ad libitum access to food, except during 

pretraining, when animals were subjected to food restriction prior to training to achieve about 

5% weight loss (see Chapter 2). Water was provided ad libitum in the home cage at all times. 

Two weeks before surgery, the experimenters started handling the animals and carried out 

pretraining sessions, during which mice learned to collect sucrose pellets while exploring a T-

maze (not used for the recordings described here). Mice that did not learn to reliably explore 

the maze and consume the sucrose pellets were excluded from further experiments. All 

experimental procedures were approved by the institution's Animal Welfare Committee and 

were in compliance with the European Council Directive (86/609/EEC) and Principles of 

laboratory animal care (NIH publication No. 86-23, revised 1985). 
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2.2. Behavioral paradigm 

Each session, mice ran 20 laps unidirectionally on two different circular tracks (Fig. 1), 

motivated by sucrose pellets which were dropped on the tracks on random locations, about 10 

pellets per running episode of 20 laps. Before and after track running, mice were allowed to 

rest or sleep for about 30 minutes in their home cage which was placed in the middle of the 

circular track. Prior to recordings, mice were food-restricted to about 5% weight loss. After 

recordings, mice had ad libitum access to food in the home cage. 

Behavior and neuronal activity during task running and during preceding and subsequent rest 

phases were monitored in the same experimental room to maintain constant 

electrophysiological recording conditions and minimize environmental differences not under 

the control of the experimenter. To assess remapping of CA1 place fields in different 

environments, we created two distinct environments in the same room. Within this room, the 

circular tracks were placed at two non-overlapping locations. Multiple measures were taken to 

ensure that the mice would treat each condition as a different environment (Table 1): The 

circular tracks on which the mice ran were identical in shape and colour, but differed in odour, 

auditory noise, lighting level and surrounding cues, including the round arena around which the 

circular track was positioned (Fig. 1). A given cue on the wall of the recording enclosure was 

always repeated elsewhere on the same enclosure to prevent visual cuing of track locations. 

Aqueous odorized solutions were lightly sprayed on the circular track about half an hour before 

the beginning of each recording session. Noise was applied via a speaker placed beneath the 

arena. Furthermore, mice were transported from the colony rooms to experiments in different 

conditions via different routes. The order in which each environment was presented to the 

animal was recorded on a given day was alternated on consecutive days. Both conditions were 

presented once on a given day, meaning that each mouse had two novelty sessions (one for 

each session) followed by three sessions in a familiar environment. 

Table 1. Recording environments. 'Transport route' pertains to the path from colony room to 
recording lab. 

Environment   odour      inner arena colour   walls   cues noise lighting   transport  
‘Grass’  grass chocolate brown black white - dim short 
‘Hay’  hay light brown white black + bright long 
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Figure 1. Recording environments 

and equipment.  
A | Layout of a circular track with a box 
of matches as a size reference. The 
inner diameter of the track was 60 cm. 
B | Schematic illustration of the 
recording environment. Mice walked 
on the outer (light brown) ring of the 
track. C | Mouse with a microdrive 
implant (from: Battaglia et al., 2009).  
D | Examples of tetrode endpoints in 
the hippocampus: lesion from a 
reference tetrode in the ventral corpus 
callosum (left) and lesion from a 
recording tetrode in the pyramidal 
layer (right). 
 

2.3. Electrodes, microdrive and surgery 

All recordings were carried out using a custom-made, light-weight (1.6 gr) mouse microdrive 

with 6 independently moveable tetrodes (the "Lantern"; Battaglia et al. 2009). After loading the 

microdrive, tetrodes, each consisting of four polyimide coated nichrome wires (ø17.8 µm; 

Kanthal, PalmCoast, FL) twisted together, were gold-plated electrolytically in gold cyanide 

solution (Select Plating, Meppel, the Netherlands) to achieve an impedance of 600-1000 kΩ per 

lead. 

Prior to implantation, mice were given a subcutaneous injection of buprenorphine (3 mg/kg; 

Temgesic, Schering-Plough, Kenilworth, NJ) for sedation and analgesia. Thirty minutes after 

injection, anesthesia was induced by 3% isoflurane in 100% oxygen, upon which the animal was 

placed into a stereotact (David Kopf Instruments, Tujunga, CA). Anesthesia was maintained with 

1-2% isoflurane. Body temperature was maintained around 36.5 
0
C with a thermal pad. Six 

stainless steel screws were inserted into the exposed skull to support the microdrive. One of 

the supporting screws placed contralaterally to the implant served as ground. 
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A craniotomy of about 1.5 mm in diameter was made over the right hemisphere, -2.00 mm 

lateral and -2.00 mm posterior to bregma (Paxinos and Franklin, 2004). After removing the dura 

mater, the exit grid of the drive was placed on top of the brain. The connection was sealed with 

silastic elastomer (Kwik-Sil, World Precision Instruments, Berlin, Germany) and the drive was 

anchored to the supporting screws and skull with dental acrylic. Immediately after surgery, 

tetrodes were lowered by about 500 um and then gradually turned down to the CA1 pyramidal 

cell layer across several days, as indicated by sharp wave–ripple oscillations and pyramidal cells 

exhibiting complex spiking activity. As functional criteria, only data from tetrodes with negative-

going sharp wave–ripple complexes and place-active cells were included in further analysis.  

After implantation, mice were kept in a cylindrical recovery cage having an elevated ceiling. 

During electrophysiological recordings, mice were 12-20 weeks of age. There was no significant 

difference in the average age of KO and WT mice (p = 0.27). 

2.4. Data acquisition 

The Lantern was connected to two 16-channel headstage preamplifiers via two omnetic 

connectors (Omnetics Connectors Corporation, Minneapolis, MN; type: NPD-18-FF-GS, Nano 

Dual Row Male, 18 contacts). The pre-amplifiers were in turn connected to the amplifiers via a 

commutator and tether cable (Neuralynx, Bozeman, MT). Spiking activity was referenced to one 

of the tetrodes which was positioned in the corpus callosum. For local field potentials (LFPs), we 

used either this reference electrode or the ground screw located in the contralateral 

hemisphere. 

For single units, the signal was band-pass filtered to 600-6000 Hz. When the voltage signal 

exceeded an assigned threshold, the spiking activity was sampled at 32 kHz during a 1 ms time 

window. Local field potentials were sampled continuously at 2 kHz and band-pass filtered to 1-

475 Hz.  

Electrophysiological recordings were complemented with videotracking data acquired with 

Ethovision XT 5.1 software (Noldus, Wageningen, The Netherlands). These data were 

synchronised by transistor–transistor logic (TTL) pulses sent from the Ethovision system to the 

Neuralynx recording system. Automatically tracked coordinates of the mouse’s body center 
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position were manually inspected and corrected. Position data from Ethovision were visually 

inspected, corrected and exported to MATLAB for further analysis. 

2.5. Histology 

After the end of each experiment, end positions of tetrodes were marked by a lesion induced by 

10 µA current through one lead per tetrode for 10 seconds. Mice were sacrificed the following 

day with an overdose of sodium pentobarbital (Euthasol; 80 mg/kg, ASTfarma BV, Oudewater, 

The Netherlands), after which a cardiac perfusion with saline, followed by paraformaldehyde 

(4%), was carried out. Brains were removed and further fixated in paraformaldehyde for at least 

a week before slicing them in 40 µm coronal sections with a vibratome. Brain slices were 

mounted on gelatin-coated object glasses and Nissl-stained. 

Recordings of hippocampal neurons were made from locations between approximately 1.8 mm 

and 2.3 mm posterior and 1.2 mm and 2.4 mm lateral to bregma (Paxinos and Franklin, 2004). 

The anterior-posterior or medial-lateral positioning of tetrodes was very similar for WT and KO 

mice. For reference tetrodes, endpoints of the tetrode tracks were found in the corpus 

callosum. Endpoints of recording tetrodes were mostly in stratum pyramidale and sometimes in 

stratum radiatum, approximately 1/3 on the way to stratum lacunosum-moleculare (See Fig. 1D 

for examples). 

2.6. Behavioral analysis 

Locomotion speed was calculated based on the time-stamped location data of the animal as 

recorded by Ethovision XT. In addition to assessing the locomotion speed per session, these 

data were used in order to exclude spiking activity during periods of immobility from place field 

analysis (see 2.8.). All results were averaged over 27 (WT) and 19 (KO) track running episodes. 

2.7. Analysis of local field potentials 

For all LFP analyses, high-amplitude artifacts (>2000 µV, with margin of 25 ms) were discarded, 

and 50 Hz oscillation and its harmonics were removed by notch filtering. For power analysis, we 

used Fast Fourier Transform (FFT) with the Hamming tapering method (Kalenscher et al., 2010). 

Spectral power in a given frequency range  was normalized to the average power between 1-
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250 Hz. Average power was computed across all tetrodes in a given session. Hippocampal 

ripples were detected and analyzed as described in Chapter 5. Wilcoxon's rank sum test was 

used for testing significance of LFP analysis. 

2.8. Spike-sorting and single unit analysis 

Spike data were pre-processed by a custom-made Python script (http://www.python.org/), 

which uses the waveform of each tetrode lead to compute the first three principal components 

of the spike waveforms. The resulting 12-dimensional vectors, describing each spike, were 

classified into clusters by KlustaKwik (Harris et al., 2000). These clusters were manually assessed 

and corrected using Klusters 1.6.4 (Hazan et al., 2006) running on Kubuntu 11.04, a free open 

source Ubuntu operating system distribution package  to ensure that each cluster was well 

isolated from other clusters recorded on the same tetrode. Examples of isolated clusters are 

shown in Fig. 2A-F. 

We only included clusters with a minimum of 100 spikes during the track-running episode and a 

maximum of 0.5% of interspike intervals shorter than 2 ms. Furthermore, we assigned these 

clusters to putative pyramidal cells or interneurons based on their waveform features, namely, 

initial slope of valley decay and half-decay time (Lansink et al., 2010). Clusters that could not be 

assigned to either class were excluded from all analyses presented in the results. 

For putative pyramidal cells, rate maps were generated as described in Battaglia et al. (2009). 

Briefly, the square encompassing the circular track (Fig. 1) was divided into 100x100 position 

bins and the mouse’s location was determined for each videoframe to assign the location of the 

mouse to one of these bins for every time point. Data from epochs during which the animal was 

moving below a speed of 2 cm/s were excluded from place field analysis. The average firing rate 

was computed for each bin and Gaussian smoothing was applied to produce rate maps. A place 

field was classified as an area of at least 20 continuous bins where a cell’s firing rate was at least 

30% of its peak firing rate. Place fields which were separated by less than 10 bins were merged 

and counted as a single place field; place fields smaller than 20 bins were excluded.  

Measures used to quantify sharpness of place field tuning of spike trains were computed 

according to Skaggs et al. (1996). First, we calculated the spatial information per spike, which 

indicates how many bits of information each spike conveys: 
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where the environment was divided into non-overlapping spatial bins i=1,...,N (100x100 bins, as 

above for the rate-maps), pi being the probability of bin i being occupied, λi the mean firing rate 

for bin i and λ the mean firing rate of the cell. 

The second measure we quantified was sparsity, which indicates the extent to which spatially 

selective firing stands out relative to the mean firing rate. 

 

 

 

 

Sparsity is bounded between 0 and 1, 0 being maximally sparse and 1 meaning firing equally 

over the arena. 

Finally, we computed the selectivity, which is defined as the maximal firing rate across spatial 

bins, divided by the mean firing rate. Student’s independent t-test was used for testing 

significance, unless otherwise specified. 

2.9 Spike–field phase locking and theta phase precession 

Phase-locking analysis was carried out using the methods as described in Vinck et al. (2012). We 

calculated pairwise phase consistency, a measure of spike–field locking which is not biased by 

spike count and is not affected by history effects within spike trains. Instead of comparing 

individual spikes to the LFP around them, pairwise phase consistency is based on the cross-

spectra between spike trains and concurrent LFPs. Significance estimates were corrected for 

multiple comparisons following the randomization test of Westfall and Young (1993). 

We analyzed phase precession for place cells with a sparsity (Skaggs et al., 1996; see above) of  

< 0.25. For a given cell, we defined the place field as running from the location of the 

(smoothed; Taylor, 2008) peak firing density to the locations where the firing density had 

reached 50% of the peak firing density. We then fit a linear-circular regression model to this 

data (Fisher and Lee, 1992; Schmidt et al., 2009). 
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3. Results 

Four wildtype and three knockout mice were recorded in the circular track task, each for up to 8 

sessions. A survey of animals, sessions and cell counts is given in Table 1. WT and KO mice 

exhibited a similar locomotion speed during track running:  7.29 ± 0.33 cm/s (WT) and 7.62 

cm/s ± 0.49 (KO; p=0.56; all values are mean ± SEM unless otherwise noted). The amount of 

time they spent running on the track was also similar (69 ± 3%; WTs) vs. 70 ± 5%; KOs; p = 0.93). 

The mice were also otherwise indistinguishable to the experimenter during recordings. Only 

putative pyramidal cells that fired at least 100 spikes during track running were included in the 

analyses presented here. Mean firing rates of putative pyramidal cells were very similar (WTs 

1.36 ± 0.26 Hz; N = 37 cells; KOs 1.39 ± 0.19 Hz; N = 73 cells; p = 0.92; Fig. 2G). Firing rates of 

putative interneurons showed a difference, which was however not significant (WTs 4.87 ± 1.70 

Hz; N = 26 cells; KOs 2.72 ± 0.53 Hz; N = 21 cells; p = 0.29). 

Table 1. Table includes cells that fired > 100 spikes during circular track running and could be 
assigned to either putative pyramidal cells or interneurons. 

    WTs   KOs 
# Animals    4   3 
# Sessions    27   19 
# Putative pyramidal cells  37   73 
# Putative interneurons  26   21 

 

3.1. Place fields and ripple activity 

While exploring the environment, both WT and KO animals showed place fields with variable 

sizes and discreteness (Fig. 2B and 2D). Comparing WT and KO mice, median place field areas 

were similar (Fig. 2H; Wilcoxon’s rank sum test, p = 0.78; median values are used here to avoid 

a strong bias imposed by outliers) and there was also no significant difference in the number of 

place fields in WT and KO mice (a mean of 2.31 ± 0.27 and 2.11 ± 0.16, respectively; 

independent t-test, p = 0.51). Spatial information (WT = 0.63 ± 0.06; KO = 0.63 ± 0.05 bits/spike; 

independent t-test, p=0.99), sparsity (WT = 0.54 ± 0.05; KO = 0.55 ± 0.03; independent t-test, p 

= 0.74) and selectivity (WT = 7.23 ± 0.55; KO = 7.26 ± 0.52; independent t-test, p=0.97)  
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Figure 2. Cluster isolation, rate maps and place fields.  
A | Examples of isolated clusters from WT mice; X and Y axis indicate different principal 
components from different leads. B | Examples of rate maps corresponding to the two clusters 
from WT mice shown in (A). Colour bar indicates firing rate in Hz. C | Examples of isolated 
clusters from KO mice. D | Examples of rate maps of two cells from KO mice shown in (C).         
E-F | Average waveforms and inter-spike interval (ISI) histograms of the above clusters. Shaded 
outlines around average waveforms on different tetrode leads indicate standard deviations. In 
the Interspike-interval (ISI) histograms, the dotted line indicates a 1 ms time interval. G | Mean 
firing rates for putative pyramidal cells in WT and KO. Error bars indicate standard error of the 
mean. H | Median place field size. I | Mean ripple rates during immobile periods on the track. * 
: p < 0.05, data normally distributed. 
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measures were also nearly identical. Place cells also showed remapping across the different 

environments in both WT and KO mice (Fig. S1). However, when we focused on immobile 

periods of the mouse pausing on the track, we found the incidence of hippocampal ripples to be 

decreased (WT = 1.15 ± 0.21 ripples / min; KO = 0.51 ± 0.17; independent t-test, p = 0.03; Fig. 

2I). None of these measures showed a significant change over the course of the sessions, while 

mice were progressively familiarized to the environments, so data from all the sessions were 

pooled. 

4.2. Local field potentials and rhythmic synchronization 

An overview of LFP spectra of WT (N = 27 sessions) and KO (N = 19 sessions) mice during 

circular track running revealed that WT mice show higher power in several higher frequency 

bands as normalized to the mean power in the frequency range (1-250 Hz; Fig. 3A).  

In the lower frequency bands (Fig. 3B), KOs expressed a slightly increased power in the delta 

range (1-4 Hz; Fig. 3C) and WTs showed a trend towards higher power in theta range (6-10 Hz; 

Fig. 3C), but these differences were not significant (p = 0.07 and p = 0.33, respectively; 

Wilcoxon's rank sum test). There was also no significant change in the low beta (10-20 Hz) 

frequency range (p = 0.16; data not shown).  

Oscillatory activity was significantly weaker in KOs in the beta-2 (20-35 Hz, p = 0.003; Fig. 2E), 

low gamma (35-45 Hz, p = 0.0008; Fig. 2F) and high gamma (60-100 Hz, p = 0.0005; Fig. 2G) 

ranges.  In these ranges, 3 out of 4 WT mice showed clearly increased power as compared to all 

3 KO mice. There were no significant changes from novel to familiar (1
st

 to 4
th

) sessions in either 

WT or KO mice so all sessions were pooled together. 

4.3. Spike–field phase locking 

To test whether mass synaptic activity, as expressed in the LFP, affects hippocampal output 

patterns, we examined locking of hippocampal spiking to different oscillatory rhythms. Overall, 

locking of hippocampal CA1 neurons to LFP was weaker in KO as compared to WT animals 

across multiple frequency ranges (Fig. 4B; corrected for multiple comparisons). WTs showed a 

significantly stronger (p < 0.05) pair-wise phase consistency than KO mice particularly in the 

theta, beta-2 and high gamma range. 
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Figure 3. Local field potential spectra during track running in wildtype (WT) and knockout (KO) 
mice.  
A | Normalized power spectra during circular track running in wildtype (dark gray) and KO (light 
gray) mice. Solid lines show the spectra averaged across sessions, while bands below and above 
indicate the 95% confidence intervals. Abscissa indicates the frequency range on a logarithmic 
scale. The small peak around 50 Hz is a remnant of the original 50 Hz peak. B | As above, but 
abscissa now indicates the frequency range on a linear scale to illustrate the spectra in the 
lower frequency range. C | Mean power in delta (1-4 Hz) range. D | Theta (6-10 Hz). E | Beta-2 
(20-35 Hz). F | Low gamma (35-45 Hz). G | High gamma (60-100 Hz). Power in the various 
frequency ranges of interest was normalized to the average power in the whole spectrum (1-
250 Hz). *** : p < 0.005. 
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In beta-2 and gamma ranges, phase-locking was consistently higher in all WT mice as compared 

to all KO mice. In the theta range, phase-locking was higher in 2 out of 3 WT mice as compared 

to all 3 KO mice; therefore the significance of this effect should be considered somewhat less 

certain than for beta-2 and gamma activity. When looking at pyramidal cells only, the KOs 

showed significantly reduced phase locking in the theta and beta-2 range, but not throughout 

the whole gamma range (Fig. 4C). In the interneuron population, the reduced phase locking 

effect was significant only in the theta and beta-2 range (Fig. 4D). The overall reduction in 

spike–field phase locking in KO mice may be due to an extremely strong form of theta phase 

precession, or to a general dysorganization of spike activity relative to LFP oscillations. We 

therefore tested whether WT and KO mice differ in theta phase precesssion. 

We found theta phase precession to be significant for 4 out of 19 WT cells (p < 0.01, binomial 

test; two examples shown in Fig. 5) and 3 out of 8 KO cells (p < 0.01, binomial test) with an 

average T-statistic of the regression of -0.89 ± 0.36 (median ± SE median; n.s., Wilcoxon signed 

rank test) and -1.09 ± 1.04, respectively. The average theta phase difference between beginning 

and end of the place field amounted to -1.46 ±1.01 (median ± SE) radians (p = 0.15, Wilcoxon 

signed rank test) for WT and -1.56 ± 1.05 radians for KO (difference between conditions n.s.). In 

conclusion, the strong reduction in spike–field phase locking in KO mice could not be ascribed 

to a notable difference in phase precession, as this phenomenon was only modestly manifested 

in both groups of mice. 

5. Discussion 

In line with an earlier study (Plath et al., 2006), Arc/Arg3.1 KO mice were indistinguishable from 

WT mice in terms of navigation behaviour. In this previous study, no changes in anxiety levels or 

locomotor activity were reported. Also in our study, WT and KO mice did not differ significantly 

in locomotion speed or the amount of time which they spent running. 

Basic firing properties of hippocampal CA1 neurons (Fig. 2G) did not differ between WT and KO 

mice and pyramidal cells in both WT and KO animals exhibited similar place fields (Fig. 2B, D and 

H). Furthermore, place field size (Fig. 2H) and spatial information per spike appeared intact. 

However, the rate at which hippocampal ripples were generated during immobile periods on 

the track was significantly decreased in KO mice (Fig. 2I; see also Chapter 5 for discussion).  
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Figure 4. Spike–field phase locking.  
A | Examples of spike-to-field locking in WT and KO animals in theta (6-10 Hz), beta-2 (20-35 Hz) 
and high gamma (60-100 Hz) ranges. Individual spikes are shown above filtered LFP traces.        
B | Pairwise phase consistency, an unbiased measure of spike-to-field locking, is plotted as a 
function of LFP frequency. Bands indicate SEMs. Significant differences between WT and KO 
mice were found in the theta, beta-2 and high gamma frequency bands. Both putative 
pyramidal cells and interneurons were included in this graph. C | Pairwise phase consistency for 
putative pyramidal cells only. Significant differences between WT and KO mice were found in 
the theta, beta-2 range, around 65-70 Hz and 95-100 Hz. D | Pairwise phase consistency for 
putative interneurons only. Significant differences between WT and KO were found in the theta 
and beta-2 range. 
 

Interestingly, hippocampal LFP in KO mice showed attenuated power selectively in higher 

frequency ranges (Fig. 3A): KOs had significantly lower power in the beta-2, low and high 

gamma range (Fig. 3D-F) while relative delta power was slightly increased in KOs, reflecting an 

overall shift from high to low frequencies in Arc/Arg3.1 KO mice (Fig. 3B-C).  Although there was 

no significant difference in power in the theta range, KO mice failed to show strong phase-
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locking to theta rhythm, as opposed to WT mice. KO mice also showed decreased locking to 

oscillations in higher frequency ranges. 

5.1 Single unit data and place field properties 

Consistent with previous studies, which report that lack of Arc/Arg3.1 does not cause major 

changes in brain or cellular architecture and baseline synaptic signaling (Plath et al., 2006; 

McCurry et al., 2010), we found that firing rates of both putative pyramidal cells and 

interneurons were similar in WT and KO animals.  

In KO mice, hippocampal cells expressed place fields that did not differ significantly from WT 

place fields in terms of size, number of place fields per cell or information content per spike 

(Skaggs et al., 1996). That Arc/Arg3.1 knockout animals display normal place fields is not too 

surprising taken that they acquire context-dependent fear conditioning as WT mice do (Plath et 

al., 2006). Considering another protein implied in long-term synaptic plasticity, knocking out the 

NR-1 subunit of the NMDA-receptor likewise did not abolish place fields (McHugh et al., 1996).  

Previously, Plath et al. (2006) showed KO mice to have be impaired in the late acquisition phase 

of the Morris water maze task, which may suggest less precision in processing spatial 

information. However, in their study the training was spread out across multiple days and the 

significant difference between KO and WT mice emerged only around day 2-3, in line with the 

idea that the difference is independent of place field formation. Poor stability of place fields 

across days, and poor consolidation and retrieval of spatial information, may thus play a more 

important role in the observed learning deficit.  

In line with a previously suggested consolidation deficit (Plath et al., 2006; Ploski et al., 2008), 

KO mice showed a reduced density of ripples during the immobile periods on the track. If 

ripples, that take place during pauses in between track running epochs, can be taken as markers 

of replay of behavioral experiences on the track (Foster and Wilson, 2006; Diba and Buzsáki, 

2007; Davidson et al., 2009; Carr et al., 2011), decreased ripple activity during these periods 

may indicate that replay of past sequences is impaired, which may affect further strengthening 

of the synaptic matrices underlying these firing patterns and decrease the likelihood of them 

being  consolidated during subsequent rest. Because of the close correlation between ripple 
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activity and replay, this is a plausible scenario which, however, must be tested further by 

studying actual replay of place-cell sequences. 

On the other hand, Plath et al. (2006) showed that KO mice were impaired in the reversal phase 

of the Morris water maze task. In this case, the difference between WT and KO animals reached 

significance already on the first training day. Interestingly, heterozygous deletion of vesicular 

glutamate transporter type 1 (VGLUT1) in mice has been shown to cause both a specific deficit 

in spatial reversal learning in the water maze as well as impaired hippocampal LTP (Balschun et 

al., 2010). The observed spatial reversal learning deficit in Arc/Arg3.1 KO mice might thus be a 

result of their long-term synaptic plasticity deficit. When juxtaposed to our current data, an 

early reversal deficit is compatible with the decrease in ripple activity observed during pauses in 

track running. Indeed, disrupting such awake-state ripple activity by hippocampal stimulation 

hampers subsequent memory (Jadhav et al., 2012). 

5.2. Local field potentials and rhythmic synchronization 

Phase locking analysis indicated that theta phase precession was present (Fig. 5), but the 

phenomenon was not robust enough to make a quantitative comparison between WT and KO 

mice. Thus, while there was some tendency for phases to precess to earlier theta phases along 

the place field, larger sample sizes are required to reliable detect this effect, and to potentially 

detect differences between WT and KO mice. Nonetheless, the strong reduction in spike–field 

phase locking in KO mice (Fig. 4) cannot be accounted for by an extreme form of theta phase 

precession, because this would have been detectable in our data. 

High frequency (>20 Hz) oscillatory activity was significantly reduced in Arc/Arg3.1 KO animals. 

Given that oscillatory activity in the beta-2 range has been connected with spatial exploration 

particularly in novel environments (Berke et al., 2008), and gamma range activity has been 

linked with cognitive functions, power attenuation in these ranges may lead to deficits in 

memory storage, retrieval and memory separation (for reviews, see e.g. Colgin et al., 2009; 

Colgin and Moser, 2010). In rats, low gamma has been associated with coupling of CA1 to CA3 

whereas high gamma has been suggested to couple CA1 to entorhinal cortex. Low and high 

gamma would thus appear to have dissociable roles, possibly facilitating retrieval and intake of 

information, respectively. 
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Under normal conditions, place fields are formed rapidly – within minutes - upon exploration of 

a novel environment and are stabilized within around 30 minutes (Kentros et al., 1998; Knierim, 

2002; Cheng and Frank, 2008). Interestingly, beta-2 activity peaks in the early stage of novel 

environment exploration (Berke et al., 2008). Beta-2 oscillations have been suggested to serve a 

role in organizing place cell activity in order to facilitate place field stabilization (Berke et al., 

2008), although a causal relationship has not been demonstrated to date. In our data we did 

not find a significant difference in beta-2 activity between novel versus familiar sessions neither 

for WT nor Arc/Arg3.1 KO mice, although it must be added that the statistical power of session 

observations may not have been sufficient to detect modest differences. There were also some 

differences in the experimental paradigm. For instance, in the experiment by Berke et al.,  the 

animal started running laps immediately after being placed on the track, whereas in our 

experiments, the mouse was allowed to sleep in an enclosed cylinder in the middle of the arena 

for about half an hour before the beginning of each recording session. This may have resulted in 

a difference in stress levels. Further experiments are needed to examine whether loss of 

Arc/Arg3.1 affects differences in beta-2 oscillatory activity between novel and familiar 

environments.

 

Figure 5: Theta phase precession.  
A-B | Examples of theta phase precession displayed by two neurons from WT mice. Abscissa 
indicates the position of the mouse relative to the place field center (marked as 0) in radians 
and ordinate shows the preferred theta phase of the cell in radians. Phases are plotted across 
multiple cycles to reveal precession more clearly. 
In higher frequency ranges (>20 Hz), loss of phase locking may be at least partially ascribed to a 

loss of power in that frequency range (see Fig. 3 and Fig. 4). Although theta power in KO 

animals did not differ significantly from WT animals, we did find a significant loss of phase-
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locking in the theta-band, which cannot be reasonably attributed to the subtle changes we 

found in theta power. The strong reduction in locking of spiking activity to theta oscillations 

points to a temporal dysorganization of neural activity, which may impair encoding of spatial 

information. 

Attenuated power in the 20-45 Hz range may be attributed to Arc/Arg3.1 –dependent long-

term plasticity. Rat studies have shown that oscillations in the low gamma band originate from 

CA3-CA1 connectivity (Montgomery and Buzsáki, 2007; Colgin et al., 2009), which is likely 

regulated by Hebbian LTP and LTD. Loss of Arc/Arg3.1-dependent long-term plasticity may 

therefore explain why knocking out Arc/Arg3.1 reduces oscillatory activity in that range. 

The attenuation of LFP power and spike–field phase locking in the gamma range (Fig. 3F-G) is 

particularly intriguing given that coherence in the gamma band has been suggested to serve as 

a communication mechanism for cell assemblies processing spatial information, and to play an 

important role in temporally structuring information for episodic memory storage (Lisman and 

Idiart, 1995; Jensen and Lisman, 2005; Montgomery and Buzsáki, 2007). The attenuation of 

both power and phase-locking in the gamma range, observed in KO mice, may thus contribute 

to previously demonstrated deficits in the late phase of spatial learning and reversal learning in 

the Morris water maze. Given that locking of neuronal firing to gamma rhythms is impaired in 

KO mice (Fig. 4), the capacity to organize and coordinate neuronal activity both within 

hippocampus and across brain areas might be hampered. However, one should be cautious in 

attributing a general importance of gamma-band activity to all phases of spatial learning, 

because the early acquisition phase of the Morris water maze task was not impaired (Plath et 

al., 2006). 

In the rat hippocampus, activating the cannabinoid receptor CB1 has been shown to disrupt 

spike timing while population firing rates remain nearly intact. It also decreased hippocampal 

oscillations, particularly in the theta, gamma and ripple ranges. These findings were 

accompanied by an impairment of hippocampus-dependent memory (Robbe et al., 2006). 

Similar mechanisms could underlie the memory impairment of Arc/Arg3.1 KO mice as well, 

taken the decreased power in higher frequency ranges and decreased correlated firing (Chapter 

5) against a background of normal tracking-running firing rates. 
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Exploratory behaviour has been shown to induce Arc expression only in CaMKII-positive 

principal neurons. Generally, Arc/Arg3.1 is not thought to be expressed in interneurons under 

behaviorally naturalistic circumstances, although pathological conditions such as seizures or 

electroconvulsive shocks may trigger its expression also in interneurons (Vazdarjanova et al., 

2006). The lack of Arc/Arg3.1 expression in interneurons by no means implies that it has no 

effect on LFP oscillatory activity. In Arc/Arg3.1 KO mice, the deletion is already present during 

embryonic development, meaning that synapses may not be subject to normal long-lasting 

modifications during maturation, which may in turn affect the development of normal network 

activity, including oscillatory activity. The attenuation in high frequency oscillations observed in 

Arc/Arg3.1 KO mice is likely to be dependent on altered pyramidal cell – interneuron afferent 

connections, either intrinsic to hippocampal circuitry or present in upstream neocortical circuits 

including entorhinal cortex (Colgin et al., 2009).  

To conclude, although the effects of loss of Arc/Arg3.1 function may appear subtle when 

assessed at the level of single cell activity, abolished Arc-mediated long-term synaptic plasticity 

during development likely has severe system-level consequences. It may affect pyramidal cell – 

interneuron connections and related circuitries that generate LFP rhythms, thus impairing beta-

2 and gamma oscillations, which may lead to deficits in memory storage, retrieval, and memory 

separation. Furthermore, plasticity deficits, resulting from aberrant rhythmicity, may affect fine-

tuning of spatial encoding, capability of spatial reversal learning and impair long-term 

stabilization of place fields as well as consolidation and retrieval of spatial memory. 
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Supplementary Figure 1. Remapping.  
A | Example of a WT mouse place cell that exhibits a change in place field when the mouse was 
exposed to two different environments. B|Same for a KO mouse.  
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Abstract 

Arc/Arg3.1 has been shown to be crucial for long-term potentiation and depression and for 

long-term, but not short-term memory. In this study, we compared Arc/Arg3.1 knockout and 

wildtype mice to study the role of Arc/Arg3.1 in the physiological architecture of processes 

deemed important for episodic memory consolidation: sleep structure, hippocampal sharp 

wave–ripples and accompanying patterns of correlated firing of hippocampal neurons. 

Although most sleep architecture and ripple characteristics were intact in knockout mice, they 

showed a sharp reduction in the rate at which ripples occurred during sleep. The remaining 

ripples appeared intact, but CA1 hippocampal neurons of knockout mice exhibited a diminished 

density of firing during ripples, even though the overall firing rates were similar. 

We also found that knockout mice showed less correlated firing during pre- or post-task sleep 

as compared to wildtype mice. Interestingly, wildtype mice showed an additional increase in 

correlated firing in post-task sleep relative to pre-task sleep, but this increase following track-

running was absent in KO mice.  

Finally, knockout mice also expressed a specific attenuation in high-frequency oscillatory 

activity in CA1 local field potentials during sleep: while delta and theta oscillations were intact 

in knockout animals, they showed significantly lower power throughout the beta and gamma 

range. Altogether, the reduced prevalence of ripples and loss of correlated firing during sleep 

suggest neurophysiological substrates for consolidation defects reported previously for 

Arc/Arg3.1 KO mice. 
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1. Introduction 

Vast evidence demonstrates the hippocampus to have an instrumental role in spatial and 

episodic memory consolidation (e.g. Morris et al. 1990; Logue et al. 1997; Winocur et al. 2001; 

for a review, see  (Morris, 2001). For this process, the importance of hippocampal activity may 

be strongest during a relatively short time window after learning (Kim and Fanselow, 1992; 

Takehara et al., 2002). In particular slow-wave sleep, following learning in the awake state, has 

been shown to have a memory-enhancing effect in multiple studies in both humans and 

animals (Ekstrand, 1967; Barrett and Ekstrand, 1972; Gais et al., 2000; Stickgold et al., 2001; 

Hairston et al., 2005; Rasch et al., 2007). Similar to the time-restricted role of the hippocampus, 

sleep-dependent memory enhancement is limited to a certain time window following task 

performance (Stickgold et al., 2000; Palchykova et al., 2006). 

One of the most striking local field potential (LFP) patterns found throughout the brain is the 

hippocampal sharp wave–ripple (SWR) complex, which is seen most prominently during 

episodes of slow-wave sleep, behavioural immobility and consummatory behaviour. 

Hippocampal ripple oscillations are high-amplitude, high-frequency (100-250 Hz) oscillations 

that are abundant in the CA1 pyramidal layer (Buzsáki 1986; O’Keefe & Nadel 1978). During 

SWRs, pyramidal cell populations engage in bursty firing activity. These transient bursts are 

thought to promote synaptic plasticity: they are similar in terms of frequency and population 

bursting as the activity evoked by tetanic stimuli used to induce long-term potentiation (Ylinen 

et al. 1995; Buzsáki 1989; Draguhn et al. 1998). 

Increased SWR activity correlates with task novelty, reward and learning performance 

(Eschenko et al., 2008; Ramadan et al., 2009; Singer and Frank, 2009). It has been suggested 

that not only the number of ripple events but also the intra-ripple oscillatory frequency and 

amplitude may correlate with learning performance of rats (Ponomarenko et al., 2008). 

Furthermore, there is mounting evidence for a causal role of SWR activity in spatial memory. 

Interfering with ripple activity during a sleep episode that follows training has been shown to 

impair spatial learning performance (Girardeau et al., 2009b; Ego-Stengel and Wilson, 2010). 

During hippocampal SWRs, firing rates of CA1 and CA3 pyramidal cells and interneurons are 

increased. This bursty firing is thought to present reactivation of memory traces and serve as a 
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mechanism that facilitates consolidation of previous experiences (e.g. Wilson and McNaughton, 

1994; Siapas and Wilson, 1998; Knierim, 2009; Battaglia et al., 2011).  

Thus far SWR activity and its role in memory consolidation have been mainly studied in wildtype 

(WT) animals. Both from a mechanistic and clinical viewpoint, however, it is of a foremost 

importance to acquire animal models showing specific deficits in the processes, against a 

background of normal baseline behaviour and neurophysiological functioning. Here we set out 

to examine Arc/Arg3.1 knockout (KO) mice because this model shows a specific deficit in long-

term synaptic plasticity, whereas short-term plasticity is present and its baseline synaptic 

signaling is normal (Guzowski et al., 2000; Plath et al., 2006). Consistent with this deficit in long-

term synaptic plasticity, knockout animals have intact short-term memory and baseline 

behaviour (Guzowski et al., 2000; Plath et al., 2006; Wang et al., 2006; McCurry et al., 2010), 

but impaired explicit and implicit long-term memory (Plath et al., 2006). Similarly, rats which 

received Arc/Arg3.1 oligodeoxynucleotide injection in the lateral amygdala, showed an 

impairment in long-term, but not short-term memory in a Pavlovian fear conditioning task 

(Ploski et al., 2008). 

Arc/Arg3.1 is part of a complex molecular network, regulating, amongst others, AMPA receptor 

trafficking (Chowdhury et al., 2006; Rial Verde et al., 2006), spine morphology, and actin 

polymerization (Messaoudi et al., 2007; Peebles et al., 2010). This multi-faceted function is 

likely related to its importance in both long-term potentiation and depression (Guzowski et al., 

2000; Plath et al., 2006; Messaoudi et al., 2007), although the exact mechanisms through which 

Arc/Arg3.1 regulates synaptic plasticity and memory consolidation are still unknown.  

Expression of Arc/Arg3.1 protein is upregulated by NMDA receptor activation (Bloomer et al., 

2008), which is interesting given that NMDA receptor blockade impairs both LTP induction 

(Collingridge et al., 1983; Harris et al., 1984) and spatial memory (Morris, 1989). The 

importance of Arc/Arg3.1 for long-term synaptic plasticity (Guzowski et al., 2000; Plath et al., 

2006; Messaoudi et al., 2007) makes it an interesting candidate for acting as a molecular 

regulator of memory consolidation. The Arc/Arg3.1 gene is also gaining increasing interest from 

a clinical viewpoint, as Arc/Arg3.1 mRNA levels are  altered in mouse models showing cognitive 

impairments, such as models for Alzheimer disease (Wegenast-Braun et al., 2009; Wu et al., 

2011) and Fragile X mental retardation (Zalfa et al., 2003). 
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Here, we studied neural mechanisms deemed important for memory consolidation processes, 

such as ripples, oscillations in lower frequency ranges, and firing activity during ripples and 

correlated firing activity in hippocampal area CA1 of Arc/Arg3.1 knockout and wildtype mice in 

a task where mice were monitored during spatial navigation and sleep.  

2. Methods 

2.1. Mice 

Arc/Arg3.1 KO and wildtype mice were bred at the Center for Molecular Neurobiology, 

University of Hamburg (Germany) and arrived at the local animal housing facility of the 

University of Amsterdam at the age of 5-7 weeks. After arrival, mice were habituated to the 

colony rooms on a reversed day–night cycle (light off/on at 9.00/21.00 hrs) for at least 3 weeks 

prior to surgery. During the habituation period, mice were offered sucrose pellets (14 mg, 

Bioserv, Frenchtown, NJ) in addition to the regular food chow in the home cage.  

Before implantation, mice were housed in pairs with ad libitum access to food, except during 

pretraining (see below). Water was provided ad libitum in the home cage at all times. Two 

weeks before  surgery the experimenters started handling the animals and carried out 

pretraining sessions, during which mice were taught to collect sucrose pellets while exploring a 

T-maze (not used for the recordings described here). Mice that did not learn to reliably 

consume sucrose pellets were excluded from further experiments. All experimental procedures 

were approved by the institution's Animal Welfare Committee and were in compliance with the 

European Council Directive (86/609/EEC) and Principles of laboratory animal care (NIH 

publication No. 86-23, revised 1985). 

2.2. Microdrive and surgery 

All recordings were carried out using a custom-made, light-weight mouse microdrive with 6 

independently moveable tetrodes. After loading the microdrive (for details, see Battaglia et al. 

(2009)), tetrodes (four 0.0005" polyimide coated nichrome wires, Kanthal, PalmCoast, FL, 

twisted together) were gold-plated electrolytically in gold cyanide solution (Select Plating, 

Meppel, the Netherlands) to achieve an impedance of 600-1000 kΩ. 
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Prior to implantation, mice were given a subcutaneous injection of buprenorphine (3 mg/kg; 

Temgesic, Schering-Plough, Kenilworth, NJ) for sedation and analgesia. Thirty minutes after 

injection, anesthesia was induced by 3% isoflurane. Following the induction, the mouse was 

placed into a stereotact (David Kopf Instruments, Tujunga, CA) and anesthesia was maintained 

with 1-2% isoflurane. Body temperature was maintained around 36.5 
o
C with a thermal pad. 

Once the surface of the skull was exposed, six stainless steel screws were implanted to support 

the microdrive. One of the supporting screws, placed contralaterally to the implant, was 

connected to the microdrive ground to serve as a ground reference for LFPs. 

A craniotomy of about 1.5 mm in diameter was made over the right hemisphere, -2.00 mm 

lateral and -2.00 mm posterior to bregma. After removing the dura mater, the drive was placed 

on top of the brain. The connection was sealed with silastic elastomer (Kwik-Sil, World Precision 

Instruments, Berlin, Germany) and the drive was anchored to the supporting screws and skull 

bone with dental acrylic. 

Tetrodes were turned down for about 500 µm immediately after the surgery and then gradually 

lowered to the hippocampal pyramidal layer, as indicated by sharp wave–ripple oscillations and 

pyramidal cells exhibiting complex spiking activity. 

After implantation, mice were kept in a circular recovery cage that had an elevated ceiling in 

order to decrease pounding of the microdrive to the cage. During electrophysiological 

recordings, mice were of 12-20 weeks of age. 

2.3. Acquisition of electrophysiological and behavioral data 

The microdrive connected to two 16-channel headstage pre-amplifiers (Neuralynx, Bozeman, 

MT) via two connectors (Omnetics Connectors Corporation, Minneapolis, MN; custom ordered: 

NPD-18-FF-GS, Nano Dual Row Male, 18 contacts), which were in turn connected to the 

amplifiers via a custom-made commutator and tether cable.  All electrophysiological recording 

hardware and software was provided by Neuralynx (Bozeman, MT, USA). 

Two references were used for electrophysiological recordings: For spike recordings, we left one 

of the tetrodes in the corpus callosum, which is largely devoid of spiking activity but proximal to 
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the recording site. For local field potentials (LFPs), we used either this reference electrode or 

the ground screw located in the contralateral hemisphere. 

For single units, the signal was band-pass filtered between 600-6000 Hz. When the voltage 

signal exceeded a threshold (selected based on the signal/noise ratio), the spiking activity was 

sampled at 32 kHz during a 1 ms time window, with an amplifier gain of 5000. Local field 

potentials were sampled continuously at a rate of 2 kHz and band-pass filtered between 1 and 

475 Hz. 

Electrophysiological recordings were complemented with video tracking data acquired with 

Ethovision XT 5.1 software (Noldus, Wageningen, The Netherlands). These data were 

synchronised by transistor–transistor logic (TTL) pulses sent from the Ethovision system to 

Cheetah system. Automatic tracking of the mouse’s body centre position was manually 

inspected and corrected. Retracked position data were exported to MATLAB for further 

analysis. 

2.4. Behavioral protocol 

Mice were allowed to run 20 laps unidirectionally on a circular track (inner diameter: 60 cm; 

track width: 6 cm, see Chapter 4). Sucrose pellets (about 10 per track-running episode) were 

dropped at arbitrary locations on the track. Before and after track running, mice were resting or 

sleeping for about 30 minutes in their home cage which was placed in the middle of the circular 

track. Recording sessions was repeated twice a day for three to four days. 

2.5. Histology 

After the end of the experiments, end positions of each tetrode were marked by a 20 µA 

lesioning current (duration: 10 s) through one of the four leads. Mice were sacrificed the 

following day with an overdose of Euthasol (80mg/kg; AST Farma BV, Oudewater, Netherlands), 

after which a cardiac perfusion with saline, followed by paraformaldehyde, was carried out. 

Brains were removed and further fixated in 4% paraformaldehyde for at least a week before 

slicing them into 40 um coronal sections with a vibratome. Brain slices were mounted on 

gelatin-coated object glasses and Nissl stained. For further details on tetrode placement, see 

chapter 4. 
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2.6. LFP analysis and sleep detection 

For all local field potential analyses, artifacts such as high-amplitude cable swings (>2 mV, with 

a margin of 25 ms), 50 Hz and its harmonics, were removed by notch filtering. For estimating 

theta vs. overall LFP power ratio, we used Fast Fourier Transform (FFT) with a Hamming 

tapering method. For LFP analysis, power in specific frequency bands was normalized to the 

mean power in the spectra (1-250 Hz). 

Sleep recordings were divided into four stages: ‘awake’, ‘REM sleep’, ‘Slow-wave sleep/quiet 

wakefulness’ (SWS/QW) and ‘unclassified’. All episodes during which the mouse was moving 

with a velocity of > 1cm/s were classified as ‘awake’. Velocity was measured from the center 

point of the mouse’s body, with a moving average of 3 consecutive samples (0.5 s time step 

between samples). Episodes during which the animal was immobile and had high theta band (6-

10 Hz) activity for at least 5 s were classified as REM sleep (theta vs. overall LFP power ratio > 

0.25 as measured in the pyramidal cell layer (cf. Buzsáki et al., 2003; Lansink et al., 2009). 

Immobile episodes devoid of high theta band activity of at least 5 s were classified as SWS/QW. 

Episodes which did not meet any of the above mentioned criteria were labeled as ‘unclassified’. 

Neither WT nor KO mice showed a difference between novel and familiar conditions or 

between Sleep-1 and Sleep-2, so all sleep sessions were pooled together unless mentioned 

otherwise. All results were averaged over 51 (WT) and 37 (KO) sleep episodes. Wilcoxon's rank 

sum test was used for testing significance of ripple rate and characteristics. 

2.7. Ripple detection and analysis of single unit activity 

In general, ripple detection followed the method of Lansink et al. (2009). First, LFP recordings 

were bandpass-filtered between 100-300 Hz. Next, the absolute values of the filtered LFP trace 

were taken and oscillatory events which exceeded an amplitude threshold of 4 standard 

deviations of the baseline level for a minimum duration of 25 ms were included as ripples in the 

analysis. To exclude transient high-frequency gamma bursts and chewing artifacts, only events 

which had their highest amplitude in the middle 50% of the event and in which maximum 

power in the range of 100-250 Hz exceeded the maximum power in the range of 100-105 Hz 

were included.  
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Ripples meeting the above mentioned criteria were assigned start and stop times, and their 

duration was computed using the threshold crossings. Intra-ripple oscillatory frequency and 

peak amplitude were computed for each ripple event. To determine the ripple rate specifically 

for periods of SWS/QW, the number of ripple events was normalized to the duration of the 

sleep/wake episodes as defined above. Logarithms of the absolute amplitudes were used for 

comparing the peak amplitudes of the ripples. As for LFP analysis, Sleep-1 and Sleep-2 episodes 

were pooled together. Wilcoxon's rank sum test was used for testing significance of ripple rate 

and characteristics.  

The procedure for spike sorting and assigning cells into putative pyramidal cells and 

interneurons is explained in the previous chapter. After spike-sorting, we classified the cells into 

putative pyramidal cells and putative interneurons as described in Chapter 4. Both putative 

interneurons and pyramidal cells with at least 100 spikes during the task episode were included 

in the analyses. Cells which could not be assigned to either class were left out of further 

analysis. 

To assess whether firing rates were modulated upon ripple onset, peri-ripple time histograms 

were calculated following Pennartz et al., 2004. Briefly, firing rate histograms during Sleep-1 

and Sleep-2 sessions, respectively, were synchronized to ripple onset and plotted as a function 

of time relative to the ripple onset with a bin size of 12,5 msec. 

To compute the spike density during ripples, we computed for each cell the number of spikes 

during each ripple event during SWS/QW and normalized this number to the duration of the 

ripple event. To analyze correlated firing, we assigned putative pyramidal cells and interneurons 

to cell pairs (124 single cells, 206 cell pairs) and computed Pearson correlation coefficients 

(PCC) between the spike rates of the two cells with a bin size of 50 ms for each sleep and task 

episode (Pennartz et al., 2004). These correlation values were then pooled across different 

sessions yielding aggregate values for Sleep-1, Task and Sleep-2 sessions and WT and KO mice, 

respectively. Neither WT or KO mice showed a difference between novel and familiar 

conditions, so all sessions were pooled together. Wilcoxon's rank sum test was used to assess 

the significance of the findings. Ensemble sizes per recording session were generally not 

sufficiently large to permit analysis of replay.   
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3. Results 

We recorded and analyzed data from 4 WT mice and 3 KO mice. Cells which fired less than 100 

spikes during the task, as well as cells that could not be assigned to either pyramidal cells or 

interneurons, were excluded from further analysis (see Table 1 for a summary of included cells).  

 

Table 1 # mice      # recording sessions      #putative pyramidal cells      #putative interneurons 

WT 4 29         37          26 
KO 3 21         73         21 
 

WT and KO mice were indistinguishable in track-running behaviour. Running speeds of WT and 

KO mice (7.29 ± 0.33 and 7.62 ± 0.49 cm/s; mean ± SEM) did not differ significantly (p = 0.56) 

and neither did the amount of time KO and WT mice spent in different sleep stages (awake; p = 

0.16, REM-sleep; p = 0.07, SWS/QW; p = 0.44, unknown; p = 0.41, Fig 1A). 

Hippocampal SWRs have been previously associated with replay and memory consolidation and 

may well be a hallmark of offline memory retrieval and storage processes (Kudrimoti et al., 

1999; Pennartz et al., 2004; Davidson et al., 2009; Lansink et al., 2009; Carr et al., 2011). To 

study whether Arc/Arg3.1 KO mice, which have been shown to have long-term memory deficits, 

displayed altered SWR activity, we analyzed SWR activity during sleep in hippocampal area CA1 

of WT and KO mice. Various characteristics can be affected: besides rate of occurrence, intrinsic 

characteristics such as intra-ripple oscillatory frequency, amplitude and duration may be 

altered. 

On visual inspection, ripples looked relatively similar in WT and KO animals (Fig. 1B-C), but we 

found that ripple rates during SWS/QW were significantly lower in KO mice (3.10 ± 0.73 

ripples/min; N = 37 sessions) than in WT mice (7.74 ± 1.23 ripples/min; N = 51 sessions; p = 

0.0083; Fig. 1D). This effect remained also, when the ripple rate was computed for the total 

duration of the rest period, not only SWS/QW. We did not observe a significant change in ripple 

rates between Sleep-1 and Sleep-2 in either WT or KO mice. As reported in Chapter 4, ripple 

rates in KO mice were around 50% of that of WT animals during quiet wakefulness on the track; 

however, the relative reduction during SWS/QW that takes place in rest/sleep episodes appears 

to be even larger.  
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To assess whether the intrinsic dynamics of SWR activity were different between mouse groups, 

we quantified several temporal properties of ripples:  Intra-ripple oscillatory frequency was 

slightly lower in WTs (146 ± 3 Hz) than in KOs (161 ± 4 Hz; p = 0.035; Fig. 1E). Similarly, peak 

amplitudes of the ripples were slightly lower in WTs (66.1 ± 0.5 dB) than in KOs (68.5 ± 0.5 dB; p 

= 0.023; Fig. 1F). Furthermore, mean ripple duration was slightly longer in WTs (55 ± 1 ms) than 

in KOs (50 ± 2 ms; p = 0.019; data not shown). Despite the change in the ripple rates, the 

distribution of inter-ripple intervals, when normalized to the number of ripple events, was 

unchanged (Fig. 1G). 

 
Figure 1. Sleep architecture and ripple characteritics.  
A | Arc/Arg3.1 KO (light grey) and WT (dark grey) mice have indistinguishable sleep 
architecture.  Values are means ± SEM. B | Real-time LFP traces filtered to 100-300 Hz in WT 
(upper trace) and KO (lower trace) show ripple activity. C | Real-time samples of ripples (lower 
sample: WT; upper sample: KO). D | Ripple rates during SWS/QW. Ordinate shows the number 
of ripples normalized to the duration of SWS/QW and averaged across individual sessions          
(N = 51 for WT mice, N = 37 for KO mice).  E | Intra-ripple oscillatory frequency. F | Peak 
amplitude of ripples. G | Relative rate of ripple intervals occurring in time bins plotted on the 
abscissa in KO (light grey) and WT (dark gray) mice. Inter-ripple intervals were normalized to 
SWS/QW duration.  Error bars indicate standard error of the mean. * = p < 0.05; ** = p < 0.01; 
Wilcoxon's rank sum test. 
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Furthermore, we assessed single unit firing during ripple activity to examine whether neuronal 

output activity was altered during these periods of off-line processing. Spike density during 

ripple events in WT mice (3.13 ± 0.50 Hz) appeared higher than in KO mice (2.05 ± 0.30 Hz; Fig. 

2A), but this finding was not significant (p = 0.31). However, as the overall firing rates across the 

entire rest/sleep periods were similar in WT and KO mouse (median firing rates ± SEM: 1.01 ± 

0.84 Hz and 1.06 ± 0.20 Hz; respectively; p = 0.42), this relative loss of spikes in KO ripple 

activity was reflected in the spike density outside ripples, which was significantly higher in KO 

(1.81 ± 0.13 Hz) than WT mice (1.22 ± 0.18 Hz; p = 0.01; data not shown). Thus, the loss of 

Arc/Arg3.1 protein is associated with a lower prevalence of ripples and a trend towards lower 

firing rate during these events, whereas a complementary firing-rate increase occurs during 

inter-ripple intervals. 

 

 
Figure 2. Firing behavior during ripples and overall correlations in firing.  
A | Spike density during ripples. Both putative pyramidal cells and interneurons contributed to 
the means. B | Mean peri-ripple time histogram for WT (above) and KO mice (below).Firing 
rates are plotted as a function of time relative to ripple onset (t = 0) and time points where 
firing rate differed significantly (p < 0.05) from baseline are marked with gray bars.                       
C | Correlated firing during sleep episodes in WT (dark grey) and KO (light grey) mice. Ordinate: 
Median pairwise Pearson's correlation coefficients during sleep and task episodes. Both 
putative interneurons and task-active pyramidal cells were included in the analysis. * = p < 0.05; 
*** p < 0.005; Wilcoxon rank sum test. 
 
Peri-ripple time histograms were constructed to study differences in the peaks and time course 

of firing activity relative to ripple onset (Fig. 2B). In WTs, mean peak level was 3.52 Hz, which 

was significantly above baseline (p = 6.0*10
-5

), whereas in KOs mean peak level remained lower 

and was not significantly higher than baseline (1.53 Hz, p = 0.22). 
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Analysis of correlated firing revealed that during sleep (but not task), cell pairs in WT mice 

showed significantly higher median correlation coefficients than KOs (Sleep-1; p = 0.01, Sleep-2; 

p = 1.63*10
-8

, task; p = 0.59; Wilcoxon's rank sum test; Fig. 2C). This effect was independent of 

cell type and the pattern stayed similar when outliers (absolute Z-score > 3) were removed. 

Furthermore, WTs showed a significant decrease from Sleep-1 to Task (p = 0.031) and increase 

from Task to Sleep-2 (p = 8.32*10
-5

), whereas KOs had consistently low correlation coefficients 

during both sleep phases and failed to show any significant difference between them . That 

correlation values during track running were relatively low may be explained from the observed 

that only a minority of cell pairs showed clear and overlapping place fields on the track, while 

also anti-correlated and uncorrelated cell pairs contributed to the Task mean. Although these 

correlation results do not reveal replay of tracking-running patterns per se, they are indicative 

of a post-task difference in information-processing between WT and KO mice. 

In addition to SWR and single unit activity, we compared oscillatory activity during sleep-rest 

episodes of WT and KO mice in different frequency bands. In Fig. 3, examples of power as a 

function of frequency and time together with representative traces of the bandpass-filtered LFP 

in different frequency ranges are shown for WT (Fig. 3A) and KO (Fig. 3B) mice. 

To assess whether the lack of Arc/Arg3.1 differentially affects these frequency ranges, we 

compared the LFP spectra of WT and KO mice during sleep (Fig. 3C-H). During SWS/QW, KO 

mice appeared to have slightly higher power in the delta range (1-4 Hz) as normalized to the 

mean power across 1-250 Hz range (p = 0.012; data not shown). A slight attenuation in the 

theta range (6-10 Hz) in KOs failed to reach significance (p = 0. 10; Fig. 2E). However, KOs 

showed a clear attenuation in the beta-2 (20-35 Hz; p = 0.0004), low gamma (35-45 Hz; p = 

0.0002) and high gamma (60-100 Hz; p =0.0003) ranges (Fig. 3F-H, respectively). Overall, the 

results indicate a shift in dominance from higher to lower frequencies in the Arc/Arg3.1 KO 

mice (Fig. C-D). 
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Figu
Figure 3. Analysis of local field potential power during sleep-rest phases.  
A | Example of spectral power as a function of time and examples of LFP filtered to theta, beta-

2, low and high gamma frequencies in a WT mouse. Traces shown are representative excerpts 

from immobile periods taken from the overall sleep/rest epochs. B | Same for a KO mouse.       

C | Power spectra during SWS/QW in wild-type (dark grey) and KO (light grey) mice during sleep 

averaged across individual sessions. Double logarithmic scale; bands below and above the 

spectral averages indicate the 95% confidence interval. D | Inset: power spectrum for the low-

frequency range (0-20 Hz), now rendered on a normal abscissa scaling. E | Theta range;               

F | Beta-2 range; G | Low gamma range; H) High gamma range. *** = p < 0.005; Wilcoxon's rank 

sum test. 
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4. Discussion 

Here we report a salient reduction in the prevalence of SWR activity during SWS/QW, as well as 

rest episodes in general, in Arc/Arg3.1 KO as compared to WT mice (Fig 1C). This finding was 

accompanied by a diminished rise in firing rate upon ripple onset (Fig. 2A-B). We also found that 

neurons in KO mice failed to show increased co-firing after exposure to the task, as well as 

attenuated correlated firing during sleep in general (Fig. 2D). 

These differences were found against the background of a normal sleep architecture in KO mice 

(Fig. 1A), and a normal overall firing rate during rest-sleep periods, while other ripple 

characteristics (intra-ripple frequency, peak amplitude and spike density) changed only to a 

minor degree. Furthermore, we found a relative reduction in the LFP power in beta-2, low- and 

high-gamma frequency bands across SWS/QW periods and an increase in power in the delta 

band, indicating a shift towards higher frequencies in Arc/Arg3.1 KO mice. 

4.1. Effect of Arc/Arg3.1 on ripple prevalence, intra-ripple 

spike density and correlated firing 

Sharp wave–ripple activity in the hippocampal formation is considered a phenomenon of great 

interest in relation to memory retrieval and consolidation processes, as SWRs are associated 

with sequential replay of spike patterns characteristic of preceding experiences, both in 

hippocampus and in target structures such as ventral striatum (Kudrimoti et al., 1999; Lansink 

et al., 2009; Carr et al., 2011). Moreover, specific disruption of SWR during post-sleep period 

results in memory deficits (Girardeau et al., 2009; Ego-Stengel and Wilson, 2010). 

Our finding that ripple rates - embedded in an overall intact sleep architecture -  were 

specifically lowered in KO mice is interesting in the light of long term memory deficits attributed 

to the loss of Arc/Arg3.1 function (Plath et al., 2006; Ploski et al., 2008). The combined results 

support the conclusion that long-term memory deficits observed in these animals are 

attributable to specific consolidation-related hippocampal processing rather than general sleep-

dependent processes such as changes in arousal or disturbed circadian rhythm, which could 

alternatively explain long-term memory performance of KO mice.  
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Interestingly, the strong decrease in hippocampal ripple prevalence was not reflected in 

substantially altered intra-ripple characteristics. It is known that the observed amplitude and 

duration of ripple events rapidly decrease when the recording electrode is moved further 

ventral from the pyramidal cell layer (Ylinen et al., 1995; Maier et al., 2003), making tetrode 

placement an important determinant for ripple detection. To control for this, all the data 

included in the analysis were from tetrodes which showed negative-going SWRs during sleep 

and had place-active cells during the task. Furthermore, the lack of a decrease in ripple duration 

or peak amplitude as compared to WT mice strongly argues that the decreased prevalence of 

ripple cannot be ascribed to a signal detection confound. Of further interest is the finding that 

the increase in firing rate associated with ripple onset was much weaker in KO as compared to 

WT mice (Fig. 2B). That the overall spike density associated with ripples was not that much 

lower in KO as compared to WT mice (Fig. 2A) may be explained by the spikes in KO mice being 

more loosely grouped in and around ripples. Overall, the reduction in ripple prevalence is 

associated with a loss of CA1 output activity during the remaining ripples, even further 

decreasing the processing power during these important "off-line" events. 

As reported in Chapter 4, ripple rates in KO mice were decreased also in the awake state: during 

immobile periods on the track, KOs had about 50% lower ripple rates than WTs. Although this 

reduction was less dramatic than that observed during SWS/QW, it suggests that the network’s 

impaired capability of producing ripples is not limited to sleep. This might have profound 

consequences for encoding, consolidation and recall of spatial information. Previously, ripples 

during the immobile periods in between track running bouts have been connected with replay 

of recent spatial experience (Foster and Wilson, 2006; Diba and Buzsáki, 2007; Davidson et al., 

2009). If reduced ripple rate indicates impaired replay of recent patterns in KO mice, this may in 

part contribute to decreased late-phase performance and reversal learning deficit in Morris 

water maze observed in Arc/Arg3.1 KO mice (Plath et al., 2006). 

Although we found that ripple-generating mechanisms are dysfunctional , they are not 

completely switched off in KO animals, which may account for the residual long-term memory 

observed in various learning tasks (Plath et al., 2006). Indeed, learning in KO animals is better 

described as being retarded than as being globally and persistently impaired.  This view is 

further supported by the finding that rate-corrected inter-ripple intervals were similar in WTs 

and KOs (Fig. 1D): ripple doublets and triplets have been hypothesized to be of particular 
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importance in driving long-term plasticity and consolidation (Davidson et al., 2009). Assuming 

this hypothesis is valid, the remaining ripple-related activity in KO mice may be enough to 

support replay to some extent.  

Furthermore, KO mice showed less correlated firing during sleep in general and failed to show 

increased correlated firing after exposure to the task. This deficit in capability of generating 

coherent population activity is likely affecting neuronal processes that underlie memory. 

However, the present data do not allow to claim a direct relationship between the decrease in 

ripple prevalence, the reduction in correlated firing in KO mice, or the phenomenon of replay. 

We tested whether the higher levels of correlation in WT mice were attributable to a selective 

restriction of co-firing to ripples, but found the same pattern of results when the analysis was 

limited to periods in- or outside ripples (data not shown). The decrement in WT correlations 

during track running as opposed to sleep-1 or sleep-2 might seem paradoxical in the light of 

previous studies on replay, but it should be kept in mind that also fractions of anti-correlated 

and uncorrelated CA1 cell pairs contributed to the median Task value. These pairs were not 

confined to cells with clearly definable place fields. 

4.2. Effect of Arc/Arg3.1 on beta and gamma frequency 

bands of local field potentials during sleep 

During SWS/QW KO mice showed an attenuated power in higher frequency bands, particularly 

in the gamma and beta-2, but not theta and delta range. This shift from high to low frequencies 

suggests that KO animals may have a specific impairment in generating not only ripples but also 

other high-frequency network activity. This may have multiple consequences: Gamma 

oscillations have been associated with the temporal ordering of information within the theta 

cycle, thus potentially facilitating both retrieval and encoding of information (Jensen and 

Lisman 2005; Lisman 2005; Colgin and Moser 2010). In particular, the low-gamma range has 

been associated with the functioning of the CA3 network in relation to memory retrieval (de 

Almeida et al., 2007; Montgomery and Buzsáki, 2007), whereas the high-gamma band is 

strongly represented in entorhinal activity, which reaches area CA1 via layer III (Witter, 1993; 

Kloosterman et al., 2004; Colgin et al., 2009). In mice, the higher range of CA1 beta activity 

(beta-2; 23-30 Hz) has been previously associated with the exploration of novel environments 



134 

 

(Berke et al., 2008; see also Chapter 4), but has, to our knowledge, not been scrutinized during 

rest or sleep. Together, the decreased power in beta-2 and high gamma ranges might result in 

less efficient coding of spatial information, whereas the decrease in the low gamma range could 

have a role in CA3-dependent memory retrieval, and is consistent as such with the lower 

incidence of ripples. 

4.3. Brain mechanisms regulating ripple prevalence in 

hippocampal area CA1 

The observed reduction of ripple prevalence during sleep in Arc/Arg3.1 KO animals indicates an 

Arc/Arg3.1-dependent dysfunction of ripple-generating processes. Although the exact locus of 

this dysfunction is unknown, our finding may be related to an impaired long-term synaptic 

plasticity. Arc/Arg3.1 KO mice have intact short-term plasticity, which may allow storage of 

short-term memory in the awake state, explaining why the animals appear to have intact 

memory in most learning tasks when tested 1 h after training (Plath et al., 2006). However, lack 

of long-term maintenance of synaptic potentiation may mean that residual LTP is insufficient to 

drive ripple-related reactivation during sleep. 

An important driving source for SWR activity in area CA1 appears to originate in area CA3 

(Buzsáki et al., 1983; Buzsáki, 1986). Bilateral disruption of Schaffer Collateral – CA1 signaling 

briefly after contextual fear conditioning, while the memory is still labile, was reported to 

impair consolidation. This impairment is accompanied by a decreased intra-ripple frequency, 

even though the rate of SWRs remains intact (Nakashiba et al., 2009) — the remaining SWR 

activity may be generated by CA1 alone (Buzsáki et al., 1992; Maier et al., 2003), or by CA1 in 

combination with its significant entorhinal input (Witter, 1993). 

The CA3 region is an area with dense recurrent connectivity and synapses that are very prone to 

plasticity (Skrebitsky and Vorobyev, 1979; Debanne et al., 1998). LTP induction in area CA3 has 

been shown to induce SWRs in vitro (Behrens et al., 2005). It is thus conceivable that a potential 

lack of sustained LTP in area CA3  is already sufficient to disrupt ripple generating mechanisms, 

as the synaptic efficacy of recurrent collaterals may not be strong enough to support sufficient 

excitability in the CA3 autoassociative network (cf. Steriade et al., 1990). 

 



135 

 

It is important, however, not to restrict the analysis of Arc/Arg3.1 effects on CA1 SWR activity to 

the hippocampal formation, as physiological stimuli have been shown to induce Arc/Arg3.1 

protein expression in multiple areas throughout the brain, including olfactory bulb (Guthrie et 

al., 2000), visual cortex (Wang et al., 2006), parietal cortex (Ramírez-Amaya et al., 2005) and 

amygdala (Ploski et al., 2008). In the context of the observed decline in ripple rate in KO mice, 

this means that extrahippocampal events, such as the neocortical input patterns relayed to CA1 

via entorhinal cortex or dentate gyrus and area CA3, may be less likely to activate ripple-

generating mechanisms in Arc/Arg3.1 KO animals (Battaglia et al., 2004, 2011). Under normal 

circumstances in SWS, cortical ‘up’ and ‘down’ states work in concert in facilitating SWR activity 

and replay of neuronal ensemble activity (Johnson et al., 2010; Battaglia et al., 2011). 

Taken previous studies which show that intervening with ripples during the sleep episode that 

follows learning impairs long-term memory (Ramadan et al., 2009; Ego-Stengel and Wilson, 

2010), it can be hypothesized that memory consolidation deficits observed in Arc/Arg3.1 KO 

animals are attributable, at least in part, to reduced ripple rates. Thus, SWR-related 

synchronous firing may facilitate reactivation of previously activated firing patterns, thereby 

contributing to memory consolidation. However, it should be kept in mind that SWRs per se do 

not reveal the replay of behaviorally experienced sequences, but are better characterized as a 

'vehicle' or carrier wave for replay events. Thus, possible Arc/Arg3.1 effects on replay capacities 

must await future studies. 

Taken the role of coherent firing in processes that drive consolidation, it is interesting to note 

that, while the overall firing rates of the cells were not changed in KO mice, it appears that the 

temporal distributions of firing patterns were (Fig. 2A-C). The finding that neurons in area CA1 

of KO mice failed to increase their firing rates even during the sparsely occurrring ripples might 

be indicative of attenuated replay in KO animals. Furthermore, spike density analysis suggests 

that instead of expressing correlated firing bursts during ripples, firing activity in KOs migrated 

to a significant extent to intervals between ripples. 
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Chapter 6. General discussion 

 

 

 

 



142 

 

In this Discussion, we draw together the results from the previous chapters and relate them to 

the recent state or research. In chapters 2 and 3, we assessed the heritable background of 

acquisition and extinction of appetitive operant learning. Seven standard inbred strains and 28 

recombinant inbred mouse lines were screened using a sequential learning protocol. The most 

common laboratory mouse strain, C57BL/6J, performed well in all of the sequential tasks, as did 

DBA/2J and Balb /c/ByJ mice. These mouse lines could thus be used as background strains in 

knock-out studies. We would, however, advice against using 129S1/Sv, which performed poorly 

on all tasks. 

We found that different stages of appetitive operant learning as well as extinction are under 

genetic control and are phenotypically and genotypically dissociable. The results presented in 

Chapter 2 suggested that performance in an operant lever press–nose poke task is regulated by 

an area on chromosome 9, whereas initial magazine checking behaviour is suggested to be 

regulated by areas on chromosomes 4 and 6. Furthermore, these traits were not correlated 

when the effect of the intermediate stage (operant nose poke) was taken into account. 

Similarly, performance and extinction of the lever press–nose poke task were not correlated, as 

described in Chapter 3. 

We suggested that mouse strains NOD/LtJ, BxD-16 and BxD-42 may be used as models for 

perseverative food-seeking behaviour. We also found that the widely used C57BL/6J strain was 

expressing perseverative behaviour and failed to show a steadily progressing decline in lever 

press behaviour in the absence of reward, which is important to take into account when 

designing behavioural tasks that involve learning tasks that require flexibility. DBA/2J showed 

normal extinction behaviour and could be used instead. C3H/HeJ expressed the highest 

flexibility of the tested mouse lines, and could be used in tasks that require flexible changes in 

behavioural responding. 

In chapters 4 and 5, we characterized hippocampal CA1 activity in Arc/Arg3.1 knockout and 

wildtype mice during a spatial exploration task and sleep, respectively. Basic firing properties of 

both fast-spiking neurons and pyramidal cells, as well as place field properties, were preserved 

in Arc/Arg3.1 knockouts. However, we found that local field potential activity was changed in 

Arc/Arg3.1 knockout mice, which showed attenuated oscillatory activity in beta-2 and gamma 

ranges during both track running and sleep. Furthermore, in Chapter 4 we showed that spike-
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locking to these frequencies as well as to theta was impaired in the awake state of knockout 

mice, which may explain the previously reported deficits in the Morris water maze. 

In addition to altered local field potential and spike–field phase locking activity, we also found 

that occurrence of hippocampal sharp–wave ripples during sleep (and waking) as well as spiking 

activity during them was diminished in knockouts, as described in Chapter 5. Furthermore, 

correlated firing during sleep was decreased in knockouts.  

Taking chapter 4 and 5 together, these findings indicate that although the functionality of 

individual neurons appears intact, coherent population and network activity is altered in 

Arc/Arg3.1 knockout mice. 
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6.1 Genetic background of appetitive operant behaviour 

revisited 

Since finishing the research described in Chapter 2 and Chapter 3, a number of interesting 

quantitative genetics studies have been published. One of the most intriguing recombinant 

inbred mouse studies assessed 51 BxD strains in an appetitive operant - reversal learning task 

(Laughlin et al., 2011). Their set of BxD strains as well as task (nose–poke with set performance 

criterion instead of lever press with set number of sessions) differed somewhat from ours, 

making direct comparison to our operant - extinction task difficult. Unfortunately, Laughlin et 

al. also did not test e.g. BxD-27 or BxD-33, which were one of the top performers at both the 

operant and extinction stages in our studies. 

The parental strains DBA/2J and C57Bl/6J performed somewhat similarly in both studies – in 

line with Laughlin et al., in our operant task, C57Bl/6J was in the midrange and DBA/2J 

performed better than C57Bl/6J (Chapter 2). The same pattern was observed in the reversal 

task by Laughlin et al. and also in our extinction task C57Bl/6J was roughly in the midrange and 

DBA/2J was faster to extinguish responding, although this finding was not significant (Chapter 

3). Interestingly, according to Laughlin et al. BxD-16 required the highest number of trials to 

meet both operant and reversal learning criteria (and thus did not show a dissociation between 

them, as they did in acquisition vs. extinction of operant behaviour in our experiments), but this 

strain was among the worst performing (i.e. most perseverative) in our extinction task, whereas 

it was among the best 30% BxD lines in our operant task. 

Consistent with the results presented in Chapter 3, Laughlin et al. reported that acquisition and 

reversal learning abilities did not covary at the strain level, coming to the same conclusion as 

we reached for acquisition and extinction, viz. that these traits must be regulated by distinct 

sets of genes. Because Laughlin et al. screened a far larger number of strains than we did, they 

were able to identify a genomic region of interest  on chromosome 10 with statistically 

significant linkage to reversal learning, whereas the region of interest we suggest to regulate 

nose poke–lever press task in Chapter 2 was on chromosome 9. This is in line with our 

hypothesis that acquisition of operant learning is under distinct genetic control that is separate 

from control of reversal and extinction learning (Chapter 3). 
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To conclude, it appears that, although direct comparison between studies is difficult because of 

different experimental protocols and sets of recombinant-inbred strains, some general 

principles regarding heritable regulation of operant behaviour are consistent throughout the 

studies.  

As discussed in the Introduction and Chapter 2, many commonly used mouse strains have not 

been thoroughly characterized, which is a serious caveat in behavioural studies on mice in 

general. A recent study reported that visual performance, acuity and stereovision in Balb/c mice 

was significantly worse than that of C57Bl/6 mice (Yeritsyan et al., 2012). However, in our 

operant task, which took place in a visually rather simple environment with only few distinct 

cues present, Balb/c performed in fact better than C57Bl/6J, so there was no need to revisit the 

results in that respect. 

These examples, together with comparison to previous behavioural screening studies in 

Chapters 2 and 3, illustrate the well-known reproducibility issues in behavioural neuroscience. 

Often the different results can be attributed to different experimental protocols, but it would 

be important that all the details regarding the experimental procedures would be reported 

fully. 

6.1.1 Compulsive food seeking as a model for addiction 

Some researchers have suggested that intermittent intake of sugar would result in "sugar 

addiction", which would share many aspects with drug addiction (Lenoir et al., 2007; Avena et 

al., 2008). In fact, rodents work more readily towards sweet rewards rather than cocaine 

(Lenoir et al., 2007) and prolonged “cafeteria-style” diet, high in sugar and fats, has been shown 

to result in compulsive food-seeking behaviour that persists even in the face of adverse 

consequences (Johnson and Kenny, 2010). Withdrawal from high sugar intake also results in 

physiological and behavioural withdrawal symptoms similar to those observed during opiate 

discontinuation (Avena et al., 2008). 

To some extent, the pathways for food and drug seeking may share the same neuroanatomical 

pathways (Avena and Hoebel, 2003; Volkow and Wise, 2005) and receptors (Cottone et al., 

2009). However, the findings from the rat studies cannot be directly generalized to humans. 

Indeed, human studies do not provide direct evidence that would support physiological sugar 
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addiction. For instance, abstinence (fasting) decreases craving of sweet foods instead of 

increasing it, unlike the addiction model would predict. Interestingly, preference for intensely 

sweet tastes declines over age, suggesting that there is no development of tolerance. 

Furthermore, unlike in rats (Avena et al., 2008), in humans, administering opioid antagonists 

does not cause withdrawal symptoms (Benton, 2010). Furthermore, addiction models may not 

apply to all human populations with overeating problems (for a critical review, see Ziauddeen et 

al., 2012), although they may be useful in elucidating the background of binge-eating disorder 

(for a review, see e.g. Davis and Carter, 2009). 

Instead, compulsive seeking of appetitive rewards in rats and mice could provide an interesting 

model in studying the neuronal patterns that underlie compulsive overeating in humans, which 

is a widespread public health problem. Some researchers suggest that stress would increase 

compulsive food-seeking in rats (Nair et al., 2009), which is interesting because stress is a 

known risk factor for compulsive eating in humans (Troop and Treasure, 1997), although it 

seems that even in rats, stress-induced relapses are more common in drug as compared to 

sugar addiction (Kearns et al., 2011). Developing models for compulsive overeating is 

challenging because there is no consensus of the diagnostic criteria of compulsive eating that is 

not characterized by bingeing. Possible traits that would indicate compulsive overeating in an 

animal model could include i) spending an unusual amount of time on food-seeking activity, ii) 

inability to stop responding to food-related cues, iii) lack of satiety effect and iv) eventual 

accumulation of weight. The protocol presented in Chapter 3 is able address trait (ii), but by 

prolonging the daily exposure to the task as well as the duration of the protocol, traits (i), (iii) 

and (iv) could be addressed as well. 

6.1.2 Recent evidence for a link between Arc/Arg3.1 and 

appetitively motivated operant learning 

Prader-Willi syndrome (PWS) is a genetic disorder that involves deletion of multiple genes on 

chromosome 15. It is characterized by hypotonia and lethargy at birth and infancy, and chronic 

overeating and cognitive disabilities such as delayed speech, motor skills and lower IQ in later 

life (Cassidy, 1997). Linking operant and extinction learning with addictive properties of food, a 

recent study reports that in a genetic mouse model for Prader–Willi syndrome, appetitively 

motivated learning and reversal learning are enhanced (Relkovic et al., 2012) despite PWS 
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usually being accompanied with learning disabilities; this mouse model also shows decreased 

performance in the five-choice serial reaction time task (Relkovic et al., 2010). One explanation 

might be a different motivational effect of food: there is evidence for increased motivation by 

food in PWS, and overeating behaviour due to an abnormal lack of satiety response has been 

described in human patients (Holsen et al., 2009). 

PWS provides a potentially interesting linkage between learning disabilities, appetitive 

motivation and our work on the Arc/Arg3.1 gene to be discussed next. Arc/Arg3.1 mRNA levels 

are increased in Prader-Willi syndrome (Ingason et al., 2011) and acquisition of a lever-press 

task has been shown to result in induction of Arc/Arg3.1 expression in rat hippocampal area 

CA1 and CA3 (Kelly and Deadwyler, 2002), although the causal role of Arc/Arg3.1 in acquisition 

of operant behaviour is not known. 

Caused by deletion in the same area on chromosome 15 as Prader-Willi syndrome, Angelman 

syndrome is characterized by cognitive disabilities such as impaired speech development and 

disordered motor function. One of the genes in this chromosomal area is UBE3A, which 

regulates degradation of Arc/Arg3.1 gene (Greer et al., 2010; see Fig. 1 for a schematic 

presentation). Similarly to Arc/Arg3.1 KO mice, a recent study reports Angelman syndrome 

model mice to have impaired hippocampal long-term potentiation and contextual fear memory 

(Kaphzan et al., 2012). This may appear somewhat contradictory taken the finding in Prader-

Willi model mice, which showed enhanced appetitive operant learning, because both Prader-

Willi and Angelman syndrome are described to feature increased Arc/Arg3.1 mRNA. However, 

this might be explained by the enhanced motivational effect of food in the Prader-Will 

syndrome model mice (Relkovic et al., 2012).  

6.2 Arc/Arg3.1 function and new mouse models for brain 

diseases 

Although our study focused on the effects of Arc/Arg3.1 deletion in the hippocampus, system-

level changes caused by impaired Arc/Arg3.1 function have been identified in many other areas. 

In recent years, Arc/Arg3.1 has been subject to wide interest, and new transgenic mouse 

strains, which express fluorescent proteins under the Arc/Arg3.1 promoter either hetero- or 
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homozygously, enable real-time and longitudinal imaging of Arc/Arg3.1 in the neocortex (Wang 

et al., 2006; Eguchi and Yamaguchi, 2009).  

Some of the most interesting recent papers that involve Arc/Arg3.1 –related pathology are 

those linking it with Alzheimer disease. In the medial frontal cortex of human Alzheimer disease 

patients, Arc/Arg3.1 protein can be increased to anomalous levels. The finding was reflected in 

a transgenic mouse model of Alzheimer disease: amyloid plaque load was alleviated in these 

mice with an additional Arc/Arg3.1 deletion (Wu et al., 2011), and is consistent with previous 

findings that indicate that both hyper- and hypofunction of Arc/Arg3.1, mediated by impaired 

ubiquitination, can lead to mental retardation (Greer et al., 2010). Another recent study 

reported that Arc/Arg3.1-dependent responses to visual stimulation were reduced in neurons 

near amyloid plaques in the mouse extrastriate visual cortex (Rudinskiy et al., 2012). 

 
Figure 1. UBE3A tags Arc/Arg3.1 for degradation. 
Normally, UBE3A protein attaches a polyubiquitin (PolyUb) tag to mark Arc/Arg3.1 for 
degradation in proteasomes in order to maintain Arc/Arg3.1 balance in the dendrites. In 
Angelman syndrome, the UBE3A coding region is deleted, leading to accumulation of 
Arc/Arg3.1. The end result of this cascade will be an increased endocytosis of AMPARs and thus 
loss of AMPRs at the postsynaptic surface.  From: Tai and Schuman, 2010. 
 

So far, the role of Arc/Arg3.1 in plasticity and memory consolidation has been studied only by 

disabling its action in the brain. In addition to memory disorders, it will be worthwhile to 

examine whether constitutive Arc/Arg3.1 knockout mice may serve as a putative mouse model 

for certain heritable forms of autism, in which low Arc/Arg3.1 mRNA levels have been 

implicated (Greer et al., 2010). However, most human syndromes with altered Arc/Arg3.1 

function (Alzheimer disease, Prader-Willi syndrome and Angelman syndrome) are characterized 

by increased Arc/Arg3.1 mRNA levels. It would be interesting to construct a mouse model which 
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would overexpress Arc/Arg3.1 and compare its phenotype to the phenotype of the animal 

models for the above mentioned syndromes. In addition, assessing how Arc/Arg3.1 

overexpression would affect ripple occurrence, LFP spectra and phase locking would provide 

more detailed information how the differences in these characteristics between Arc/Arg3.1  KO 

and WT mice arise and whether they can be connected to the cognitive-behavioural deficits 

observed in human conditions that involve Arc/Arg3.1 dysregulation.  

Our results may help in understanding the neuronal background of heritable forms of autism 

that involve the same chromosomal area as Angelman and Prader-Willi syndrome and result in 

decreased levels of Arc/Arg3.1 mRNA (Cook et al., 1997). Together, the findings from mouse 

models and human patients with disorders involving Arc/Arg3.1 dysregulation suggest that a 

fine-tuned balance of Arc/Arg3.1 expression is required for normal cognitive development. 

6.2.1 Involvement of Arc/Arg3.1 in plasticity and consolidation in 

different brain areas 

Previously, Arc/Arg3.1 has been shown to be required for experience-dependent homeostatic 

synaptic scaling (Gao et al., 2010) and experience-dependent plasticity (McCurry et al., 2010) in 

mouse primary visual cortex (V1). In mice, Arc/Arg3.1 also appears to promote orientation 

specificity and the reliability of repetitive activation by visual stimuli in area V1 (Wang et al., 

2006). Furthermore, the amplitude of the Arc/Arg3.1 –dependent response to visual stimuli 

predicts the reactivation probability in the extrastriate cortex (Rudinskiy et al., 2012; i.e., the 

chance that the same cell population is activated again following presentation of the same 

visual stimulus).  

If changes in homeostatic synaptic scaling in mouse V1 are present also in the hippocampus, it 

may be connected with decreased ripple and high frequency oscillatory activity in the 

Arc/Arg3.1 KO mice: altered homeostatic synaptic scaling and synaptic plasticity may affect 

functionality of the CA3 network, which is important for generating high-frequency events. 

Spatial exploration induces Arc/Arg3.1 expression not only in the rodent hippocampus, but also 

in the neocortex and dorsal striatum (Vazdarjanova et al., 2002). It is thus not surprising that 

the role of Arc/Arg3.1 in consolidation of contextual learning is not limited to hippocampus. Rat 

studies using Arc antisense microinjections also indicate that Arc/Arg3.1 expression in the 
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nucleus accumbens is required for acquisition, context-induced retrieval and reinstatement of 

morphine-induced conditioned place preference (Lv et al., 2011). Furthermore, Arc/Arg3.1 in 

the amygdala has been shown to be essential for consolidation of fear memory (Ploski et al., 

2008). 

Taken together, these findings seem to make it plausible that Arc/Arg3.1 is involved in the 

reliability of repetitive activation and consolidation not only in the hippocampus, but to serve 

such function more generally in cortical and subcortical areas. However, the role of Arc/Arg3.1 

in regulating synaptic plasticity and consolidation throughout these areas remains to be 

confirmed. 

6.2.2 Arc and coding of spatial information 

Taken that experience-dependent response potentiation in V1 requires Arc/Arg3.1 (Wang et al., 

2006; Gao et al., 2010; McCurry et al., 2010), it is somewhat surprising that place fields in 

whole-body Arc/Arg3.1 mutant mice appeared normal in our study (chapter 4). However, along 

with visual input, place fields are shaped by multiple environmental stimuli such as auditory and 

tactile cues as well as idiothetic (self-motion) cues, which may explain that Arc/Arg3.1 KO mice 

were able to maintain place fields that are indistinguishable from those of WT mice. 

Although visual cues have been suggested to be the primary environmental factor to shape 

place fields, they exist also in the absence of visual cues, even in total darkness (Markus et al., 

1994). Furthermore, some recent preliminary data from studies which use a floating ball and 

virtual environment, thus enabling mismatch between body movement and visual input, 

suggest that place field formation relies heavily also on other sources of information than visual 

input (Chen et al., 2013), which might explain why visual cortex plasticity would not be required 

for formation of place fields. Even though Arc/Arg3.1 is expressed upon exploration and ripples 

are decreased already during immobile periods on the track (Fig. 2A, Chapter 4), there may be 

compensatory mechanisms that support spatial learning, because, according to Plath et al. 

(2006), Arc/Arg3.1 KO mice are not impaired in the early acquisition phase (first day) of the 

Morris water maze task, or contextual fear conditioning, when tested shortly after acquisition. 

The deficit in late-phase acquisition in the Morris Water task could thus be explained by 

memory consolidation deficits alone. 
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One of the factors that may contribute to the consolidation impairment of Arc/Arg3.1 KO mice 

in spatial tasks is that the power of oscillatory rhythms in the beta-2 and gamma ranges was 

significantly decreased (Fig. 3, Chapter 4). In mice, bursts of oscillatory activity in the beta-2 

range have been attributed to the novelty of an environment (Berke et al., 2008), and in rats, 

low and high gamma have been linked with CA1-CA3 and CA1-entorhinal cortex coupling, 

respectively (Colgin et al., 2009; Colgin and Moser, 2010). Although we could not reproduce the 

enhancement of beta-2 activity in novel environments, this rhythm may nonetheless regulate 

late acquisition and consolidation. 

Concerning gamma rhythms, the low and high gamma frequency bands have been correlated 

putatively to memory retrieval and encoding of sensory information, respectively (Colgin and 

Moser, 2010). Therefore the decline in gamma power in our Arc KO mice may be proposed as a 

significant factor in the memory disabilities reported for these mice. 

One of the most striking findings during track running episodes was reduced coupling of firing 

and oscillatory activity in the theta, beta and gamma ranges. It could be argued that reduced 

spike-LFP locking to higher frequency ranges in Arc/Arg3.1 KO mice may be explained by lower 

power in these ranges. However, this does not explain reduced locking to the theta rhythm, as 

theta power was not significantly reduced during track running. It has been suggested that 

plasticity is linked to phase-locking (Cassenaer and Laurent, 2012), which makes it appealing to 

hypothesize that the impaired theta coupling observed in Arc/Arg3.1 KOs (Fig. 4, Chapter 4) is 

associated with a long-term plasticity deficit. However, this remains to be tested directly 

because in our study, no test of long-term memory was included, so a correlation between 

theta phase locking and long-term memory could not be assessed. 

6.2.3. Relationships between Arc, ripples and consolidation 

Rat and mouse studies have shown that neuronal activity patterns that reflect previous 

experiences are often replayed off-line during rest and sleep (Skaggs and McNaughton, 1996; 

Dragoi and Tonegawa, 2011). During slow wave sleep (SWS), traces of neuronal activity patterns 

from preceding behavior can be observed in rat hippocampus, neocortex and ventral striatum 

(Euston et al., 2007; Lansink et al., 2009). These replay events are associated particularly with 

sharp wave–ripple complexes (SWRs; Kudrimoti et al., 1999). Recordings from the CA1 

pyramidal cell layer showed that the spontaneous reactivation of these patterns is reflected by 
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an increase in pairwise firing-rate correlations during SWS or quiet wakefulness that followed 

the behavioural experience, whereas firing-rate correlations during REM sleep did not appear to 

relate to the preceding experience (Kudrimoti et al., 1999). 

Furthermore, hippocampal SWRs are associated with replay events in other brain areas, for 

instance ventral striatum (Pennartz et al., 2004) and medial prefrontal cortex (mPFC; Peyrache 

et al. 2009). This replay of previously experienced activity is thought to be crucial for memory 

consolidation (for a review, see O’Neill et al. 2010; Battaglia et al. 2011). Similarly to SWR 

density, reactivation of neuronal ensemble activity is strongest in sleep sequences following 

exposure to a  novel environment (O’Neill et al., 2008). 

Although replay was first observed during SWS (Skaggs & McNaughton 1996; Lee & Wilson 

2002), it is possible that it takes place also during REM sleep (Louie & Wilson 2001), but the 

existence and causal role of REM-sleep replay  are less clear than of SWS (Siegel, 2001; Tatsuno 

et al., 2006). Multiple studies have confirmed replay to occur in the  awake state (e.g. Nádasdy 

et al. 1999; Dragoi & Tonegawa 2011). Awake replay is most pronounced in novel environments 

(Carr et al., 2011), suggesting a role in processing spatial information.  

An interesting form of awake replay is reverse replay of previously experienced sequences, that 

has so far been observed in the awake state only (Foster & Wilson 2006). It has been suggested 

to facilitate consolidation of recently experienced events, which may be especially important 

for reward-driven learning (Diba & Buzsáki 2007) by modulating reactivation in an outcome-

dependent manner (Singer and Frank, 2009; Jadhav et al., 2012). Foster & Wilson (2006) and 

Kalenscher & Pennartz (2008) further hypothesize that reverse replay in combination with 

decaying transients of dopamine (or other neurotransmitters) can account for reinforcement 

learning of previous behavioral sequences leading to reward, in a manner that attributes more 

value to more recent actions, places and cues preceding the reward. Like replay during SWS, 

replay in the awake state is also considered to facilitate memory consolidation and retrieval 

(Carr et al., 2011; Jadhav et al., 2012) and it is enhanced by reward during the period when a 

trial outcome is presented (Singer & Frank 2009). 

However, the firing patterns observed during SWR events commonly referred to as replay are 

not necessarily just replay of recently fired sequences. First of all, Karlsson and Frank (2009) 
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observed replay of remote memories, viz. to sequences of positions that were not close to the 

animal’s current location. Secondly, spontaneous generation of novel sequences corresponding 

to paths that were not previously experienced have been reported. This finding supports the 

view that replay may subserve integration of representations pertaining to larger environments 

or episodes, with less dependence on the recency of the experience being replayed (Gupta et 

al., 2010). 

While replay appears to be an interesting candidate process for mediating short-term to long-

term memory transfer, direct evidence of its role in memory consolidation is scarce. That is, the 

main evidence for a causal role stems from ripple-intervention experiments (Girardeau et al., 

2009b; Ego-Stengel and Wilson, 2010; Jadhav et al., 2012), but it should be borne in mind that 

ripples are EEG events, not demonstrating replay per se. To date, there have been no studies 

that have interfered specifically with replay of specific firing sequences, thus directly confirming 

its causal importance. 

As replay events are assumed to take place predominantly during ripples, it is possible (and 

even likely) that the decreased occurrence of ripples during both sleep and immobile task 

periods observed in Arc/Arg3.1 KO mice, as reported in Chapters 4 and 5, is associated with 

decreased replay. This is further supported by the finding that firing activity during SWRs, 

occurring in SWS, is decreased in the KOs, as shown in Chapter 5. Taken that reactivation during 

sleep correlates with learning performance (Dupret et al., 2010), this could be one of the factors 

that contribute to the spatial learning deficit previously observed in Arc/Arg3.1 KO mice (Plath 

et al., 2006). A previous study which showed decreased oscillatory activity in the gamma range 

but intact SWR activity in Connexin-36 deficient mice in vivo (Buhl et al., 2003) would suggest 

that decreased SWR activity in Arc/Arg3.1 KO mice cannot be explained by decreased high 

frequency LFP activity alone. 

To our knowledge, our studies provide the first evidence of an animal model where a decrease 

in SWR rate and correlated firing was observed in vivo. However, a follow-up study would be 

necessary to confirm whether these findings are reflected in the amount of replay present in 

Arc/Arg3.1 KO mice.  
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6.2.4. Arc/Arg3.1 may be involved in reversal learning as part of 

an NMDA receptor-dependent molecular pathway 

Arc/Arg3.1 is part of a complex, exquisitely regulated molecular network centered on dendritic 

spines of pyramidal cells. In the rat hippocampus, localization of Arc mRNA in  active synapses 

has been shown to be dependent on NMDAR-receptor activation (Steward and Worley, 2001). 

This points to a strong link between synaptically induced calcium influx, NMDAR-dependent 

synaptic plasticity and Arc expression. Thus, when NMDARs were ablated in the mouse dentate 

gyrus, the observed impairment in memory recall (Nakazawa et al., 2002) may well have 

involved also the loss of Arc/Arg3.1 activation. 

The observed reversal learning deficit in Arc/Arg3.1 KO mice (Plath et al., 2006) may be linked 

to impaired long-term potentiation and disrupted function of the NMDA receptor–dependent 

pathway: VGLUT1-deficient mice show reduced LTP and a specific reversal learning deficit 

(Balschun et al., 2010) and mice with a local KO of the NMDA receptor subunit NR-1 in dentate 

gyrus acquired contextual fear conditioning normally, but were impaired in learning less distinct 

contexts (McHugh et al., 2007). When these findings are juxtaposed to the slower reversal 

learning of Arc/Arg3.1 KO mice in the face of intact place cell function or place field formation 

(Chapter 4), we may hypothesize that NMDAR- and Arc-deficient molecular pathways result in 

impairments of more complex tasks, such as involving fine context discrimination and cognitive 

flexibility. 

Furthermore, a recent mouse study provides more evidence that interfering with the 

Arc/Arg3.1-dependent cytoskeleton regulation pathway may impair reversal learning. When the 

Abl-related gene kinase, a protein which regulates the structure of actin cytoskeleton (Wang et 

al., 2001), was inhibited either genetically or pharmacologically,  instrumental reversal learning 

was found to be impaired, while acquisition was intact (Gourley et al., 2012). 

However, there are also indications that Arc/Arg3.1 and NMDAR function can diverge. For 

instance, NMDA receptor blockade has been reported to lead to stronger synchrony, especially 

in the gamma band (Hunt et al., 2010; van Wingerden et al., 2012), whereas in our study, 

synchrony in the gamma band was decreased (Chapter 4).  Even though the time scales of the 
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manipulations differ, this suggests that Arc/Arg3.1 plays a pivotal and distinct role in promoting 

high-frequency synchronization in the hippocampus.  

6.3 Future directions 

Causal demonstration of a role of a specific (set of) gene(s) requires manipulation of the 

expression of the candidate gene e.g. by genetic engineering or RNA interference. However, as 

the example of initial magazine checking behaviour in Chapter 2 shows, many behavioural traits 

are polygenic, which can make this approach challenging. 

Genome-wide association (GWAS) studies remain a useful tool in sieving candidate 

chromosomal regions and genes for polygenic traits and disorders for which no animal models 

exist. For developing more specific mouse models of behavioural-cognitive disorders such as 

difficulties in associative learning and overtly perseverative behaviour, screening of larger sets 

of RI strains is necessary in order to increase the resolution to a level at which it is possible to 

identify single candidate genes. Some promising studies along those lines have already been 

published, most importantly that of Laughlin et al. (2011). It would also be interesting to test a 

larger set of RI strains in the task used in Chapter 3 to see whether reversal and extinction 

learning are regulated by the same chromosomal area. 

Because the number of tested strains has a high impact on the resolution of quantitative trait 

loci mapping (Crusio, 2004), but testing a high number of animals in numerous strains is time-

consuming, future studies could be made more effective by first doing a tentative screen with 

smaller within-strain sample size or chromosome substitution strains to find out in which 

chromosome or chromosomal area the trait of interest is located, and then proceed to screen 

only strains that have polymorphisms in the region of interest, if necessary, with a higher 

number of mice per strain. 

Cross-species comparisons can provide a fruitful approach in studying the heritable background 

of human polygenic behavioural-cognitive disorders. For instance, neurexin 1 gene (NRXN-1) 

copy number variation in humans has been connected to schizophrenia and autism (Marshall et 

al., 2008; Walsh et al., 2008; Bucan et al., 2009; Need et al., 2009). Assessment of NRXN-1 –

related polymorphisms in BxD mice showed that NRXN-1 is linked to behavioral phenotypes 
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that are relevant to schizophrenia using, for instance, paired-pulse inhibition. Cross-species co-

expression studies revealed that one of the most consistent co-expression covariates of 

neurexin 1 gene is glycogen kinase 3 beta, which appears to comodulate schizophrenia risk in 

human populations (Mozhui et al., 2011).  

Similarly, cross-species comparison studies could provide interesting information regarding the 

neuronal and genetic background of compulsive food seeking: combining the information from 

human patients with high-resolution GWAS studies using appetitive operant and extinction 

protocols might be an effective way to assess the mechanisms that underlie uncontrolled 

eating. Furthermore, recognizing genetic risk factors might help in identifying subjects at high 

risk and intervening before compulsive eating has developed to a level of “food addiction”. 

Let us next consider possible future directions for studies on Arc/Arg3.1 function. Although the 

consolidation deficit caused by loss of Arc/Arg3.1 function has been replicated in multiple tasks 

and brain areas (Plath et al., 2006; Ploski et al., 2008; Lv et al., 2011), studies disentangling the 

role of Arc/Arg3.1 in primary consolidation, updating of memories and long-term memory 

storage would be necessary to clarify which subprocess(es) of memory consolidation are exactly 

dependent on Arc/Arg3.1.  

In Chapters 4 and 5, we report a decrease in ripple rate in area CA1 of Arc/Arg3.1 KO mice 

during rest. An interesting follow-up study would be to examine whether this is accompanied by 

a comparable decrease in replay activity. Mouse drives with larger numbers of tetrodes or high-

density silicon probes, allowing substantially higher yield of single units, can be feasibly applied 

in future studies. Repeating the recordings with improved drives and a higher number of 

animals and cells per session could provide enough data to reliably assess whether the 

consolidation deficit of Arc/Arg3.1 KO mice can be correlated to a deficit in replay activity. 

The mouse strain used in this study had a constitutive, whole-brain knockout of Arc/Arg3.1, 

which enables assessing the role of impaired Arc/Arg3.1 function in a situation that is 

comparable to heritable mental retardation forms, thus providing information that is 

potentially useful in Arc/Arg3.1 related pathogeny, e.g. in Fragile X and Angelman syndrome.  

Arc/Arg3.1 is expressed in the brain already during prenatal development (E11.5; Allen Mouse 

Brain Atlas; 2006), but the exact role of Arc/Arg3.1 during different stages of development has 
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not been systematically assessed. Inducible Arc/Arg3.1 knockouts have been developed by 

multiple groups, although no studies have been published in peer-reviewed journals today. 

According to preliminary studies, behavioural phenotypes of conditional Arc/Arg3.1 knockouts, 

in which Arc/Arg3.1 function is abolished from P6 onwards, are comparable to the constitutive 

knockouts (Claudia Mahlke, personal communication), which would suggest that Arc/Arg3.1 

plays an elemental role during postnatal development. 

Knocking out Arc/Arg3.1 temporarily would allow investigating several interesting questions, 

such as whether the behavioural and neuronal changes caused by Arc/Arg3.1 deletion can be 

induced in a reversible manner. For instance, would temporary suppression of Arc/Arg3.1 

expression also diminish ripple rate and/or replay and hinder memory consolidation to same 

extent seen in constitutive knockouts, or are the effects of Arc/Arg3.1 deletion at least partially 

developmental? 

An inducible Arc/Arg3.1 knockout model would thus provide a way to disentangle the role of 

Arc/Arg3.1 in shaping the development of nervous system, versus its role in learning and 

plasticity in the mature brain. For instance, it would be interesting to test the role of Arc/Arg3.1 

in generating LFP rhythms using an inducible Arc/Arg3.1 knockout model to assess whether 

there is a critical period during which Arc/Arg3.1 participates in forming pyramidal cell – 

interneuron connections, or whether its regulatory role is necessary for generating and 

maintaining the oscillatory rhythms also during adulthood. 

A further direction for future research is to examine how regional loss of Arc/Arg3.1 is reflected 

in firing activity e.g. in the prefrontal cortex or ventral striatum. For instance, would a local 

deletion of Arc/Arg3.1, restricted to the hippocampus, impair reactivation of neuronal 

ensembles in these areas?  Taken previous findings showing that firing activity in PFC and 

striatum is dynamically organized by hippocampal theta rhythm (Berke et al., 2004; Jones and 

Wilson, 2005; DeCoteau et al., 2007; Lansink et al., 2009; Benchenane et al., 2010; van der 

Meer and Redish, 2011), it would be interesting to assess whether reduced phase locking in the 

hippocampus in Arc/Arg3.1 KO mice would result in lower theta locking or phase precession in 

other areas of the brain. 
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Furthermore, it would be of great interest to explore why loss of Arc/Arg3.1 results in 

decreased phase-locking, even in the presence of a nearly intact LFP rhythm, as in the case of 

theta phase locking (Chapter 4). If individual neurons do not lock to a rhythm that is still present 

in synaptic mass activity, as reflected in LFPs, this could indicate a lack of coordinated spike 

timing, possibly by a loss of STDP (Cassenaer and Laurent, 2012) or an excessively strong form 

of phase precession. We found no evidence in favor of the latter possibility, as phase precession 

was generally modest or not demonstrable at a statistically significant level. 

Subregional deletion of Arc/Arg3.1 would also provide a way to dissect the mechanisms behind 

the decreased ripple rate in Arc/Arg3.1 KO mice.  Besides studying models that would 

disentangle the involvement of hippocampus and neocortex, it would be interesting to 

investigate whether CA3-specific deletion of Arc/Arg3.1 would be sufficient to reduce ripple 

generation. 

In summary, we have seen how current behavioural, molecular and electrophysiological 

evidence suggests that Arc/Arg3.1 fulfills a key role in synaptic plasticity and neural substrates 

for memory consolidation; at the same time further studies appear to be needed to buttress 

this suggestion, particularly by manipulating molecular Arc-pathways more selectively and 

expanding recording arrays to scrutinize off-line processing at a larger scale. 
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Chapter 7. Summary 

In this thesis, we set out to study the genetic background of neuronal function that enables 

adaptive behaviours that are essential for survival, such as understanding the relations between 

actions and outcomes and forming accurate representations of the environment. In the 

experimental protocols we used, exploratory and cue-response behaviour were motivated by 

sweet rewards, mimicking real-life situations in which we form memories of environments and 

action-outcome series associated with rewards. Finally, we dissected the off-line processes that 

underlie consolidating such memories by recording neuronal activity during sleep. 

In Chapter 2, we showed results that validate the usefulness of a novel, appetitively motivated 

instrumental learning protocol that allows fast and efficient screening of inbred mouse lines 

and assessing the genetic background of instrumental learning. Using this multi-step protocol, 

we were able to distinguish multiple stages of chained operant learning (nose poke–lever press 

task). Furthermore, we demonstrated that these stages are dissociable, heritable and regulated 

by different chromosomal areas. We went on to characterize the operant performance in 

common laboratory mouse strains that are often used as genetic background in transgenic 

studies and identified mouse lines that could be used for studying specific deficits in incentive 

learning processes that require chaining cues and actions together.  

In Chapter 3, we extended the protocol prescribed in Chapter 2 to cover extinction learning. 

Inhibiting previously acquired responses is a complex process, and impaired response 

suppression is closely attributed to various neuropsychiatric disorders. In line with previous 

behavioural and neuroanatomical findings — mostly from fear learning studies — which have 

shown that acquisition and extinction are dependent on different brain areas, we demonstrate 

that these traits are dissociable also on a behavioural level; performance in the acquisition 

stage does not predict performance in the extinction stage. Furthermore, we showed that also 

extinction performance was heritable. We characterized the performance of common 

laboratory mouse strains and suggested recombinant-inbred mouse lines that could serve as 

models for studying perseverant disorders. 
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Previous studies have shown that Arc/Arg3.1 protein is important for contextual and spatial 

learning. In Chapter 4, we dissected the role of Arc/Arg3.1 in neuronal processes that take place 

during active exploration of an environment. We recorded cellular and network activity in the 

hippocampal CA1 and found that while the basic firing properties and place fields of pyramidal 

cells in Arc/Arg3.1 knockout (KO) mice were intact, the hippocampal oscillatory activity in the 

high frequency range was attenuated and synchronized firing, as measured by locking of 

neuronal spikes to oscillations in the hippocampus, was impaired. Furthermore, we observed 

less sharp wave–ripple activity in KO mice during the intermittent rest periods taking place 

between active bouts of exploration, which thought to represent replay of recently experienced 

events. These alterations in the CA1 neuronal network activity may contribute to the previously 

reported spatial learning deficit in Arc/Arg3.1 KO mice. 

In Chapter 5, we assessed the neuronal activity of Arc/Arg3.1 KO mice during sleep. In line with 

the earlier evidence that has demonstrated Arc/Arg3.1 to have a crucial role in synaptic 

plasticity and long-term memory, we showed that Arc/Arg3.1 KO mice had decreased 

hippocampal sharp wave–ripple activity and that e correlated firing activity during sleep was 

impaired. These processes have been previously connected with off-line memory consolidation, 

and may explain why Arc/Arg3.1 mice are impaired in various long-term memory tasks. 

Together, these findings paint an intriguing picture of the genetic background and neuronal 

processes involved in complex behaviours that are crucial for survival. In order to further 

understand and unravel this intricate linkage, we will need to continue to study the triad of 

genes, neuronal networks and behaviour from all its corners. 
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Chapter 8. Nederlandse samenvatting 

In dit proefschrift was ons doel om de genetische achtergrond te onderzoeken van 

hersenprocessen die essentieel zijn voor het ons kunnen aanpassen aan de omgeving om te 

overleven, zoals het begrijpen van de resultaten van onze acties, en het vormen van accurate 

representaties van onze omgeving. De experimentele protocollen die we gebruikten waren 

gebaseerd op het stimuleren van onderzoekend en door prikkels gedreven gedrag met zoete 

beloningen, gelijkend op situaties in ons dagelijks leven waarin we herinneringen aan onze 

omgeving vormen en aan relaties tussen ons gedrag en positieve uitkomsten. Daarnaast 

onderzochten we door de hersenactiviteit tijdens slaap te meten hoe dergelijke herinneringen  

geconsolideerd worden in de 'offline' modus.  

In hoofdstuk 2 presenteerden we resultaten die de waarde laten zien van een nieuw operant 

conditionerings protocol met voedsel beloningen waarmee snel en efficiënt inteeltlijnen van 

muizen gekarakteriseerd kunnen worden en waarmee de genetische achtergrond van operante 

conditionering bestudeerd kan worden. Met gebruik van dit protocol konden we verschillende 

stages onderscheiden in een keten van operant gedrag (‘nose poke–lever press' taak). 

Daarnaast vonden we dat deze stages erfelijk waren en door verschillende delen van 

chromosomen gereguleerd werden. Vervolgens vergeleken we de gedragseigenschappen van 

muizen lijnen die veelgebruikt worden in transgene studies en we identificeerden specifieke 

lijnen die geschikt waren voor onderzoek naar gebreken in doelgericht gedrag en het verbinden 

van aanwijzingen met de juiste acties.  

In hoofdstuk 3 breidden we het protocol uit hoofdstuk 2 verder uit naar extinctie leren. Het 

onderdrukken en afleren van eerder aangeleerd gedrag is een complex proces, en problemen 

met het onderdrukken van responsen is nauw verbonden met verschillende 

neuropsychiatrische aandoeningen. Eerdere gedragsstudies en neuroanatomische bevindingen, 

die voornamelijk beangstigende stimuli toepasten, lieten zien dat het aanleren en het afleren 

afhankelijk zijn van verschillende hersengebieden. In samenspraak met deze studies vonden wij 

dat het aanleren en afleren ook op gedragsniveau te dissociëren valt: succes bij het aanleren 

geeft geen voorspelling van succes bij het afleren. Daarnaast vonden we dat ook de extinctie 

van aangeleerd gedrag erfelijk bepaald is. Wederom vergeleken we de gedragseigenschappen 

van verschillende veelgebruikte muizen lijnen in transgene studies, en we vonden bepaalde 
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lijnen die kunnen dienen als modellen voor het bestuderen van problemen met het 

onderdrukken van responsen. 

Eerdere studies hebben aangetoond dat het Arc/Arg3.1 eiwit belangrijk is voor het leren van 

ruimtelijke en contextuele informatie. In hoofdstuk 4 bestudeerden we de rol van Arc/Arg 3.1 in 

hersenprocessen tijdens het actief verkennen van een omgeving, en we maten de activiteit van 

individuele hersencellen en celnetwerken in het hersengebied CA1 in de hippocampus in 

gewone muizen en in muizen die het Arc/Arg 3.1 gen misten ('knockout' muizen). Hoewel de 

activiteit en de representatie van de omgeving in individuele cellen intact was, vonden we dat 

de synchroniciteit van de activiteit verminderd was, zoals te zien was aan de verminderde 

afstemming van actiepotentialen op oscillatoire netwerkactiviteit en de verminderde sterkte 

van hoge frequentie netwerkoscillaties. Daarnaast zagen we in de knockout muizen tijdens de 

rust periodes tussen de actieve exploratie fases  minder 'sharp wave–ripple' activiteit, een 

activatiepatroon dat gerelateerd wordt aan het terugspelen van recente ervaringen. Deze 

verschillen in de netwerkactiviteit in CA1 dragen mogelijk bij aan de problemen die deze 

knockout muizen hebben met het leren van ruimtelijke informatie.  

In hoofdstuk 5 karakteriseerden we de hersenactiviteit van Arc/Arg3.1 knockout muizen tijdens 

slaap. Consistent met eerdere studies die lieten zien dat Arc/Arg3.1 een cruciale rol speelt in 

synaptische plasticiteit en het langetermijngeheugen, vonden we dat er in de hippocampus van 

deze muizen verminderde sharp wave–ripple activiteit en verminderde koppeling tussen de 

activiteit van hersencellen was. Deze twee processen zijn door eerdere studies gerelateerd aan 

het offline consolideren van herinneringen, en de verschillen in knockout muizen kunnen 

mogelijk verklaren waarom deze muizen beperkingen hebben in hun langetermijngeheugen. 

Samen schilderen al deze bevindingen een intrigerend beeld van de genetische achtergrond en 

hersenprocessen die betrokken zijn bij complex cognitief gedrag, dat noodzakelijk is voor ons 

overleven.  Teneinde deze relaties verder te begrijpen en te ontwarren, zullen we de drie-

eenheid van genen, neuronale netwerken en gedrag van alle perspectieven moeten blijven 

benaderen. 
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