
 
 

 

 

 

 

 

 

 

 

 

VRIJE UNIVERSITEIT 

 

 

 

 

Interaction between emotion and cognition in mice 
 

 

 

 

 

 

 

ACADEMISCH PROEFSCHRIFT 

 

ter verkrijging van de graad Doctor aan 

de Vrije Universiteit Amsterdam, 

op gezag van de rector magnificus 

prof.dr. F.A. van der Duyn Schouten, 

in het openbaar te verdedigen 

ten overstaan van de promotiecommissie 

van de Faculteit der Aard- en Levenswetenschappen 

op woensdag 14 mei 2014 om 13.45 uur 

in de aula van de universiteit, 

De Boelelaan 1105 

 

 

 

 

 

 

 

 

 

 

door 

 

Ji Un Youn 

 

geboren te Seoul, Zuid Korea 

 



 
 

  

 

promotor: prof.dr. M. Verhage 

copromotor: dr. R.O. Stiedl 

 

  



 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ISBN 978-90-6464-769-7  

© Jiun Youn, Amsterdam 2014 

  



 
 

 

LEESCOMISSIE  

Prof.dr. S. O. Ögren 

Prof.dr. B. M. Spruijt 

Dr. J. Olivier 

Dr. M. J. H. Kas 

Dr. T. Pattij 

Dr. M. Loos 

  



 
 

Table of Contents 

 

1. General introduction 1 

2. Finding the right motivation: Genotype-dependent differences in 

effective reinforcements for spatial learning 

23 

3. Comparison of the impact of task complexity on spatial learning in the 

classical versus the modified Barnes maze test 

53 

4. Modeling PTSD in mice: C57BL/6 substrain comparison in behavior 

and hippocampal gene expression 

73 

5. Bidirectional modulation of classical fear conditioning in mice by 

5-HT1A receptor ligands with contrasting intrinsic activities 

107 

6. 5-HT1A receptor-mediated modulation of heart rate dynamics and its 

adjustment by conditioned and unconditioned fear in mice 

137 

7. General Discussion 175 

8.  Summary 

9. Nederlandse Samenvatting 

205 

209 

 

Abbreviations  

 

213 

Acknowledgements  215 

Curriculum vitae Error! Bookmark not defined. 

 

217 



 
 



1 
 

General Introduction  
 

 

 

Chapter  

1 



2 
 



3 
 

The interaction between cognition and emotion 

“The emotional qualities are antagonistic to clear reasoning (Doyle, 1890).” As 

Arthur Conan Doyle commented through his famous character Sherlock Holmes, it 

has been a traditional view to regard cognition and emotion as separate entities and 

their interactions of antagonistic nature. Especially as the modular approach for brain 

functions began to gain popularity (Fig. 1), certain brain areas such as the amygdala 

were labeled strictly for emotional processing while other areas were linked with 

cognitive functions. Lesion studies in humans and especially in animals supported 

this notion (Aggleton, 1992). 

One of the most famous studies might be the one by LeDoux et al. where amygdala 

lesioning completely abolished fear conditioning in rodents and thereby implied that 

fear (emotion) cannot be acquired without a specific brain area (Ledoux, 1996). 

However, in the recent decades more studies began to find evidence that emotion 

and cognition are actually very closely related and interlinked. In many cases they 

actively influence each other (Barbas, 1995) and the brain works in a dynamic 

network rather than modular manner (Heller & Nitschke, 1997). 

There is a general consensus that cognitive capacities reside in the cortical area as 

indicated by a large number of neuroimaging studies which show that memory, 

attention, executive function require cortical activation. In contrast to this, brain areas 

involved in emotion seem to be subcortical regions such as hypothalamus and 

archaecortical areas such as the amygdala. However, it seems that the functional 

distinction according to brain areas is less well defined than previously thought. For 

instance, most researchers would agree that amygdala is the core brain area involved 

in emotional processing especially with fear-related inputs. However, recent 

neuroimaging studies indicate that the amygdala affects cognitive process such as 

attention by modulating the information transmitted to higher cortical areas 

(Anderson & Phelps, 2001; Morris, 1998). For instance, human subjects remembered 

faces better when they were associated with unpleasant experiences (e.g. electric 
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shock) and this was accompanied by a higher activation in the visual cortex. In other 

words, emotionally laden stimuli produced effects similar to increased attention. 

Also in contrast to the traditional view that the amygdala functions in an automatic 

manner for ‘fight or flight’ response activation, recent studies show that whether a 

subject perceived the fearful stimulus or not also have an impact on the responses, 

suggesting that attention (cognition) has an impact on fear (emotion) (Pessoa et al., 

2006). By ‘coloring’ sensory information with emotion, the amygdala contributes to 

the attentional process which can be crucial in executing appropriate responses.  

While the amygdala is the center of the ‘emotional brain’, the prefrontal cortex (PFC) 

is regarded as the most important area of the ‘cognitive brain’. When there is 

competing or conflicting information, the PFC exerts cognitive control to adapt in 

non-routine situations. However, the recent opinions are that the PFC consists of 

different modules and certain parts of the PFC such as the orbitofrontal cortex (OFC) 

and the ventromedial prefrontal cortex (vmPFC) are closely involved in emotional 

processing. One of the most important roles of the PFC is its inhibitory control. 

Goldstein et al. (2007) showed an increased activity in the dorsolateral prefrontal 

cortex (dlPFC) when test subjects were requested to perform response inhibition 

followed by negative words while this area was not activated by the presentation of 

stimuli with negative valence per se. In the same vein, when subjects were required 

to hold images with emotional valence, there was an increased activity in the dlPFC, 

suggesting the integration of emotion and working memory in the same area 

(Perlstein et al., 2002).  
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Fig. 1. Faculty psychology (modular approach) vs. constructionist predictions (network approach). 

Faculty psychology versus constructionist predictions for mapping mind to brain. Faculty psychology 

maps a single faculty (e.g. fear) to a single location (e.g. amygdala). Constructionistic approaches vary 

in their degree to link a faculty to a network of brain areas. In a real life situation, different types of 

stimuli might involve separate set of networks (e). Figure reproduced from (Lindquist & Barrett, 2012). 
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outputs to the hypothalamus and the brain stem (Davis & Whalen, 2001). In addition, 

the hypothalamus has connections both with the brain stem and the PFC and thereby 

is capable of mediating reflective as well as mediated responses (Swanson, 2000).  

Such extensive interconnections between the cortical regions and subcortical areas 

suggest of evolutionary importance. Indeed in their seminal paper, Urry et al. (2009) 

showed that deliberate inhibition of negative responses leads to increased activity in 

the dlPFC and decreased activity in amygdala, suggesting the top-down control of 

the PFC over the amygdala as determined for the infralimbic part of the PFC for 

extinction of fear responses (Diamond et al., 2007).  

Taken together, contrary to the traditional dichotomist view of emotion and 

cognition, few brain regions can be labeled as purely cognitive or emotional. Both 

functions are often integrated in the very same brain areas and each area should be 

regarded as a part of a network rather than independent modules (Pahuja et al., 2013). 

 

The role of motivation in cognitive performance and its 

implication in animal models (Chapters 2 and 3)  

The close interaction between cognition and emotion suggests a crucial functional 

importance. When information contains an emotional valence, decision-making is 

faster than when the information is presented in a strictly neural physical context. 

Both amygdala and the OFC are positioned in such a way to influence the sensory 

cortex and modify perception and thereby influence subsequent decision-making 

(Barbas, 1995). Cognition and emotion can modulate the sensory information in a 

reciprocal manner. When the sensory information in question includes an intense 

affective valence, the attention for the information processing increases, and in turn 

the goal-directed attention can change the emotional context of given information 

(Pessoa et al., 2002). Such an interaction then can work as a “force or influence that 

causes someone to do something” which is a definition of motivation (Merriam-

Webster Learner's Dictionary). Watanabe et al. (2002) showed that the same area in 
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the PFC (dlPFC) encodes physical information of an object as well as the reward 

value of the task. The neuronal firing rate in the dlPFC is modulated by the reward 

value (the sugar content) during the task. This leads to increased performance by 

enhanced attention to memorize spatial information of stimuli. Watanabe et al. also 

showed that there are separate neuronal groups in the dlPFC which increases firing 

when the performance is correct or wrong, respectively. This context-dependent 

combination of cognitive information and motivation can be important in 

maintaining or abolishing certain actions and thereby increases behavioral flexibility.  

Such a closely knitted interaction between motivation and cognitive performances 

poses a challenge for any animal model. Not only are there individual differences in 

motivation to perform a certain task, there exist huge species and strain differences 

as well, which can influence the cognitive performance drastically. Indeed, in a 

thorough factor analysis study, Wolfer et al. (1998a) concluded that the relative load 

on cognition in the water maze (WM) task in mice, one of the most commonly used 

spatial learning tests, was merely 13%, and the results were mainly influenced by 

motivational and affective factors.  

One way to circumvent the confounding factors is to use multiple tests designed to 

investigate a particular function. For instance, instead of only using the WM to test 

for spatial memory, to use the passive avoidance test (PA) or the radial maze test at 

the same time, which are all supposed to test for hippocampus-dependent spatial 

memory, can increase the translational value of the findings (Whishaw & Tomie, 

1996). However, findings from such a battery of tests are not always consistent. For 

instance, in a strain comparison study, Brown Norway rats acquired the WM well 

while performed poorly in the PA (Van Der Staay et al., 2009). Furthermore, Holmes 

et al. (2002) concluded that the poor performance of 129S mice in the Barnes maze 

(BM) test reflected a low level of exploration rather than poor spatial memory 

considering their intact performance in the WM. Although it is possible to draw a 
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better informed conclusion when multiple tests were used, it often becomes difficult 

to interpret the inconsistent findings due to differences in the test design.  

First, it is important to consider the extent of stress for subjects during the test. 

Cognitive performance in animals can be strongly affected by emotional reactivity 

(Diamond et al., 2007). Although there is a general agreement that excessive stress 

can have a negative impact on cognition (De Quervain et al., 1998; Diamond et al., 

1996; Gomez et al., 2012), the whole picture of stress and cognition is quite 

complicated. Stress hormones, for instance, may facilitate learning process by 

strengthening synaptic connections in the hippocampus. Indeed, in a WM study, rats 

learned the task better when the water temperature was kept cold than warm 

(Akirav et al., 2004). Schwabe et al. (2012) concluded that timing of stress rather than 

the amount of stress can determine whether it can have beneficial or impairing effect 

on memory (De Quervain et al., 1998). When stress is experienced in the context of 

the task, it can have a facilitating impact via catecholamine and non-genomic 

glucocorticoid action, but when the stress was induced outside the context, it impairs 

memory via slow genomic glucocorticoid receptors. The facilitating effect of stress on 

memory can be in certain cases maladaptive, however (Diamond et al., 2007). By 

promoting memory storage rather than formation process, stress can excessively 

consolidate ‘old information’ and block the learning of ‘new information’ and 

thereby decreases behavioral flexibility. In addition, stress changes the way an 

individual solves a task by facilitating stimulus-based (striatum based) over spatial 

(hippocampus based) strategies. Considering that most cognitive tasks designed for 

rodents are spatial memory tests, this stimulus-based strategy preference can lead to 

heavy non-spatial strategy use. This problem often occurs especially when it is 

possible to solve a task without relying on spatial cues at relatively low cost. From an 

evolutionary perspective this makes sense because reducing energy expenditure 

promotes survival and advanced brain functions are associated with considerable 

energetic costs. Hence there is a need for designing an experiment in which 1) it is 
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very difficult to find the target location on the basis of non-spatial strategies, and 2) 

the level of stress is kept relatively low and constant.  

Second, another critical aspect to consider is the nature of reinforcers used in each 

test. There is a number of studies showing that same group of animals performs 

differently under appetitive and aversive conditions (Buresova et al., 1986; Dornan et 

al., 1996; Holscher, 1999). However, the most commonly used combination of the 

WM (aversive) and the radial maze (appetitive) might not be the ideal choice since 

they differ not only in the kinds of reinforcers, but also in the task difficulty and the 

level of stress during the tasks. Even when both tests are performed in the same 

room with same spatial cues, the visual field from the dry maze can be drastically 

different from the view when swimming, especially when the subjects are not good 

swimmers. In addition, certain strains of rats or mice are more sensitive to palatable 

rewards given during appetitive tasks. Brand et al. (2012) showed that Fischer and 

Wistar rats differed in their reward sensitivity and this difference was reflected in 

their endocanabinoid system. Indeed, Fischer 344 and Wistar rats show a significant 

difference in the radial maze test where palatable food reward is given (Higashida & 

Ogawa, 1987). Different groups or strain of animals also can react differently to 

aversive reinforcers. In the BM test, for instance, the use of a non-spatial strategy has 

been a significant confounding factor in that animals often adopt a serial strategy. 

The latency to find a target decreases over time since the use of a serial strategy 

prevents working memory errors, but this does not reflect true spatial learning. 

Indeed, when compared to the WM, the time spent in the target quadrant (an 

indicator of spatial learning acquisition) in the probe trial is often significantly lower 

than in the BM test (Brown & Wong, 2007; O'leary et al., 2011a; Wong & Brown, 2006).   

To resolve the issues mentioned above, we designed a modified BM (mBM) which 

discourages the use of non-spatial strategies. In addition, the mBM was designed in 

such a way that appetitive as well as aversive reinforcers could be used with the 

same spatial cues. Since the motor requirements and cognitive loads can be kept 
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constant in these two conditions, we expected to dissociate the influence of 

motivation from the spatial memory performance. Details are to be followed in the 

Chapter 2 and 3. 

 

The pathological interaction between memory and affect: 

Animal models of PTSD (Posttraumatic stress disorder). 

(Chapter 4)  

Not many mental disorders are so clearly marked with such a strong interaction 

between emotion and cognition as PTSD. As the name of the disorder suggests, PTSD 

starts with an emotionally traumatic event and one of the most distressing symptoms 

of this disorder is the persistent intrusion of painful memories (Hackmann et al., 

2004). In many aspects, the impact of PTSD in emotion and cognition is paradoxical 

in nature. On one hand, increased arousal and hyper-vigilance is a hallmark of PTSD, 

but in certain cases, emotional numbing characterizes the disorder as well. Also in 

cognition, hyper-consolidation leads to unusually vivid retrieval of traumatic 

memory (flashback memories; (Diamond et al., 2007)) while in some cases, patients 

with PTSD suffer from amnesia and suboptimal memory functions (Bremner et al., 

1993; Guez et al., 2011; Moore, 2009).  

Despite of the relatively high prevalence and substantial suffering of affected 

individuals, the neurobiological mechanisms of PTSD still remains largely unknown. 

Since it is ethically unacceptable to induce traumatic stress in humans for research, 

establishing effective animal models is important in elucidating the underlying 

mechanisms of PTSD development and finding potential biomarkers to predict who 

will develop PTSD after a traumatic experience and then provide effective 

therapeutic interventions.  

Most animal models of PTSD start with the exposure of strong stressors to subjects 

which can be equated with traumatic events in PTSD patients. Commonly used 

models include unavoidable electric shock, exposure to prolonged stressors and 
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predator exposure (PredEx). Animals are exposed to such stressors in an 

environment where there is no escape and consequently develop higher level of 

anxiety and enhanced startle responses as commonly observed in PTSD patients 

(Zoladz & Diamond, 2013).  

Although the origin of the disorder is much better defined in PTSD than in any other 

mental ailments, it is virtually impossible to model a complete set of PTSD symptoms 

in one animal model. Nonetheless, recent studies have focused on integrating many 

more aspects of PTSD than before and thereby increasing the construct validity as 

well as face validity. For instance, The PredEx study by Cohen et al. (2003) succeeded 

in replicating dysfunctional HPA axis, increased sympathetic activity, diminished 

vagal tone and increased sympathovagal balance which reflected abnormal 

autonomic nervous system in PTSD patients.  

The animal models identified several important biological processes which might be 

compromised in PTSD patients. For instance, in the PredEx model, an increased level 

of glucocorticoid receptor activity was observed (Masini et al., 2009). In addition, 

pretreatment with a glucocorticoid receptor antagonist prevented the onset of 

changes in fear conditioning in the stressed rats. In addition, early treatment with a 

high dose of corticosterone prevented the development of PTSD-like symptoms. 

Taken together, the results suggest the crucial role of hippocampal glucocorticoid 

receptors in the pathology of PTSD.   

Next to the hippocampus, the PFC seems to play an important role in the 

development of PTSD symptoms. Altered levels of glutamate receptors in the vmPFC 

were found in the model of exposure to prolonged stressors. Since glutamatergic 

signaling from the prefrontal cortex to hippocampus is important in fear extinction, 

decreased levels of glutamate receptor activity might contribute to the development 

of PTSD symptoms. Indeed, the partial NMDA receptor agonist d-cycloserine is one 

of the most interesting potential therapeutics because it facilitated fear extinction in 

animals by affecting neuronal activity and signaling in the medial prefrontal cortex 
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and amygdala sub-nuclei (Gupta et al., 2013) and improves the efficacy of 

psychotherapy in human subjects (Tart et al., 2013).  

So far, most of the animal models of PTSD have focused on inducing a PTSD-like 

phenotype by various kinds of stressors and then study the biological and behavioral 

anomalies caused by them. Although by definition it is easy to assume that PTSD 

symptoms are caused by psychological trauma itself, one should not forget that like 

many mental disorders, it is an illness caused by an intricate interaction between 

gene and environments illustrated by the fact that only 15-30 % of individuals 

develop PTSD even after severe traumatic events as in combat (Hamner, 1992). Being 

able to identify individual vulnerability or resilience has an important clinical 

implication (Zhang et al., 2012) to protect susceptible individuals and/or to find 

effective treatment by investigating the ‘protective factors’ in the unaffected.  

The main aim of the study described in chapter 3 was to model individual 

differences to psychological trauma in mice. While C57BL/6J (6J) and C57BL/6N (6N) 

mice are genetically nearly identical and often used interchangeably in behavioral 

research, a few intriguing behavioral differences have emerged in the recent years. 

Compared to 6J, 6N mice exhibit increased anxiety and impaired fear extinction 

which are hallmarks of PTSD animal models. In addition to this, it was observed that 

a certain proportion of 6N mice show pronounced fear extinction impairment which 

was approximately 20-30% of the total number. In our study, we investigated the 

behavioral differences between 6J and 6N in emotion and cognition in a PTSD 

context. In addition to this, a gene expression study in hippocampal tissues was 

performed to identify potential candidate genes implicated in the PTSD-like 

phenotype in 6N mice.  
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The role of 5-HT1A receptors in fear memory (Chapters 5 and 6)  

As indicated by the successful application of selective serotonin uptake inhibitors 

(SSRI) drugs in anxiety disorders and depression, the 5-HT system plays a crucial 

role in mood regulation and stress control. Serotonergic disturbances are implicated 

in the pathology in emotional disorders including depression and PTSD (Ogilvie et 

al., 1996; Southwick et al., 1999). Changes in the hippocampal 5-HT levels were 

reported in the animal models of PTSD and application of SSRI ameliorated the 

extent of fear extinction impairment (Harvey et al., 2004; Karpova et al., 2011). Acute 

5-HT depletion causes a relapse of depression symptoms in humans (Bell et al., 2001). 

Considering the extensive projection of serotonergic neurons to almost all of the 

forebrain area, it is not surprising that 5-HT plays an important role not only in 

emotion but also in cognition. Indeed, via cholinergic and glutamatergic pathways, 5-

HT exerts a controlling influence over the transfer of information (Ogren et al., 2008) . 

Tryptophan, the precursor of 5-HT improves memory function in animal models 

(Haider et al., 2007; Khaliq et al., 2007) and acute depletion of 5-HT leads to memory 

impairments in humans as well as in animals (Mendelsohn et al., 2009; Riedel et al., 

1999; Roiser et al., 2007). In addition, when applied post-training, SSRIs improved 

memory, particularly when blocking the 5-HT1A receptor (Eriksson et al., 2012). In 

view of the tight coupling between emotion and cognition, there may be opposing 

drug effects on these two domains and partly interactions that are counterproductive 

for one or the other domain in view of the involvement of at least 14 receptor 

subtypes with different signaling mechanism and second messenger coupling or 

direct ion channel functions. 

The 5-HT1A receptors seems to be the key component in the regulatory role of 5-HT 

in emotion and cognition. Mice lacking 5-HT1A receptors exhibit increased anxiety, 

and hippocampus-dependent memory deficit (Pattij et al., 2002; Sarnyai et al., 2000). 

Van Praag (2004) hypothesized in his review that the paradoxical nature of memory 

impairment and hyper-consolidation in PTSD might be due to the altered activity of 
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the 5-HT1A receptors. The hippocampal 5-HT1A receptors are implicated in 

developing tolerance for aversive events and removing connections irrelevant to the 

current situation (Buhot et al., 2000; Saito et al., 2013). When the 5-HT1A receptor 

function is compromised as in the case of PTSD and depression (Miller et al., 2013; 

Sullivan et al., 2013), this might lead to maladjustment and behavioral inflexibility. 

Although there is a general consensus that stimulation of 5-HT1A receptors leads to 

anxiolytic effects (Celada et al., 2013), behavioral findings in cognition have not 

always been consistent (Harvey, 1996; Meneses & Hong, 1997). Especially there is 

currently a contradictory notion that either 5-HT1A receptor agonists or antagonists 

can have facilitating effects on cognition (Meneses & Perez-Garcia, 2007a). Ablation 

or overexpression of 5-HT1A receptors both led to memory impairment in the 

hippocampus-dependent memory task but not in the holeboard test (Bert et al., 2006; 

Sarnyai et al., 2000). Application of the 5-HT1A receptor agonist 8-OH-DPAT 

facilitates PA performance at low doses but impaired it at high doses (Madjid et al., 

2006). The 5-HT1A receptor antagonists NAD299 and WAY10035 both facilitated PA 

retention performance by enhancing cortical cholinergic and glutamatergic 

neurotransmissions (Madjid et al., 2006). The partial 5-HT1A receptor agonist 

buspirone improves cognitive symptoms in schizophrenic patients (Meltzer et al., 

2003). In animal models, the modulatory effects of 5-HT1A receptor ligands seem to 

be task-dependent. 5-HT1A receptor stimulation seems to affect food intake and 

exploration behavior and thereby affect the performance particularly in appetitive 

tasks (Meneses & Perez-Garcia, 2007a).  

Taken together, it seems that stimulation of presynaptic 5-HT1A receptors 

(autoreceptors) leads to facilitation of memory function, whereas postsynaptic 

stimulation results in cognitive impairment. This lead to the development of the 

partial 5-HT1A receptor agonist S15535 which stimulates predominantly presynaptic 

5-HT1A autoreceptors showed precognitive effects in multiple tests including social 

recognition, auto-shaping, WM and spatial discrimination and spatial delayed non-



15 
 

match to sample test. Since the compound has also shown anxiolytic effects (Dekeyne 

et al., 2000), S15535 seems to have a promising potential to treat emotional as well as 

cognitive issues common in anxiety disorders such as depression or PTSD. In our 

study (Chapter 4), we tested the potential pro-cognitive action of S15535 in the fear 

conditioning test which has not been tested before and compared its effect with other 

5-HT1A ligands with varying efficacy. 

 

Application of 5-HT ligands in patients, however, should be done with caution due 

to their effect on the autonomic system (Grubb & Karas, 1998). SSRI treatment has 

been shown to reduce heart rate variability in humans (Licht et al., 2010). The general 

notion has been that the stimulation of the serotonergic system such as by SSRIs 

leads to attenuation of stress-induced sympathetic tone which is considered 

beneficial. Nonetheless, several finding suggest the very opposite. Commonly used 

SSRIs citalopram and escitalopram, for instance, both triggered a heart rhythm 

disturbance (elongated QT interval) in a small yet significant number of patients 

(Castro et al., 2013). As one of the most widely distributed serotonergic receptors, 5-

HT1A receptors get heavily activated by the elevation of the endogenous 5-HT level 

by SSRIs. However, the effects of stimulation of 5-HT1A receptors on the dynamical 

properties of heart rate mediated through the autonomic nervous system have not 

yet been meticulously studied. In our study (Chapter 5), we compared the effects of 

various 5-HT1A ligands on heart rate dynamics by using linear and non-linear 

analysis in freely moving mice. 
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Overview 

In conclusion, I aimed to study various aspects of the fascinating interaction between 

emotion and cognition in my Ph.D. project (see Fig. 2). In the Chapter 2, the impact of 

motivation on cognitive performance was compared between two strains of mice 

previously known to differ greatly in spatial memory tests. A new design of the 

Barnes maze, aimed to discourage the use of non-spatial strategies which frequently 

occur under stressful conditions, was introduced in Chapter 3. In Chapter 4, PTSD, a 

mental disorder where emotion and cognition affect each other strongly, was 

modeled with two substrains of C57BL/6 mice. The goal was to investigate various 

aspects of the disorder including individual susceptibility to stressors, spatial 

memory performance under different cognitive loads and gene expression 

differences in the hippocampus as core brain area affected. The two final chapters 

investigated the role of the 5-HT1A receptors on fear memory. The 5-HT1A receptor, a 

high affinity 5-HT receptor subtype, is one of the key players in the regulation of 

emotion and cognition and our interest was focused on testing a novel compound, 

S15535, which had previously shown promising potential as an anxiolytic and pro-

cognitive therapeutic. Since stimulation of the serotonergic system can have a 

significant impact on heart rate dynamics, in the final chapter, the effects of 5-HT1A 

receptor activation on fear memory acquisition and expression using heart rate 

responses as readout of learned and innate fear was studied under different 

conditions.  
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Fig. 2. Overview of the concepts underlying research questions addressed to the individual 
chapters with a tight interaction of cognition and emotion. 
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Abstract 
 
Memory impairments of DBA/2J mice have been frequently reported in spatial and 

emotional behavior tests. However, in some memory tests involving food reward, 

DBA/2J mice perform equally well to C57BL/6J mice or even outperform them. Thus, 

it is conceivable that motivational factors differentially affect cognitive performance 

of different mouse strains. Therefore, spatial memory of DBA/2J and C57BL/6J mice 

was investigated in a modified version of the Barnes maze (mBM) test with increased 

complexity. The mBM test allowed using either aversive or appetitive reinforcement, 

but with identical spatial cues and motor requirements. Both mouse strains acquired 

spatial learning in mBM tests with either reinforcement. However, DBA/2J mice 

learned slower than C57BL/6J mice when aversive reinforcement was used. In 

contrast, the two strains performed equally well when appetitive reinforcement was 

used. The superior performance in C57BL/6J mice in the aversive version of the 

mBM test was accompanied by a more frequent use of the spatial strategy. In the 

appetitive version of the mBM test, both strains used the spatial strategy to a similar 

extent. The present results demonstrate that the cognitive performance of mice 

depends heavily on motivational factors. Our findings underscore the importance of 

an effective experimental design when assessing spatial memory and challenges 

interpretations of impaired hippocampal function in DBA/2J mice drawn on the 

basis of behavior tests depending on aversive reinforcement. 
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Introduction 

C57BL/6J (C57) and DBA/2J (DBA) mice are probably the most often compared 

mouse strains in behavioral research. They are non-albino strains with no known 

retinal degeneration or other gross abnormality that would confound behavioral 

performance based on visual information processing. Both strains have been used as 

founders for generating recombinant inbred strains (Peirce et al., 2004), which are of a 

great importance to identify gene loci related to specific traits. Despite many 

attempts for replication, comparison studies between the two inbred strains do not 

yield a very coherent picture. Even the results from the seemingly simple open field 

test vary from C57 mice being more active (Wahlsten et al., 2006) to DBA mice being 

more active (Podhorna & Brown, 2002). Findings from anxiety tests such as the 

elevated plus maze are also inconsistent (Podhorna & Brown, 2002; Popova et al., 

2009). Since learning and memory tests are unavoidably influenced by locomotion 

and anxiety (Wolfer et al., 1998a), several attempts were made to control for the 

confounding effect of non-cognitive factors. Interestingly, one study concluded that 

the difference in activity and emotionality does not account for the superior spatial 

memory performance of C57 mice (Podhorna & Brown, 2002), whereas another study 

indicated a significant correlation between anxiety and cognitive performance (Ohl et 

al., 2003). It should be noted that C57 mice showed reduced explorative behavior, 

higher levels of anxiety and superior spatial memory performance compared to DBA 

(Podhorna & Brown, 2002). In contrast, it was suggested that DBA mice are a ’highly 

anxious strain‘ with superior performance in the modified holeboard test (Ohl et al., 

2003). This superior performance in DBA mice was especially interesting since a large 

number of studies using the water maze reported that DBA mice performed worse 

than C57 mice (Bel'nik et al., 2009; Nguyen et al., 2000a). Such conflicting results 

might be partly due to the difference in experimental conditions and procedures, but 

it is also possible that the aversive component (swimming) in the water maze and the 

appetitive reinforcer (almond chips) in the modified holeboard test influenced the 

strains in a different manner. In addition to this, DBA mice learned an olfactory 
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discrimination task more readily than C57 mice when food reward was used as 

reinforcer (Mihalick et al., 2000). The impact of motivational factor has been already 

shown in the studies with mice lacking the non-receptor-type tyrosine kinase Fyn. 

While knockout mice had been initially reported to have severe spatial learning 

deficit in the water maze test (Grant et al., 1992), these mice showed intact 

performance upon stimulation to swim and not float in the water maze task (Huerta 

et al., 1996) and were unaffected in a radial maze task (Miyakawa et al., 1996). A 

similar task-dependent group difference was observed in a strain comparison study 

(Yoshida et al., 2001) with BALB/c mice being impaired in the water maze, while 

performing comparably to C57BL/6N in the dry maze task. It was suggested that the 

impairment observed in the water maze was most likely due to poor motivation or 

motor skills rather than memory deficit.  

In order to investigate whether motivational cues indeed influence the 

performance of C57 and DBA mice, we compared the spatial memory performance of 

these two mouse strains under two different conditions. During the first experiment, 

the animals were required to find a shelter to avoid an aversive component (strong 

wind from fans). In the second experiment, the mice were trained to find a palatable 

food reward (almond chips). The spatial configurations and the motor requirements 

to complete the task were identical in the two conditions. We hypothesized that the 

impairment in DBA mice previously shown in the Morris water maze and classical 

Barnes maze would be replicated in the aversive version of our test. However, when 

food reward was given in the appetitive version, it was expected that the impairment 

in DBA mice would be ameliorated. Since C57 mice show superior spatial learning in 

nearly all studies including both appetitive and aversive tests, we predicted that the 

performance level in C57 mice would not fluctuate to a great extent across the 

different conditions. Nonetheless, since the animals were not food-deprived, and C57 

mice are known to be less willing to consume food in a novel environment than DBA 

mice (Voikar et al., 2005), it may not be surprising if C57 mice would perform worse 

in the appetitive than in aversive test. 
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For these experiments, we modified the Barnes maze that is commonly used for 

mice to reduce the stress related to water exposure. However, it has been shown that 

even visually impaired mice can learn the Barnes maze task by using non-spatial 

strategy (O'leary et al., 2011b). The modification of the Barnes maze was made to 

present a seemingly irregular pattern of holes and thereby imitating the water maze 

more closely and prevent mice from solving the task on the basis of a non-spatial, e.g. 

serial exploration strategy (Bach et al., 1995a). 

 

Methods 

Animals 

In total, 46 male mice were used for the experiment from which 24 mice (12 

C57BL/6JCrl and 12 DBA/2JCrl) were tested in the aversive experiment and 22 mice 

(11 C57BL/6JCrl and 11 DBA/2JCrl) were tested in the appetitive test. All mice were 

provided by Charles River (Maastricht, The Netherlands) and were 6 weeks old at 

the arrival. The mice were subsequently housed individually in standard Macrolon 

cages (type 2: 22 cm x 13 cm x 16 cm). Food and water was given ad libitum with the 

exception of the shaping phase in the appetitive test (see below for the detail). All 

animals were kept at constant room temperature (21 1C) and (60  10%) humidity 

on a reversed 12-h dark-light cycle with the lights switched on at 19:00. The 

experiments were conducted in an illuminated room at a light intensity of 180 lx with 

visual cues on the walls. The animal experiments complied with EEC 

recommendations for the care and use of laboratory animals (86/609/EEC) and were 

approved by the local animal research committee. All the efforts were made to 

minimize the suffering and stress of the animals. 
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Equipment 

The mBM (Fig. 1) was designed to measure spatial learning in mice under different 

motivational conditions. It contained more holes (44 in total) than most of the 

‘classical’ Barnes maze (cBM) designs (10-20). The holes are arranged in such way, 

that no pattern is obvious that could be exploited by a serial exploration strategy, i.e. 

running from one hole to the next to find the target hole as observed in the cBM. 

Mice were trained to locate a target hole using visual extra-maze cues on the distant 

walls as a guide. The visual extra-maze cues were placed on the walls surrounding 

the maze. The cues were black and white patterns (cross, lines, square) of sizes 

varying between 2000 cm² and 4200 cm². The distance between the maze and the 

walls ranged from 117 cm and 189 cm. 

 

Fig. 1. Schematic presentation of two Barnes mazes. The ‘classical’ Barnes maze (A) has 24 

escape holes in the perimeter of the maze, whereas the ‘modified’ Barnes maze has 44 escape 

holes arranged symmetrically within each quadrant (B). 
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All holes contained white double-floored cups underneath, which could easily be 

replaced (5 cm diameter). The upper layer of the cup was made of wire gauze on top 

of which food could be placed (gauze 1.6 mm deep, total of 3.2 mm deep). Mice were 

unable to access food below the gauze (holes of 1 mm diameter).  

The mBM consisted of a circular light grey platform (diameter 122 cm) with 4 

symmetrical quadrants. Each quadrant contained 2 holes, 3 holes and 6 holes in the 

inner, middle and outer ring respectively. The target was always located in the 

middle ring of holes. To prevent odor cues, the target location between each animal 

was varied and the mBM was thoroughly cleaned with 80% ethanol solution and 

rotated between trials. Once per day, all the cups were removed, washed under 

running water and dried. A dark cylinder (6.8 cm x 12 cm, diameter x length) served 

as transport container from the home cage to the mBM, to minimize the handling 

stress.  

A video camera placed above the center of the mBM, monitored the performance 

of mice during mBM trials. Images were recorded and analyzed by a computer 

located in an adjacent room by using Viewer software (Biobserve GmbH, Bonn, 

Germany). The experimenter was not present in the experimental room during trials 

but observed the experiments on the computer screen. The distance and latency to 

reach the target location were recorded and tracked by the software. Additionally, 

errors (visits of incorrect holes) were counted manually by the experimenter. A hole 

visit was defined as a head dip into a hole, and multiple consecutive head dips were 

counted as single hole visit. 
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Aversively motivated Barnes maze test 

Habituation 

The mice were habituated to the maze and to entering an escape cylinder, made of 

dark plastic (6.4 cm x 6.1 cm x 15.3 cm), for 2 times. Animals that failed to locate the 

escape cylinder within 10 min were gently guided to it by the experimenter and were 

left there for 1 min. During the first habituation trial, the escape cylinder was filled 

with nesting material from the home cage to make it easy for the mice to venture into 

the novel space. During the 2nd habituation trial and all the training sessions, fans 

surrounding the maze were turned on to provide an aversive reinforcement. In total, 

three fans (Duracraft, Southborough, MA, USA) were placed at angles of ~120° apart 

from each other around the maze. The rotor heads of the fans rotated at 90° angle in 

the direction of the mBM. The distance between the maze and fan was 60 cm. The 

wind velocity was 3 m/s in the center of the maze and 4.5 m/s at the edge of the 

maze. 

 

Acquisition 

Twice per day the mice were released from the center of the maze to find the target 

location. The transport cylinder was made of dark plastic, so the direction a mouse 

was heading to at the point of release varied randomly. The inter-trial period was 

approximately 3 hr. When the animal could not locate the target within 3 min, the 

experimenter gently guided it to the target and left it there for 1 min. 

 

Probe trial 

After the 13th trial, mice that made less than 5 errors for 2 consecutive times were 

tested on a probe trial to investigate if any non-spatial cues enabled the mice to locate 

the target (e.g. the odor from the escape cylinder). The probe trial took place ~4 hr 

after the last trial. Before the probe trial, the escape cylinder was replaced with a 
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white double- floored cup identical to the rest of the holes. Animals were released 

from the center of the maze again as in the acquisition phase. To overcome the 

confounding effect of locomotion, the duration was set as 10-hole visits instead of 

limited time. Mice that did not meet the criteria even after 19 trials were subjected to 

the probe trial after the 19th trial. 

 

Appetitively motivated Barnes maze test 

Shaping 

In a pilot study performed before the current experiment, it took considerably longer 

time for C57 to consume a palatable reward in a novel environment than DBA mice 

even when they were food deprived. Since severe food restriction is not only against 

the animal welfare policy but also can confound the performance level and 

locomotion, we tried to overcome the problem by making the habituation procedure 

more extensive than used in the aversive test. After 5 days of acclimation period after 

the arrival, a mild food deprivation regime took place. The weight of the animals was 

lowered to 90% of their original body weight. In addition, almond chips were given 

inside their home cage during the whole period of the experiment to familiarize the 

mice with the taste. In the next step, each mouse was placed on the maze 2 times per 

day for the maximum duration of 3 min. All holes on the maze contained almond 

chips, but only a few of them had accessible (on top of the gauze) chips placed inside. 

After 10 days of shaping sessions, all animals consumed the food reward given on 

the maze readily. After the last shaping trial, the mice were given free access to food 

and water again. During the shaping session, no preference for a specific quadrant 

was observed (data not shown). 
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Habituation and acquisition 

All mice were given time to rest and recover their original body weight for 2 weeks 

after the shaping period. During this period, they were handled regularly and given 

almond chips inside their cage. The habituation and acquisition procedure was 

identical to the aversive test with one exception. Instead of fans generating a breeze 

as aversive reinforcement, there was an almond chip hidden in the escape cylinder 

for appetitive motivation. To prevent search bias by odor cues, all holes except the 

target location contained inaccessible almond chips below wire gauze. 

 

Probe trial 

The mice which met the criteria were tested in a probe trial ~4 h after the 13th trial. 

Because of the slightly higher inter-trial variability in performance than in the 

aversive test, the criterion was set as less than 5 errors in 3 consecutive trials. During 

the probe trial, the target cylinder containing an almond chip was replaced with a 

double-floored cup containing an inaccessible almond chip. As in the aversive test, 

animals that did not meet the criteria by the 19th trial were subjected to the probe trial 

after their last training session. 

 

Data analysis 

 

The data was analyzed with SPSS Statistics version 15.0 (SPSS, Chicago, USA). Each 

acquisition data was analyzed using repeated ANOVA design with strain as an 

independent factor and trials as a within factor. The latency and distance to reach the 

target location were variables of interest. In addition, the strategy used in each trial 

was analyzed according to the protocol described by Bach et al. (Bach et al., 1995a). 

To avoid experimenter bias in the classification process, the strain information was 

blinded beforehand and the track record was used instead of actual video files. When 

a mouse visited more than 4 consecutive holes, the trial was classified as a serial 
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strategy. When arbitrary direction changes occurred more than 2 times with center 

crossings, the behavior was classified as a random strategy. When a mouse explored 

holes in the vicinity of the target location and the distance covered in the target 

quadrant was more than 70% of the total distance, it was defined as spatial strategy. 

To quantify the strategy use preference, the 13 acquisition trials were grouped in 3 

blocks (4-4-5 trials each). The percentage of each strategy use was calculated per 

block. When the sphericity assumption was violated, degrees of freedom were 

adjusted with the Huynh-Feldt correction. The differences were regarded as 

statistically significant when the p value was less than 0.05. When the p value ranged 

between 0.05 and 0.09, it was noted as trend. The probe data was analyzed by one-

way ANOVA with strain as an independent factor. Target preference was defined as 

the percentage of time spent in the target quadrant divided by the total duration. 

When the Levene’s test of equality of error variances was significant, rank-

transformed data was used for the analysis. 

 

Results 

Aversive modified Barnes maze test 

A clear spatial learning effect was observed in the aversive mBM test. The effect of 

trials was significant for latency and distance (F8.72, 191.82 = 8.39; p < 0.001; F8.95, 196.79 = 

10.43; p < 0.001). Both, latency and distance to locate the target shelter decreased over 

time (Fig. 2). It took C57 mice less time and distance than DBA mice to complete the 

task (F1, 22 = 128.80; p < 0.001; F1, 22 = 61.19; p < 0.001). The interaction between trials 

and strain showed significant results (F8.72, 191.82 = 3.01; p < 0.001; F8.95, 196.79 = 3.22; p = 

0.001). The strain difference was most noticeable between trials 5 and 11 and 

decreased thereafter. DBA mice were generally slower in finding the target especially 

during the initial trials. However, the distance graph (Fig. 2B) indicated that longer 

latencies were not accompanied by higher levels of exploration. Many DBA mice 

were immobile or very slow before starting to explore the maze, which is reflected in 
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the trend of strain effect in the velocity (F1, 22 = 3.29; p = 0.08). There was a significant 

interaction between the strain and trial in the velocity (F9.59, 191.77 = 5.13; p < 0.001). 

Although DBA mice were slower in the beginning, their speed was comparable to 

that of C57 mice in the later trials. During the probe trial, C57 mice spent 

significantly more time in the target quadrant than DBA mice (F1, 22 = 11.69; p < 0.05). 

However, it should be noted that the time spent in the target quadrant was 

considerably higher than the chance level (25%) in DBA mice as well, reaching nearly 

50%. In total, 11 out of 12 C57 and 6 out of 12 DBA mice reached the criteria before 

the end of acquisition training (χ2 = 5.05; p < 0.005). However, there was no difference 

in the target preference between mice that met the criteria and those that did not 

meet it (data not shown).  
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Fig. 2. Spatial memory performance in the aversive version of the modified Barnes maze test. 

Overall, C57BL/6J performed better than DBA/2J mice (p < 0.001 in latency (A) and distance 

(B)). A significant strain x trial interaction was found for velocity with increased speed of 

C57BL/6J mice particularly at trials 1-4 and 13. There was a trend of strain effect as well (p = 

0.08; C). In the probe trial (D), both strains performed significantly above chance level (25%) 

with C57BL/6J spending significantly more time in the target quadrant than DBA/2J mice 

(*p < 0.05). 
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Appetitive Barnes maze test 

There was a clear learning effect in the appetitive version of the mBM test (Fig. 3). A 

significant effect of trials was determined for latency and distance (F7.00, 139.97 = 28.04; 

p < 0.001; F7.79, 155.72 = 20.12; p < 0.001). However, no significant difference existed 

between strains (F1, 20 = 0.02; p = 0.90; F1, 20 = 0.32; p = 0.58). DBA and C57 mice 

performed similarly during the training. There was also no interaction between the 

trials and strain (F7.79, 155.72 = 0.40; p = 0.92). Interestingly, the velocity increased over 

time (F9.59, 191.77 = 14.09; p < 0.001) in both strains in contrast to the results from the 

aversive test. However, the increase in velocity was much higher in DBA mice (F9.59, 

191.77 = 5.13; p < 0.001). In the probe test, both strains performed well above chance 

level (25%). There was no significant strain effect (F1,20 = 0.32; p = 0.58). In total, 9 out 

of 12 C57 and 8 out of 12 DBA mice reached the criteria before the end of acquisition 

training (2 = 0.20; n.s.). However, there was no difference in the target preference 

between mice that met the criteria and those that did not meet it (data not shown).  



38 
 

 

Fig. 3. Spatial memory performance in the appetitive version of the modified Barnes maze 

test. There was no strain difference in the latency (A), distance (B) and probe trial 

performance (D). There was a significant velocity increase over the trials in both strains (p < 

0.001; C), and the velocity increase along trials was more pronounced in DBA mice (p < 

0.001). In the probe trial (D), both strains performed significantly above chance level (25%) 

without significant difference in the target quadrant time between DBA/2J and C57BL/6J 

mice. 

 

Search strategies 

During the mBM training with aversive reinforcement (Fig. 4A-C), the use of the 

random and serial strategy significantly decreased over time (F2, 44 = 5.89; p < 0.01 
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and F2, 44 = 15.476; p < 0.001 respectively), while the preference for the spatial strategy 

increased noticeably with increasing trials (F2, 44 = 20.18; p < 0.001). DBA used the 

random strategy more often than C57 mice (F1, 22= 10.52; p < 0.01), and C57 used the 

spatial strategy more often than DBA mice (F1, 22 = 15.71; p = 0.001). There was a 

significant quadratic contrast between blocks and strain on the random strategy use 

(F1, 22 = 5.22; p = 0.03). The strain difference was most apparent on the second block 

(from trial 5 to trial 9) and decreased on the last block. 

Unlike in the aversive test, there was no significant strain difference in the use of 

different search strategies in the appetitive mBM test (Fig. 4D-F). While the 

preference for the random strategy decreased over time (F2, 44 = 27.25; p < 0.001), 

there was no significant block effect on the serial strategy use, and mice began to use 

the spatial strategy more frequently in the later trials (F1.587, 44 = 23.71; p < 0.001). 

 

 

Fig. 4. The percentage of search 

strategies used across trial blocks 

in the aversive and appetitive 

mBM tests. There was a 

significant block effect on random 

(p < 0.001; A), serial (p < 0.01; B) 

and spatial strategy (p < 0.001; C). 

The strain effect was significant 

on the random strategy (p < 0.01) 

and serial strategy (p = 0.001). 

There was a significant quadratic 

contrast on the interaction 

between blocks and strain on the 

random strategy use (p = 0.03). In 

the appetitive mBM training there 

was a significant block effect on 

random (p < 0.001; D) and spatial 

strategy (p < 0.001; F), but there 

was no strain difference. Block 1 

covered trials 1–4, block 2 

covered trials 5–8 and block 3 

covered trials 9–13. 
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Discussion 

Our results illustrate the importance of the reinforcing properties exploited in spatial 

learning tasks. The significant strain difference observed in the aversively motivated 

Barnes maze task disappeared in the appetitive version of the test when a palatable 

food reward was provided. This finding demonstrates that spatial learning capacity 

in DBA mice can be facilitated or is unimpaired when the proper motivation is used. 

To the best of our knowledge, this is the first experiment to compare the spatial 

memory in DBA and C57 with identical spatial cue configurations and motor 

requirements exploiting different reinforcing properties. 

Upon aversive reinforcement, a clear difference existed between the two strains in 

locomotion. DBA mice were much slower and sometimes even immobile for 

prolonged time. This immobility of DBA mice was also observed in the cBM test (Dr. 

S. Spijker, personal communication). As velocity increased after the 4th trial, latency 

and distance began to decrease concomitantly. Although the strain difference 

persisted throughout the most part of the experiment, on the very last (13th) trial, the 

distance to find the target did not differ between the two strains anymore, suggesting 

that DBA mice had acquired the task by the end of the training. 

This was confirmed in the probe trial during which DBA mice spent nearly 50% in 

the target quadrant. In contrast, C57 mice acquired the task within 5 trials, and the 

latency and distance value stayed stable without much fluctuation till the end. This 

superior performance was also observed in the probe trial, where C57 mice spent 

nearly 80% of the time in the target quadrant. It should be also noted that nearly all 

C57 mice (11 out of 12) met the criterion for the probe trial of two consecutive trials 

of less than 5 errors, while half of the DBA mice did not reach this criterion, which 

requires a stable performance.  

In addition, C57 mice employed the spatial strategy more often while their use of 

less effective strategies decreased rapidly. Despite that the use of the spatial strategy 

increased over time in DBA mice as well, the serial strategy use increased again in 
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the last block, suggesting that the spatial memory performance in DBA was not as 

stable as in C57 mice. Hence, despite the profound difference in locomotion between 

the two strains, it is concluded that C57 mice demonstrated better spatial learning 

and memory when the reinforcer was of an aversive nature. This result is in line with 

previous studies using the classical Barnes maze (Nguyen et al., 2000a; O'leary et al., 

2011b).  

In initial pilot tests (data not shown), DBA were faster than C57 mice to consume 

almond chips in a novel environment. This observation is in agreement with the data 

from a study where a similar novelty-induced hypophagia test was performed 

(Voikar et al., 2005). This data, in combination with the fact that one of the few 

instances in which DBA outperformed C57 mice in a spatial task was in the presence 

of palatable food reward, led us to hypothesize that the motivation to locate a food 

reward might ameliorate the spatial memory impairment in DBA mice to some 

extent. Nonetheless, the complete ‘rescue’ shown in Fig. 3 was still quite surprising 

considering the large number of publications, including our own data from the 

aversive mBM test, reporting inferior performance of DBA to C57 mice. There was 

also no difference in the preferences of strategy use, and the number of mice that 

reached the criterion for the probe trial. The higher motivation level in DBA mice 

was also noticeable in the gradual increase in velocity that nearly doubled in the last 

trial compared to the first trial. 

It is possible that other factors than the difference in reinforcing properties may 

have played a role in the difference observed here. The mice in the appetitive test 

went through a more extensive handling procedure during the shaping phase with a 

mild food deprivation regime. This resulted in the age difference of ~4 weeks and 

prolonged the single housing period. Although ageing and single housing are both 

relevant factors in learning and emotion, it was shown that it is actually DBA mice 

which are more susceptible than C57 mice to the detrimental effect of prolonged 

single housing (Voikar et al., 2005) and aging (Wong & Brown, 2007). For instance, 
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DBA mice are prone to develop glaucoma with advanced age, making them less 

suitable for tests depending on visual acuity such as spatial tasks. Consequently, if 

anything, the confounding factors from the shaping period should have been more 

disadvantageous for DBA than for C57 mice. In any case, the mice were still in their 

young adulthood at the age of 3 months during the appetitive test. Therefore, it is 

unlikely that age difference played a significant role here. 

The shaping period was introduced to avoid food restriction during the 

acquisition training. Not only does food restriction interfere with learning-related 

neurotransmitter systems such as the dopaminergic system (Patterson et al., 1998; 

Pothos et al., 1995), as during the pilot experiment it was observed that food 

restriction renders DBA mice hyperactive, which is in line with previous results 

(Gelegen et al., 2006). Interestingly, it was shown recently that the motivation to 

obtain food under different workloads was significantly different between DBA and 

C57 mice (Atalayer & Rowland, 2010). DBA were more motivated to find food even 

when the workload increased and consumed significantly larger amounts of food 

than C57 mice. The hyperactivity might partly explain why DBA often performed 

worse than C57 mice in the radial maze task despite the use of palatable food 

rewards. Indeed, DBA mice exhibited a higher velocity and shorter latency to 

complete the task in a radial maze study with food deprivation of up to 20% body 

weight loss, while committing more errors than C57 mice (Schwegler et al., 1990). 

Taken together, it can be assumed that the combination of high motivation to find 

food with hyperactivity can render DBA mice more susceptible to errors when food-

deprived than when satiated. 

DBA mice have been regarded as genetic model of hippocampal dysfunction in 

many studies. Importantly, the spatial memory impairment in DBA mice was linked 

to the impairment in LTP maintenance and altered protein kinase C (PKC) level in 

the hippocampus (Nguyen et al., 2000a; Nguyen et al., 2000b; Smith & Wehner, 2002; 

Wehner et al., 1990). Exercise increased the PKC level thereby improving the spatial 
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memory performance in DBA mice (Fordyce & Wehner, 1993), suggesting that the 

hippocampal ‘dysfunction’ in DBA mice is not of an irreversible nature. Our finding 

that DBA mice performed optimally under appetitive condition also implies that 

DBA mice are capable to recruit hippocampal function to perform the spatial 

memory task under conditions of high motivation and low levels of ‘stress‘. 

It remains to be investigated how motivational factor could have recruited 

hippocampal function in DBA mice to solve this task using a spatial, and thus, 

presumably hippocampus-dependent strategy. One might speculate that the 

anticipation before each trial in the appetitive test increased the dopamine level in a 

different manner in C57 and DBA mice, which in turn would have influenced 

attention and memory during the training sessions. It has been shown that C57 and 

DBA mice are different in gene expression levels of dopaminergic receptors (Loos et 

al., 2010) and brain areas, such as the nucleus accumbens, which are rich in 

dopaminergic neurons (Ammassari-Teule et al., 2000; Roullet et al., 1997). Dopamine 

is known to be important in the stabilization of place fields in the hippocampus (Tran 

et al., 2008) thereby directly linking it to spatial learning. It is also possible that DBA 

mice do not rely on the hippocampus to the same extent as C57 mice do during the 

spatial memory task as has been shown for passive avoidance studies (Baarendse et 

al., 2008b). Moreover, during the appetitive test, other brain areas such as the parietal 

cortex may become activated sufficiently enough to compensate the hippocampal 

dysfunction reported in DBA mice. 

Alternatively, the high stress level in aversive tests may confound cognitive 

function in DBA mice as indicated by deficits in hippocampus-dependent tests 

including contextual fear conditioning of DBA vs. C57 mice (Paylor et al., 1994; Stiedl 

et al., 1999b) and deficient latent inhibition in passive avoidance learning after pre-

exposure (Baarendse et al., 2008b; Singer et al., 2009). Consequently, DBA mice may 

be particularly sensitive to cognitive impairment under aversive test conditions as 
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‘stress’ particularly impairs spatial (hippocampus-dependent) learning performance 

(Graham et al., 2010; Schwabe et al., 2010). 

Compared to the drastic difference between the tests observed in DBA mice, the 

performance level in C57 mice remained fairly constant regardless of the 

reinforcement used. However, it still is unclear why C57 mice did not show such a 

high target preference in the appetitive test as displayed in the aversive test. The 

simplest explanation is that C57 mice are more motivated by the aversive component 

(fan breeze) than to find the food reward. Another possibility is that mice 

remembered from the shaping phase that the target location could be changed. 

Hence, once mice found out that the food was not in the target location, some of 

them could have switched to other locations. This raises another question why DBA 

mice persisted more in the target location compared to C57 mice despite the same 

shaping phase they went through. This type of behavior is reminiscent of the results 

from a Pavlovian conditioning test (Lederle et al., 2011). In the study, DBA mice 

acquired the conditioning task easily but when the conditioning stimulus was not 

associated with the reward anymore, they had more difficulty in discontinuing the 

instrumental response, while C57 showed a robust extinction pattern. Hence, it is 

possible that the shaping phase influenced the strains in a different manner and 

behavioral flexibility was more evident in C57 mice. 

The current findings underscore the importance of using multiple behavioral tests 

especially when there is a distinct possibility that non-cognitive factors may affect 

cognitive function. Thus, a more careful approach is required to claim spatial 

learning deficits and attribute them to hippocampal dysfunction. Indeed, there are 

studies showing that the same group of mice performed differently under appetitive 

and aversive conditions (Harloe et al., 2008; Hodges, 1996; Wise et al., 2009). However, 

the commonly used combination of Morris water maze and radial maze (aversive vs. 

appetitive) to assess spatial learning and memory may not be an ideal choice. The 

visuospatial information during swimming can drastically differ from that obtained 
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while walking on the dry maze. In that respect, the mBM setup offers the 

opportunity to study the influence of different motivations with identical spatial 

configuration, thereby providing a more balanced approach to determine the impact 

of motivation on cognition in mice as demonstrated here for DBA mice. In addition, 

the sustained and even increased motivation to locate the target in the appetitive 

mBM test in both strains suggests that the appetitive model would be a suitable 

choice for longitudinal studies such as the effect of aging or reversal learning. It 

would also be worth to investigate if an appetitive reinforcer can motivate other 

strains such as 129S1/SvImJ and A/J mice which show a similar immobility as DBA 

mice on the Barnes maze (O'leary et al., 2011b). 

In the current study, only male mice have been used to investigate the strain 

difference. It has been shown that there is a gender-related effect on spatial memory 

performance (Popovic et al., 2010; Roof & Stein, 1999). Considering that both genders 

responds differently to aversive stimuli (Steenbergen et al., 1991), it would be 

interesting to investigate the interaction between gender and reinforcement 

properties (aversive vs. appetitive) in the mBM test. 
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Conclusion 

The present findings underscore the importance of an effective experimental design 

when assessing spatial memory in different strains or genetically modified mice. 

Spatial performance strongly depends on motivational factors that differ in their 

saliency between mouse strains. It remains to be clarified whether appetitive 

reinforcement resulted in an improvement or whether aversive reinforcement caused 

an impairment of hippocampal function resulting in the dissociation of spatial 

learning and memory performance as a function of the reinforcement properties in 

DBA/2J mice. This results challenges interpretations of impaired hippocampal 

function in DBA/2J mice drawn on the basis of behavior tests with aversive 

reinforcement only, and this may extend to behavioral phenotyping results of genetic 

mouse models. 
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Supplementary Material 

Methods 

Although fans are not as commonly used as high light intensity in the Barnes maze 

test, there are a few studies in which fans were used to generate wind as part of the 

aversive environment (Inman-Wood et al., 2000; Pompl et al., 1999). We did not use a 

high light intensity on purpose since it can interfere with visual acuity of mice. 

The serial strategy can be an effective way to shorten the latency in the classical 

Barnes maze. However, this is not the case in the modified Barnes maze. Because the 

holes are not in a linear arrangement they cannot be easily followed. Trying to follow 

the holes in a sequential order in the modified Barnes maze is a complex task that 

generally does not allow solving the task efficiently. This was one of the reasons why 

we designed the modified Barnes maze in this particular way.  

 

Results 

 

Fig. S1. Number of errors during the aversive version of the modified Barnes maze test. 

Overall, C57BL/6J committed significantly fewer errors (F1,22 = 12.68; p < 0.01) than DBA/2J 

mice in the training trials. There was a significant interaction between trials and strain 

(F10.23,225.16 = 2.03; p < 0.05). The statistical analyses of data presented in Figs. S1 and S2 were 

performed on the square root transformation of values to normalize the data distribution.  

0

10

20

30

40

50

60

70

1 2 3 4 5 6 7 8 9 10 11 12 13

N
u

m
b

e
r 

o
f 

e
rr

o
rs

 (
n

) 
 

Trial 

DBA/2J

C57BL/6J



48 
 

 

 

Fig. S2. Number of errors during the appetitive version of the modified Barnes maze test. 
There was no significant strain difference in the training trials. The number of errors 
decreased over trials in a similar manner in both strains. 

 

 

 

 

 

Fig. S3. Probe trial duration in the aversive and appetitive version of the modified Barnes 
maze test. The trial duration was determined by the time each mouse took to visit 10 holes. 
There was a significant strain effect in both tests. DBA/2J mice took significantly more time 
to complete the 10 hole visits in the aversive test (p = 0.01, Mann-Whitney U test). In contrast, 
C57BL/6J mice took more time to complete the probe trial in the appetitive test (p < 0.001, 
Mann-Whitney U test).  
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Abstract 

 

The Barnes maze test has been used widely as an effective and less aversive 

alternative to the water maze for assessing spatial learning. However, the use of 

serial instead of spatial strategy often hinders accurate measurement of spatial 

cognition. In the current study, a modified version of the Barnes maze was compared 

with the classical design to investigate the interaction between task complexity and 

spatial memory performance. The training results show that the learning effect in the 

modified Barnes maze was more pronounced compared to the classic design. The 

number of errors was higher in the beginning in the modified Barnes maze, but the 

performance in later trials was comparable between the two mazes. The increased 

task complexity in the modified design was again confirmed in the poorer 

performance in the long-term memory test performed 1 and 2 weeks after the last 

session. The use of serial strategy was decreased in the modified Barnes maze as 

expected suggesting that this design offers an effective solution to the problem of the 

serial strategy preference in the classical design. Taken together, the modified Barnes 

maze offers an effective method to measure spatial cognition with increased task 

difficulty and thereby is superior in the assessment of spatial learning and long-term 

memory in comparison with the classical Barnes maze. 
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Introduction 

Spatial memory tasks are often used to measure cognitive capacity in rodents. As the 

importance of genetic model increased, spatial tasks originally designed for rats 

began to be modified for mice. The Morris water maze has been established as the 

standard spatial memory test in rodents. For mice, however, the swimming required 

for the test can be an important confounding factor due to their inferior swimming 

skills (Llano Lopez et al., 2010; Whishaw & Tomie, 1996). Moreover, mice are more 

stressed since they have a natural tendency to avoid water, as opposed to rats. 

Therefore, not surprisingly, the relative load on cognition in water maze experiments 

has been determined to be relatively low (13%) as compared to two other factors 

motivation (e.g. floating, 19%) and anxiety-like behavior (e.g. thigmotaxis, 49%) in 

factor analysis from data of 1400 mice (Wolfer, et al., 1998). Dry mazes such as radial 

maze or holeboard often require food deprivation which can make the interpretation 

the results difficult since the effect of food restriction on cognition is not yet clear 

(Stewart et al., 1989; Yanai et al., 2004). The Barnes maze (Barnes, 1979) is a test which 

requires no swimming or food deprivation and has been used frequently both for 

rats and mice. Despite of its wide use, it has been a matter of concern that the test is 

not accurately assessing spatial memory especially in mice (Garcia et al., 2004; O'leary 

et al., 2011c). One particular problem of the Barnes maze is that mice can rely on the 

serial strategy to locate the target (Harrison et al., 2006a). O’Leary and Brown (2011) 

showed recently that the apparatus design can have a significant impact on the 

preference for a serial strategy. Particularly, when the maze is surrounded by a wall, 

mice show a strong tendency for thigmotaxis which favors the use of the serial 

strategy. One of other reasons for the serial strategy preference observed in the 

Barnes maze compared to the water maze might be that the holes (including the 

target) are arranged in predetermined patters (usually along the perimeter with 

regular spacing). Indeed, in a recent experiment where the holes were placed in 

regular intervals along the radial axes on a dry maze test, mice explored each row of 
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holes vertically before moving to other rows (Llano Lopez et al., 2010) while the 

design of the maze allowed the animal to transverse between the rows of holes. 

Similarly, it has been also observed that mice often visit the arms of a radial maze in 

a consecutive or alternate manner which hinders spatial learning (Crusio et al., 1993).  

 Taken together, it seems when animals can explore mazes according to a 

predetermined pattern, there is an increased chance that mice exploit a serial strategy 

which can be an effective way to avoid working memory errors (visiting incorrect 

holes more than once). In that respect, the water maze is superior since animals 

cannot locate the target following a certain pattern. 

 Despite that the Barnes maze and the water maze are both designed to measure 

spatial memory with aversive reinforcement, the results from the tests are not always 

in agreement (Patil et al., 2009). One possible explanation for this discrepancy is the 

interaction between test related stress and the performance. Another possibility is 

that a floor effect occurs more often in the Barnes maze than in the water maze. It is 

notable that in a number of studies in which the Barnes maze and the water maze 

were used jointly, often significant differences were found in the water maze but not 

in the Barnes maze (Komater et al., 2005; Lehmann et al., 2010; Mathis et al., 2011; 

Takeuchi et al., 2011; Vorhees et al., 2007). Indeed, in a review article on a mouse 

model of Alzheimer, it was concluded that the Barnes maze was one of the least 

sensitive test to assess spatial cognition (Stewart et al., 2011). One of the reasons why 

the water maze is more cognitively challenging might be that animals are required to 

navigate the whole area instead of following a certain pattern as in the Barnes maze. 

In addition, it is less likely in the water maze that animals find the location with non-

spatial strategies such as the serial strategy. The fact that target quadrant preference 

obtained during the probe trial is often higher in the water maze than in the Barnes 

maze also implies that animals employ the spatial strategy more intensively in the 

water maze task. However, in view of the high “stress load” for mice in the water 

maze, it appears that this behavior assay more specifically tests the resilience of 
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cognition to the stress load as described the Yerkes-Dodson law (see Diamond et al., 

2007) resulting in cognitive impairment in highly susceptible (anxious) mice. 

 Therefore, in our current study, we designed a modified version of the Barnes 

maze with the aims of (1) increasing the task complexity and (2) promoting the use of 

spatial strategy. Therefore, we compared the performance of C57BL/5J mice in the 

mBM versus the cBM using the same experimental setting. In the mBM design, the 

number of holes was increased by almost two-fold (from 24 in the cBM to 44 in the 

mBM). Furthermore, the holes were placed in a pseudo-random manner instead of 

the serial pattern in the classical design. It was hypothesized that the modified design 

would decrease the use of serial strategy, and as a result increases task complexity. 

The performance during the acquisition phase and long-term memory test was 

compared to investigate the difference between the designs.  

 

Material and methods 

Animals 

A total of 24 male C57BL/6J mice were used in these experiments. 12 mice were 

tested in the mBM and the other 12 were tested in the classic Barnes maze. The mice 

were obtained from Charles River (C57BL/6JIco, Maastricht, The Netherlands) at an 

age of 8 weeks. Mice were individually housed in a temperature- and humidity-

controlled room (22 ± 1°C, humidity 50% ± 10%) under a reversed 12 h light/dark 

cycle (lights on at 19:00 h) in standard macrolon cages (type II: 22 x 16 x 13 cm) 

enriched with nesting material and access to food and water ad libitum. To decrease 

stress from individual housing and provide environmental enrichment a small 

wooden block for gnawing was given to each animal. The target box was also placed 

in the cage to make the mice acquainted in finding shelter inside and to provide for 

further cage enrichment. On each day during the acclimation period, almond chips 

were hidden inside the target box so the animals can learn to retrieve palatable food 
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reward. Mice were tested during the dark phase of the light/dark cycle. The animal 

experiments followed the EEC recommendations for the care and use of laboratory 

animals (86/609/EEC) and were approved by the local animal ethical committee. 

 

Barnes mazes 

Two Barnes maze versions (Fig. 1) were tested by using the same equipment. The 

mBM was made of a circular light grey platform (diameter 122 cm) with four 

symmetrical quadrants. Each quadrant contained two, three and six holes in the 

inner, middle and outer ring respectively for a total of 44 holes. The cBM used in the 

current study was made by placing 4 mm thick light grey acrylic layer with 24 holes 

along the edge on top of the mBM, covering the inner and middle rings. All holes 

contained white double-floored cups underneath, which could easily be replaced (5 

cm diameter). The upper layer of the cup was made of wire gauze under which food 

could be placed (gauze 1.6 cm deep, total of 3.2 cm deep). Mice were unable to get 

through the gauze (holes of 1 mm diameter). All holes were baited with almond 

chips to exclude olfactory cues and motivate the animals to explore. The target hole 

offered a dark and secluded shelter (6.8 x 6.8 x 12 cm, height x width x length), baited 

with an almond chip, located at the middle ring of holes in which mice could escape 

the wind produced by three fans (Duracraft DS-640E, Southborough, MA, USA) 

located around the maze at equal distances from each other. To prevent bias of 

performance by odor cues, the apparatus was thoroughly cleaned with a 70% ethanol 

solution in between trials and target locations varied between each animal, but 

stayed constant for the duration of testing. Also, the maze was rotated 90° after every 

trial to prevent use of olfactory intra-maze cues. An opaque cylinder (13 cm x 16 cm, 

diameter x length) served as a transport box from the home cage to the maze to 

minimize handling stress. Mice were released in the center of the maze by lifting the 

transport box to the ceiling using a fishing line that is invisible for the tracking 

system. The release was controlled from a room adjacent to the experimental room. 
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The walls of the room contained black and white geometrical shapes as well as a 

table, sink and a door to serve as fixed visual extra-maze cues. 

 A video camera placed above the center of the mBM, monitored the performance 

of mice during trials. Images were recorded and analyzed by a computer located in a 

separate room by using Viewer software (Biobserve GmbH, St. Augustin, Germany). 

Recording started when a mouse exited the transport box and entered the maze. The 

experimenter was not present in the experimental room during trials. Experiments 

with the cBM used the same location and dimension of the mBM, except that only the 

outer ring of 24 holes were used (Fig. 1).  

  

 

Fig. 1. Schematic presentation of the modified (left panel) and the classical Barnes maze 

(right panel), containing 44 and 24 holes respectively. For analysis and visualization the 

mazes are divided into four quadrants. The dark grey dot in the center depicts the release 

box. Each hole consists of a double-floored cup baited with an almond unable to be reached 

by mice. One of the holes can be replaced with the escape box making this hole the target 

hole. Sizes are given in cm. 
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Test Procedure 

 The mice were tested under light conditions (180 lx on the maze surface). Testing 

consisted of 4 phases: habituation, acquisition, probe trial and long-term memory 

retention. Animals were given almond chips daily in their home cages to habituate 

them to the taste of novel food and stimulate appetitive motivation while in the maze 

before testing commenced. 

 During habituation, mice underwent two trials. The target box was filled with 

nesting material to be easily entered by mice due to its familiar smell. If the target 

box was not found within 7 min, the experimenter gently guided the animals to the 

target location. The target box was randomly placed at the outer circle of the maze 

and its position differed each time during the habituation phase. The fans were 

turned on at the lowest speed in the first trial and full speed for the second and all 

consecutive trials. 

The acquisition stage consisted of two daily trials for a total of 13 trials. Mice had 3 

min to locate the target box before being guided by the experimenter. For each trial 

the target location was kept constant for each mouse to induce spatial learning. The 

inter-trial period per day was approximately 4 h. In the probe trial, which was 

conducted 4 h after the trial 13, a double-floored cup identical to the rest of the holes 

replaced the target box. The trial duration was set to 1 min. The variables of interest 

were the time spent in the correct quadrant, number of visits to the correct quadrant 

and the previous target location. The performance was analyzed in 30-s time bins in 

case mice tended to wander around once they found out that the target is absent 

(Blokland et al., 2004; Maei et al., 2009). The final phase of the experiment was a long-

term memory test, performed 8 and 15 days after the probe trial. The mice received 2 

trials each day with the procedure identical to that of the acquisition phase. 
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Data analysis 

During the acquisition phase and long-term memory test, the number of hole visits 

was recorded as a variable of interests. The number of hole visits was chosen since 

the difference between the two maze designs lay in the number of holes while the 

dimension of the maze was identical. To assess the strategy used, tracked paths were 

manually scored in one of three categories corresponding with either a serial, 

random or spatial strategy (Bach et al., 1995a). The total amount of acquisition trials 

was divided in three blocks and the used strategy was subsequently analyzed to 

assess percentile differences. When necessary, the data was transformed into log or 

rank to ensure normal distributions. With the probe data, the target quadrant 

preference was calculated by measuring the time spent in the location and the 

number of visits.  

 

Results 

Acquisition 

 Mice made progressively fewer errors over days in both mazes (Fig. 2) (F6,132 

=7.31 , p<0.001). In the mBM, mice committed more errors than in the cBM (F1,22=4.59, 

p=0.043). There was a significant interaction between maze types and days on the 

number of errors (F6, 132=4.59, p=0.018) with more noticeable decrease in the number 

of errors over time in the mBM.  



63 
 

 

Fig. 2. Number of hole visits in the cBM and mBM. Data show means ± SEM of two trials 

performed per day. 

 

Strategy use 

 Figure 3 displays the proportion strategy used per block of 4 trials (block 3 

consists of 5 trials). A significant effect of maze on the frequency of serial and 

random strategies was present. Mice used the serial strategy more often (F1,22=11.77, 

p=0.027) in the cBM. The random strategy was more frequently utilized in the mBM 

(F1, 22=5.60, p=0.027). Mice in both mazes increased their use of the spatial strategy 

significantly more (F2, 44=12.20, p < 0.001) and reduced the use of the serial strategy 

(F2, 44=7.87, p=0.001) as the trials progressed. There was a trend of interaction 

between the mazes and the spatial strategy use over time (F2, 44 =2.89, p=0.066). The 

increase in the use of spatial strategy was more noticeable in the mBM.  
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Fig. 3. The relative percentage of the serial, 

random and spatial strategy used per block. 

Block 1 consisted of trials 1-4, block 2 of trials 

5-8 and block 3 of trials 9-13. Data show 

means ± SEM. 

 

 

Probe trial 

There was no significant group or maze effect for the time spent in the target 

quadrant (Fig. 4). Mice from both groups in both mazes spent more time than the 

chance level (25%) in the correct quadrant. However, mice in mBM visited the correct 

quadrant more frequently than mice in cBM (Mann-Whitney U test, p=0.012; Fig. 5).  
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Fig. 4. Time spent in each quadrant in the probe trials. The quadrant times are given for the 

target (T), left (L), right (R), and opposite (0) quadrant. The bold horizontal line denotes the 

chance level (25%). Data show means ± SEM. 

 

 

Fig. 5. Comparison of the number of visits to the target quadrants during the probe trial 

between the cBM and the mBM. Data show means ± SEM. 
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Long-term memory 

Figure 6 shows the mean amount of errors when the target hole was reached. There 

was a significant trial effect on the number of errors (F3,66=4.98, p=0.004). The within-

subject contrast showed that the effect took a cubic pattern (F1,22=8.92, p=0.007). The 

number of errors decreased after retraining in the first retention test, but increased in 

the second retention test. The fluctuation in the number of errors over trials was 

more pronounced in the mBM as shown in the significant interaction between maze 

and trials (F3,66=3.76, p=0.02).  

 

 

Fig. 6. Mean number of errors made during the long-term memory trials. The inter-trial 

interval between trial 15 and 16 as well as between trials 17 and 18 was 4 h; the inter-trial 

interval between trials 16 and 17 was 1 week. 
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Discussion 

Our main interest was to investigate the impact of maze design modification on the 

spatial memory performance. As hypothesized, mice in mBM committed more errors 

to locate the target. The difference between the two mazes began to decrease after 

day 5 and reached nearly the same level on the 6th day, suggesting that animals in 

both mazes acquired the task successfully by that time. The learning curve was 

steeper in mBM due to the high level of errors in the first phase. These results are 

reminiscent of the results in the study by van Dam et al. (Van Dam et al., 2006) where 

the learning effect was more clearly observed in the water maze of a larger diameter 

(120 cm vs. 75 cm). Interestingly, increasing the diameter in the Barnes maze did not 

lead to the similar effect (O'leary & Brown, 2011). In addition, in the study by Roberts 

et al. (Roberts, 1979) no difference was found in the percentage of correct choices in 

the radial maze with varying number of arms. These data suggest that the 

quantitative modification of test apparatus do not always lead to the difference in 

performance and it is unlikely that the mere increase in the number of holes in the 

modified design can fully explain the difference in performance. Indeed there was 

also a significant difference in exploration pattern between the two mazes. As the 

animals acquired the task over the trials the use of serial strategy declined while the 

use of spatial strategy increased in both mazes. Importantly, in agreement with our 

prediction, mice in the cBM used the serial strategy significantly more frequently 

than mice in the mBM. This is most likely due to the fact that in the cBM the holes are 

arranged in a serial pattern, hence, visiting them sequentially is a sensible strategy 

before a spatial strategy is completely adopted. In agreement with this, the use of the 

random strategy in the cBM is relatively low. In the mBM, where a clear serial 

pattern of holes is absent, sequentially visiting all holes would be highly inefficient 

and likely be no more beneficial than any other random strategy. Interestingly, there 

was no significant main effect of maze design on the frequency of spatial strategy, 

although the animals in the mBM seemed to use the spatial strategy more in the last 
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block (80% vs. 55%). Instead, mice in mBM adopted the random strategy more 

frequently than animals in cBM. One possible explanation for this might be the 

stringent criteria for the strategy classification. To avoid experimenter bias, an animal 

was defined as using a serial strategy when it visited 3 consecutive holes in sequence. 

On the other hand, when an animal spent more than 70% of time in the correct target 

quadrant during the trial, it was classified as using the spatial strategy. When neither 

criterion was reached, the animals were classified as using a random strategy. Hence, 

it is possible that some of the trials classified as random strategy might actually 

belong to the transitional phase moving toward more clearly defined spatial strategy 

use. Indeed, in some of the cases, mice re-oriented themselves to head towards the 

correct direction after first exploring in incorrect directions. The increased task 

difficulty was most obvious in the long-term memory test results. While there was 

little fluctuation in the number of errors between the first and second week of long-

term memory test in cBM, the number of errors in mBM increased drastically in the 

second week. Interestingly, mice in mBM performed significantly better in the 

second trials in both weeks while there was hardly any effect of retraining in cBM. 

One possible explanation is that the increased task difficulty in mBM facilitated the 

attentional process, and thereby the information acquired in the retraining trials was 

better retained in the second trials. It has been previously shown that when the task 

difficulty is increased, the neuronal firing in the visual cortex was facilitated which 

resulted in increased spatial attention (Chen et al., 2008). However, it seems that this 

facilitating effect of retraining in mBM was limited within the test day and did not 

have significant impact on the performance performed a week later. Finally, in the 

probe trial, although mice in mBM did not spend more time in the target quadrant 

than the animals in cBM, they visited the quadrant more often suggesting the 

increased attention on that area. 
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General conclusion  

In the present study, we demonstrated the importance of maze design on the 

cognitive performance in mice. The modified design with randomly placed holes 

increased the task difficulty as seen in the increased number of errors in the 

acquisition phase and long-term memory retention test. Importantly, the mBM 

discouraged the use of serial strategy, a common problem in the cBM design, and 

increased the use of spatial strategy especially in the control group. In future studies, 

comparing genetic mouse models with described cognitive difference in both designs 

might give us a clearer picture on the impact of task complexity on the spatial 

memory performance. 
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Abstract  

Posttraumatic stress disorder (PTSD) is one of the most prevalent anxiety disorders 

of which the etiology is still poorly understood. Comparing substrains can provide 

useful insights into the interaction between genetic susceptibility and environmental 

insults that play a crucial role in the development of PTSD symptoms. In the present 

study, we compared the behavioral performance of two C57BL/6 substrains 

C57BL/6J (6J) and C57BL/6N (6N). Despite the similar anxiety-like behavior in naïve 

mice, 6N mice showed increased avoidance and impaired fear extinction and this 

phenotype was most pronounced in a subpopulation of the 6N strain. Furthermore, 

6N mice showed increased anxiety-like behavior (dark-light box) after the forced 

swim test, in which they exhibited an increased level of immobility (measurement of 

depression-like phenotype). Together this suggests that the 6N strain is more 

susceptible to strongly aversive experience, such as forced swim test exposure. In the 

spatial memory tests, 6N mice exhibited poorer performance with increasing 

cognitive load. 6N mice adopted a suboptimal search strategy that was partly 

influenced by anxiety-like behavior.  

Gene expression analysis for transcripts, with known SNP variance, in the 

hippocampus revealed four candidate genes for this genetic susceptibility to PTSD-

like behavior in 6N mice. Taken together, our study demonstrated that 6N mice serve 

as robust animal model of PTSD that display several key symptoms of the disorder, 

including fear extinction impairment, anxiety-like behavior aggravated by aversive 

events, suboptimal cognitive performance, for which gene expression differences in 

the hippocampus could be detected. 
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Introduction 

The estimated lifetime prevalence of PTSD is approximately 7.8% (Kessler et al., 2005), 

making this disorder one of the most common psychiatric conditions. However, it 

should be noted that only a small percentage of people who encountered traumatic 

events actually develop PTSD (Breslau et al., 1998). This suggests that the interaction 

between environmental insults and individual differences (genetic risk) plays an 

important role in the psychological resilience or susceptibility. Eventually, studying 

such individual differences in animal models can be an important step towards 

elucidating the neurological mechanisms of PTSD and pave a way for more effective 

treatments (Borsini, 2012; Pawlak et al., 2008; Woodcock, 2007).  

Comparing genetically closely related mice substrains is an opportunity to study 

the interaction between genetic susceptibility and environment (Lathe, 2004). In the 

present study, we compared two mice substrains that are commonly used in basic 

research. Despite their genetic similarity, a few behavioral differences have been 

reported between C57BL/6J (6J) and C57BL/6N (6N). Briefly, 6N showed enhanced 

generalization of fear and delayed fear extinction of conditioned fear response 

compared with 6J mice (Bryant et al., 2008; Radulovic et al., 1998; Siegmund & Wotjak, 

2007; Stiedl et al., 1999a). A high level of fear conditioning, overgeneralization and 

decreased extinction of fear were described as cross-species endophenotypes of PTSD 

(Cohen et al., 2008), all of which were observed in the 6N versus 6J substrain 

comparison studies cited above, making the 6N substrain a convincing animal model 

of PTSD.  

By far, however, 6J/6N comparison studies focused on one aspect of learning, 

namely fear conditioning, while there is a lack of data on the difference in a wider set 

of cognitive behavior and genetic susceptibilities that are known to play an 

important role in the development of PTSD in humans (Jenkins et al., 1998; Johnsen & 

Asbjornsen, 2008). Our present study aimed to provide a multifaceted behavioral 

comparison of 6J and 6N in emotion, cognition and genetic aspects to further 

evaluate 6N mice as PTSD model. Our hypothesis was that baseline anxiety, as 
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measured before aversive events, would be comparable between the substrains, 

whereas increased anxiety-like behavior would be observed in 6N after a severe 

challenge. Considering the importance of the hippocampal involvement in PTSD 

(Acheson et al., 2012; Samuelson, 2011) we hypothesized that spatial memory 

performance would be more susceptible to increased cognitive load. Finally, the 

genetic difference of these substrains in terms of hippocampal gene regulation may 

indicate candidate genes that contribute to vulnerability for these PTSD-like 

phenotypes. 

 

 

Methods 

Animals and housing 

In total, 54 C57BL/6J and C57BL/6N mice (Charles River, Maastricht, The 

Netherlands) were used for the present study. All animals were shipped at an age of 

8 weeks and maintained and handled in an identical manner throughout all the 

experiments unless specified. The number of animals used for each experiment of the 

study is summarized in the Table S1. All mice were housed individually in standard 

type 2 Macrolon cages enriched with nesting material and a hiding tube. Before the 

start of each experiment, the mice were allowed 1 week of acclimation period to the 

facility. Housing occurred in a room adjacent to the experiment room. The housing 

area had a constant temperature of 21 ± 1°C and a relative humidity of 55 ± 10%. 

Food and water was provided ad libitum. All the experiments were performed 

between 9:00 AM and 5:00 PM. With the exception of the spatial memory tests 

(Barnes maze test and holeboard), all experiments were performed in the light phase 

(lights on at 7:00 AM). All experimental procedures were approved and complied 

with the European Council Directive (86/609/EEC). 
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Passive avoidance test 

The experiments were performed with a computer-controlled PA system (Model 

256000, TSE-Systems, Bad Homburg, Germany) as reported before (Baarendse et al., 

2008a). The PA box consisted of a bright compartment (BC) and a dark compartment 

(DC), each sized 30 cm  25 cm  30 cm (length  width  height). The animals 

were subjected to a 2-s foot shock of 0.7 mA intensity delivered through the grid 

floor (constant current) during the training session.  

The retention test was repeated 8 times at 24-h interval between trials to induce 

fear extinction. The behavioral performance in the PA system was evaluated on the 

basis of the retention latency. Locomotor activity was measured by the photo beam 

system controlled by the PA system (photo beam detection rate 100 Hz). The 

experiment sequence is summarized in the Fig. S1. 

Since it was assumed that many mice would not enter the DC at all during the first 

retention test, a forced exposure (Wilson, 1973) to the DC followed 24 h after the first 

retention test. The duration of forced exposure was set to a maximum of 8 min 

(minus the DC time during the first retention test). The duration of the forced 

exposure was determined by the performance in the retention test 1. For instance, a 

mouse which spent 1 min in the DC during the first retention test was placed for 7 

min forced into the DC and a mouse which spent 7 min in the DC previously was 

exposed to the DC for 1 min. Thereby, all mice spent the same amount of time in the 

DC before the second retention test 24 h later.  

 

Experimental sequence of dark-light box and forced swim tests 

All mice were tested in the DLB on day 1 (5 min), tested in the forced swim test (FST) 

on days 2 (10 min) and 3 (6 min) and thereafter retested in the DLB on day 4 (5 min). 

Two mice were tested in parallel in the DLB, one 6J and one 6N mouse. In the FST, 

the mice were tested consecutively and alternating between 6N and 6J mice, to avoid 

behavioral variations of the substrains due to time of testing. On day 1, all mice were 
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tested for 5 min in the DLB box. After testing mice were immediately placed back 

into the home cage. 

Dark-light box test – This test exploits the natural conflict between the tendency to 

explore and the initial tendency to avoid the unfamiliar (neophobia) which occurs 

when an animal is exposed to an unfamiliar environment or novel objects. Although 

there have been numerous adaptations of the dark-light box (DLB) test, the basic 

premise always remains the conflict between exploration of a bright and open area 

and the safety of the dark, protective area. The DLB test experiments were performed 

with a computer-controlled system (Model 256000, TSE-Systems, Bad Homburg, 

Germany). The DLB test consisted of one DC and one BC, each sized 30 cm  25 cm 

 30 cm (length  width  height). The light intensity in the BC and the DC was 

approximately 500 and 10 lx. Mice were subjected to two identical DLB test trials, 

first trial on day 1 before the first trial of the FST (day 2) and second trial on day 4 

after the second trial of the FST (day 3). Mice were placed in the DC and the door 

between DC and BC opened automatically after 15 s. Mice were allowed to move 

between the BC and DC for 300 s. The latency until the first BC entry, the time spent 

in both compartments was measured. Locomotor activity was measured by the photo 

beam system controlled by the DLB test system (photo beam detection rate 100 Hz). 

This design starting out from the DC follows that previously used (Loos et al., 2009) 

that was selected based on a previous report indicating lower variability than when 

staring out in the BC (Ardayfio & Kim, 2006). 

Forced swim test – The FST was performed 24 h after the first trial of the DLB test. 

The test used followed the modified procedure by Detke and Lucki (1996). The mice 

were individually placed in a rectangular Plexiglas container (22 cm  14 cm  35.5 

cm, length  width  height) that had been previously filled with water up to a 

height of 23 cm. Each animal performed two swimming sessions: a 10-min pretest 

followed 24 h later by a 6-min test. After the FST, mice were removed and allowed to 

dry in their home cage placed under a 75 W lamp. The temperature was maintained 
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in the range of 25.1–25.5°C as floating behavior of mice critically depends on the 

water temperature (Bachli et al., 2008).  

The swimming sessions were digitally recorded using a frame grabber at a 

sampling rate of 25 Hz for automated behavioral analysis. Movements of the mice 

were analyzed using motion detection software developed by late Dr. René Jansen. 

Swimming was scored only when the animal actively swam around the tank. The 

percentage of time spent swimming and the latency till first float (longer than 3 s) 

was measured as an indicator of depression-related behavior. 

 

Spatial memory tests 

Two spatial memory tests were used that differed in complexity and valence of 

reinforcement to motivate animals to learn the target location(s). In the Barnes maze, 

mice were required to locate a single target hole to escape from an aversive 

illuminated environment (negative reinforcement). In the holeboard test, a mouse 

needed to find 3 different locations to consume a palatable food reward (positive 

reinforcement). Both tests have been commonly used in assessing spatial memory in 

rodents (Barnes, 1979; Ghafari et al., 2011; Post et al., 2011; Sontag et al., 2011). 

Barnes maze – Mice were trained to locate the position of an escape hole among 24 

holes based on visual extra-maze cues. The apparatus consisted of a round, open 

field (Ø 122 cm) with 24 holes (Ø 5 cm) evenly spaced 48.5 cm from the center. One 

of the holes served as escape hole by being connected to a shelter (dark box). Intense 

fluorescent white room light of 600 lx and an air breeze caused by 3 rotating fans 

served as aversive stimuli to motivate a mouse to find the escape hole. The three fans 

were symmetrically placed at 1 m distance from the maze perimeter. A video camera 

above the center of the maze was used to monitor performance. During the testing 

phase, a dark cylinder containing a mouse was placed in the middle of the maze for 

10–15 s to prevent orientation before being lifted to start the trial. The experimenter 

left the experimental room until the mouse found the escape box or the maximum 
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trial duration had elapsed. The mice were left in the box for 15–30 s before they were 

returned to their home cage. 

Mice were given one habituation trial per day on the first two days, during which 

the escape box contained bedding material to motivate the mice to enter it based on 

its familiar smell (bedding material was not included during training trials). During 

habituation trials, the mice were free to explore the maze for 10 min. If they did not 

locate the escape hole by 10 min, they were gently guided to the escape box and 15–

30 s after entering the escape box they were returned to their home cage. At the end 

of the habituation trials, the mice rested for 2 days, after which the training trials 

began. For 6 consecutive days, the mice were given 2 training trials per day with a 

fixed escape hole location. During training trials, the maximum time to find the 

escape hole was set to 5 min. 

As main variable of interest, the latency to find the escape box was recorded. Data 

acquisition and analysis were conducted using EthoVision® software (Noldus, 

Wageningen, The Netherlands). Searching strategy data was recorded manually and 

determined by observing the overall search pattern and the classification for each 

strategy followed established protocols (Bach et al., 1995b). 

Holeboard test – In this task, a mouse was required to locate a set of 3 holes baited 

with palatable food reward (small pieces of almond chips, ~5 mm  2 mm). The 

COGITAT holeboard (Cognitron GmbH, Göttingen, Germany) consisted of an open 

field chamber with 5  5 holes in a square arena of 65 cm  65 cm size (Sontag et al., 

2011). The holeboard was illuminated by dimmed fluorescent white room light (25 

lx). To prevent bias by odor cues, all holes besides target holes contained inaccessible 

almond chips, and the board was cleaned with almond oil solution (Dr. Oetker, 

Amersfoort, The Netherlands). 

In the week before testing, the mice were familiarized to almond chips by 

providing the food reward inside their home cage. During habituation, which took 3 

days, the mice had 2 trials per day in the holeboard. Two holes were baited with 

almond chips and 2 additional almond chips were placed on the surface of the 
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holeboard. After habituation, the mice rested for 2 days before the training trials 

commenced. In total, training lasted for 4 days with 4 trials per day. During the 

training phase, 3 almond chips were placed in a specific set of holes, which was 

consistent per mouse but varied between animals.  

Again, data acquisition and analysis were conducted using EthoVision® software. 

As a variable of interest, the number of hole visits to locate the three holes with the 

almond reward was recorded. During the experiment, it was observed that 6N mice 

showed a strong thigmotaxic behavior by not readily entering the center area. Hence, 

as an additional variable of interest for anxiety, the latency to enter the center 

location was analyzed. For the analysis of thigmotaxic behavior, the center of the 

holeboard was defined as the inner square 12.5 cm from the edges, which excluded 

the outer row of holes. 

 

Statistical analysis of behavioral measures  

In the PA test, statistical analysis was performed using StatView (5.0.1, SAS Institute, 

Cary, NC, USA). To analyze baseline activity differences between 6J and 6N mice, the 

US activity and the post-US activity at the training day, a one-way ANOVA with a 

strain as a factor was used. To assess the effect of passive avoidance learning, the first 

day retention test was analyzed with a non-parametric test (Mann Whitney). The 

latency data during the subsequent retention tests could not be analyzed with 

analysis of variance (ANOVA) for repeated measures because the data distribution 

did not meet the necessary assumptions for the test. Importantly, a few number of 

6N mice did not enter the DC for the most part of the extinction training, which 

skewed the distribution drastically. The extinction learning (from retention test 3 to 9) 

was thus analyzed using a survival analysis (Kaplan-Meier) with the 600 seconds 

(the maximum duration) as a cutoff point (Jahn-Eimermacher et al., 2011).  

In the DLB, statistical analysis was performed by ANOVA for repeated measures 

followed by the Fisher’s protected least significant difference (PLSD) test for post hoc 

comparison. The data from the Barnes maze and holeboard was analyzed with SPSS 
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Statistics version 15.0 (SPSS, Chicago, USA). Each acquisition data was analyzed 

using repeated ANOVA design with strain as an independent factor and trials 

(Barnes maze) or days (holeboard) as a within factor. To quantify the strategy use 

preference in the Barnes maze, the 12 acquisition trials were grouped in 3 blocks. The 

percentage of each strategy use was calculated per block. When the sphericity 

assumption was violated, degrees of freedom were adjusted with the Huynh-Feldt 

correction. The differences were regarded as statistically significant when the p value 

was less than 0.05. When the p value ranged between 0.05 and 0.09, it was noted as 

trend. 

 

Hippocampal gene expression analysis 

SNP Data: SNPs used in this study were compiled from multiple sources, including 

unpublished data: 73 SNPs from Moran et al. (unpublished data, data downloaded 

from http://www.broadinstitute.org/mouse/hapmap/ through the ‘Merged 

HapMap WT Genotypes’ link), 12 SNPs from Mekada et al and 5 SNPs from Petkov 

and Wiles (Mekada et al., 2009; Petkov et al., 2004). In order to estimate whether the 

available SNP information was not confounded by potential sequencing or typing 

errors and represented genuine genetic divergence between the two substrains, we 

examined the distribution of 6N and 6J alleles for each of the 82 SNP loci across 

mouse inbred strains by consulting public databases and other publicly available 

documentation. Information in the databases was compiled from multiple sources 

(e.g. Celera, CITG, Perl/NIEHS, GNF2, Broad1). A subset of the 82 SNPs was 

selected based on 3 major criteria for subsequent gene expression analyses: 

1. SNP type: As pre-selection, we excluded the SNPs that did not fall within the 

boundaries of known genes (SNPs with an intergenic or unknown location). We 

included SNPs that were in the coding or regulatory regions of a gene (exonic, 5’ 

UTR, 3’ UTR or possible promoter), as they could influence gene expression. 

http://www.broadinstitute.org/mouse/hapmap/
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2. Polymorphism data: Of the 32 intronic SNPs, we only considered those that were 

independently genotyped by a number of sources (≥2) and with a larger number 

of strains compared. 

3. Biological function of associated genes: Information about functional roles of the 

associated genes was gathered using National Center for Biotechnology 

Information (NCBI) Entrez Gene Database (http://www.ncbi.nlm.nih.gov/gene). 

We also looked at the hippocampal expression profiles of the genes based on the 

Allen Brain Atlas (http://www.brain-map.org/). For some of the genes available 

information was very limited. SNPs that were linked to a gene that was expressed 

in the hippocampus and involved in a biological pathway related to learning, 

memory, stress reaction, CNS development, etc., were included in further analysis. 

The final set consisted of 18 SNPs. The status of these SNP loci along with the 

associated genes is listed in Table S2. 

Primers: Messenger RNA (mRNA) sequences were obtained from the NCBI Reference 

Sequence (RefSeq) database accessed through Entrez Gene website 

(http://www.ncbi.nlm.nih.gov/gene). Based on the sequence information and the 

domain information of the SNPs, transcript-specific primers were designed using the 

Primer3 software (http://frodo.wi.mit.edu/primer3/). Obtained sequences were 

verified by NCBI BLASTN Mouse Sequences search 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Different splice variants of the genes were 

taken into consideration, and when necessary and possible, primers for different 

transcript isoforms were generated. For two of the SNPs mapping to the same gene 

(Mtmr3), the same set of primer sequences was used. Amplification efficiencies of 

primer sets (Eurogentec, Belgium) were tested by qPCR and analyzed for 

amplification efficiency. Only primers with proper efficiency (Jacobs et al., 2002) 

were used.  

Tissue collection: The hippocampi were dissected as previously described (Spijker, 

2011). All dissections were performed between 2:00–5:00 PM. Tissue samples were 

immediately frozen on dry ice and stored at –80 °C until use. 

http://www.ncbi.nlm.nih.gov/gene
http://www.brain-map.org/
http://www.ncbi.nlm.nih.gov/gene
http://frodo.wi.mit.edu/primer3/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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RNA isolation and cDNA synthesis: RNA was extracted from the hippocampi as 

previously described (Jacobs et al., 2002; Spijker et al., 2004). Samples from each 

animal were DNase-I treated separately according to the manufacturer’s instructions 

(20 U/µg RNA; Boehringer, Germany). RNA concentration was determined using 

the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, 

USA), and the integrity of RNA was checked by gel electrophoresis. Random-primed 

(25 pmol; Eurogentec, Belgium) cDNA synthesis was performed on individual RNA 

samples (~1 µg total RNA). 

Real-time qPCR: Real-time qPCR reactions (20 µl; ABI PRISM 7700) were performed 

using a 96-well format with transcript-specific primers (300 nM) on cDNA 

corresponding to ~20 ng RNA (Jacobs et al., 2002; (Spijker et al., 2004) and SYBR 

Green reagents (Applied Biosystems). Cycle threshold (Ct) values were used to 

calculate the relative level of gene expression, where Ct value is the fractional cycle 

number at which the fluorescent signal of a reaction passes the threshold (reaching 

intensity above background). Expression levels of two housekeeping genes (GAPDH, 

-actin) were measured as reference controls. For 14 of the 19 primer sets and the two 

housekeeping genes, a no-template control was performed, with no significant Ct 

differences observed. 

Ct values from each 6J or 6N sample for each transcript was normalized to the 

geometric mean of Ct values of GAPDH and -actin for that sample. Let normalized 

Ct values be denoted by Ctnormxi,yi (where x represents gene x, y represents 6J or 6N 

and i represents sample number), Ctnormxi,yi then is given by Ctnormxi,yi = Ctxi,yi – 

mean (CtGAPDHyi, Ctβ-actinyi). 

The normalized Ct values were averaged over 6J and 6N samples separately, which 

will be denoted by Ctnormx,y and given by Ctnormx,y = (Ctnormx1,y1+ .. + Ctnormxn,yn) / 

n, where n is the number of samples (n = 8/strain). As a bigger Ct value correlates 

with a lower expression level, for practical purposes, Ctnormx,y values were 

converted into conCtnormx,y values, calculated as conCtnormx,y= –Ctnormx,y +15. 
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Due to this conversion, the final positive value of Ct is positively correlated with 

relative gene expression level, which makes the visualization simpler. Relative gene 

expression levels were expressed as conCtnorm-values ± SEM. Regulation of 

expression (log2-scale) was calculated as conCtnormx,6N – conCtnormx,6J. Statistical 

significance of differences (p < 0.05) between the substrains was determined by 

ANOVA. For those genes showing differential expression between the substrains, the 

measurements were replicated by a second qPCR in order to reconfirm the results 

obtained.  

 

 

 

Results 

Passive avoidance test 

PA experiments were performed as alternative to fear conditioning. Similar to 

contextual fear conditioning, passive avoidance learning requires hippocampal, 

function in C57BL/6J mice (Baarendse et al., 2008a). However, there have been only a 

few studies in which PA was used to study fear extinction (Power et al., 2006; Vianna 

et al., 2001). Figure 1 shows the fear extinction performance in each strain as a 

function of days. There was no significant strain difference in the US activity and 

vocalization was observed in all animals indicating proper registration of US during 

the training. As shown in Figure 1, there was a dramatic increase in latency in both 

strains from the day1 to day 2, indicating the expression of passive avoidance 

acquisition (Wilcoxon related sample test, p < 0.001).  6N mice took significantly 

longer than 6J to enter the DC on the first retention test (Mann Whitney U test Z = -

2.31; p = 0.03). Fig. 2 shows the proportion of animals in each strain which did not 

enter the DC as a function of days. The survival analysis indicated a significant strain 

difference (Mantel-Cox 2 = 4.6, df = 1; p < 0.05). As Figure 2 clearly shows, 6N mice 

had a slower extinction, compared to 6J mice which all moved to DC from the 2nd 

retention test.  



 86 

 

 

 

 

 

 

 

0

100

200

300

400

500

600

1 2 3 4 5 6 7 8 9

L
a

te
n

cy
 (

s)
 

Days  

6J

6N

0

10

20

30

40

50

60

70

80

90

100

2 3 4 5 6 7 8 9

%
 A

n
im

al
s 

  

Days 

6J

6N

Fig.1. Passive avoidance 

transfer latencies in 6J and 

6N mice. Transfer latencies 

are provided from training 

day (day 1) to day 9 in 6J 

and 6N mice subjected to a 

2-s US of 0.7 mA intensity. 

Retention tests lasted 

maximally 600 s. N/strain = 

12. 

 

Fig. 2. Cumulative incidence 
plot of passive avoidance 
fear extinction ‘failures’. 
 



 87 

Dark-light box test before and after the forced swim tests  

Latency to enter BC differed significantly between the test days (F1, 18 = 6.55, p = 

0.021). Both strains entered the BC faster on the 2nd test day (Fig. 3A). There was no 

significant main effect of strains nor strain * test day interaction on the latency to 

enter BC.  

Analysis of the time spent in the BC indicated a significant interaction between days 

and strain (F1, 18 = 24.53, p < 0.0001). There was also a significant main effect of strain 

(F1, 18 = 17.70, p = 0.001). Overall, 6J mice spent more time in the BC, and the strain 

difference increased on the 2nd test day (Fig. 3B). There was no test day effect on the 

time spent in the BC.  

 

 

Fig. 3. Dark-light box and forced swim test performance in 6J and 6N mice. Presented are the 
latencies until the first entry to the bright compartment (a) and the total time spent in the 
bright compartment of the dark-light box (b). Also shown are the latency until the first float 
(c) and the total time spent swimming (d) in mice subjected to the forced swim test. 
Performance is presented as a function of strain and test day, with the dark-light box tests on 
day 1 and 4, and the FST on day 2 and 3. Bars represent means + SEM. n/strain = 10. 
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Forced swim test 

The first test day of the FST took place 24 h after the first DL box exposure.  

Latency to first float: Using the criterion of floating for longer than 3 s, a significant 

effect of test day (F1,18 = 15.79, p = 0.001) but no effect of strain or interaction was 

found (Fig. 3C). Both 6J and 6N mice showed a significantly lower latency on the 2nd 

day of FST testing (day 3) compared with the 1st day of testing (day 2).  

Swim time: For time spent swimming a significant effect of strain (F1,18 = 12.32, p = 

0.0018) and test day (F1,18 = 11.75, p = 0.003) was found, but no interaction. On both 

days, 6J mice showed a higher amount of time spent swimming than 6N mice and for 

both strains decreased their swimming time on the 2nd testing day.  

 

Barnes maze test 

Escape latency: The average latency to enter the escape hole for both strains decreased 

over trials (F5.13 = 112.828, p < 0.001; Fig. 4A). However, no significant difference 

between the strains was found. 

Search strategy: There was a trend of strain differences in the use of the serial 

strategy (F1, 22 = 3.96, p = 0.059) with 6N mice using this strategy more than the 6J 

mice (Fig. 4B). In addition, over trials, the use of the serial strategy decreased in both 

strains (F2, 44= 17.48, p < 0.001), while the use of the spatial strategy increased (F2, 44 = 

37.32, p < 0.001; Fig. 4C). There was again a trend of strain differences (F1, 22= 3.96, p = 

0.059). The 6J mice used the spatial strategy more frequently than the 6N throughout 

the training period. There was a significant interaction in linear contrast between the 

strain and trial blocks (F1.22 = 6.06, p < 0.001). Although both strains increased their 

use of spatial strategy over time, the transition from the serial to spatial strategy was 

faster in 6J.  
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Fig. 4. Barnes maze performance in 6J and 6N mice. Average latency to enter the escape hole 
across trials drops similarly in both substrains (a; two trials per day). The percentage of 6J 
and 6N mice that used a serial (b) or spatial (c) strategy is given per trial block. Trial block 1 
consists of trials 1–4, block 2 of trial 5–8, block 3 of 9–12. Values represent means ± SEM. 
n/strain = 12. 

 

Holeboard test 

Number of hole visits: Both strains significantly decreased the number of hole visits 

over time (F3, 66 = 5.52, p < 0.01; Fig. 5A). 6J mice needed to visit significantly fewer 

holes to locate all the baits than 6N mice (F1, 22 = 12.36, p < 0.01). There was a 

significant interaction in the linear contrast between the strain and days (F1, 22 = 4.36, 

p < 0.05). The decrease in the number of hole visits over time was more marked in the 

6J strain. 

Latency to enter the center area: The center of the holeboard was defined as the area 

in which all holes except for the outer holes were located (12.5 cm from the edges, 40 

cm  40 cm). The peripheral area thus covered the area where the outer ring of holes 

was located. As shown in Fig. 5B, the 6N mice took significantly longer time to enter 

the center area than the 6J strain (F1, 22 = 13.44, p < 0.001). Although there was no 
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main effect of time on the latency to enter the center area, there was a trend of 

interaction between the days and strain (F1, 22 = 3.06, p = 0.094). With progressing 

time, the 6J mice entered the center area more quickly than 6N mice. 

 

 

 

Fig. 5. Hole board performance in 6J and 6N mice. The average number of hole visits to find 
all baited holes (a) and latency to enter the center area (b). The latter expresses thigmotaxis 
(wall-hugging), which represents anxiety. Performance is presented as a function of strain 
and day. Values represent means ± SEM. n/strain = 12. 

 

 

SNP analysis 

Selection of transcripts: The SNP data used in this study was compiled from multiple 

sources and the initial dataset consisted of 82 SNPs. Using the criteria explained in 

Methods, we selected 18 SNPs for further analysis. The total set of 82 SNPs between 

6J and 6N distributed across chromosomes. Among all SNPs, 40 were intergenic and 

5 had unknown locations. The remaining 37 SNPs were located in coding or non-

coding regions of the genome, and all of them were mapped to known genes (Table. 

S2). 

 

Hippocampal gene expression levels of 18 selected transcripts 

In this study, we focused on hippocampal gene expression of a group of 18 known 

transcripts (criteria defined in Methods) by means of real-time quantitative PCR 
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(qPCR). Eight of the 18 transcripts indicated potential differential expression between 

the substrains (Adam12, Adk, Aplp2, Ahnak_var1, Ctnna2, Fgf14_var1, Fgf14_var2; 

Sdcbp_var2). We replicated gene expression measurements of these 8 transcripts. Four 

of these genes (Adk, Adam12, Ahnak_var1, Ctnna2) emerged as strong candidates to 

account for phenotypic differences between the substrains based on their significant 

differential expression. 

Adenosine kinase (Adk) and metallopeptidase domain 12 (Adam12) were upregulated, 

and catenin alpha 2 (Ctnna2) was downregulated in 6N mice in comparison to 6J 

mice (p < 0.05). The remaining gene, AHNAK nucleoprotein (Ahnak), showed a trend 

for difference between 6N and 6J, and was downregulated (p =0.055) in 6N mice in 

comparison to 6J mice (p = 0.084). Figure 6 shows conCtnorm-values with SEM for 

these four genes. 

 

 

 

Fig. 6. Relative hippocampal expression levels of selected transcripts in 6J and 6N mice. 
ConCtnorm-values (log2) are depicted for 18 transcripts. Bars represent means + SEM; n = 
8/strain. #0.1 > p > 0.05, p < 0.05, *p < 0.05, **p < 0.01. 
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Discussion 

The present study demonstrated that 6N mice exhibit several phenotypes related to 

anxiety disorders, as indicated by profound fear extinction impairment, inferior 

cognitive performance and increased immobility in FST. The interaction between 

genetic susceptibility in 6N and environmental insults observed in our study bears 

strong resemblance to PTSD symptoms in humans (Grabe et al., 2009; Koenen et al., 

2008). The diminished capacity to habituate to repeated stressors, as observed in 6N 

mice, is known to play a crucial role in the development of stress-related disorders, 

such as PTSD (Bremner et al., 1995; Fullerton et al., 2001). We also demonstrated how 

a lack of effective habituation can interact with cognitive behavior. Only by 

increasing the cognitive load, strain differences in cognitive performance emerged. 

Importantly, by testing the substrains in DLB before and after a strong aversive 

challenge, we showed that the anxiety-like phenotype is aggravated selectively in 6N 

mice, suggesting the interaction between genes and aversive environmental impacts. 

In addition, hippocampal gene expression differences were observed in several 

transcripts of genes that have strong relevance to anxiety disorders, such as PTSD. 

 

Delayed fear extinction in passive avoidance in 6N mice 

6N mice demonstrated markedly delayed fear extinction with no profound difference 

in the baseline activity before the shock was given. This was in agreement with 

previous findings in fear conditioning tests comparing 6J and 6N mice (Siegmund & 

Wotjak, 2007; Stiedl et al., 1999a). It was an interesting finding that forced exposure 

test facilitated fear extinction in 6J group considerably more than in 6N. While all 6J 

mice transferred in the 2nd retention test, after forced exposure, only 8 out of 12 6N 

mice entered the DC in this 2nd retention test. This was in contrast to our previous 

finding (unpublished data) that, without the exposure procedure, 27 % of 6J did not 

transfer to the DC even at a lower US intensity (0.3 mA) (Fig. S2)  In addition, the 

individual variance was larger in 6N compared with 6J. Such individual variance is 

highly reminiscent of the situation in humans, where only a small proportion of 
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people exposed to traumatic experience actually develop PTSD (Kessler et al., 2005). 

Although this aspect of PTSD has often been overlooked in animal models of the 

disorder, One of the few examples is a study done by Burgos-Robles et al (2007) 

where they could make distinction between ‘good and bad learners’ of fear extinction, 

the extinction performance was correlated with the level of NMDA receptor-

dependent bursting in neurons of the infralimbic cortex.  

 

Regarding brain areas involved in fear extinction, it was recently discovered that 

BDNF input from hippocampus to infralimic cortex plays a crucial role in fear 

extinction performance (Peters et al., 2010). Quirk et al proposed a model of fear 

extinction that involves close interaction between the medial prefrontal cortex and 

the limbic system, including amygdala and hippocampus (Quirk et al., 2006). Hence 

it can be speculated that this circuitry is functioning less optimally in 6N mice, 

especially in those animals with severe fear extinction impairment.  

 

Since 6N mice derive from inbred breeding, a difference in extinction learning 

likely arose from epigenetic differences developed due to environmental factors, 

such as maternal care. Increased maternal experience decreases the level of 

generalized anxiety, and fear extinction is facilitated in the susceptible 6N strain 

(Siegmund et al., 2005). The same group also reported that N-acetylaspartate (NAA) 

levels in the hippocampus could predict persistent PTSD-like symptoms in 6N mice, 

suggesting that neuronal integrity in the hippocampus might be compromised in 

vulnerable 6N individuals (Siegmund et al., 2009). 

 

Enhanced anxiety-like behavior in 6N mice after aversive experience 

Despite the pronounced fear extinction impairment in 6N mice, 6J and 6N strains 

display similar anxiety-like behavior (Matsuo et al., 2010), as no difference was found 

for baseline activity prior to the shock, or performance on the elevated plus maze. 

Thus, it seems that the substrain differences emerge only when a strongly aversive 
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intervention took place. The significant substrain difference in anxiety-behavior 

became apparent only after the 2 days of FST procedure. In studies with repeated 

DLB testing, habituation developed and animals spent more time in the bright 

compartment and exhibited more explorative behavior (Barnes et al., 1990; Costall et 

al., 1989). Despite the aversive nature of the FST, this type of habituation effect took 

still place in 6J mice after FST exposure. In contrast, 6N mice showed decreased time 

spent in the BC after FST exposure, suggesting increased avoidance behavior in this 

substrain. 

Unlike in the DLB tests, the strain difference was observed already in the first FST 

test, with 6N mice significantly swimming less than 6J mice. This difference persisted 

on the second FST day, with decreased swimming, suggesting an effect of the 

repeated aversive test. Repetitive FST is known to be very stressful and animals show 

increased immobility and stress-induced analgesia (Gutierrez-Garcia & Contreras, 

2009; Mclaughlin et al., 2003), which might explain the absence of significant test day 

x strain interaction.   

 

Interaction between spatial cognition and anxiety in 6N mice 

Despite the lack of spatial memory impairment in 6N mice in the Barnes maze test, 

they used more often a serial strategy, which is less effective than a spatial strategy. 

Prenatally stressed animals use a serial strategy significantly more often than non-

stressed controls in the Barnes maze test (Mueller & Bale, 2007), indicating the role of 

stress in the type of search strategy used. Thus, differences in stress reactivity to the 

aversive stimuli could have contributed to this phenotype.  

Increasing task complexity in the holeboard test revealed a suboptimal spatial 

memory performance in 6N mice that was not noticeable in the Barnes maze test. 

Because the multiple targets on the holeboard were scattered across the apparatus, it 

made it less likely to locate all targets by coincidence. In addition to the spatial 

memory deficit in 6N mice, they showed a higher level of anxiety indicated by 

pronounced wall-hugging behavior (thigmotaxis). 6N mice were very reluctant to 
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enter the center area where one of the targets was located. Thus, the cognitive 

performance in 6N may have been influenced by emotionality, similar as 

demonstrated in water maze learning (Wolfer et al., 1998b).  

 

Candidate genes for susceptibility to PTSD-like behavior in rodents 

Based on the hippocampal gene expression differences between 6J and 6N mice, we 

identified 4 candidate genes that bear relevance for the difference in behavioral 

profile related to PTSD. 

Ctnna2 showed less expression in the hippocampus of 6N mice. This difference 

could relate to the difference in the behavioral phenotype of 6N mice, as lowering 

Ctnna2 expression was causally related to enhanced context-dependent fear 

conditioning and acoustic startle response (Park et al., 2002). Ctnna2 encodes the cell-

adhesion protein αN-catenin, which is a key regulator of synaptic contact stability 

and spine motility (Scott et al., 2009). Abnormal motility of spine heads and a high 

degree of filopodial protrusion on spines were observed in cultured hippocampal 

neurons of Ctnna2 knockout mice, whereas overexpression of Ctnna increased the 

number of mature synapses (Abe et al., 2004). These observations suggest that Ctnna 

plays a role in synaptic plasticity through changes in spine dynamics. As reduced 

αN-catenin levels seem to give rise to synaptic disturbances in fear processing 

circuits (Park et al., 2002), we could speculate that the reduced expression in 6N mice 

is associated with increased persistence and reduced flexibility. 

There was a trend of lower expression (p = 0.059) of Ahnak in the hippocampus of 

6N than in 6J mice. Ahnak activates the phospholipase C (PLC) pathway by binding 

to the PLCγ1 isoform, and the protein kinase C (PKC) pathway by binding to the 

PKC- α isoform. Both, PLC and PKC are implicated in emotionality and anxiety 

(Diazgranados & Zarate, 2008; Varadarajulu et al., 2011). Moreover, the locus of 

AHNAK2, a gene that is very similar to the original AHNAK in structure and 

function, is within Anxiety Related Response QTL 28 in rat 

(http://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1309696). Although it is 

http://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1309696
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clear that PLC and PKC signaling regulate fear learning (Fordyce et al., 1995), it is not 

yet established whether low or high PLC and PKC activity gives rise to anxiety. 

Based on the fact that AHNAK activates PLC and PKC pathways, we could speculate 

that 6N mice would have decreased PKC and PLC activity, and that this contributes 

to its divergent phenotype. 

Adk shows an increased expression in 6N mice, and overexpression of Adk in mice 

(Adk-tg mice) resulted in severe cognitive deficits (Singer et al., 2012), with mice 

displaying a higher level of freezing in context fear conditioning. Adk is the key 

metabolic enzyme that catalyzes the transfer of the gamma-phosphate from 

adenosine triphosphate to adenosine, an inhibitory neuromodulator that decreases 

excitatory transmission and potentiates inhibitory transmission. Elevation in 

excitatory transmission increases anxiety (Barkus et al., 2010; Xiao et al., 2012), while 

an increase in inhibitory transmission reduces anxiety (Hodge et al., 2002). Indeed, 

Adk-tg mice exhibited hyper-reactivity to a novel context. Together, these findings 

strongly resemble the enhanced context freezing, generalized fear and inferior 

cognitive performance exhibited by 6N mice in our study. Moreover, ADK 

methylation was found to be negatively correlated with PTSD severity in patients 

(Uddin et al., 2010). Hence, it can be speculated that low ADK methylation in PTSD 

patients implies higher ADK expression. A direct involvement of adenosine in 

anxiety has been suggested, where little alterations in adenosinergic signaling can 

give rise to anxiety and depression-related phenotypes (Boison, 2006). Adenosine 

levels are tightly regulated by Adk and a small increase in Adk expression can lead to 

a major decrease in adenosine levels (Li et al., 2008). Therefore, 6N mice possibly 

have lower adenosine levels than 6J, leading to the anxiety and depression-like 

phenotype of 6N mice.  

The expression of Adam12, a member of the ADAM (a disintegrin and 

metalloprotease) protein family, was higher (trend) in 6N than in 6J mice. Although 

ADAM proteins are involved in cell-cell and cell-matrix interactions, relatively little 

is known for the involvement of ADAM12 in anxiety disorders. It is expressed by 

http://en.wikipedia.org/wiki/Catalyst
http://en.wikipedia.org/wiki/Adenosine_triphosphate#Physical_and_chemical_properties
http://en.wikipedia.org/wiki/Adenosine
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oligodendrocytes, as well as astrocytes and cortical neurons, and is downregulated 

by demyelination (Baertling et al., 2010), and reduced levels of ADAM12 in 

oligodendrocytes have been found in schizophrenic patients (Farkas et al., 2010). 

 

Conclusions 

From the present study the 6N substrain emerges as strong animal model of PTSD, in 

which there is a lack of habituation and a sensitization to stressful events that affects 

cognitive performance. Considering that not only emotional disturbance, but also 

cognitive impairment is an issue in the human PTSD patients (Brandes et al., 2002; 

Eren-Kocak et al., 2009; Vasterling et al., 1998), the 6N substrain offers an opportunity 

to study this less explored aspect of PTSD in an animal model. The here identified 

genes that differ in hippocampal expression level could add information about 

pathways involved in regulation of anxiety in rodents and humans (Hovatta et al., 

2005; Moore, 1999), and could lead to new drug targets involved in the pathological 

development of anxiety related symptoms in PTSD patients.  
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Supporting Information 

 

Table S1. Number of mice used in each experiment. 

 
Experiment 6J mice/ 6N mice/ Comments 
 group group 
 
PA with 0.7 mA US 12 12 Training, retention & extinction 

tests 

Dark-light box test 1 10 10 5-min test (day 1) 

Forced swim test 10* 10* 2-day test (day 2: 10 min, day 3: 

6 min) 

Dark-light box test 2 10* 10* 5-min test (day 4) 

Barnes maze 12 12 Performed at reversed day-

night cycle 

Holeboard 12 12 Performed at reversed day-

night cycle 

Gene expression   8   8 Naïve mice (hippocampus) 

PA: passive avoidance, *same mice as used in previous test  
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Table S2. Genetic loci of SNPs between 6J and 6N mice and Primer sequences transcripts analyzed by real time qPCR 

  

    
Transcript Forward primer Reverse primer 

Reference 
SNP ID 

Chromo- 
some 

SNP 
locus 

6J/6N 
allele 

Adam12 CACGTGGAATGCTCTTCTCA CTTTGGGTGCTTTGTCCAAT rs13479540 7 intronic A/G 

Adk CTATGCTGCCGAGAACAACA TAAGGCATGACGTCCATCAA rs31151615 14 intronic T/C 

Ahnak_var1 CACAGGCTCTGCTGTGGATA GGCACAGTGACCTGGAATTT rs31112038 19 intronic G/C 

Ahnak_var2 ACAGACCTGGACCCATGAAG ATTGCAGTCCAGGGATGAAG rs31112038 19 intronic G/C 

Aplp2_var1 AAGTGGTGGAAGACCGTGAC GTTCGGTTGGATTCTCCTCA rs31112038 19 intronic G/C 

Astn2 GGGCTGTACCCGTAACTTCA CATCCTTCATGGGCTTCAGT rs13477746 4 intronic T/C 

Ctnna2 TGGCTGCTGTAGAGGATGTG GAAGAGCAAGGGTCATCTGC rs32729089 6 intronic T/A 

Dnm2 GCCATCTTCAACACAGAGCA TCCACATCTTCCTGGGAGTC rs13480100 9 intronic T/C 

Fgf14_var1 ATGGAGGCAAACCAGTCAAC CCACTGTGCTCAGGACAAGA 
CEL-
14_116404928 

14 intronic G/A 

Fgf14_var2 GCAGTGTCTTTGTGGCAAGA ACCTGGTCACTATGCCCTTG 
CEL-
14_116404928 

14 intronic G/A 

Jmjd1c CCCCATGACCATAAGCATCT AATGTGCATGGCATCAAGAA rs13480628 10 exonic T/C 

Ksr2 TGCCCGATATTCAGATCTCC GCTGGAGTCTGGCTGGTAAG rs3662161 5 intronic A/G 

Lims1 CCAAGGGGGAAATCCTGTAT GATGTGGAGGCTAGGGATCA rs29359333 10 intronic G/A 

Mtmr3 CTCATCCCTCCAGAAGCAAG CAGACCACAGAGAGCATGGA rs3659787 11 intronic G/A 

Nedd9_var1 CCTCCACTACCCCAGTACCA GCAAGGAACGCTTAAACAGC rs3722313 13 intronic T/C 

Nedd9_var2 GATAGGACCAGGGCTCATCA CAGCTCCTCAGCACACTCAG rs3722313 13 intronic T/C 

Sdcbp_var1 TGACAGGTAACGATGCTGGA GCCCAATTTTTCCATCTTGA rs32143059 4 
5' 
UTR 

G/A 

Sdcbp_var2 ACCAGCACAAGGGTTGGTAG TCCAGCATCGTTACCTGTCA rs32143059 4 
5' 
UTR 

G/A 

Serbp1 
GTAGGTTTTGCTAGCTATGTCCT
GA 

GACTATGGATAAATGGCTACCT
GA 

rs6157367 6 
3' 
UTR 

T/A 
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Fig. S1. Experimental sequence of passive avoidance (PA) experiments during training and 
memory test. US = unconditioned stimulus (0.7 mA for 2 s). 

 

 

 

Fig. S2. Cumulative incidence plot of passive avoidance fear extinction ‘failures’ at a lower 
US (0.3 mA) without forced exposure. The percentage of animals which failed to enter the 
dark compartment is provided as a function of days. N/strain = 12.  
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Abstract 

 5-HT1A receptors are implicated in the modulation of cognitive processes including 

encoding of fear learning. However, their exact role has remained unclear due to 

contrasting contributions of pre- versus postsynaptic 5-HT1A receptors. Therefore, 

their role in fear conditioning was studied in mice using the selective ligand S15535, 

which fully activates 5-HT1A autoreceptors, yet only weakly stimulates their 

postsynaptic counterparts. The effects of S15535 were compared to those of the full 

agonist 8-OH-DPAT and the selective antagonist NAD-299. 8-OH-DPAT dose-

dependently (0.01-0.5 mg/kg) and markedly impaired both context- and tone-

dependent fear conditioning, as determined by complementary measures of 

inactivity and freezing. 8-OH-DPAT-mediated impairments were blocked by pre-

injection of the selective 5-HT1A antagonist WAY100635. S15535 (0.01-5.0 mg/kg) 

mimicked 8-OH-DPAT in predominantly impairing conditioned contextual fear, 

though with smaller effect size than 8-OH-DPAT, consistent with lower efficacy at 

postsynaptic 5-HT1A receptors. Furthermore, S15535 (1.0 mg/kg) tended to attenuate 

the impairment of fear conditioning by 8-OH-DPAT (0.3 mg/kg). In contrast, NAD-

299 (0.3 and 1 mg/kg) facilitated contextual freezing. WAY100635 (0.3 mg/kg) 

prevented the impairment of contextual fear by S15535 (1 and 5 mg/kg), 

underpinning the role of 5-HT1A receptors in the actions of S15535. Collectively, these 

data indicate that 5-HT1A receptor ligands modulate fear conditioning in a 

bidirectional manner: activation of postsynaptic 5-HT1A sites exerts an inhibitory 

influence, whereas their blockade promote facilitation of fear conditioning. The 

results with S15535 underscore the importance of ligand efficacy in determining the 

actions of 5-HT1A receptor ligands in fear conditioning and other models of cognitive 

function. 

 

 



 110 

Introduction 

 Currently, 14 serotonin (5-HT) receptor subtypes have been characterized (Hoyer 

et al., 2002). Among these, 5-HT1A receptors are of particular interest in view of their 

broad physiological significance in modulating, for example, cognition (Buhot, 1997; 

King et al., 2008; Ögren et al., 2008), cardiovascular function (Ramage, 2001) and pain 

(Millan, 2002; Colpaert, 2006). 

 5-HT1A receptors are located both pre- and postsynaptically relative to 

serotonergic pathways. 5-HT1A autoreceptors regulate the firing rate of serotonergic 

dorsal and median raphe neurons, and their stimulation reduces 5-HT release in the 

limbic system, the frontal cortex and other structures innervated by serotonergic 

neurons (Millan et al., 2000; Yoshitake et al., 2003). While 5-HT1A autoreceptors 

mainly control neuronal activity via recruitment of G-protein-coupled inwardly 

rectifying potassium (GIRK) channels, postsynaptic 5-HT1A receptors are principally 

coupled via Gi/o-protein to adenylyl cyclase: their activation triggers 

hyperpolarization and decreases the firing rates of neurons in hippocampus, 

amygdala and other structures (Bickmeyer et al., 2002; Sakai and Tanaka, 1993; 

Pollandt et al., 2003; Millan et al., 2008). 

 Use of the prototypical agent 8-OH-DPAT, which behaves as a full agonist at both 

pre- and postsynaptic 5-HT1A receptors, suggests that its facilitation of cognition at 

low doses reflects engagement of highly-sensitive 5-HT1A autoreceptors (Meller and 

Bohmaker, 1994; Warburton et al., 1997;; Madjid et al., 2006; Millan et al., 2008). In 

contrast, cognitive deficits observed after high doses of 8-OH-DPAT involve 

stimulation of postsynaptic 5-HT1A receptors (Misane et al., 1998; Stiedl et al., 2000a). 

In contrast, blockade of postsynaptic 5-HT1A receptors by selective antagonists is in 

some studies associated with procognitive effects observed in rodent models of 

aversive learning and memory (Schechter et al., 2005; Madjid et al., 2006). 

 However, the precise roles of 5-HT1A receptors in the modulation of cognition has 

remained unclear due to the differential effects obtained by specific ligands. Though 
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the issue has not been systematically investigated, the effects of 5-HT1A receptor 

ligands depend on their intrinsic activity since pre- and postsynaptic 5-HT1A sites 

display high and low sensitivity to activation, respectively (Meller and Bohmaker, 

1994; Millan et al., 2008). 

 One approach to understanding the relative contribution of pre- and postsynaptic 

receptors is to examine the actions of compounds with different efficacies at 5-HT1A 

receptors. The highly selective, potent and low efficacy agonist S15535 is of particular 

interest since it generally behaves as an agonist at 5-HT1A autoreceptors, yet as an 

antagonist at postynaptic 5-HT1A receptors (Carli et al., 1999; Millan et al., 1993, 2004). 

S15535 has been shown to exert a broad range of procognitive effects in both rats and 

mice (Millan et al., 2004). 

 To date, the effects of S15535 in fear conditioning, an emotional learning task, have 

not been investigated. The present study compared the actions of S15535 to those of 

other selective 5-HT1A receptor ligands possessing different intrinsic activities. In 

order to minimize drug effects on pain sensitivity that may affect fear learning, a 

highly salient US intensity was used and US responses were quantified to determine 

the potential effect of altered pain responsiveness on fear conditioning. In addition to 

8-OH-DPAT, the actions of S15535 were compared to those of the selective 5-HT1A 

antagonist NAD-299 (Johansson et al., 1997). Furthermore, potential interactions at 

the postsynaptic 5-HT1A receptors were studied by the combined administration of 

S15535 and 8-OH-DPAT. Finally, to determine potential 5-HT1A receptor agonist 

effects of S15535, interaction studies were conducted with the selective 5-HT1A 

antagonist, WAY100635 (e.g. Fletcher et al., 1996). 
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Materials and methods 

Animals 

 Experiments were performed with 223 male C57BL/6J mice (C57BL/6JIco; Charles 

River, Maastricht, The Netherlands) at an age of 9-11 weeks. Mice were initially 

housed in groups until their delivery at 8 weeks of age. Thereafter mice were 

individually housed in standard cages (Macrolon, type II) with free access to food 

and tap water. They were acclimated to the animal facility for one week before the 

experiments started. Mice were kept under a 12-hr dark-light cycle with lights turned 

on at 7 a.m. at constant ambient temperature of 21 ± 1°C and 60 ± 10% relative 

humidity. Experiments were performed during the light phase minimally 2 h apart 

from circadian light shifts (9 a.m. - 5 p.m.). Control groups were tested concurrently 

with drug-treated groups. Mice were housed in a room 3-4 m apart from the 

experimental room separated from another by two soundproof doors. All 

experimental procedures were approved by the local animal research committee and 

performed in agreement with the European Communities Council Directive 

(86/609/EEC). All efforts were made to minimize the numbers of animals used and 

their suffering. 

 

Drugs and drug administration 

 The following four compounds were used: (1) 8-OH-DPAT ((±)-8-hydroxy-2-

dipropylaminotetralin; MW: 328.3; Sigma-Aldrich, Taufkirchen, Germany), (2) NAD-

299 ((R)-3-N,N-dicyclobutylamino-8fluoro-3,4-dihydro-3H-1-benzopyran-5-carbox-

amide-hydrogen(2R,3R)-tartrate monohydrate; MW: 486.5; Astra Zeneca, R&D, 

Södertälje, Sweden), (3) S15535 (1-(2,3-Dihydro-1,4-benzodioxin-5-yl)-4-(indan-2-

yl)piperazine; MW: 432.5; Servier, Croissy-sur-Seine, France) and (4) WAY100635 (N-

{2-{4-(2-methoxyphenyl)-1-piperazinyl]ethyl}-N-(2-pyridinyl) cyclo-hexanecarbox-

amide fumarate; MW: 538.6; Servier, Croissy-sur-Seine, France). All drugs were 
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dissolved in sterile 0.9% NaCl solution (saline), except for S15535. This compound 

was dissolved in sterile distilled water due to its limited solubility in saline. Both, 

saline and distilled water served as control solutions.  

 All compounds were injected subcutaneously (s.c.) into the scruff of the neck with 

an injection volume of 4 ml/kg. Injections occurred at the following times before fear 

conditioning experiments: in case of single injection the drugs were given 20 min 

(NAD-299, S15535) or 15 min (8-OH-DPAT) before training, in case of double 

injections they were administered 35 min (WAY100635) and 20 min (S15535) before 

training. This timing of drug injection followed that used in previous studies 

investigating 5-HT1A receptor function (Madjid et al., 2006; Stiedl et al., 2000a). 

Injections were administered during a brief isoflurane anesthesia maximally lasting 

for 30 s (Stiedl et al., 2000a,b, 2007). This approach is selected because it reduces the 

number of mice used in the experiments by avoiding injection failures and it lowers 

the stress level causing prolonged tachycardia in mice upon return to the home cage, 

while not interfering with the subsequent experiments. WAY100635 was used since it 

is described as silent antagonist exerting no facilitatory effect on fear conditioning at 

the dose (0.3 mg/kg) used herein (Stiedl et al., 2000a). Only higher doses (1-3 mg/kg) 

produced facilitation in a passive avoidance test under conditions of low shock 

reinforcement (Madjid et al., 2006). 

 

Fear conditioning 

 Fear conditioning experiments were carried out as previously described (e.g. 

Stiedl et al., 1999, 2000a,b) employing a computer-controlled fear conditioning 

system (TSE-Systems, Bad Homburg, Germany). The fear conditioning sequence is 

schematically presented in Fig. 1. During training, mice initially explored the context 

for 180 s. Thereafter, a single paired (delay) presentation occurred with a 30-s tone 

(10 kHz, pulsed 5 Hz, 70 dB SPL) followed at tone offset by a 2-s shock 

(unconditioned stimulus: US; 0.7 mA, constant current). The US was delivered 
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through the stainless steel floor grid (ø 4 mm, distance 9 mm) in the fear conditioning 

box. Mice were returned to their home cages from the fear conditioning box 30 s after 

US offset. Training (acquisition) occurred in a Plexiglas cage (36 x 21 x 20 cm; width x 

depth x height) within a constantly illuminated (120-500 lx) fear conditioning box 

(conditioning context) made of dark grey acrylic plastic. The fear conditioning 

chamber was thoroughly cleaned with 70% ethanol before each experiment. In the 

conditioning box a high-frequency loudspeaker (Conrad, KT-25-DT, Hirschau, 

Germany) provided a constant auditory background noise (white noise, 68 dB SPL). 

 

 

Fig. 1.  Schematic representation of the fear conditioning sequence from training to testing. 

 

 Context-dependent memory was tested 24 h after training by re-exposure to the 

conditioning box for 180 s without any phasic stimulation such as tone and shock. 

The tone-dependent memory test was performed 2 h after the contextual memory 

test in a novel context. The novel context was a similarly sized Plexiglas cage that 

was cleaned with 1% acetic acid before each experiment. The light intensity was 

reduced to 40-120 lx in order to render the novel context different from the 

conditioning context. A plain floor replaced the shock grid in the cage and the 

background color was white. Initially behavior was monitored for 180 s without tone 

presentation (pre-CS phase) before the tone-CS was replayed for 180 s (CS phase). 

 Freezing, the active suppression of ongoing behavior, initially termed crouching in 

rats (Blanchard and Blanchard, 1969), was defined as the lack of any movement 

besides respiration and was assessed by a time-sampling procedure (Fanselow and 
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Bolles, 1979). Every 10 s the behavior of a mouse was instantly judged as either 

freezing or not by an observer unaware of the training condition. In addition, 

activity-derived measures (inactivity and mean activity) were recorded by a photo 

beam system (15 x 15 beams, 10 Hz detection rate) controlled by the fear conditioning 

system (see Stiedl et al., 1999, 2000a,b). Activity (cm/s) consisted of locomotor 

activity and local body movements. Mean activity (cm/s) was calculated by the fear 

conditioning system to determine baseline activities and shock responses. Inactivity 

was calculated by the fear conditioning system as the percentage of time a mouse 

was inactive during a defined test phase as automated correlate of freezing with 100-

fold higher sampling rate. The threshold for inactivity was set to movements with a 

speed below 1 cm/s as previously described (Misane et al., 2005; Stiedl et al., 1999, 

2000a,b, 2007). 

 

Statistical analysis 

 Homogeneity of group variances of data was determined by Levene’s statistic 

(JMP 5.0.1a software, SAS Institute, Cary, NC) for all measures of each experimental 

series. In case of homogeneity of group variances analysis of variance (ANOVA) was 

applied for overall comparisons, whereas Welch ANOVA was performed in case of 

inhomogeneity (StatView 5.0.1 and JMP 5.0.1a software, SAS Institute, Cary, NC). 

Post hoc comparisons were performed by Fisher’s protected least significant 

difference (PLSD) test to analyze the statistical significance of appropriate multiple 

comparisons (Kirk, 1968). An error probability of p < 0.05 was accepted as statistically 

significant in all tests. A trend denotes an error probability of 0.05 < p < 0.1. Data 

from different control treatments, saline and distilled water for single injections, and 

saline + distilled water and distilled water + saline for double injections, were pooled 

because of similar results without statistical differences. 
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Results 

Effects of administration of 8-OH-DPAT, S15535 and NAD-299 on conditioned fear 

 Training: Drug treatment had a significant effect on activity during the 180-s 

period of contextual exploration (F12,46.41 = 60.03, p < 0.0001; Fig. 2A). Pre-training 

injection of 8-OH-DPAT at doses of 0.3 and 0.5 mg/kg caused a strong reduction of 

activity in the initial 180-s period of contextual exposure (p < 0.001). Freezing 

occurred only occasionally regardless of drug treatment (data not shown). Mice 

injected with 8-OH-DPAT showed signs of the serotonin syndrome (crouching, flat 

body posture, hind limb abduction, lateral head weaving) at a dose of 0.3 mg/kg that 

was more pronounced at 0.5 mg/kg. A significant reduction of activity was elicited 

by the high doses of S15535 (1 and 5 mg/kg, p < 0.01 and p < 0.001, respectively) in 

the initial 180-s training period. In addition, all mice injected with S15535 at a dose of 

5 mg/kg showed mild signs of the 5-HT syndrome (crouching, lateral head weaving) 

and piloerection. 

 Pre-training injection had a significant effect on the 2-s shock response (F12,132 = 

4.32, p < 0.0001; Fig. 2B). 8-OH-DPAT at doses of 0.3 and 0.5 mg/kg caused a 

significant reduction of the 2-s shock response (p < 0.05, p < 0.001, respectively). 

Nevertheless, all mice showed vocalization and flinching indicating proper US 

perception. A decrease in absolute US-induced activity was only observed in 8-OH-

DPAT-treated mice (Fig. 2B), whereas the relative activity increase by the US with 

respect to baseline activity (Fig. 2A) was even higher than in controls. 

Context-dependent memory test: Re-exposure to the conditioning context was 

performed to analyze conditioned contextual fear responses that involve 

hippocampal function (Stiedl et al., 2000b). Drug treatment had a significant effect on 

freezing (F12,45.07 = 68.23, p < 0.0001; Fig. 2C) and inactivity (F12,46.97 = 15.58, p < 0.0001; 

Fig. 2D). Conditioned contextual fear was impaired (p < 0.001) by pre-training 

injection of 8-OH-DPAT (0.3 and 0.5 mg/kg) and by S15535 (0.5 - 5 mg/kg). Low 

doses of 8-OH-DPAT (0.01 and 0.03 mg/kg) and S15535 (0.01 and 0.1 mg/kg) had no  
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effect. While a significant increase in freezing was observed following pre-training 

injection of NAD-299 (0.3 and 1 mg/kg; p < 0.05; Fig. 2C), inactivity levels did not 

differ from that of the control group (Fig. 2D). 

 Novel context performance: This test was performed to determine the specificity of 

the conditioned fear response to contextual cues. Low freezing scores and inactivity 

measures indicated a low level of generalized fear irrespective of drug treatment. 

Still, drug treatment had a significant effect on freezing (F12,46.79 = 2.27, p < 0.05; Fig. 

2E) and inactivity (F12,47.03 = 3.72, p < 0.01; Fig. 2F) in the novel context. Post hoc 

comparison showed an increased level in both freezing (p < 0.001) and inactivity (p < 

0.01) in mice injected with 1 mg/kg of NAD-299 before training (Fig.s. 2E, F). No 

significant behavioral changes were observed except for a mild but significantly 

increased inactivity in mice that received S15535 at 1 mg/kg (p < 0.05). 

 Tone-dependent memory test: Re-exposure to the tone in the novel context was 

performed to analyze fear conditioned to an explicit cue. Drug treatment had a 

significant effect on freezing (F12,132 = 6.74, p < 0.0001; Fig. 2G) and inactivity (F12,46.92 

= 7.80, p < 0.0001; Fig. 2H) in the novel context. Post hoc comparison indicated 

significantly reduced freezing (p < 0.0002) and inactivity (p < 0.01) in mice injected 

with 8-OH-DPAT (0.3 and 0.5 mg/kg) and S15535 (5 mg/kg) compared to controls. 
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Fig. 2.  Training and retention performance as a function of drug treatment in C57BL/6J 
mice after single pretraining injections. Drugs were injected subcutaneously 15 min (8-OH-
DPAT) and 20 min before training (NAD-299, S15535). Training performance was analyzed 
on the basis of activity during the initial 180-s period of exposure to the conditioning context 
(A) and the activity in response to the 2-s foot shock exposure (B) during training on day 1. 
Conditioned contextual fear was determined 24 h after training on the basis of freezing (C) 
and inactivity (D). Generalized fear responses were determined in the novel context on the 
basis of freezing (E) and inactivity (F) before the mice were re-exposed to the tone to 
determine conditioned fear elicited by the auditory cue on the basis of freezing (G) and 
inactivity (H). The sample size of each group is provided in the lower column (G). *p < 0.05, 
**p < 0.01, ***p < 0.001 vs. control. Note the 4-fold increased US (unconditioned stimulus; foot 
shock) activity range in B compared to A. 

 

Effects of combined administration of 8-OH-DPAT and S15535 on conditioned fear 

 These experiments aimed to determine whether S15535 attenuates the 

impairments in fear conditioning caused by 8-OH-DPAT at a higher dose (0.3 

mg/kg). 

 Training: Pre-training drug treatment had a significant effect on activity of mice 

during the initial 180-s period of contextual exploration (F6,42 = 39.87, p < 0.0001; Fig. 

3A). All groups of mice treated with 8-OH-DPAT and S15535 showed significantly 

lower activity (p < 0.0001) than control mice, except for those that initially received 

WAY100635. Pre-injection of WAY100635 before 8-OH-DPAT blocked the reduction 

of baseline activity. Freezing was observed only occasionally during training 

regardless of drug treatment (data not shown). In contrast, there was no difference in 

activity during the 2-s shock exposure among different groups (F6,42 = 1.50, p = 0.20; 

Fig. 3B). All mice showed vocalization and flinching indicating proper US perception. 

Despite the profound US-induced activity increase in all groups, the post hoc 

comparison indicated a significantly lower US response (p < 0.05) in mice subjected 

to combined treatment of S15535 (1 mg/kg) followed by 8-OH-DPAT (0.3 mg/kg) 

than in controls. 

 Context-dependent memory test: Drug treatment before training resulted in a 

significant effect on conditioned contextual freezing responses (F6,42 = 16.65, p < 
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0.0001; Fig. 3C) and inactivity (F6,42 = 17.00, p < 0.0001; Fig. 3D). 8-OH-DPAT (0.3 

mg/kg; control + 8-OH-DPAT) caused a strong impairment of freezing and inactivity 

(p < 0.0001 for both) when compared with the values of the control group. Pre-

injection of WAY100635 blocked the impairment of conditioned contextual freezing 

and inactivity. S15535 (S15535 1 mg/kg + control) applied at the dose of 1 mg/kg 

reduced freezing (p < 0.05 vs. control) but not inactivity (p = 0.18 vs. control). Pre-

injection of S15535 at a dose of 1 mg/kg but not 0.5 mg/kg before 8-OH-DPAT (0.3 

mg/kg) tended to increase freezing (p = 0.058) and significantly increased inactivity 

(p = 0.049) when compared with the effects of 8-OH-DPAT alone (control + 8-OH-

DPAT). At the dose of 0.5 mg/kg S15535 (S15535 0.5 mg/kg + control) did not affect 

conditioned contextual fear in comparison to controls, but failed to attenuate the 

impairment caused by 8-OH-DPAT. 

 Novel context performance: Drug treatment neither affected freezing responses (F6,42 

= 1.85, p = 0.11) nor inactivity levels (F6,42 = 1.71, p = 0.14) in the novel context (data 

not shown). Freezing (~5%) and inactivity (~24%) were low, indicating no major 

signs of generalized fear. 

 Tone-dependent memory test: Drug treatment had a significant effect on freezing 

(F6,42 = 6.72, p < 0.0001; Fig. 3E) and inactivity (F6,47.22 = 9.00, p < 0.0002; Fig. 3F). 

8-OH-DPAT (0.3 mg/kg; control + 8-OH-DPAT) caused an impairment of freezing (p 

< 0.01) and inactivity (p < 0.05) in comparison to values of the control group. S15535 

(S15535 + control) at a dose of 1 mg/kg resulted in a significant reduction of freezing 

(p < 0.05 vs. control) but not inactivity (p = 0.052 vs. control). Pre-injection of S15535 

before 8-OH-DPAT did not modify freezing and inactivity when compared to 8-OH-

DPAT alone (control + 8-OH-DPAT). S15535 given at the 0.5 mg/kg dose did not 

affect tone-dependent memory and failed to attenuate the impairment caused by 8-

OH-DPAT. 

 



 121 

 

 

Fig. 3.  Training and retention performance as a function of drug treatment in C57BL/6J 
mice after double pretraining injections investigating the antagonistic effect of S15535. Two 
subcutaneous injections were given 35 and 20 min before training, respectively. Training 
performance was analyzed on the basis of activity during the initial 180-s period of exposure 
to the conditioning context (A) and the activity in response to the 2-s foot shock exposure (B) 
during training on day 1. Conditioned contextual fear was determined 24 h after training on 
the basis of freezing (C) and inactivity (D). Two h later the mice were re-exposed to the tone 
in a novel context to determine conditioned fear elicited by the auditory cue on the basis of 
freezing (E) and inactivity (F). The sample size of each group is provided in the lower left 
column (E). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; ^p = 0.058 and #p = 0.049 vs. 8-OH-
DPAT (control + DPAT). DPAT: 8-OH-DPAT (0.3 mg/kg). Note the 4-fold increased US 
(unconditioned stimulus; foot shock) activity range in B compared to A. 
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Effects of combined administration of WAY100635 and S15535 on conditioned fear 

 These experiments were performed to determine whether the impairment of fear 

conditioning caused by S15535 could be prevented by pre-injection of the selective 

5-HT1A receptor antagonist WAY100635.  
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Fig. 4.  Training and retention performance as a function of drug treatment in C57BL/6J 
mice after double pretraining injections investigating the agonistic effect of S15535. Two 
subcutaneous injections were given 35 and 20 min before training, respectively. Training 
performance was analyzed on the basis of activity during the initial 180-s period of exposure 
to the conditioning context (A) and the activity in response to the 2-s foot shock exposure (B) 
during training on day 1. Conditioned contextual fear was determined 24 h after training on 
the basis of freezing (C) and inactivity (D). Two h later the mice were re-exposed to the tone 
in a novel context to determine conditioned fear elicited by the auditory cue on the basis of 
freezing (E) and inactivity (F). The sample size of each group is provided in the lower left 
column (E). *p < 0.05, ***p < 0.001 vs. control; WAY: WAY100635 (0.3 mg/kg). Note the 4-fold 
increased US (unconditioned stimulus; foot shock) activity range in B compared to A. 

 

 Training: Drug treatment had a significant effect on the activity during the 180-s 

period of contextual exploration (F4,34 = 9.57, p < 0.0001; Fig. 4A). Post hoc 

comparison indicated a significantly reduced activity (p < 0.001) of mice injected with 

S15535 (control + S15535 at 5 mg/kg) compared with controls. Pre-injection of 

WAY100635 before S15535 (5 mg/kg) blocked the activity reduction with values that 

did not differ from those of controls. Freezing occurred only occasionally during 

training regardless of drug treatment (data not shown). All mice showed vocalization 

and flinching indicating proper US perception and there was no difference in activity 

during the 2-s shock exposure (F4,34 = 1.30, p > 0.29; Fig. 4B). 

 Context-dependent memory test: Drug treatment before training had a significant 

effect on conditioned contextual freezing (F4,34 = 9.63, p < 0.0001; Fig. 4C) and 

inactivity (F4,32 = 4.37, p < 0.01; Fig. 4D). WAY100635 (0.3 mg/kg; WAY100635 + 

control) did not alter freezing and inactivity. In contrast, S15535 (5 mg/kg; control + 

S15535) impaired freezing and inactivity (p ≤ 0.002 for both) in comparison to values 

of the control group. Pre-injection of WAY100635 (WAY100635 + S15535) prevented 

the impairment of freezing and inactivity by S15535 (control + S15535) at a dose of 5 

mg/kg. These values did not differ from the effect of WAY100635 pre-injection 

before S15535 at 1 mg/kg.  

 Novel context performance: Drug treatment before training had no effect on freezing 

responses (F4,34 = 0.87, p > 0.49) and inactivity (F4,34 = 1.38, p > 0.26) in the novel 
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context (data not shown). Again, freezing (~6%) and inactivity (~26%) were low 

indicating no major signs of generalized fear. 

 Tone-dependent memory test: Drug treatment before training had no effect on 

conditioned auditory fear responses (F4,34 = 2.27, p = 0.083; Fig. 4E) and inactivity 

(F4,34 = 1.75, p > 0.16; Fig. 4F). However, S15535 (5 mg/kg; control + S15535) reduced 

freezing and inactivity (p < 0.02 for both) in comparison to values of the control 

group. WAY100635 (0.3 mg/kg; WAY100635 + control) did not affect freezing and 

inactivity. Pre-injection of WAY100635 before S15535 (WAY100635 + S15535) blocked 

the impairment of freezing and inactivity caused by S15535 (control + S15535) at a 

dose of 5 mg/kg. These values did not differ from the effect of WAY100635 pre-

injection before S15535 at 1 mg/kg.  

 

Discussion 

 The major finding of this study is that the 5-HT1A receptor ligands tested differed 

in their ability to modulate fear conditioning, a “classical” one-trial test of emotional 

learning and memory. Both 8-OH-DPAT and S15535 impaired acquisition of fear 

conditioning in a dose-dependent manner with stronger effects of S15535 on 

responses conditioned to contextual cues than to the explicit cue (tone). WAY100635 

prevented the impairment by both 8-OH-DPAT and S15535 demonstrating a specific 

role of 5-HT1A receptor activation in mediating the observed impairments. Low doses 

(0.01 - 0.03 mg/kg) of 8-OH-DPAT and S15535 failed to affect fear conditioning, 

while 5-HT1A receptor blockade by NAD-299 (0.3 and 1 mg/kg) caused a significant 

facilitation of conditioned contextual fear. 

 An important issue in emotional learning tests is to clarify whether the drug 

effects on performance are confounded by alterations in pain perception or anxiety. 

In order to minimize the impact of altered pain perception, a highly salient US was 

used that produces a ceiling effect in fear learning in C57BL/6N mice after one US 
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exposure during training (Milanovic et al., 1998). This is evidenced by the fact that all 

mice profoundly increased (3-5-fold) their locomotor activity (flinching and jumping) 

during the 2-s US exposure (Fig.s. 2B, 3B, 4B) when compared with their baseline 

activity (Figs. 2A, 3A, 4A). In the case of S15535, there was virtually no difference 

between US activity levels at 0.01 and 5.0 mg/kg, despite signs of the serotonin 

syndrome at 5 mg/kg. Lower absolute US-induced activities, most likely as a 

consequence of reduced locomotor activity due to the 5-HT syndrome, were 

recorded only in 8-OH-DPAT-treated mice (0.3 and 0.5 mg/kg; Fig. 2B; as reported 

by Stiedl et al. (2000)) and following the combined injection of 8-OH-DPAT (0.3 

mg/kg) and S15535 (1 mg/kg; Fig. 3B). Nevertheless, the US responses were still 

substantially higher than the baseline activity indicating proper US response, and the 

relative activity increase triggered by the US with respect to baseline activity was 

even higher than in controls. Furthermore, there is no evidence that 8-OH-DPAT 

(Millan, 1994), S15535 and WAY100635 affect nociception as measured by a range of 

different acute procedures (Millan et al., unpublished data). Moreover, studies on the 

temporal effects of 5-HT1A antagonist and agonist injection before passive avoidance 

training, indicated that despite the lack of serotonin syndrome with normal baseline 

and US activity during training fear memory can be impaired (Stiedl et al., 

unpublished data). In conclusion, the effects of the 5-HT1A receptor ligands on fear 

conditioning appear not to be due to changes in pain responsiveness.  

 The impact of anxiety-like behavior on cognition varies as shown in different 

studies with DBA/2 and C57BL/6 mice (see Podhorna and Brown, 2002; Ohl et al., 

2003). The higher anxiety-like behavior in DBA/2 than in C57BL/6 mice (Holmes et 

al., 2002; Ohl et al., 2003) is not associated with enhanced fear conditioning (Stiedl et 

al., 1999; Holmes et al., 2002). Based on previous studies there is no evidence for a 

modulation of anxiety-like behavior of mice by NAD-299 (C57BL/6J mice: Madjid et 

al., 2006) and WAY100635 (Swiss mice: Griebel et al., 1999; rats: Millan et al., 1997) 

over the dose-range used here. For 8-OH-DPAT and S15535 the situation is more 

complex and unclear based on effects on baseline locomotor activity/exploration. 
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Here, it is important to note that 5-HT1A receptor activation generally results in 

increased locomotor activity in rats (e.g. Misane et al., 1998) as opposed to decreased 

locomotor activity in mice. However, although locomotor activity was reduced in 8-

OH-DPAT-treated mice (0.3 and 0.5 mg/kg) hardly any freezing was observed as 

reported before (Stiedl et al., 2000a). In anxiety tests such as the elevated plus maze 

and open field test, drug effects on activity may confound the interpretation of 

anxiety-like behavior (see Kas et al., 2008). The selective 5-HT1A agonist 8-OH-DPAT 

produced anxiolytic/sedative effects in mice on the elevated plus maze only at a 

dose of 1.0 mg/kg (Rodgers et al., 1992), but exerts a complex pattern of test-

dependent effects (see Millan, 2003). Anxiolytic-like effects of S15535 have been 

reported in rats in certain standard procedures (predominantly conflict tests) but not 

in the elevated plus maze (Millan et al, 1997; Dekeyne et al., 2000; Millan, 2003). 

Consequently, the findings on anxiety modulation by acute pharmacological 

interventions using 5-HT1A receptor ligands are inconsistent (see Ögren et al., 2008). 

Although not comparable with acute pharmacological interventions in adult mice, 

studies in constitutive knockout mice with deleted gene encoding the 5-HT1A 

receptor throughout their development show little evidence for altered anxiety-like 

behavior and fear learning (Groenink et al., 2003a,b). In contrast, the developmental 

contribution of 5-HT1A receptors for anxiety-like behavior has been shown in 5-HT1A 

receptor deficient mice (Gross et al., 2002). Here, the 5-HT1A receptor expression in 

the hippocampus and cortex in the early postnatal period but not adulthood rescued 

the increased anxiety-like phenotype of 5-HT1A receptor-deficient mice. In summary, 

it is concluded that the observed effects on fear learning are most likely independent 

of modulation of anxiety. 

 8-OH-DPAT impaired both context- and tone-dependent fear conditioning at 

doses of 0.3 and 0.5 mg/kg, extending previous findings (Stiedl et al., 2000a) over the 

same dose-range disrupting passive avoidance in mice (Madjid et al., 2006). The 

adverse cognitive effects of “higher” doses of 8-OH-DPAT (> 0.2 mg/kg) have been 

attributed to stimulation of hippocampal postsynaptic 5-HT1A receptors (reviewed by 
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Ögren et al., 2008). In support of this contention, local injection of 8-OH-DPAT into 

the dorsal hippocampus results in a deficit in conditioned context-dependent fear 1 

hr and 24 hr after training (Stiedl et al., 2000a). The fear conditioning impairments by 

8-OH-DPAT were fully blocked by the selective 5-HT1A receptor antagonist 

WAY100635 as shown before (Stiedl et al., 2000a) indicating specific 5-HT1A receptor 

involvement, and ruling out the potential involvement of other 5-HT receptor 

subtypes that may be activated by 8-OH-DPAT, such as 5-HT7 and 5-HT4 (Eriksson et 

al., 2008). 

 Unlike previous results in a passive avoidance procedure in mice (Madjid et al., 

2006) and rats (Lüttgen et al., 2005a), low doses (0.01 - 0.03 mg/kg) of 8-OH-DPAT 

failed to facilitate fear conditioning. The experimental conditions of the present task 

are characterized by high performance in C57BL/6J mice due to a high US intensity, 

whereas less adverse US conditions are used in passive avoidance learning providing 

a wider dynamical range for facilitation (see Madjid et al., 2006). Interestingly, low 

doses of 8-OH-DPAT also failed to improve spatial learning in normal rats and did 

not attenuate scopolamine-induced cognitive deficits (Lüttgen et al., 2005a). This 

indicates that the test conditions and/or task demands are critical for observing 

procognitive effects by full 5-HT1A receptor agonists. 

 The pattern of effects following S15535 was similar to 8-OH-DPAT with only 

quantitatively lower impairment in fear conditioning, consistent with partial agonist 

properties. This quantitative difference is in agreement with the 14-fold lower 

potency of S15535 than 8-OH-DPAT for inhibiting firing of raphe neurons (Millan et 

al., 1994).  

 Although S15535 did not antagonize impairments caused by 8-OH-DPAT, there 

was a trend for attenuation. This suggests that S15535 competes with the full agonist 

8-OH-DPAT at 5-HT1A receptors, thereby reducing the magnitude of impairment 

caused by 8-OH-DPAT alone. Indeed, S15535 competitively displaces binding of 

[3H]-8-OH-DPAT at 5-HT1A receptors, leading to a rightward shift (decrease) in the 
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potency of 8-OH-DPAT (Millan et al., 1994; Newman-Tancredi et al., 1998, 2001, 

2003). 

 Similar to 8-OH-DPAT (0.3 mg/kg), S15535 (5 mg/kg) elicited signs of the 

serotonin syndrome with reduced baseline activity. This syndrome is attributed to 

activation of postsynaptic 5-HT1A receptors (Tricklebank et al., 1984; Stiedl et al., 

2000a), suggesting an agonist effect of S15535. Taken together, the present results 

indicate that S15535 impairs fear conditioning by partial agonist function at 

postsynaptic 5-HT1A receptors (Newman-Tancredi et al., 1999, 2003). This conclusion 

agrees with autoradiographical studies of GTP[γ]S binding showing that S15535 sub-

maximally stimulates postsynaptic 5-HT1A receptors (by ca 20-40%) as compared to 

8-OH-DPAT (85-90%), but significantly more than WAY100635 which behaves as 

pure antagonist (0%) (Newman-Tancredi et al., 1999, 2001, 2003). 

 The differences between NAD-299 and WAY100635 in fear conditioning are 

intriguing in view of their similar receptor binding profiles (Ögren et al., 2008). The 

silent 5-HT1A receptor antagonist WAY100635 exhibits a less pronounced facilitatory 

effect than NAD-299 in the passive avoidance task (Madjid et al., 2006). Consistent 

with these findings, NAD-299 (0.3 and 1 mg/kg) facilitated conditioned contextual 

fear as measured by freezing, while a similar facilitatory effect was not caused by 

WAY100635 (Stiedl et al., 2000a). This difference has been attributed to the higher 

selectivity of NAD-299 than WAY100635 for 5-HT1A receptors (reviewed by Ögren et 

al., 2008). Contextual fear conditioning and passive avoidance learning are aversive 

learning tasks both involving hippocampal function in C57BL/6J mice (Stiedl et al., 

2000b; Baarendse et al., 2008). Mice injected with NAD-299 (1 mg/kg) exhibited also 

generalized fear, as indicated by their higher level of freezing and inactivity in the 

novel context. Generalized fear also appears to require hippocampal function 

(Bergado-Acosta et al., 2008). Importantly, NAD-299 enhances passive avoidance 

retention and blocks the impairment by scopolamine at doses that increased 

acetylcholine release in the hippocampus and cortex (Lüttgen et al., 2005a; Kehr et al., 
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personal communication). However, NAD-299, similarly to WAY100635, failed to 

facilitate spatial memory and attenuate the deficit by scopolamine in the water maze 

task (Lüttgen et al., 2005a). 

 The present results underscore the complex role of 5-HT1A receptors in 

modulating cognitive performance and the challenges inherent in defining the roles 

of basal transmission and the involvement of pre- versus postsynaptic receptor 

populations. For instance, increasing the number of postsynaptic 5-HT1A receptors by 

hippocampal and cortical overexpression did not induce mnemonic effects but 

increased the sensitivity to cognitive impairments by 8-OH-DPAT (Bert et al., 2009). 

Furthermore, even results acquired with local injections of 8-OH-DPAT, a highly 

lipophilic compound, cannot easily be ascribed to the site of injection only (Stiedl et 

al., 2000a; Ögren et al., 2008). The variable effects obtained after pharmacological 

intervention studies probably reflect the complex co-distribution profile of brain 5-

HT1A receptors with multiple neurotransmitter systems associated with cognition. 5-

HT1A receptor ligands can produce contrasting and regional-specific effects on neural 

firing rates in rat forebrain regions. Postsynaptic 5-HT1A receptors are localized on 

glutamatergic pyramidal cells and GABAergic interneurons in the cortex and 

hippocampus (Diaz-Mataix et al., 2005; Lüttgen et al., 2005a), as well as on 

septohippocampal GABAergic and cholinergic neurons (Lüttgen et al., 2005b). The 

different 5-HT1A receptor subpopulations can alter neurotransmission of glutamate, 

GABA, and acetylcholine neurons controlling cognition (Ögren et al., 2008).  

The procognitive effects of S15535 in spatial and social recognition tasks (Carli et 

al., 1999; Millan et al., 2004) indicate that neuronal mechanisms underlying fear 

conditioning differ from hippocampus-dependent spatial memory tasks. Fear 

conditioning involves not only the hippocampus but also the amygdala and 

somatosensory parietal cortex (Fendt and Fanselow, 1999; Milanovic et al., 1998). 

Moreover, in the study by Carli et al. (1999) S15535 did not facilitate learning by itself 

but prevented the impairment of spatial learning caused by intrahippocampal 
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scopolamine. Importantly, the functional actions of partial agonists depend on the 

basal activity of their cognate (5-HT1A) receptors and the concentration of the 

endogenous ligand acting on the receptor. When the functional activity of 5-HT is 

high, a partial agonist will behave like an antagonist in blunting their activation, 

whereas it will behave more like an agonist when the endogenous tone is low. It is 

unknown at present whether the endogenous 5-HT tone differs in various learning 

tasks. Such differences could explain the fact that a small dose range exists in which 

8-OH-DPAT - probably through stimulation of presynaptic receptors - can facilitate 

fear learning but not spatial learning (see Ögren et al., 2008). 

 Taken together, the present results suggest an important role of postsynaptic 5-

HT1A receptors in the modulation of fear conditioning, whereas the role of 5-HT1A 

autoreceptors remains to be established. The dose-response analysis of the actions of 

8-OH-DPAT and S15535 showed a progression from no effect to impaired fear 

learning, with a less marked impact of S15535, which cannot be explained by changes 

in pain responsiveness. Moreover, the facilitation of fear conditioning by the 5-HT1A 

receptor antagonist NAD-299 is observed at doses that do not alter anxiety-like 

behavior. This intriguing finding suggests that the effect of 5-HT1A receptor blockade 

involves associative learning mechanisms. As for all experiments of this type, it 

would be of interest in future studies to further clarify the precise relationship 

between the influence of 5-HT1A receptor ligands and other drug classes on cognitive 

function, anxiety and nociception. In conclusion, these results underpin the 

importance of efficacy in determining the functional effects of 5-HT1A receptor 

ligands in fear conditioning and other learning tasks, especially if novel 5-HT1A 

agents are intended for the management of cognitive deficits seen in many CNS 

disorders. 

  



 131 

References 

 

Baarendse, P.J.J., van Grootheest, G., Jansen, R.F., Pieneman, A.W., Ögren, S.O., 
Verhage, M., Stiedl, O., 2008. Differential involvement of the dorsal 
hippocampus in passive avoidance in C57BL/6J and DBA/2J mice. 
Hippocampus 18, 11–19. 

Bergado-Acosta, J.R., Sangha, S, Narayanan, R.T., Obata, K., Pape, H.C., Stork, O., 
2008. Critical role of the 65-kDa isoform of glutamic acid decarboxylase in 
consolidation and generalization of Pavlovian fear memory. Learning and 
Memory, 15, 163–171. 

Bert, B., Voigt, H.-J., Kusserow, H., Theuring, F., Rex, A., Fink, H., 2009. Increasing 
the number of 5-HT1A-receptors in cortex and hippocampus does not induce 
mnemonic effects in mice. Pharmacology, Biochemistry and Behavior 92, 76-81. 

Bickmeyer, U., Heine, M., Manzke, T., Richter, D.W., 2002. Differential modulation of 
I(h) by 5-HT receptors in mouse CA1 hippocampal neurons. European Journal 
of Neuroscience 16, 209–218. 

Blanchard, R.J., Blanchard, C., 1969. Crouching as an index of fear. Journal of 
Comparative and Physiological Psychology, 67, 370-375. 

Buhot, M.C., 1997. Serotonin receptors in cognitive behaviors. Current Opinion in 
Neurobiology 7, 243–254. 

Carli, M., Balducci, C., Millan, M.J., Bonalumi, P., Samanin, R., 1999. S 15535, a 
benzodioxopiperazine acting as presynaptic agonist and postsynaptic 5-HT1A 
receptor antagonist, prevents the impairment of spatial learning caused by 
intrahippocampal scopolamine. British Journal of Pharmacology 128, 1207–
1214. 

Colpaert, F.C., 2006. 5-HT1A receptor activation: new molecular and neuroadaptive 
mechanisms of pain relief. Current Opinion in Investigational Drugs 7, 40–47. 

Dekeyne, A., Brocco, M., Adhumeau, A., Gobert, A., Millan, M.J., 2000. The selective 
serotonin (5-HT)1A receptor ligand, S15535, displays anxiolytic-like effects in 
the social interaction and Vogel models and suppresses dialysate levels of 5-
HT in the dorsal hippocampus of freely-moving rats. A comparison with other 
anxiolytic agents. Psychopharmacology 152, 55-66. 

Díaz-Mataix, L., Scorza, M.C., Bortolozzi, A., Toth, M., Celada, P., Artigas, F., 2005. 
Involvement of 5-HT1A receptors in prefrontal cortex in the modulation of 
dopaminergic activity: role in atypical antipsychotic action. Journal of 
Neuroscience 25, 10831–10843. 

Eriksson, T.M., Golkar, A., Ekström, J.C., Svenningsson, P., Ögren, S.O., 2008. 5-HT7 
receptor stimulation by 8-OH-DPAT counteracts the impairing effect of 5-



 132 

HT1A receptor stimulation on contextual learning in mice. European Journal of 
Pharmacology 596, 107-110. 

Fanselow, M.S., Bolles, R.C., 1979. Naloxone and shock-elicited freezing in the rat. 
Journal of Comparative and Physiological Psychology 93, 736–744. 

Fendt, M., Fanselow, M.S., 1999. The neuroanatomical and neurochemical basis of 
conditioned fear. Neuroscience and Biobehavioral Reviews 23, 743–760. 

Fletcher, A., Forster, E.A., Bill, D.J., Brown, G., Cliffe, I.A., Hartley, J.F., Jones, D.E., 
McLenachan, A., Stanhope, K.J., Critchley, D.J.P., Childs, K.J., Middlefell, V.C., 
Lanfumey, L., Corradetti, R., Laporte, A.M., Gozlan, H., Hamon, M., Dourish, 
C.T., 1996. Electrophysiological, biochemical, neurohormonal and behavioural 
studies with WAY 100635, a potent, selective and silent 5-HT1A receptor 
antagonist. Behavioural Brain Research 73, 337–353. 

Griebel, G., Rodgers, R.J., Perrault, G., Sanger, D.J., 1999. Behavioural profiles in the 
mouse defence test battery suggest anxiolytic potential of 5-HT1A receptor 
antagonists. Psychopharmacology 144, 121–130. 

Groenink, L., van Bogaert, M.J., van der Gugten, J., Oosting, R.S., Olivier, B., 2003a. 5-
HT1A receptor and 5-HT1B receptor knockout mice in stress and anxiety 
paradigms. Behavioral Pharmacology 14, 369–383. 

Groenink, L., Pattij, T., de Jongh, R., van der Gugten, J., Oosting, R.S., Dirks, A., 
Olivier, B., 2003b. 5-HT1A receptor knockout mice and mice overexpressing 
corticotropin-releasing hormone in models of anxiety. European Journal of 
Pharmacology 463, 185–197. 

Gross, C., Zhuang, X., Stark, K., Ramboz, S., Oosting, R., Kirby, L., Santarelli, L., Beck, 
S., Hen, R. 2002. Serotonin1A receptor acts during development to establish 
normal anxiety-like behaviour in the adult. Nature 416, 396–400. 

Holmes, A., Wrenn, C.C., Harris, A.P., Thayer, K.E., Crawley, J.N. (2002). Behavioral 
profiles of inbred strains on novel olfactory, spatial and emotional tests for 
reference memory in mice. Genes, Brain and Behavior 1, 55–69. 

Hoyer, D., Hannon, J.P, Martin, G.R., 2002. Molecular, pharmacological and 
functional diversity of 5-HT receptors. Pharmacology, Biochemistry and 
Behavior 71, 533–554. 

Johansson, L., Sohn, D., Thorberg, S.O., Jackson, D.M., Kelder, D., Larsson, L.G., 
Rényi, L., Ross, S.B., Wallsten, C., Eriksson, H., Hu, P.S., Jerning, E., Mohell, N., 
Westlind-Danielsson, A., 1997. The pharmacological characterization of a 
novel selective 5-hydroxytryptamine1A receptor antagonist, NAD-299. Journal 
of Pharmacology and Experimental Therapeutics 283, 216–225. 

Kas, M.J.H., de Mooij-van Malsen, A.J.G., Olivier, B., Spruijt, B.M., van Ree, J.M., 2008. 
Differential genetic regulation of motor activity and anxiety-related behaviors 
in mice using an automated home cage task. Behavioral Neuroscience 122, 



 133 

769–776. 

King, M.V., Marsden, C.A., Fone, K.C., 2008. A role for the 5-HT1A, 5-HT4 and 5-HT6 
receptors in learning and memory. Trends in Pharmacologial Sciences 29, 482–
492. 

Kirk, R.E., 1968. Experimental design: Procedures for the behavioral sciences. 
Belmonte: Brooks/Cole Publishing Company. 

Lüttgen, M., Elvander-Tottie, E., Madjid, N., Ögren, S.O., 2005a. Analysis of the role 
of 5-HT1A receptors in spatial and aversive learning in the rat. 
Neuropharmacology 48, 830–852. 

Lüttgen, M., Ögren, S.O., Meister, B., 2005b. 5-HT1A receptor mRNA and 
immunoreactivity in the rat medial septum/diagonal band of Broca–
relationship to GABAergic and cholinergic neurons. Journal of Chemical 
Neuroanatomy 29, 93–111. 

Madjid, N., Elvander Tottie, E., Lüttgen, M., Meister, B., Sandin, J., Kuzmin, A., Stiedl, 
O., Ögren, S.O., 2006. 5-HT1A receptor blockade facilitates aversive learning in 
mice: Interactions with cholinergic and glutamatergic mechanisms. Journal of 
Pharmacology and Experimental Therapeutics 316, 581–591. 

Meller, E., Bohmaker, K., 1994. Differential receptor reserve for 5-HT1A receptor-
mediated regulation of plasma neuroendocrine hormones. Journal of 
Pharmacology and Experimental Therapeutics 271, 1246–1252. 

Milanovic, S., Radulovic, J., Laban, O., Stiedl, O., Henn, F., Spiess, J., 1998. Production 
of the Fos protein after contextual fear conditioning of C57BL/6N mice. Brain 
Research 784, 37–47. 

Millan, M.J., 1994. Serotonin and pain: evidence that activation of 5-HT1A receptors 
does not elicit antinociception against noxious thermal, mechanical and 
chemical stimuli in mice. Pain 58, 45–61. 

Millan, M.J., 2002. Descending control of pain. Progress in Neurobiology 66, 355–474. 

Millan, M.J., 2003. The neurobiology and control of the anxious state. Progress in 
Neurobiology 70, 83–244. 

Millan, M.J., Rivet, J.-M., Canton, H., Lejeune, F., Gobert, A., Widdowson, P., 
Bervoets, K., Brocco, M., Peglion, J.-L., 1993. S 15535: a highly selective 
benzodioxopiperazine 5-HT1A receptor ligand which acts as an agonist and an 
antagonist at presynaptic and postsynaptic sites respectively. European 
Journal of Pharmacology 230, 99–102. 

Millan, M.J., Canton, H., Gobert, A., Lejeune, F., Rivet, J.-M., Bervoets, K., Brocco, M., 
Widdowson, P., Mennini, T., Audinot, V., 1994. Novel benzodioxopiperazines 
acting as antagonists at postsynaptic 5-HT1A receptors and as agonists at 5-
HT1A autoreceptors: a comparative pharmacological characterization with 



 134 

proposed 5-HT1A antagonists. Journal of Pharmacology and Experimental 
Therapeutics 268, 337–352. 

Millan, M.J., Hjorth, S., Samanin, R., Schreiber, R., Jaffard, R., De Ladonchamps, B., 
Veiga, S., Goument, B., Peglion, J.-L., Spedding, M., Brocco, M., 1997. S 15535, 
a novel benzodioxopiperazine ligand of serotonin (5-HT)1A receptors: II. 
Modulation of hippocampal serotonin release in relation to potential 
anxiolytic properties. Journal of Pharmacology and Experimental Therapeutics 
282, 148–161. 

Millan, M.J., Lejeune, F., Gobert, A., 2000. Reciprocal autoreceptor and heteroreceptor 
control of serotonergic, dopaminergic and noradrenergic transmission in the 
frontal cortex: relevance to the actions of antidepressant agents. Journal of 
Psychopharmacology 14, 114–138. 

Millan, M.J., Gobert, A., Roux, S., Porsolt, R., Meneses, A., Carli, M., Di Cara, B., 
Jaffard, R., Rivet, J.-M., Lestage, P., Mocaer, E., Peglion, J.-L., Dekeyne, A., 2004. 
The serotonin1A receptor partial agonist S15535 [4-(benzodioxan-5-yl)1-(indan-
2-yl)piperazine] enhances cholinergic transmission and cognitive function in 
rodents: a combined neurochemical and behavioral analysis. Journal of 
Pharmacology and Experimental Therapeutics 311, 190–203. 

Millan, M.J., Marin, P., Bockaert, J., Mannoury la Cour, C., 2008. Signaling at G-
protein-coupled serotonin receptors: recent advances and future research 
directions. Trends in Pharmacological Sciences 9, 454–464. 

Misane, I., Johansson, C., Ögren, S.O., 1998. Analysis of the 5-HT1A receptor 
involvement in passive avoidance in the rat. British Journal of Pharmacology 
125, 499–509. 

Misane, I., Tovote, M., Meyer, M., Spiess, J., Ögren, S.O., Stiedl, O., 2005. Time-
dependent involvement of the dorsal hippocampus in trace fear conditioning 
in mice. Hippocampus 15, 418–426. 

Newman-Tancredi, A., Verrièle, L., Chaput, C., Millan, M.J., 1998. Labelling of 
recombinant human and native rat serotonin 5-HT1A receptors by a novel, 
selective radioligand [3H]-S 15535: definition of its binding profile using 
agonists, antagonists and inverse agonists. Naunyn-Schmiedeberg’s Archives 
of Pharmacology 357, 205–217. 

Newman-Tancredi, A., Rivet, J.-M., Chaput, C., Touzard, M., Verrièle, L., Millan, M.J., 
1999. The 5HT1A receptor ligand, S15535, antagonises G-protein activation: a 

[35S]GTPS and [3H]S15535 autoradiography study. European Journal of 
Pharmacology 384, 111–121. 

Newman-Tancredi, A., Verrièle, L., Millan, M.J., 2001. Differential modulation by 

GTPS of agonist and inverse agonist binding to h5-HT1A receptors revealed 
by [3H]-WAY100,635. British Journal of Pharmacology 132, 518–524. 



 135 

Newman-Tancredi, A., Rivet, J.-M., Cussac, D., Touzard, M., Chaput, C., Marini, L., 
Millan, M.J., 2003. Comparison of hippocampal G protein activation by 5-HT1A 
receptor agonists and the atypical antipsychotic clozapine and S16924. 
Naunyn-Schmiedeberg’s Archives of Pharmacology 368, 188–199.  

Ögren, S.O., Eriksson, T.M., Elvander-Tottie, E., D’Addario, C., Ekström, J.C., 
Svenningsson, P., Meister, B., Kehr, J., Stiedl, O., 2008. The role of 5-HT1A 
receptors in learning and memory. Behavioural Brain Research 195, 54–77. 

Ohl, F., Roedel, A., Binder, E., Holsboer, F., 2003. Impact of high and low anxiety on 
cognitive performance in a modified hole board test in C57BL/6 and DBA/2 
mice. European Journal of Neuroscience, 17, 128–136. 

Podhorna, J., Brown, R.E., 2002. Strain differences in activity and emotionality do not 
account for differences in learning and memory performance between 
C57BL/6 and DBA/2 mice. Genes, Brain and Behavior 1, 96–110. 

Pollandt, S., Drephal, C., Albrecht, D., 2003. 8-OH-DPAT suppresses the induction of 
LTP in brain slices of the rat lateral amygdala. Neuroreport 14, 895–897. 

Ramage, A.G., 2001. Central cardiovascular regulation and 5-hydroxytryptamine 
receptors. Brain Research Bulletin 56, 425-439. 

Rodgers, R.J., Cole, J.C., Cobain, M.R., Daly, P., Doran, P.J. Eells, J.R., Wallis, P. (1992) 
Anxiogenic-like effects of fluprazine and eltoprazine in the mouse elevated 
plus-maze: profile comparisons with 8-OH-DPAT, CGS 12066B, TFMPP and 
mCPP1. Behavioural Pharmacology 3, 621–634. 

Sakai, N., Tanaka, C., 1993. Inhibitory modulation of long-term potentiation via the 
5-HT1A receptor in slices of the rat hippocampal dentate gyrus. Brain Research 
613, 326–330. 

Schechter, L.E., Smith, D.L., Rosenzweig-Lipson, S., Sukoff, S.J., Dawson, L.A., 
Marquis, K., Jones, D., Piesla, M., Andree, T., Nawoschik, S., Harder, J.A., 
Womack, M.D., Buccafusco, J., Terry, A.V., Hoebel, B., Rada, P., Kelly, M., 
Abou-Gharbia, M., Barrett, J.E., Childers, W., 2005. Lecozotan (SRA-333): a 
selective serotonin 1A receptor antagonist that enhances the stimulated release 
of glutamate and acetylcholine in the hippocampus and possesses cognitive-
enhancing properties. Journal of Pharmacology and Experimental 
Therapeutics 314, 1274–1289. 

Stiedl, O., Radulovic, J., Lohmann, R., Birkenfeld, K., Palve, M., Kammermeier, J., 
Sananbenesi, F., Spiess, J., 1999. Strain and substrain differences in context- 
and tone-dependent fear conditioning of inbred mice. Behavioural Brain 
Research 104, 1–12. 

Stiedl, O., Misane, I., Spiess, J., Ögren, S.O., 2000a. Involvement of the 5-HT1A 
receptors in classical fear conditioning in C57BL/6J mice. Journal of 
Neuroscience 20, 8515–8527. 



 136 

Stiedl, O., Birkenfeld, K., Palve, M., Spiess, J., 2000b. Impairment of conditioned 
context- but not tone-dependent fear of C57BL/6J mice by the NMDA receptor 
antagonist APV. Behavioural Brain Research 116, 157–168. 

Stiedl, O., Misane, I., Koch, M., Pattij, T., Meyer, M., Ögren, S.O., 2007. Activation of 
the brain 5-HT2C receptors causes hypolocomotion without anxiogenic-like 
cardiovascular adjustments in mice. Neuropharmacology 52, 949–957. 

Tricklebank, M.D., Forler, C., Fozard, J.R., 1984. The involvement of subtypes of the 
5-HT1 receptor and catecholaminergic systems in the behavioural response to 
8-hydroxy-2-(di-n-propylamino)tetralin in the rat. European Journal of 
Pharmacology 106, 271–282. 

Warburton, E.C., Harrison, A.A., Robbins, T.W., Everitt, B.J., 1997. Contrasting effects 
of systemic and intracerebral infusions of the 5-HT1A receptor agonist 8-OH-
DPAT on spatial short-term working memory in rats. Behavioural Brain 
Research 84, 247–258. 

Yoshitake, T., Yoshitake, S., Yamaguchi, M., Ögren, S.O., Kehr, J., 2003. Activation of 
5-HT1A autoreceptors enhances the inhibitory effect of galanin on 
hippocampal 5-HT release in vivo. Neuropharmacology 44, 206–213. 



 137 

 5-HT1A receptor-mediated modulation of heart 

rate dynamics and its adjustment by conditioned 

and unconditioned fear in mice 

 

 Jiun Youn , Torben Hager, Ilga Misane, Anton W. Pieneman, René F. Jansen, Sven Ove 

Ögren, Michael Meyer, Oliver Stiedl 

 

British Journal of Pharmacology 170 (2013) 859-70 

 

  

Chapter  

6 



 138 

 

  



 139 

Abstract 

Background and Purpose The beat-by-beat fluctuation (dynamics) of heart rate (HR) 

depends on centrally mediated autonomic nervous system (ANS) control reflecting 

the physiological state of an organism. 5-HT1A receptors are implicated in affective 

disorders that are associated with ANS dysregulation which increases cardiac risk 

and their role in autonomic HR regulation under physiological condition is 

insufficiently characterized. 

Experimental Approach The effects of subcutaneously administered 5-HT1A receptor 

ligands were investigated on HR dynamics in C57BL/6 mice during baseline stress-

free conditions and emotional challenge (recall of fear conditioned to an auditory 

stimulus and novelty exposure) using time domain and nonlinear HR analyses. 

Key Results Pre-training injection of 8-OH-DPAT (0.5 mg·kg-1) prevented the 

conditioned tachycardia in the retention test indicating impaired fear memory. 

Pretest 5-HT1A receptor activation by 8-OH-DPAT (0.5 but not 0.1 and 0.02 mg·kg-1) 

caused bradycardia and increased HR variability. 8-OH-DPAT (0.5 mg·kg-1) lowered 

the unconditioned and conditioned tachycardia from ~750 bpm to ~550 bpm without 

changing the expression of the conditioned HR response to the sound. 8-OH-DPAT 

induced profound QT prolongation and bradyarrhythmic episodes. Nonlinear 

analysis indicated a pathological state of HR dynamics after 8-OH-DPAT (0.5 mg·kg-1) 

with ANS hyperactivation impairing HR adaptability. The 5-HT1A receptor 

antagonist WAY-100635 (0.03 mg·kg-1) blocked the 8-OH-DPAT-mediated effects.  

Conclusions and Implications Pre-training 5-HT1A receptor activation by 8-OH-DPAT 

(0.5 mg·kg-1) impairs memory of conditioned auditory fear based on an attenuated 

HR increase, whereas pretest administration does not prevent the fear-conditioned 

HR increase but induces pathological HR dynamics through central ANS 

dysregulation with cardiac effects similar to acute SSRI overdosing. 
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Introduction 

  Serotonin (5-hydroxytryptamine; 5-HT) signaling via its 14 receptor subtypes 

(Hoyer et al., 2002) is implicated in a wide range of physiological functions (Barnes 

and Sharp, 1999) from cardiovascular regulation (reviewed by Ramage, 2001; Côte et 

al., 2004; Villalón and Centurión, 2007; Ramage and Villalón, 2008) to cognition 

(reviewed by Buhot 1997). Affective disorders including depression and anxiety 

(Ressler and Nemeroff, 2000) have been linked to disturbances in 5-HT transmission. 

The 5-HT1A receptor, to which 5-HT has a high affinity, is of particular interest in 

affective disorders since the mechanisms of current antidepressants, e.g. the selective 

serotonin reuptake inhibitors (SSRIs), involves actions at both pre- and postsynaptic 

5-HT1A receptors (Artigas 2013). Moreover, positron emission tomography studies 

have shown reductions in pre- and postsynaptic 5-HT1A receptor binding in 

depressed patients (reviewed by Savitz et al., 2009). 

 Patients with anxiety or anxiety comorbid to depression show an increased risk for 

cardiovascular disease (Vogelzangs et al., 2010). Substantially increased cardiac risk 

exists especially during severe emotional challenge as indicated by epidemiological 

studies (Bhattacharyya and Steptoe, 2007). Emotional challenges alter autonomic 

nervous system (ANS) responses, generally by increasing sympathetic tone while 

decreasing parasympathetic tone (Nalivaiko and Sgoifo, 2009), and enhance 

thrombogenesis through increased platelet formation (Côte et al., 2004). These two 

conditions can contribute to elevated risk of cardiac mortality ranging from 

congestive heart failure to sudden cardiac death. 

 Previous investigations using pharmacological interventions (reviewed by 

Ramage, 2001; Ramage and Villalón, 2008; Côte et al., 2004) have shown that several 

5-HT receptor subtypes are involved in central ANS regulation. These studies were 

performed under different experimental conditions mainly in anesthetized rats and 

cats with externally placed ECG electrodes. The effects of the 5-HT1A/5-HT7 receptor 

agonist 8-OH-DPAT (100 µg/kg) on autonomic responses were investigated in rats 
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subjected to severe behavioral stress (reviewed by Nalivaiko and Sgoifo, 2009). 

Injection of 8-OH-DPAT inhibited the stressor-induced increase of sympathetic tone 

in rats without changing baseline values (Ngampramuan et al., 2008). Based on these 

findings 5-HT1A receptor activation was suggested to exert beneficial effects on ANS 

responses by attenuating sympathetic drive during aversive challenges (Nalivaiko, 

2006; Nalivaiko and Sgoifo, 2009; Ngampramuan et al., 2008). However, 5-HT1A 

receptor activation is also associated with enhanced parasympathetic drive in rats 

and cats (reviewed by Ramage, 2001; Ramage and Villalón, 2008). Since information 

on brain area-selective involvement of 5-HT1A receptors in central ANS regulation is 

limited, it is notable that overexpression of 5-HT1A receptors in the raphe complex of 

mice and increased autoinhibition leads to spontaneous death, which has been linked 

to sudden infant death syndrome (Audero et al., 2008). 

 Initially, the effects of subcutaneous pre-training injection of 8-OH-DPAT (0.5 

mg·kg-1) were determined by two learning procedures, auditory delay and trace 

conditioning, since the latter but not the former procedure involves dorsal 

hippocampal function (Misane et al., 2005). Subcutaneous 8-OH-DPAT given at 

higher dose (≥0.3 mg·kg-1) before training impaired fear learning as show by the 

reduction in freezing response to both the context and, to a lesser degree, a tone 

previously paired to a shock (Stiedl et al., 2000a; Youn et al., 2009) and reducing 

transfer latencies in passive avoidance retention tests (Madjid et al., 2006). However, 

the consequences for aversively conditioned HR responses have not been 

investigated.  

 Experiments in mice based on the 0.5 mg·kg-1 dose of subcutaneously 

administered 8-OH-DPAT (Stiedl et al., 2009) indicate adverse effects of 5-HT1A 

receptor activation on ANS function. This dose also impairs emotional learning and 

memory (Ögren et al., 2008; Stiedl et al., 2000a; Youn et al., 2009). The aim of the 

present study was to investigate the contribution of 5-HT1A receptors to HR 

dynamics under physiological conditions in freely moving mice using radio-
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telemetry with a spectrum of tests, autonomic measures and 5-HT1A receptor ligands. 

Low and higher doses 8-OH-DPAT were used to address the involvement of pre- 

versus postsynaptic 5-HT1A receptors, respectively (reviewed by Ögren et al., 2008). 

Autonomic effects were determined with respect to baseline HR and its adjustment 

in response to exposure to an auditory cue serving as conditioned fear stimulus (see 

Tovote et al., 2004, 2005). Therefore, 8-OH-DPAT was injected before the memory test 

to examine the effects on the expression of cued fear. In addition, HR effects were 

analyzed during novelty exposure serving as unconditioned emotional challenge 

(Stiedl et al., 2004; Tovote et al., 2005) and under low stress conditions in the home 

cage. Effects of drug treatment on subintervals of the electrocardiogram (ECG) were 

quantified since changes of electric propagation across the heart through altered ANS 

control may indicate cardiac risk states. Furthermore, HT1A receptor-mediated effects 

on HR dynamics were analyzed by nonlinear methods because of their superior 

sensitivity of functional assessment with regard to physiological or pathological state 

of HR dynamics (Ivanov et al., 1996; Meyer and Stiedl, 2003; Stiedl et al., 2009) 

 

Methods 

Animals A total of 105 male C57BL/6NCrlBR (6N) and C57BL/6JIco (6J) mice 

aged 11-15 weeks were used in this study. These two C57BL/6 substrains show 

similar behavioral and autonomic responses (Stiedl et al., 1999). Mice (Charles River 

Germany and Netherlands) were obtained at 8 weeks of age and individually housed 

in standard cages (Macrolon type II) with free access to food and water. They were 

kept at constant ambient temperature (21 ± 1ºC) and relative humidity (55 ± 10%) 

under a 12-h dark-light cycle with lights turned on at 7 a.m. The experiments were 

performed during the light phase (low activity of nocturnal mice) to minimize the 

contribution of elevated physical activity to autonomic effects during the retention 

test. All experimental procedures were approved by local animal research 

committees and performed in accordance with the European Council Directive 
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(86/609/EEC). All studies involving animals are reported in accordance with the 

ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al., 2010). 

 

ECG radio-telemetry ECG recordings were obtained from intraperitoneally 

implanted ECG radio-transmitters (TA10EA-F20, Data Sciences, St. Paul, MN, USA) 

with the two ECG electrodes placed subcutaneously in lead II position as previously 

described (Stiedl and Spiess, 1997). Surgery was performed in 8-week-old male mice, 

followed by an analgesic treatment (0.1 mg·kg-1 buprenorphine) and 2-3 weeks of 

recovery. ECG measurements by radio-telemetry allowed remote determination of 

HR dynamics in the home cage of mice (see Supporting Information).  

 

Drugs and drug administration Used drugs were: 8-OH-DPAT (8-hydroxy-2-(di-N-

propylamino)tetralin), WAY-100635 (N-(2-(1-(4-(2-methoxyphenyl)-1-piperazinyl)-

ethyl)-N-2-pyridinylcyclohexanecarboamide; both from Sigma-Aldrich, Taufkirchen, 

Germany) and NAD-299 ((R)-3-N,N-dicyclobutylamino-8-fluoro-3,4-dihydro-2H-1-

benzopyran-5-carboxamide hydrogen (2R,3R)tartrate monohydrate; robalzotan; 

AZD-7371; AstraZeneca R&D, Södertälje, Sweden). The drug and receptor 

nomenclature used conforms to BJP's Guide to Receptors and Channels (Alexander et 

al., 2011). All compounds were freshly dissolved in sterile saline. Solutions were 

injected subcutaneously (s.c.) into the scruff of the neck in a volume of 8 ml·kg-1. In 

case of single injection, the drugs were given 15 min before the retention test or 

training, and in case of double injections, 30 and 15 min before the retention test. 

Injections occurred during a brief isoflurane anesthesia period lasting maximally for 

90 s as used before (e.g. Stiedl et al., 2000a,b; see Supporting Information). Drugs 

were given subcutaneously for comparison with previous studies in mice (e.g. 

Madjid et al., 2006; Youn et al., 2009; Eriksson et al., 2012) and because subcutaneous 

injection of 8-OH-DPAT results in improved pharmacokinetic properties due to 

reduced first-pass metabolism compared to intraperitoneal administration (see Stiedl 
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et al., 2000). 

Fear conditioning. Fear conditioning experiments were carried out as previously 

described (e.g. Stiedl et al., 2000a,b) using a computer-controlled fear conditioning 

system (TSE-Systems, Bad Homburg, Germany). During training (acquisition) mice 

were subjected to a single paired (delay) presentation of a 30-s auditory cue 

(conditioned stimulus: CS; 10 kHz, pulsed 5 Hz, 75 dB SPL) and, at sound offset, a 

shock (unconditioned stimulus: US; 2 s, 0.7 mA, constant current) delivered through 

a stainless steel floor grid in the fear conditioning box. Mice were returned to their 

home cage from the fear conditioning box 30 s after US termination. Additionally, 

training was performed by 30-s trace conditioning, i.e. separation of CS and US by a 

30-s interval, repeated twice with a 60-s interval. This training sequence requires 

dorsohippocampal function for cued associative learning (Misane et al., 2005). Delay 

and 30-s trace conditioning were used to assess the effect of pre-training drug 

administration on conditioned HR responses 24 h after training. 

 Training occurred in a Plexiglas cage (36 cm  21 cm  20 cm; length  width  

height) inside a constantly illuminated (120-500 lx) conditioning box made of dark 

grey acrylic plastic. A loudspeaker provided constant auditory background noise 

(white noise; 68 dB SPL). The Plexiglas cage was thoroughly cleaned with 70% 

ethanol before each experiment and continuously ventilated by a fan during the 

experiments. Conditioned HR responses were measured in the home cage 24 h after 

training by recording ECG for 180 s without sound presentation (pre-CS phase) 

followed by 180-s sound presentation (CS phase) and a 30-s post-CS phase as 

previously described (Stiedl and Spiess, 1997; Stiedl et al., 1999, 2009). 

 

Novelty exposure. Unconditioned fear responses were assessed 15 min after drug 

injection by the exposure of mice to a novel Plexiglas box (36 cm × 21 cm × 20 cm, 

length × width × height). This box had a plain floor and was cleaned with 1% acetic 

acid before the placement of mice. ECG of mice was recorded continuously for 34 
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min as previously described and used to determine beat-by-beat HR in 2-min 

intervals (e.g, Tovote et al., 2005).  

 

Behavioral observations. Behavior of mice was observed in their home cages to 

evaluate the effects of serotonergic drug treatment such as the 5-HT syndrome 

(Blanchard et al., 1997; Stiedl et al., 2000a; Youn et al., 2009). The 5-HT syndrome in 

mice is characterized by unstable, ataxic gate and impaired coordination, hind limb 

abduction, flattening of the back, eye narrowing, Straub tail, reduced locomotion and 

rearing. Additionally, changes in physical activity, that is generally low in the home 

cage, were recorded. The 5-HT syndrome, which substantially reduces locomotor 

activity (Stiedl et al., 2000; Youn et al., 2009), prevented the evaluation of the acute 

effects of 8-OH-DPAT (0.5 mg·kg-1) on the expression of conditioned freezing 

responses. 

 

Heart rate analyses. HR was calculated from RR intervals of the ECG signal. 

Instantaneous HR (beat-by-beat HR) analyses were performed offline (LabChart 7.1, 

ADInstruments, Spechbach, Germany) with manual editing, i.e. removal of artifacts 

and addition of unrecognized beats using a software extension (HRV 1.4 for 

LabChart) as described before (e.g. Stiedl et al., 2005). Ectopic beats were treated as 

described by Meyer and Stiedl (2006). HR variability was determined on the basis of 

the RMSSD (root-mean square of successive RR interval differences) value. 

 First-order variability analysis was performed to quantify HR variability based on 

changes of three consecutive heartbeat intervals (Stiedl and Meyer, 2003). Nonlinear 

analysis of HR dynamics was included because nonstationarity and interdependence 

of HR intervals in their temporal sequence formally prohibit the use of linear 

analyses, unless the magnitude of difference is such that no statistical analysis is 

necessary to assess their (statistical) difference (see Meyer and Stiedl, 2003; Stiedl et 

al., 2009). Nonlinear fractal dimensionless measures were determined to assess the 
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complex dynamics of the cardiac time series because the irregular sequence of 

instantaneous HR intervals displays an intrinsic structure that cannot be captured by 

linear methods. These nonlinear methods yield important novel information on 

complex regulatory processes such as autonomic control determining HR dynamics 

(Meyer and Stiedl, 2003). The dynamical properties provide for a highly sensitive 

qualitative assessment of physiological versus pathological states of autonomic 

control in man (Meyer and Stiedl, 2003; Stiedl et al., 2009) with the ability to predict 

cardiovascular risks in the absence of apparent cardiovascular disease (Meyer, 2002). 

An in-depth discussion of the significance of the used nonlinear measures is 

provided elsewhere (Meyer and Stiedl, 2003, 2006). 

 Higher-order variability analysis determines the regularity as a function of 

increasing consecutive RR intervals (order). The average strength of cardiac 

acceleration and deceleration, defined as the mean incremental difference per beat (in 

ms) during acceleration and deceleration, is obtained from the first order variability 

data. Multiscale embedding-space decomposition determines the dynamical 

‘complexity’ of the cardiac time series, where the number of available system states, 

A, is calculated for aggregated samples (aggregation level, ) of the original time 

series, hence accounting for multiple time scales inherent in the dynamics. The 

singularity spectrum of the multi-exponent multifractal analysis presents a statistical 

description of the set of singularities present in the time series and is characterized 

by the spectrum of the Hölder singularity exponents , and probabilities of 

occurrence, f (). It quantifies the dynamical complexity to identify pathological 

changes on a multifractal level (Ivanov et al., 1999). The singularity spectrum is 

‘broad’ and implies multifractality, and when ‘narrowed’ and displaced to lower -

values, indicates reduced multifractality. The mode of the distribution is the global 

Hurst exponent h. Further explanations are provided in the Supporting Information. 

The mathematical bases for all nonlinear analyses have been described elsewhere 

(see Meyer and Stiedl, 2006). 
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 Subintervals of the ECG (PQ, QRS and QT duration) were analyzed to determine 

potential drug-induced changes of autonomic control affecting electric propagation 

across the heart and ectopic beats/arrhythmias characterized according to Bennett 

(2006). 

 

Statistical analyses. Overall effects of treatment were examined by one-way or two-

way analysis of variance (ANOVA) and ANOVA for repeated measures (StatView 

5.0.1, SAS Institute, Cary, NC, USA) and the Greenhouse-Geisser correction was used 

whenever appropriate (SPSS 20, IBM, Armonk, NY, USA). HR differences over the 

time course of pre-CS and CS phase were analyzed with linear contrast (General 

Linear Model: Within Subjects Contrast). Post hoc comparisons were performed by 

Tukey HSD or Dunnet T3 when the Levene’s test was significant. An error 

probability of P < 0.05 was accepted as statistically significant in all tests. 

 

 

Results 

Behavioral effects of 8-OH-DPAT 

 All mice injected s.c. with 8-OH-DPAT at 0.5 mg·kg-1 showed the typical signs of 

the 5-HT syndrome (see Behavioral observations above). Pre-injection of WAY-

100635 (0.03 mg·kg-1) or NAD-299 (0.3 mg·kg-1) prevented the 5-HT syndrome 

caused by 8-OH-DPAT. 

 

Effects of pre-training 8-OH-DPAT on heart rate responses during expression of cued fear 

 Since the effect of pretraining 8-OH-DPAT (0.5 mg·kg-1) on conditioned HR 

responses has not been investigated, experiments were performed with injections 15 

min before training and testing 24 h later. Two-way ANOVA with factors training 
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sequence and drug treatment indicated a significant effect of training sequence (F1,20 

= 4.74; P < 0.05), drug treatment (F1,20 = 38.32; P < 0.0001) and a significant training 

sequence  drug treatment interaction (F1,20 = 5.34; P < 0.05) for the sound-induced 

HR increase in the first 60 s of CS presentation indicative of conditioned fear. The 

same effect was observed for the whole (180-s) CS period training sequence (F1,20 = 

6.91; P < 0.05), drug treatment (F1,20 = 42.09; P < 0.0001) and training sequence  drug 

treatment interaction (F1,20 = 6.50; P < 0.05). Under both experimental conditions, pre-

training injection of 8-OH-DPAT (0.5 mg·kg-1) prevented the conditioned tachycardia 

to the auditory CS that was observed in saline-injected controls (Fig. 1). The HR 

increase elicited by the auditory CS reached maximum physiological levels (~800 

bpm) in saline-injected mice starting out from pre-CS (baseline) HR (583 ± 15 bpm) 

that did not differ significantly between drug-treated groups (data not shown). In 

addition, 24 h after 8-OH-DPAT administration none of the HR effects were observed 

that are described below after pre-test injection of 8-OH-DPAT. 

 

  

Fig. 1. Effects of 8-OH-DPAT (0.5 mg·kg-1) injected subcutaneously 15 min before training on 
fear-conditioned heart rate changes (∆HR). Mice were subjected to either paired CS/US or 
CS separated from US by a 30-s trace interval during training. Heart rate was determined 
during the retention test in the home cage 24 h after training. ∆HR denotes changes from 
baseline values (180-s pre-CS phase; mean HR [0 bpm] = 583 ± 15 bpm). CS1: the first 60 s of 
CS presentation; CSall: throughout the 180-s CS presentation; values represent means ± SEM; 
n = 6/group; *P < 0.05; ***P < 0.001 vs. saline control. 
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Effects of 5-HT1A receptor ligands on heart rate responses during expression of cued fear 

 Baseline HR and its fear-induced adjustment was measured 24 h after training in 

the home cage during exposure to the sound serving as conditioned fear stimulus. 

Typical HR responses of a saline- and an 8-OH-DPAT-injected mouse show 

substantial differences (Fig. 2A). ANOVA for repeated measures indicated significant 

HR differences as a function of drug treatment (F4,29 = 17.95, P < 0.0001; Fig. 2B). In 

addition, there was a significant effect of time on HR (F4,12 = 34.75, P < 0.0001). There 

was no significant interaction between time and drug treatment (F4,48 = 1.17, P = 

0.325). The post hoc test showed a significant difference between 0.5 mg·kg-1 8-OH-

DPAT and the saline control group (P < 0.002). 

 Significant HR differences as a function of drug treatment were observed in the 

pre-CS phase (baseline HR) before sound presentation (F4,29 = 11.90, P < 0.0001). Post 

hoc analysis indicated that 8-OH-DPAT at 0.5 mg·kg-1 significantly decreased 

baseline HR (P < 0.0001). Both, NAD-299 at 1 mg·kg-1 and 8-OH-DPAT at 0.02 mg·kg-

1 did not alter baseline HR (P > 0.45; Fig. 2B) when compared that of saline-injected 

controls. There was no significant interaction between drug treatment and time 

interval. 

 Difference contrast analysis was used following the repeated measures ANOVA to 

determine whether the relative HR changes were different between pre-CS and 

different 30-s CS phases in the different drug treatment group (see Supporting 

Information). Since there were no significant differences, this indicated a parallel HR 

shift from baseline irrespective of drug treatment. However, repeated contrasts 

indicated a significant difference from the first 30-s CS phase to the second 30-s CS 

phase that was reconfirmed by comparison of HR responses of mice treated with 

saline versus 8-OH-DPAT (0.5 mg·kg-1) due to the rise of HR in saline but drop of HR 

in mice in second versus the first CS phase. 
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Fig. 2. Effects of 5-HT1A receptor ligands on heart rate responses during expression of 
conditioned fear to the auditory cue. Typical instantaneous heart rate responses of mice 
injected subcutaneously with saline and 8-OH-DPAT (A), and mean heart rate responses in 
30-s bins (B) after injection of mice with either saline, 8-OH-DPAT or NAD-299 at the given 
dose 15 min before the cue-dependent memory test. CS: conditioned stimulus (sound); 
values represent means ± SEM; n = 12 (saline), n = 7 (8-OH-DPAT 0.5 mg·kg-1; NAD-299 1 
mg·kg-1), n = 5 (8-OH-DPAT 0.1 mg·kg-1) and n = 3 (8-OH-DPAT 0.02 mg·kg-1). 
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Effects of 5-HT1A receptor ligands on heart rate responses during novelty exposure 

 To determine whether the observed HR effects also occur in response to 

unconditioned emotional challenge, experiments were performed with novelty 

exposure that normally elevates HR to maximum physiological levels of close to 800 

bpm (Stiedl et al., 2004; Tovote et al., 2005). 

 Drug treatment (8-OH-DPAT and NAD-299 versus saline control) had a 

significant effect on HR values (F2,15 = 121.38, P < 0.0001; Fig. 3A,B). Saline-injected 

control mice exhibited a maximum HR of ~750 bpm in the first 2 min of novelty 

exposure and HR remained elevated in the two additional 2-min intervals analyzed 

at 16-18 and 32-34 min (Fig. 3B). The 5-HT1A receptor antagonist NAD-299 (1 mg·kg-1) 

did not alter the HR response when compared to saline-injected controls. 8-OH-

DPAT (0.5 mg·kg-1) significantly lowered HR (P < 0.0001 versus saline and NAD-299) 

to maximum values of ~600 bpm (Fig. 3A) and mean values of ~500 bpm throughout 

the 34-min test period (Fig. 3B). HR variability based on the RMSSD measure showed 

an inverse pattern (F2,15 = 36.57, P < 0.0001) with significantly higher RMSSD values 

in 8-OH-DPAT-injected mice than in NAD-299 and saline-injected controls (P < 

0.0001) and no difference between mice injected with saline and NAD-299 (Fig. 3C). 

The 8-OH-DPAT-mediated effects exceeded the 34-min novelty test. 
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Fig. 3. Heart rate responses during novelty exposure. Instantaneous heart rate patterns of a 
1-min interval are shown for two mice injected subcutaneously with saline or 8-OH-DPAT, 
respectively (A). Mean heart rate responses (B) and heart rate variability based on the 
RMSSD measure (C) were determined during three 2-min intervals (0-2, 16-18 and 32-24 min) 
of the total 34-min novelty exposure as a function of drug treatment. Values represent means 
± SEM; n = 6/group. 

 

Effects of 5-HT1A receptor ligands on heart rate dynamics in the home cage 

 Additional experiments were performed in the home cage with 18-min ECG 

recording which started 15 min after s.c. injection of either saline, 8-OH-DPAT (0.5 

mg·kg-1) or WAY-100635 (0.03 mg·kg-1). Injections of WAY-100635 addressed the 

specificity of 5-HT1A receptor involvement. Under these conditions, similar results 

were obtained as for baseline HR (pre-CS HR) in fear conditioning experiments. This 

18-min recording period yielded a substantially increased number of RR intervals 

(nmax ~104) that were used for higher-order variability analysis and are fundamental 

to perform nonlinear analysis. 

 The first-order variability diagram based on the interval change of three 

successive heartbeat intervals indicated a substantially increased variability in mice 

injected with 8-OH-DPAT (0.5 mg·kg-1) in comparison to saline-injected controls (Fig. 

C 
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4A,B). The regularity R(n) decreased in saline-injected controls in a sigmoid fashion 

with increasing order, the increasing number of successive RR intervals (Fig. 4C). In 

contrast, 0.5 mg·kg-1 8-OH-DPAT resulted in an exponentially declining regularity vs. 

order reflecting weakened intrinsic correlations in the time series. Higher-order 

variability analysis revealed a reduced regularity of the HR pattern (Fig. 4C), an 

increased strength of acceleration and deceleration (Fig. 4D), a decreased complexity 

(Fig. 4E) and a shift towards that of a random HR pattern (Fig. 4F). For mathematical 

details on these measures see Meier and Stiedl (2006). All these effects were observed 

only in 8-OH-DPAT-treated but not saline-injected mice, and were blocked by pre-

injection of the 5-HT1A receptor antagonist WAY-100635 (0.03 mg·kg-1), while WAY-

100635 alone at this dose had no significant effect on any of these measures. 
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Fig. 4. Heart rate dynamics based on successive interval changes and nonlinear analyses. 
First-order variability diagram based on the interval change of three successive heartbeat 
intervals (x) in mice injected with saline (A) and 8-OH-DPAT (0.5 mg·kg-1; B). Increasing 
intervals of x reflecting cardiac deceleration appear in quadrant I. Gradual shortening of x 
reflecting cardiac acceleration yields points appearing in quadrant III. Short-long-short 
values of x fall into quadrant II and long-short-long values of x appear in quadrant IV, 
respectively. The residual values of 0.068 (∑I-IV = 0.932 for saline) and 0.013 (∑I-IV = 0.987 for 
8-OH-DPAT) denote the fraction of three successive heartbeat intervals without difference, 
i.e. located on 0. The experimental cardiac time series shows a patchy clustering of points, 
and all four quadrants exhibit different fractional (related to the total number of threesomes 
in the times series) densities of the populations of points of which the dissymmetry between 
I and III is the most salient feature. Black squares of a width of 50 ms (± 25 ms centered 
around 0) indicate the substantially increased variability of the cardiac rhythm over three 
beats by 8-OH-DPAT. Higher-order variability analysis indicated a loss of complexity when 
the curve is shifted to the left (C). The strength of acceleration and deceleration in ms·beat-1 
as a function of drug treatment is depicted by box plots (D). Multiscale embedding-space 
decomposition, an entropy-based measure of system complexity to reveal structure on 
multiple time scales, indicated a loss of complexity by 8-OH-DPAT when the curve is shifted 
up towards random dynamics as shown for the surrogate (E). The singularity spectrum of 
the multi-exponent multifractal analysis, an estimation of the multifractal properties of a 
given time series, is characterized by the range (the width of the inverted-shaped curve) and 
the mode (the maximum of the curve). This analysis again indicates a shift of the spectrum of 
8-OH-DPAT-treated mice toward that of the surrogate with reduced complexity (F). The 
sequence-randomized surrogates, representing random dynamics (white noise) for each 

experimental group, all superimpose at A() = 10 (E) and are shifted downwards (F). Note 
that the singularity spectra of mice treated with WAY-100635 (WAY; 0.03 mg·kg-1) alone or 
followed by 8-OH-DPAT (0.5 mg·kg-1) largely overlap (F; WAY±DPAT). Drugs were injected 
subcutaneously. Values represent means ± SE; n = 8/group. 
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Comparison of heart rate variability changes by 8-OH-DPAT versus sleep 

 To compare the effect of 0.5 mg·kg-1 8-OH-DPAT on HR variability with that of 

the physiological state at similar HR, ECG was analyzed from the same mice under 

undisturbed conditions during sleep in their home cage. Thereby, at similar low HR 

(~430 bpm), 8-OH-DPAT resulted in a significantly (F1,126 = 44.82, P < 0.0001) 

increased RMSSD value (~2-fold) compared to untreated mice (Table 1) further 

underscoring its deviation from the physiological state. 

 

Table 1 

Comparison of heart rate variability (RMSSD) at similar low heart rate range. 

Treatment Mice [n] Count [n]1 HR [bpm] RMSSD [ms] 

Untreated (sleep) 8 64 434.8 ± 3.1 10.5 ± 0.9 

8-OH-DPAT (0.5 mg·kg-1) 8 64 427.0 ± 6.1n.s. 23.4 ± 1.7*** 

RMSSD: root-mean square of successive RR interval differences; 

18  2-min bins/mouse; n.s.not significant; ***P < 0.0001 vs. untreated (sleep). 

 

Effects of 5-HT1A receptor ligands on ECG subintervals and arrhythmias 

 Analysis of ECG subintervals indicated a significant effect of drug treatment on 

PQ (F3,48 = 10.45, P < 0.0001), QRS (F3,48 = 5.17, P < 0.005) and QT intervals (F3,48 = 

25.92, P < 0.0001; Fig. 5A-D). The duration of all intervals was significantly prolonged 

(P < 0.0005) in mice injected with 8-OH-DPAT (0.5 mg·kg-1) in comparison to saline-

injected controls. The prolongation of all subintervals, except the QRS duration, was 

significantly lowered by s.c. pre-injection of WAY-100635 at the dose of 0.03 mg·kg-1 

that lacked an effect when injected alone. Furthermore, 5-HT1A receptor activation by 

8-OH-DPAT resulted in the occurrence of third-degree atrioventricular conduction 

blocks with complete interruption of transmission of atrial impulses and emergence 

of escape beats generated in the subsidiary bundle of His. These effects are the 



 156 

consequence of parasympathetic overactivation as indicated by the loss of the 

normally observed stable temporal relation between subsequent PP and RR intervals 

(Fig. 5E,F). Consequently, the number of ectopic beats (sinus arrhythmias and third-

degree atrioventricular conduction blocks without escape beats) was quantified on a 

total of ~384 beats. While the number of ectopic beats was low (~1 per 104 beats) in 

saline-injected and naïve mice, it was profoundly increased to ~34 per 104 beats by 8-

OH-DPAT at 0.5 mg·kg-1. This increase was completely prevented (~1 per 104 beats) 

by pre-injection of the 5-HT1A receptor antagonists WAY-100635 (0.03 mg·kg-1) and 

NAD-299 (0.3 mg·kg-1), which did not induce ectopic beats on their own (data not 

shown).  

 

 

Fig. 5. ECG subinterval analyses and RR versus PP intervals of successive ECG signals. ECG 
waveforms were synchronized on the R peak (A). Durations of PQ (B), QRS (C) and QT (D) 
intervals as a function of drug treatment are presented as box pots. Examples of the temporal 
relation of RR versus PP intervals of successive ECG signals in two mice after administration 
of saline (E) or 8-OH-DPAT (DPAT; F). RR intervals are indicated above the two ECG traces, 
whereas PP intervals are provided below the two ECG traces with the vertical lines (|) 
indicating P peaks. All intervals are given in ms. Drugs were injected subcutaneously at the 
following doses: 8-OH-DPAT (0.5 mg·kg-1), WAY-100635 (WAY: 0.03 mg·kg-1); n = 13/group; 
***P < 0.001 vs. saline control. 



 157 

Discussion 

 This study investigated the effects of 5-HT1A receptor activation for fear learning 

and expression on the basis of HR in mice. Pre-training injection of 8-OH-DPAT (0.5 

mg·kg-1) resulted in impaired fear memory on the basis of absent sound-induced 

tachycardia irrespective of hippocampal involvement (Misane et al., 2005; Chowdury 

et al., 2005). This finding extends previous behavioral results (Stiedl et al., 2000a; 

Youn et al., 2009) to autonomic function. Pretest injections indicated that 5-HT1A 

receptor activation by 8-OH-DPAT (0.5 mg·kg-1) elicited the 5-HT syndrome and 

lowered HR with preserved auditory CS-induced HR increase but reduced 

maximum HR during retention of conditioned auditory fear in mice. Additionally, 8-

OH-DPAT (0.5 mg·kg-1) reduced the unconditioned tachycardia during novelty 

exposure. The reduced maximum HR values were the consequence of a pathological 

state of HR dynamics caused by 8-OH-DPAT (0.5 mg·kg-1) that confounded the 

expression of physiological HR responses with maximum HR normally close to 800 

bpm. Analyses of the dynamics of the heartbeat interval fluctuations by nonlinear 

methods revealed a pathological state of HR dynamics by 5-HT1A receptor activation. 

This was prevented by the selective 5-HT1A receptor antagonist WAY-100635. The 0.5 

mg·kg-1 dose of 8-OH-DPAT suggests the involvement of postsynaptic 5-HT1A 

receptors (Ögren et al., 2008; Youn et al., 2009). Taken together the results indicate a 

likely differential effect of 5-HT1A receptor activation on fear learning versus fear 

expression based on HR responses.  

 

Specificity of 5-HT1A receptor-mediated heart rate effects 

 The 8-OH-DPAT-mediated HR effects were prevented by pre-injection of the 

selective 5-HT1A receptor antagonist WAY-100635 (Fletcher et al., 1997; Martel et al., 

2007) ruling out a potential contribution of 5-HT7 receptor activation by 8-OH-DPAT 

(Bickmeyer et al., 2002). No evidence was provided for the contribution of 5-HT7 
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receptors in the expression of conditioned fear elicited by the auditory CS on the 

basis of HR adjustments (Eriksson et al., 2012). 

 Several studies reported bradycardic effects of 5-HT1A receptor agonists in 

anesthetized rats and cats (reviewed by Ramage 2001; Ramage and Villalón, 2008). 

However, intraperitoneal injection of 0.25 mg·kg-1 8-OH-DPAT in rats did not affect 

baseline HR and blood pressure effects but significantly reduced HR and blood 

pressure increases to emotional (but not cold) stress (Vianna and Carrive, 2009). This 

is attributed to sympathoinhibition via limbic and/or downstream autonomic sites 

such as the rostral ventrolateral medulla, the nucleus ambiguus and the dorsal motor 

nucleus of the nervus vagus. The absent baseline HR effect in rats contrasts with the 

baseline bradycardia reported before and here. Besides the use of a lower dose, 

species-specific differences related to 5-HT1A receptor expression levels cannot be 

ruled out. For a discussion on potential effects of respiration and blood pressure see 

the Supporting Information. 

 

Effects of 5-HT1A receptor modulation on conditioned and unconditioned heart rate responses 

 While the relative initial increase of HR (~150 bpm) elicited by the auditory fear 

stimulus was preserved in mice injected with 8-OH-DPAT, maximum HR did not 

exceed 600 bpm. However, HR increases to maximum physiological level of ~800 

bpm even from resting HR values of 400-450 bpm (Stiedl et al., 2007). The preserved 

CS-induced HR increase does not support an anxiolytic action as claimed for the 

partial 5-HT1A receptor agonist buspirone (see Ögren et al., 2008; see Supporting 

Information). 

 The tachycardia elicited by novelty exposure as unconditioned stressor with a 

mean HR in the range of ~750 bpm was prevented by 8-OH-DPAT (0.5 mg·kg-1) 

implying an anxiolytic-like action. However, the absent novelty-induced tachycardia 

is attributed to an altered autonomic state. Novelty exposure and injection stress 

increase HR and body temperature in 5-HT1A receptor-deficient mice compared to 
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wild-type controls (Pattij et al., 2002). The 5-HT1A receptor agonist flesinoxan lowers 

the tachycardia elicited by the injection procedure as aversive stimulus in wild-type 

mice without affecting baseline HR (Bouwknecht et al., 2000). This effect of flesinoxan 

is absent in 5-HT1A receptor-deficient mice (Pattij et al., 2002) indicating a 5-HT1A 

receptor-mediated reduction of HR as observed here. Similarly, injection of 0.25 

mg·kg-1 8-OH-DPAT caused a faster return to baseline HR and higher HR variability 

in wild-type than in 5-HT1A receptor-deficient mice (Carnevali et al., 2012). 

 The attenuated tachycardia in response to an adverse challenge after 5-HT1A 

receptor activation in rats is reported to be beneficial (Nalivaiko and Sgoifo, 2009) 

because of attenuated stress responsiveness and reduced stress-induced arrhythmias. 

This conclusion is in contrast to the adverse effects reported previously (Stiedl et al., 

2009) and extended by the present study in mice. The reduction of the magnitude of 

HR adjustments is considered insufficient (maladaptive) with respect to 

physiological needs (see Koolhaas et al., 2011). 

 

ECG alterations, arrhythmias and similarity with SSRI-mediated cardiovascular effects 

 ANS dysregulation affects the duration of ECG subintervals through altered 

electric conduction in the heart. The increased duration of ECG subintervals is used 

to identify potential cardiovascular risks. The QT prolongation predisposes to the 

development of ventricular tachyarrhythmias such as torsades des pointes and 

ventricular fibrillation that are implicated in syncope, cardiac arrest and sudden 

cardiac death (Zareba, 2007). Adverse effects of serotonergic antidepressants such as 

SSRIs include PQ and QT interval prolongation and arrhythmias especially when 

overdosed (Pacher and Kecskemeti, 2004). Notably, serum levels of the SSRI 

citalopram correlate with QT interval prolongation after intoxication (Unterecker et 

al., 2012). These effects are mimicked by 5-HT1A receptor activation in mice 

suggesting the involvement of this receptor in cardiac risk through ANS 

dysregulation caused by SSRIs. Impairment of electric propagation across the heart 
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by 8-OH-DPAT is attributed to parasympathetic overstimulation causing the 

increased sinus arrhythmias and third-degree atrioventricular conduction blocks 

(without escape beats) while bradyarrhythmias are low (~1 per 104 beats in control 

mice) under physiological conditions in C57BL/6 mice as reported before (Meyer 

and Stiedl, 2003). These findings provide further evidence for negative consequences 

of central 5-HT1A receptor overactivation for cardiovascular function mediated 

through the ANS. It remains to be clarified whether these effects are also observed 

during SSRI treatment which elevates endogenous 5-HT levels and thereby activates 

multiple 5-HT receptor subtypes, in particular 5-HT1A receptors to which 5-HT has a 

high-affinity. The involvement of other 5-HT receptor subtypes in HR regulation is 

discussed in the Supporting Information. 

 

Central 5-HT1A receptor involvement and implicated brain areas 

 5-HT1A receptors are found predominantly in the CNS (brain and spinal cord) and 

parasympathetic control is exerted via direct outputs from the brain stem. Peripheral 

5-HT1A receptors are unlikely to contribute to the HR effects reported here (see 

Supporting Information). The baseline bradycardia is probably mediated by 

postsynaptic 5-HT1A receptor activation that that tonically inhibit GABA-ergic 

interneurons which exert inhibitory control of preganglionic vagal cardiac neurons of 

the parasympathetic system. These originate in the nucleus ambiguus and the dorsal 

motor nucleus of the nervus vagus (Jordan, 2005; Ramage and Villalón, 2001). 

Disinhibition of these neurons is expected to result in an increased parasympathetic 

activity of the vagal outputs leading to a HR decrease. In contrast, 5-HT1A receptor 

antagonists should attenuate parasympathetic tone and increase HR. However, 

NAD-299 at 0.3 mg·kg-1 does not affect HR in mice (Madjid et al., 2006) consistent 

with the lack of effects of WAY-100635 at the dose of 0.03 mg·kg-1 reported here (see 

Supporting Information). NAD-299, which has a higher selectivity than WAY-100635 

for the 5-HT1A receptor (Johansson et al., 1997), failed to significantly increase 
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baseline HR (~660 bpm) even at 1 mg·kg-1, presumably, because parasympathetic 

inhibition by atropine, a muscarinic acetylcholine receptor antagonist that blocks the 

vagal control of the heart, will increase HR in unstressed mice to ~670 bpm (Stiedl et 

al., 2009). 

 The importance of the 5-HT1A receptor for HR changes was recently demonstrated 

in 5-HT1A receptor-deficient mice. Deletion of the 5-HT1A receptor increased the 

tachycardia to an acute stressor and caused cardiac arrest during psychosocial stress 

in 27% of tested mice (Carnevali et al., 2012). These and the present results, in 

combination with the adverse outcome of 5-HT1A autoreceptor overexpression 

shunting postsynaptic 5-HT1A release (Audero et al., 2008), suggest an adverse role of 

both postsynaptic 5-HT1A receptor hypo- and hyperactivation for cardiovascular 

function and increased risk for cardiac morbidity. However, here we could not 

provide evidence for an involvement of the 5-HT1A receptor in HR regulation under 

these experimental conditions. 

 

Heart rate dynamics 

 Under physiological conditions (saline) the balanced strength of HR acceleration 

and deceleration was generally low. However, the strength of both acceleration and 

deceleration was markedly enhanced in 8-OH-DPAT-treated mice, with pronounced 

predominance of negative chronotropic effects from vagal activation. The HR 

dynamics elicited by 8-OH-DPAT (0.5 mg·kg-1) is similar, but even more pronounced, 

to that following central activation of corticotropin-releasing factor1 (CRF) receptors 

by intracerebroventricular ovine CRF (Stiedl et al., 2005; Meyer and Stiedl, 2006). 

Particularly the increased acceleration/deceleration strength elicited by 8-OH-DPAT 

indicates central hyperactivation of both ANS branches. This is further supported by 

the two-fold increased HR variability compared with physiological values during 

sleep. 5-HT1A receptor activation elicited dynamical properties with a significant loss 

of intrinsic structural complexity of cardiac control. Multifractal scaling of HR 
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dynamics suggests that the control mechanisms regulating the heartbeat interact as 

part of a coupled cascade of feedback loops for neuroautonomic regulation that is 

also impaired in congestive heart failure (Ivanov et al., 1999). The loss of complexity 

leads to a significant impairment of HR adaptability in response to emotional 

challenge (Stiedl and Meyer, 2006) as indicated by the reduced maximum HR elicited 

by the unconditioned (novelty) and conditioned (auditory) stressors. However, the 

conclusion of pathological HR dynamics elicited by 8-OH-DPAT at 0.5 mg·kg-1 can 

only be drawn on the basis of the nonlinear results. 

 

 In conclusion, we provide evidence that 5-HT1A receptor activation impaired the 

acquisition but not the expression of the fear-conditioned HR response suggesting a 

differential involvement of the underlying neurocircuitries for fear learning and 

expression. 5-HT1A receptor activation before fear expression decreased HR, 

increased HR variability and blunted the HR adjustment in response emotional 

challenges because of compromised dynamical range. Together with impaired HR 

dynamics, prolongation of PQ intervals, atrioventricular conduction blocks and 

emergence of escape beats this identifies a pathological state of ANS control of the 

heart by 5-HT1A receptor overactivation in mice. This demonstrates the importance of 

a deepened data analysis for the qualitative interpretation of observed cardiovascular 

effects beyond mean HR. In view of the present findings, the elevation of the 

endogenous 5-HT level by SSRIs may increase cardiovascular risk via enhanced 5-

HT1A receptor activation at least during the onset of treatment in view of reported 

side effects. Taken together, these results suggest the involvement of 5-HT1A receptor 

activation in emotional memory impairments and elevated cardiac risk associated 

with SSRI-based pharmacotherapy in affective disorders. 
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Supporting Information 

 

Methods 

ECG radio-telemetry. A receiver board (RLA1020, Data Sciences, St. Paul, MN, USA) 

below the home cage served as antenna to pick up the ECG signal that was then 

converted to an analog signal using an analog ECG output adapter (Option R08, Data 

Sciences, St. Paul, MN, USA). Finally, ECG was digitally recorded at 4 kHz sampling 

rate (PowerLab, ADInstruments, Spechbach, Germany) synchronized with the 

stimulus presentation and behavioral monitoring during fear conditioning and 

novelty experiments. 

 

Drugs and drug administration. The isoflurane anesthesia was used to avoid the 

stress of the injection procedure that requires transient handling, restraining and 

injection discomfort (Bouwknecht et al., 2000), thereby confounding the basal 

autonomic state and the response dynamics in the subsequent retention test. 

Nonlinear analysis indicated that this brief isoflurane anesthesia did not affect HR 

dynamics of mice when measured 15 min later in the wake state in their home cages 

(Stiedl and Meyer, unpublished results). 

 

Heart rate analyses. Ectopic beats: Typically 1 in 104 beats (almost exclusively 

bradyarrhythmias) and movement artifacts, were identified by fitting a third-order 

autoregressive model to the beat interval data stream using multiples (3.5) of the 

interquartile distance as detection threshold and replaced by linear-spline 

interpolation as applied before (Meyer and Stiedl, 2006). 

First-order variability analysis: If three successive heartbeat intervals are identical, 

then xi+1 - xi = xi+2 - xi+1 = 0, indicating absolute periodicity of successive heartbeat 
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intervals (x). If x increases with each interval (reflecting cardiac deceleration) the 

corresponding points appear in quadrant I. In contrast, gradual shortening of x 

reflecting cardiac acceleration yields points appearing in quadrant III. Short-long-

short values of x fall into quadrant II and long-short-long values of x appear in 

quadrant IV, respectively. 

An index of the ‘regularity’ of the cardiac time series was obtained by the number of 

points contained in a square of half-width of 25 ms centered around 0 ms (see Fig. 

4A,B). The fraction of beats defined by ≤ 25 ms difference determines the regularity, 

R(n). The average strength of cardiac acceleration, defined as the mean incremental 

difference per beat (in ms) during acceleration, is obtained from the respective 

interval values: Xi(III) - Xi(II,IV). Similarly, the average strength of cardiac deceleration is 

determined by Xi(II,IV) - Xi(I). The asymmetry of acceleration and deceleration strengths 

determines the fluctuations around the average ‘baseline’ interval of the cardiac 

times series. 

Nonlinear measures allow for a functionally relevant and sensitive characterization 

of dynamical non-equilibrium behavior, i.e. homeodynamics, as opposed to the 

classical but physiologically inappropriate concept of biological readjustment to 

homeostasis (Peng et al., 1994; Meyer and Stiedl, 2006). 

 

Discussion 

Buspirone. Buspirone is a partial 5-HT1A receptor agonist that is clinically used to 

treat general anxiety disorders, although with lower rank order based on scientific 

evidence regarding efficacy, tolerability, or cost (Linden et al., 2012). In contrast, in 

animal models buspirone shows mixed anxiolytic efficacy (see Ögren et al., 2008) that 

is affected by social factors (Majercsik et al., 2003). 
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Involvement of 5-HT1A receptors in the HR effects. Local infusion of 8-OH-DPAT into 

both dorsal hippocampi of mice (5 µg/mouse), which impairs emotional memory 

(Stiedl et al., 2000a), caused the same cardiovascular effects as described here after 

systemic administration, supporting our conclusion of centrally mediated 5-HT1A 

receptor effects. In the periphery, 5-HT1A receptors are mainly found on white blood 

cells, where they are involved in platelet formation (Côte et al., 2004). Very low levels 

have been found in the aortic arch of piglets and rat trachea, and thus, are implicated 

in respiratory function, although the 8-OH-DPAT-mediated increase of the 

respiratory rate (see below) is attributed to central mechanisms (Szereda-

Przestaszewska and Kaczynska, 2007). Additionally, there is evidence for 5-HT1A 

receptor expression in rat kidney, taste buds and human prostate. Mild 8-OH-DPAT-

mediated blood pressure drops occur through attenuated sympathetic outflow, 

whereas profound blood pressure drops would result in baroreflex-mediated 

tachycardia.  

 

5-HT1A receptor antagonists. Clear differences exist in in vivo activity of 5-HT1A 

receptor antagonists (reviewed in Ögren et al., 2008) and previous studies indicated 

differences in receptor selectivity, e.g. dopamine D2-4 receptor affinity by WAY-

100635 (e.g. Martel et al., 2007). Furthermore, WAY-100635 at 0.3 mg·kg-1 increased 

baseline HR (data not shown). However, since these mice became very active (unlike 

with NAD-299 at 1 mg·kg-1) and showed an increased frequency of rearing in their 

home cage, the HR increase may be a consequence of physiological support of 

behavior, which confounds the interpretation of direct 5-HT1A receptor-mediated or 

other indirect physiological effects. The latter may be the consequence of relatively 

weak dopamine D2-4 receptor affinity by WAY-100635 with D4 receptor activation 

(Martel et al., 2007) increasing rearing in C57BL/6J mice (Young et al., 2011). 
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5-HT receptors in HR regulation. The elevation of endogenous 5-HT levels by SSRIs 

is very likely to affect multiple 5-HT receptors. However, rodent studies have 

identified the 5-HT1A receptors as the main target of SSRI-mediated endogenous 5-

HT increase (see Ögren et al., 2008). As to other 5-HT receptor subtypes, a potential 5-

HT7 receptor involvement for HR effects in mice is unlikely (Eriksson et al., 2012). 

Moreover, 5-HT2C receptors do not appear to mediate autonomic function in mice 

(Stiedl et al., 2007), and thus, may have no role in the action of SSRIs on HR dynamics. 

Prolonged SSRI treatment at clinical doses can exert adverse effects in patients by 

reducing HR variability that is partially reversible after termination of treatment 

(Licht et al., 2010) suggesting yet unknown mechanisms of 5-HT receptor subtype 

regulation. 

 8-OH-DPAT at 0.1 mg·kg-1 lacked an effect on HR and did not exert any 

anxiolytic-like effects from the conditioned stressor. This result parallels the lack of 

effects of pretraining injections in fear conditioning and passive avoidance on 

retention performance by this lower dose in C57BL/6 mice (Stiedl et al., 2000a; 

Madjid et al., 2006). Furthermore, the low dose of 0.02 mg·kg-1 did not affect baseline 

HR, which may be a consequence of reduced postsynaptic 5-HT release through 

activation of presynaptic 5-HT1A autoreceptors in the midline raphe nuclei (pallidus, 

obscurus, and magnus) innervating vagal preganglionic centers in the nucleus 

ambiguus and the dorsal motor nucleus of the nervus vagus (see Jordan, 2005). 

 

Baroreceptor reflexes. A potential role of the baroreflex in the observed 

pathological heart rate dynamics cannot be ruled out. There is inconsistency as to the 

blood pressure effects of 8-OH-DPAT depending on the physiological state with 

either no effect in awake rats (e.g. Vianna and Carrive, 2009) or a blood pressure 

decrease in anesthetized rats (Miyawaki et al., 2001). Large blood pressure falls 

would results in baroreflex-mediated sympathetic activation with peripheral 

vasoconstriction and heart rate increase, which is not observed here. When injected 
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in the rostral ventrolateral medulla 8-OH-DPAT did not affect baroreceptor or 

chemoreceptor reflexes (Miyawaki et al., 2001). Data on blood pressure effects of 8-

OH-DPAT in the awake mouse is not yet available. 

 

Respiration. Activation of central 5-HT1A receptors increases the breathing rate in 

anesthetized cats (Gillis et al., 1989) and rats through central mechanisms (Szereda-

Przestaszewska and Kaczynska, 2007). Breathing affects HRV through the respiratory 

sinus arrhythmia (RSA; Berntson et al., 1993). However, the resulting effect of the 8-

OH-DPAT-mediated increase of breathing rate on RSA is more likely a decrease than 

an increase of HR variability. This is opposite of what we observed and therefore less 

likely of major relevance or may have contributed to a reduction of the substantially 

increased HR variability.  
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In this chapter, the general conclusions of each chapter are summarized and 

discussed. In addition, the limitations of the current studies and recommendations 

for future research are stated. 

 

 How to assess ‘true’ spatial memory in mice (Chapters 2 & 3) 

Our first aim in designing the modified Barnes maze (mBM) was to develop a test to 

assess spatial memory in mice in an effective and accurate manner. As in many 

behavioral laboratories, it was observed in our facility that certain strains of mice 

such as DBA/2J (DBA) show a very low level of exploration in spatial memory tasks 

which makes the interpretation of the data difficult. Incidentally, it was noticed that 

the lack of locomotion in DBA was not due to an innate incapability to move fast 

since the animals moved with higher velocity than the more commonly used and 

active strain C57BL/6J (6J) when consuming food in a novel environment. Our 

findings described in Chapter 2 demonstrated that it is possible to dissociate the 

impact of emotion (motivation) on cognition by using different types of reinforcers 

(aversive vs. appetitive). When a palatable reward was given, DBA mice performed 

comparably to 6J mice. This result is in contrast to the several previous findings, 

which argue for inferior spatial memory function in the DBA strain (O'leary et al., 

2011a; Wehner et al., 1990). In addition, the impairment in hippocampus-dependent 

learning tasks contributed to the idea of compromised hippocampal function  and 

preference for stimulus-response learning to spatial learning in these mice 

(Baarendse et al., 2008a; Cabib et al., 2012). The improvement in the performance in 

DBA mice was not only noticeable in the latency, but also in the number of errors 

and the predominant use of the efficient spatial strategy. These data demonstrated 

the crucial importance of test designs when assessing cognition in mice with 

appropriate reinforcement as motivator.  

One notable finding was that 4 out of 12 DBA mice exhibited pronounced immobility 

when the aversive version of the mBM was employed. Interestingly, these ‘immobile 
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mice’ also adopted the serial strategy more often than their more active peers. 

Although the use of serial strategy decreases latency and number of errors to some 

extent by preventing working memory errors, it cannot be regarded as ‘true’ form of 

spatial learning since distal cues are not utilized. Considering that “stress” can 

facilitate the use of such a non-spatial strategy (striatum-based) (Schwabe et al., 2007), 

this type of behavior suggests that DBA mice might be particularly subjective to the 

impact of “stress” during cognitive tests. The main conclusion from our study is that 

it is important to minimize the impact of non-cognitive factors such as anxiety and 

lack of motivation by effective test designs.  

The use of serial strategy is often observed particularly in the classical Barns maze, 

even in animals which exhibit little anxiety-like behavior (Harrison et al., 2006b). 

While this strategy is not efficient in spatial tests such as the water maze, in the 

Barnes maze, using the serial strategy eventually leads to the location of the target. 

This type of exhaustive searching strategy is often observed in the tests in which 

specific patterns are clearly visible such as the radial maze especially, and more often 

in mice than in rats (Mizumori et al., 1982; Pico & Davis, 1984). Since the serial 

strategy use can be efficient to a certain extent, some animals tend to develop a 

persevering preference for it, which hinders an effective/optimal spatial learning 

process.  

The data from Chapter 3 show that the modification of the hole pattern – by 

presenting the holes in a random manner- led to a significant decrease in the serial 

strategy use compared to the classical design in which the holes are arranged in a 

circular pattern. The modification also led to increased task difficulty as 

demonstrated by the larger number of errors and poorer performance in the long-

term memory test which was performed 1 and 2 weeks after the last training session. 

Since the increase in the number of holes or in the apparatus diameter did not result 

in poorer performance in the Barnes maze (O'leary & Brown, 2012), this result 
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indicates that the increased task difficulty in mBM was due to the random 

arrangement of holes. 

Taken together, the mBM emerges as an effective test to assess spatial memory in 

mice. First, by using different kinds of reinforcers, the setup resolved the issue of one 

of the most common confounding factors; motivation. Second, by randomizing the 

hole patterns, the mBM decreased the use of serial strategy significantly and thereby 

enhanced the validity of the test as a spatial memory assessment. Third, the increased 

cognitive load in the mBM appears to prevent the ceiling effect often observed in 

classical Barnes maze experiments in comparison with the water maze (Morgan, 

2009).  

 

The relevance of modeling differential susceptibility to 

trauma in an animal model of PTSD (Chapter 4) 

In the present study, a thorough behavioral substrain comparison was performed in 

the context of PTSD-like behavior. C57BL/6J (6J) and C57BL/6N (6N) mice are 

commonly used strains in behavioral studies and exhibit similar phenotype and 

therefore are often used interchangeably. Yet, many studies did not provide 

information on the substrain used in their experiments (Wotjak, 2003). Despite the 

genetic and behavioral similarity, however, the two substrains differ clearly in 

anxiety-related behaviors (Bryant et al., 2008; Siegmund & Wotjak, 2006; Stiedl et al., 

1999a). Based on previous findings, I first conducted the passive avoidance 

experiments to investigate the presence of fear extinction impairment in 6N versus 6J 

mice. Second, an anxiety test was performed before and after a severe emotional 

challenge (forced swim test) to find out whether the aversive event exacerbated the 

phenotypic differences. Third, considering that cognitive impairments are often 

present in PTSD patients, I tested the two substrains in two spatial memory tests 

with different types of reinforcers and cognitive loads. The results indicate the 
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presence of increased susceptibility in 6N to potentially traumatic events. As 

hypothesized, the 6N strain exhibited marked fear extinction impairment in the PA 

test. Interestingly, only a small percentage (10-25%) of 6N mice showed this type of 

behavior, while the performance in the remaining individuals was comparable to 

that of 6J mice. This result is reminiscent of the highly heterogeneous level of 

resilience or vulnerability to traumatic events in humans (Ahmed, 2007). In addition, 

the forced exposure to the chamber previously coupled with an electric shock had a 

beneficial effect only in 6J. The susceptibility in 6N was again confirmed in the 

anxiety test performed before and after the forced swim test. While the anxiety level 

was similar in the two substrains before the exposure to the stressor, there was a 

drastic increase in the anxiety-like behavior in the 6N after the two forced swim test 

sessions. In the Barnes maze test, both strains performed comparably, while 6N mice 

utilized the serial strategy more often, suggesting the potential influence of stress 

during the test (Mueller & Bale, 2007). In the holeboard test, however, 6N 

demonstrated a clearly inferior performance as indicated by a large number of errors. 

Taken together, it seems that the spatial memory performance in 6N depends on the 

level of stress and cognitive loads in each test. 

From the qPCR analysis of the hippocampus of mice from both substrains, 5 

candidate genes were differentially expressed. The details regarding the relevance of 

each gene is summarized in Chapter 4. These candidate genes are involved in 

emotional regulation since mouse models with modification of these genes show 

enhanced fear conditioning and anxiety-like behaviors similar to the behavior 

observed in 6N in the current study.  

In conclusion, the substrain difference between 6J and 6N mice identifies 6N mice as 

robust animal model of PTSD. Not only does the model reflect the individual 

differences in the susceptibility to the impact of traumatic events, it also mirrors the 

subtle cognitive impairment often observed in the PTSD patients. In addition, the 

candidate genes identified in the qPCR analysis will add valuable information in 
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elucidating the increased susceptibility to traumatic events in 6N mice and thereby 

contribute to the study of gene and environment interaction which plays a key role in 

the etiology of PTSD in humans. In general, the susceptibility of a subset of 6N mice 

suggests the vulnerability of isogenic mice due to epigenetic mechanisms (Freund et 

al., 2013). 

 The importance of ligand efficacy in the actions of 5-HT1A 

compounds (Chapter 5) 

Although there have been discoveries of many successful anxiolytics and 

antidepressants in recent years, a considerable number of the drugs exert significant 

side effects. For instance, tricyclic antidepressants can even interfere with cognitive 

functions by causing delirium through suppressing cholinergic transmission 

(Livingston et al., 1983). While the new SSRI generation of antidepressants is known 

to show reduced side effects regarding cognition, there are reports associating long-

term use of SSRIs with worsening of memory function. To minimize such side effects, 

partial 5-HT receptor subtype-specific agonists have attracted the attention of the 

pharmaceutical industry since these compounds make it easier to adjust the effective 

dose range with favorable side effect profile than with full agonists or antagonists 

(Newman-Tancredi, 2010). S15535, a partial 5-HT1A agonist shows an anxiolytic effect 

in several conflict tests (Dekeyne et al., 2000) as well as a pro-cognitive effect in 

spatial memory tests (Millan et al., 2004). In the current study, S15535 was tested in 

classical fear conditioning tests together with other 5-HT1A ligands to investigate the 

effect of 5-HT1A receptors in emotional learning.  

The full 5-HT1A agonist 8-OH-DPAT when injected before training dose-dependently 

impaired fear conditioning performance in the memory test 24 h after training. This 

impairment was blocked by the pre-injection of the 5-HT1A antagonist WAY100635. 

In contrast to the results shown in spatial memory tests previously, S15535 did not 

have a facilitating effect but instead behaved like 8-OH-DPAT albeit with smaller 

effect size. This impairing effect of S15535 was blocked also by the pretreatment with 
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WAY100635, implicating the role of 5-HT1A receptors. The facilitating effect was 

observed with NAD-299 in the contextual fear conditioning test.  

Although there have been some indications that 5-HT1A receptors are involved in 

pain perception (Kharkevich & Churukanov, 1999), it is very unlikely that the results 

observed were due to the altered nociception. The electric stimulus used was of a 

highly salient nature and all mice demonstrated a clear US response as indicated by 

vocalization and increased locomotion after the presentation of the stimulus.  

Another potential confounding factor in interpreting the facilitation or impairment of 

fear memory is the change in the anxiety level by the 5-HT1A ligands used in the 

study. Since the dose range of NAD-299 used in the current investigation does not 

affect anxiety-like behavior and autonomic function (Madjid et al., 2006), the 

facilitating effect observed here is unlikely due to increased anxiety. Although in 

general, anxiolytic effects of S15535 and 8-OH-DPAT have been reported in several 

tests, the findings have been inconsistent and the clinical efficacy of them has been 

questioned as well. It should be noted also that, although counterintuitive, general 

anxiety level does not necessarily affect the performance in fear conditioning 

(Torrents-Rodas et al., 2013). Taken together, it is unlikely that the altered level in 

anxiety by the 5-HT1A ligands led to the observed effects in the current study.  

While the impairing effect of 8-OH-DPAT at higher doses (> 0.2 mg/kg) extended 

the previous finding in the passive avoidance test (Misane et al., 1998), there was no 

facilitation at lower doses in contrast to the findings in the passive avoidance in mice 

and rats (Madjid et al., 2006). One possible explanation for this discrepancy is that the 

ceiling effect (a maximum response that can hardly be facilitated) might occur more 

easily in fear conditioning than in passive avoidance experiments and thereby any 

possible facilitation becomes unnoticeable and would require lower reinforcement 

and other test conditions as shown for facilitation of PA performance by 5-HT7 

activation (Eriksson et al., 2012). Considering that the procognitive effect of 

‘presynaptic’ doses of 8-OH-DPAT was not present when another type of spatial 
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memory task was used (water maze), this discrepancy might be also due to the task-

specificity (Meneses & Perez-Garcia, 2007b).  

The results showing the similar effects of S15535 to the ones of 8-OH-DPAT with a 

smaller effect size are consistent with partial agonist property. At a higher dose (5 

mg/kg) than 8-OH-DPAT (0.3 mg/kg), S15535 induced the serotonin syndrome, 

which is attributed to postsynaptic 5-HT1A receptor activation (Tricklebank et al., 

1984). Importantly, although the effect did not reach statistical significance, there was 

a trend for an attenuated impairment by 8-OH-DPAT when S15535 was co-

administered, suggesting the competitive property of this partial agonist.  

The absence of procognitive effect in the low doses of S15535 might be due to the fact 

that fear conditioning involves different brain areas than the mainly hippocampus 

mediated tasks such as social recognition and water maze (Burwell et al., 2004). This 

task-dependent effect of S15535 might be due to differences in the endogenous 

serotonin level in each task. As a partial agonist, the actions of S15535 will be more 

like those of antagonists when a task induces a strong endogenous serotoninergic 

release, whereas it will behave more like agonist when the serotonin level is 

moderate. Although it is known that fear conditioning increases extracellular 

serotonin level, a comparison of serotonin levels in different memory tasks has not 

yet been performed. Finally, species differences between rats, in which the majority 

of the S15535 studies have been performed, and mice cannot be ruled out. 

In conclusion, the present findings underlined the important role of postsynaptic 5-

HT1A receptors in the impairment of fear conditioning. Agonists such as 8-OH-DPAT 

and S15535 impaired fear conditioning in a dose-dependent manner, while the 

antagonist NAD-299 improved the performance.  However, it should be noted that 

the potential negative influence in cognition by SSRIs could be also be mediated by 

other 5-HT receptors since SSRIs increase the general serotonergic tone. Especially in 

the case of chronic SSRI treatment differential gene regulations might occur, which 

can affect several 5-HT receptor subtypes in different brain areas (Kroeze et al., 2012). 
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Pathological HR dynamics by 5-HT1A receptor activation and 

its implication for SSRI-mediated cardiac side effects 

(Chapter 6)  

It is now firmly established that serotonin plays a major role in mood and anxiety 

disorders such as anxiety disorders (including PTSD) and depression (Stockmeier, 

2003). This is not surprising considering that serotonin exerts a wide spectrum of 

influence via 14 subtypes of receptors in physiological as well as behavioral domains 

(Hoyer et al., 2002). As the fact that serotonin was initially defined as ‘vasoactive 

substance’ (Rapport et al., 1948) attests, the effect of serotonin on cardiovascular 

modulation has been acknowledged from early on. Although the whole picture is 

more complicated, briefly, serotonin influences autonomic regulation via 5-HT1A and 

5-HT2A receptors, the former involved in the sympatho-inhibitory and the latter 

sympatho-activatory mechanisms (Ramage, 2001). The role of 5-HT1A is of particular 

interest since the therapeutic actions of SSRIs, the most commonly used anxiolytics 

nowadays are to a large degree mediated by 5-HT1A receptors (Barrett & Vanover, 

1993). In the present study, the impact of 5-HT1A receptor stimulation on heart rate 

dynamics was investigated in mice with different doses of ligands. Importantly, mice 

were tested under physiological conditions using radio-telemetry. It was often 

pointed as a source of confounding factors that previous studies on changes in heart 

rate (HR) dynamics by pharmacological interventions were mostly done in restrained 

or anesthetized animals (Bouairi et al., 2004). 

The results show that 5-HT1A activation by 8-OH-DPAT decreases HR while the 

auditory CS-induced increase in HR is preserved in mice. The reduction in HR by 8-

OH-DPAT was observed also during novelty exposure. These effects were blocked 

by the selective 5-HT1A antagonist WAY-100635 ruling out the impact of other 

receptor sub types than 5-HT1A. Another antagonist NAD-299 increased the baseline 

HR. The baseline HR was decreased by the high dose of 8-OH-DPAT (0.5 mg/kg) 
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which also impaired fear conditioning as shown in the absence of tone induced 

tachycardia. 

The current results are at variance with the data acquired in rats previously where it 

was shown that there was no reduction in the baseline HR (Vianna & Carrive, 2009) 

while the HR increase after a stressful stimulus was reduced by 8-OH-DPAT. In their 

review article, Nalivaiko and Sgoifo (2009) concluded that this reduction of 

cardiovascular responses to stressors is of benign nature and is possibly mediated by 

disinhibition of cardiomotor vagal neurons. However this kind of anxiolytic effect 

was absent in the fear conditioning in the current study as indicated by the preserved 

increase in HR after CS presentation.  

There was, however, a significant reduction in the novelty-induced tachycardia by 8-

OH-DPAT.  Although this can be interpreted at a glance as a beneficial anxiolytic 

effect, a conclusion can be made that this lack of tachycardia here is of a pathological 

nature which resulted from an altered autonomic state. As shown in the analysis of 

ECG, 5-HT1A stimulation led to QT prolongation and arrhythmic episodes both of 

which are associated with cardiac risks (Pacher & Kecskemeti, 2004).  

The relevance of the current study is underlined by the fact that such negative 

changes in ECG by 5-HT1A stimulation have been associated also with the use of 

SSRIs even in patients without previous cardiovascular history. The number of 

reports on arrhythmia and syncope is increasing with use of one of the most 

commonly prescribed SSRIs, citalopram, which necessitated the US Food and Drug 

Administration (FDA) to issue a warning (Fda, 2012). In view of the wide 

distribution of 5-HT1A receptors, the increase in 5-HT level by SSRI may lead to the 

increase in cardiac risk via stimulation via 5-HT1A receptors. 
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Limitations and recommendations for future research 

The current thesis aimed to study various aspects of the interaction between emotion 

and cognition. In the first chapter, I have shown that the modified Barnes maze is an 

effective spatial memory test which can be used to dissociate the differences in 

motivation and cognitive performance. The modified design also reduced 

thigmotaxis and serial strategy use often influenced by anxiety. The 6J and 6N 

comparison study in Chapter 4 established a solid and well-rounded PTSD model by 

demonstrating the substrain difference in emotion (fear extinction impairment) as 

well as in cognition (spatial memory tests). The last two chapters focused on the role 

of 5-HT1A in the fear memory. While the 5-HT1A antagonist NAD-299 facilitated the 

performance, the 5-HT1A agonist 8-OH-DPAT impaired it in a dose-dependent 

manner. In contrast to the previous findings, S15535, a partial 5-HT1A agonist, failed 

to elicit a procognitive effect in the fear conditioning test suggesting a task-

dependent effect of 5-HT1A ligands. The last chapter demonstrated that the reduction 

in tachycardia after a stressful stimulus by 5-HT1A stimulation is of pathological 

nature, which might have an important implication in the cardiac side effects by 

SSRIs increasingly reported in recent years.  

The present studies mainly focused on the behavioral outcome by experimental 

changes and hence are restricted in elucidating the underlying molecular 

mechanisms of the results. For instance, considering that the DBA strain shows 

impairments in many spatial memory tests, it remains to be answered how the strain 

can ‘rescue’ hippocampal function by changes in the motivation level. One potential 

idea might be to measure the dopaminergic transmission during the task and 

investigate if there is a correlation between the performance and the surge in the 

endogenous dopamine level induced by reward, which is known to improve 

cognitive capacity in humans and rodents (Mehta & Riedel, 2006).  

In Chapter 4, a few candidate genes emerged from the hippocampus gene expression 

study which might have contributed to the marked behavioral differences between 6J 
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and 6N. However since the analysis was done with the brains harvested from naïve 

animals, the stress induced changes in the gene expression still remains to be 

investigated (Szklarczyk et al., 2012). One of the most important findings of Chapter 4 

was the strong individual difference within mice of the 6N strain. While this 

phenomenon mirrored the situation in humans closely, the substrain comparison 

model can be expanded by identifying biomarkers associated with susceptibility to 

stressors (Zhang et al., 2009) and thereby increase the predict validity. In other words, 

it would be important to investigate the differential gene expression between 

“normal” 6N and “PTSD-like” 6N to determine whether these candidate genes show 

differential regulation associated with the performance. To make the whole picture 

complete, it should be also addressed how this individual vulnerability arises. It has 

been noted that PTSD-like phenotype in 6N is influenced by maternal care style 

(Siegmund et al., 2005), which in turn is known to influence gene expression via 

epigenetic regulation (Champagne & Curley, 2009). In addition, other behavioral 

indications of stress vulnerability such as coping styles could be investigated (Cabib 

et al., 2012).  

One question remaining to be answered in Chapter 5 is the absence of procognitive 

effect in S15535 in fear conditioning. This might be resolved by measuring the 

endogenous serotonin level during different tasks since this will influence whether 

S15535 behaves more as an agonist or antagonist. As many researchers previously 

pointed out (Ogren et al., 2008; Stiedl et al., 2000), the development of lipophobic 5-

HT1A ligands will greatly contribute to resolving the separate role of pre vs. 

postsynaptic 5-HT1A receptors by enabling accurate local injection resulting in local 

actions to dissect the role of 5-HT1A receptors in specific brain areas.  

Considering that 5-HT1A receptors are heavily involved in the antidepressant and 

anxiolytic effect of SSRI’s, and 5-HT1A agonists are often being used in combination 

with SSRI’s to potentiate their actions (Blier & Ward, 2003), the findings reported in 

Chapter 6 can be highly relevant in a clinical context. However, since the 
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considerable species-differences in the serotonergic system and in particular the 

effect of 5-HT1A receptor activation have to be taken in to account, the findings would 

need to be extended with the data acquired from patients currently medicated with 

SSRIs or 5-HT1A ligands. 
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  “Think with your head and not your heart”  

It is a piece of advice one hears often when about to make an important 

decision.  Underlying this statement there is a notion that emotion and 

cognition can be separated from each other. In addition, it is implied here 

that emotion can affect cognitive process only negatively.  

However, the very fact those cognitive symptoms are observed in nearly all 

psychiatric disorders in combination with affective anomalies indicate that 

these two processes are closely intertwined in the brain.  

Throughout my thesis, I aimed to articulate the view that such an 

interaction should be acknowledged in animal behaviour as well, which is 

crucial considering that most of novel therapeutic interventions for 

psychiatric/neurological disorders are investigated with the help of animal 

models.  

Maybe the following quote from the British novelist Arnold Bennett 

illustrates the complex relationship between emotion and cognition more 

eloquently.  

“There can be no knowledge without emotion. We may be aware of a truth, yet until 

we have felt its force, it is not ours. To the cognition of the brain must be added the 

experience of the soul”  
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Summary 

This thesis aimed to examine various aspects of the interaction between emotion and 

cognition. In Chapter 1, the background and aims of each study were briefly 

introduced. A few recent studies were detailed to illustrate that emotion and 

cognition often interact together in a dynamic manner rather than the strict modular 

fashion previously assumed. For instance, a certain component of emotion 

(motivation) can modulate an important aspect of cognition (attention) in a top down 

manner and thereby influence the behavioral outcome.  

In Chapter 2, the facilitating effect of increased motivation on spatial memory 

performance by comparing was demonstrated 6J and DBA mice. The two strains 

were tested in a modified Barnes maze test which allowed the impact of motivation 

by keeping spatial configuration and motoric requirement constant while the nature 

of reinforcers varied. While the results from the version of the test where an aversive 

reinforcer was used replicated the previous findings which showed inferior 

performance in DBA, the use of appetitive reinforcer improved the performance in 

DBA to the level of 6J mice. Importantly, DBA mice increased the use of spatial 

strategy significantly as well indicating the genuine presence of spatial learning. The 

results cautions against drawing conclusion on spatial memory in rodent based on 

single test especially when there is a clear possibility that noncognitive factors, such 

as motivation or motoric skills, differ between experimental groups.  

Chapter 3 focused on the validation of the novel spatial memory test used in the 

previous chapter. The performance in the modified design was compared with the 

one in the classical design with all other experiment condition constant. As indicated 

by the increased number of errors and poorer performance in the long term memory 

test, mBM test seems to pose significantly more cognitive challenges for mice. The 

pseudorandom patterning of the holes in mBM in contrast to the circular hole 

arrangement in the classical design considerably decreased the usage of serial 

strategy which has been one of main confounding factors in the Barnes maze test and 
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which often occurs in animals with higher level of anxiety. The increased task 

complexity together with the dominant use of spatial strategy indicates that mBM is 

an effective spatial memory test.  

Chapter 4 presents the results of a substrain comparison study in the context of PTSD. 

Despite their close genetic proximity, our results show a few distinctive differences 

between C57BL/6J and C57BL/6N, which reflects the increased susceptibility to 

stressors in the 6N strain. First, 6N showed marked fear extinction impairment in the 

Passive avoidance test. Second, the anxiety-level increased significantly more in 6N 

after an aversive procedure (forced swim test). Third, as in the case of PTSD patients, 

there was a subtle cognitive impairment in 6N which was manifested with increasing 

task load. Moreover, 6N persisted in ineffectual explorative pattern throughout the 

training, which is reminiscent of certain perseverative behavior patterns in PTSD 

patients. Finally, real-time quantitative PCR analysis identified 5 candidate genes by 

comparing gene expression levels in the hippocampus which might underlie the 

marked vulnerability to traumatic events in 6N mice. Taken together, 6N mice 

exhibit many facets of human PTSD symptoms, identifying this strain as a valuable 

PTSD animal model.  

In Chapter 5, the role of 5-HT1A receptors in fear memory was investigated. In 

particular, the memory-facilitating effect of the partial 5-HT1A agonist S15535 which 

has been reported to show procognitive effects in several tests. Our results indicate 

that S15535 behaves in a similar manner to the full agonist 8-OH-DPAT by impairing 

the fear conditioning performance in a dose-dependent manner albeit with a smaller 

effect size. NAD-199, a 5-HT1A antagonist facilitated fear conditioning performance 

indicating that the blockade of postsynaptic 5-HT1A receptors leads to a mild memory 

enhancement. Taken together, our data show that stimulation of 5-HT1A receptors 

lead to memory impairment and blockade of them to memory facilitation in fear 

conditioning. The discrepancy from the previous findings regarding the procognitive 

effect of S15535 might be due to the differences in the tests used since the action of 
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partial agonists depends strongly on the endogenous level of the ligand and can 

differ between the tests. 

 

While there are inconsistencies regarding the effect of 5-HT1A receptors on cognition, 

there is a general agreement that 5-HT1A receptors play an important role in the 

anxiolytic action. A considerable number of studies also indicated the attenuation of 

stress-induced tachycardia by 5-HT1A agonists, which was regarded as beneficial. 

However, our data in mice show that 8-OH-DPAT induces a pronounced 

bradycardia with preserved heart rate increase upon the presentation of a 

conditioned stimulus (tone). Importantly, this change in HR by 8-OH-DPAT was 

accompanied by several pathological aspects including prolonged QT elongation and 

arrhythmic episodes. Considering that more studies are reporting the aversive effects 

associated with SSRI use on heart rate variability, and that the anxiolytic effect of 

SSRIs is predominantly mediated by 5-HT1A receptors, the current results might bear 

important clinical implications.  
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Nederlandse Samenvatting 

“De interactie tussen emotie en cognitie in muizen” 

Het doel van dit proefschrift is om verschillende aspecten van de interactie tussen 

emotie en cognitie te bestuderen. In hoofdstuk 1 wordt kort de achtergrond en de 

belangrijkste doelstellingen van de individuele studies besproken. Een aantal 

verschillende recente studies worden gedetailleerd besproken om te onderstrepen 

dat emotie en cognitie vaak een zeer dynamische wisselwerking hebben. Dit in 

tegenstelling tot de strikt modulaire samenwerking die tot nog toe veelal werd 

verondersteld. Zo kan bijvoorbeeld een bepaalde component van emotie (zoals 

motivatie) belangrijke aspecten van cognitie (zoals aandacht) op een top-down 

manier veranderen en uiteindelijk gedrag beïnvloeden.  

In hoofdstuk 2 is de invloed van een veranderingen in motivatie op het spatiale 

geheugen van twee muizenstammen onderzocht: de 6J en DBA muizenstammen. 

Deze twee muizenstammen werden bestudeerd in een zelf-ontwikkelde variant van 

de zogenaamde Barnes Maze, die het mogelijk maakt om verschillen in motivatie aan 

te brengen zonder de spatiale configuratie of de uit te voeren bewegingen te 

veranderen. Deze studie toonde aan dat de DBA muizen bij een negatieve beloning 

een sterk verminderde prestatie hadden, in overeenstemming met de bestaande 

literatuur. Echter, bij een positieve beloning verbeterde de prestatie van de DBA 

muizen zo sterk dat er geen verschil meer was tussen de twee stammen. Een 

gedetailleerde analyse toonde aan dat de verbetering van de DBA muizen met name 

het gevolg was van een toename de zogenaamde spatiale strategie. Deze resultaten 

geven aan dat factoren zoals motivatie of motorische capaciteit een belangrijke rol 

kunnen spelen bij de uiteindelijke prestatie van dieren in een (spatiale) geheugen 

taak, en dat derhalve voorzichtigheid geboden is bij het trekken van conclusies 

omtrent de cognitie vermogens van (knaag)dieren wanneer slechts 1 enkele spatiale 

geheugentaak wordt gebruikt. 
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In hoofdstuk 3 wordt de aangepaste Barnes Maze (mBM) taak uit hoofdstuk 2 verder 

gevalideerd. Daartoe werd de prestatie van muizen in deze taak vergeleken met de 

prestatie in de standaard Barnes Maze (BM), waarbij alle andere omstandigheden 

constant gehouden werden. Uit de resultaten blijkt dat muizen slechter presteerden 

en significant meer fouten maakten in de mBM, hetgeen onderstreept dat de mBM 

een veel moeilijkere taak is. In de mBM zijn de gaten niet in een cirkelvormig patroon 

maar in een quasi random patroon aangebracht. Als gevolg hiervan kunnen muizen 

veel minder gebruik maken van een seriële strategie; een van de belangrijkste 

tekortkomingen van de standaard BM. De seriële strategie komt veel voor bij zeer 

angstige dieren. De verhoogde complexiteit van de mBM en de daaruit 

voortvloeiende afname van de seriële en toename van de spatiale strategie maakt 

deze taak uitermate geschikt om spatiale leren te bestuderen. 

In hoofdstuk 4 zijn twee substammen van muizen vergeleken in een diermodel voor 

posttraumatische stress syndroom (PTSD). Ondanks de sterke genetische 

overeenkomsten, hebben we enkele belangrijke verschillen gevonden tussen de 

C57BL/6J de C57BL/6N die met name het gevolg lijken te zijn van de verhoogde  

stressgevoeligheid van de 6N stam. Allereerst vertoonden 6N muizen een duidelijke 

stoornis in het uitdoven van de angstrespons in de passieve vermijdingstaak. 

Daarnaast hadden deze muizen een grotere angstrespons na een aversieve taak (de 

geforceerde zwemtaak). Bovendien vertoonden deze muizen, in analogie met PTSD 

patiënten, een subtiel cognitief defect dat toenam bij toenemende cognitieve last. 

Tenslotte verhardden 6N muizen in een niet-effectieve strategie tijdens de trainingen, 

die sterk deed denken aan het perseveratieve gedrag van patiënten met PTSD. Met 

behulp van RT-qPCR hebben we 5 kandidaat genen in de hippocampus 

geïdentificeerd die mogelijk de basis vormen voor de verhoogde stress gevoeligheid 

van de 6N muizen. De algehele conclusie van dit hoofstuk is dat 6N muizen gelet op 

de vele overeenkomsten, een waardevol diermodel voor patienten met PTSD vormt. 



 211 

In hoofdstuk 5 is de rol van 5-HT1A receptor bij het angstgeheugen onderzocht, en is 

met name gekeken naar het geheugen-verbeterende effect van de partiele 5-HT1A 

agonist S15535. In diverse studies was reeds aangetoond dat S15535 een pro-cognitief 

effect heeft. Onze resultaten laten zien dat S15535 een effect vertoonde dat 

vergelijkbaar was met het effect van de volledige agonist 8-OHDPAT: Beide stoffen 

verminderden de prestatie in een angst-conditioneringsexperiment op een dosis-

afhankelijke manier, alhoewel het effect van S15535 kleiner was. NAD-199, een 5-

HT1A antagonist verbeterde de prestatie. Met andere worden daar waar een 

stimulatie van post-synaptische 5-HT1A receptoren de angst/conditionering remt, 

leidt blokkade van deze receptoren tot een (lichte) verbetering. Daarmee lijken onze 

resultaten in tegenspraak met de beschreven pro-cognitieve werking van S-15535. 

Echte verschillen in de gebruikte testen kunnen mogelijk een verklaring zijn, 

aangezien de effecten van een partiële agonist sterk afhankelijk zijn van de 

concentratie van het endogene ligand, in dit geval 5-HT. 

 

Ondanks dat er tegenstrijdige resultaten zijn met betrekking tot de rol van 5-HT1A 

receptoren bij cognitie, is het duidelijk dat deze receptoren een belangrijke rol spelen 

bij de regulatie van angst. Een groot aantal studies heeft aangetoond dat 5-HT1A 

agonisten de stress geïnduceerde verhoging van de hartslag remmen, hetgeen 

algemeen als een gunstig effect wordt beschouwd. Onze resultaten tonen echter aan 

dat 8-OHDPAT tot een sterke verlaging van de (basale) hartslag leidde, terwijl de 

stress geïnduceerde verhoging niet werd beïnvloed. Bovendien bleek dat deze 

verandering in de hartslag opgeroepen door 8-OHDPAT gepaard ging met een 

aantal pathologische verandering, zoals een verlenging van het QT interval en 

hartritme stoornissen. Het feit dat in verschillende studies met selectieve serotonine 

heropname remmers ook veranderingen in hartslag variabiliteit zijn gerapporteerd 

geeft aan dat onze resultaten belangrijke klinische implicaties kunnen hebben, met 
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name omdat de angst remmende werking van deze middelen vermoedelijk via de 5-

HT1A receptoren tot stand gebracht worden.  
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List of Abbreviations  

 

The following table describes the significance of various abbreviations and acronyms 
used throughout the thesis. 
 

Acronym Definition 

3'-UTR 3'-Untranslated Region 

5-HT 5-hydroxytryptamine 

5'-UTR 5'-Untranslated Region 

8-OH-DPAT 8-Hydroxy-2-(di-n-propylamino)tetralin 

ADAM A Disintegrin And Metalloproteinase 

ADK Adenosine kinase  

ANOVA Analysis of Variance 

ANS Autonomic Nervous System 

APP Amyloid Precursor Protein 

BDNF Brain Derived Neurotrophic Factor 

BC Bright Compartment 

BM Barnes Maze 

cBM classical Barnes Maze 

CNS Central Nervous System 

CRF Corticotropin Releasing Factor 

CS Conditioned Stimulus 

DC Dark Compartment 

DLB Dark-Light box 

dlPFC dorsolateral Prefrontal Cortex 

ECG Electrocardiogram 

EEC European Economic Community 

FDA Food and Drug Administration  

FST Forced Swim Test 

GABA Gamma-amino-butyric Acid 

GAPDH 
Glyceraldehyde 3-phosphate 

dehydrogenase 

GIRK 
G-protein-coupled inwardly rectifying 

potassium  

GTP Guanosine-5'-triphosphate 

HPA Hypothalamus-Pituitary Axis 
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HR  Heart Rate 

HRV Heart Rate Variability 

LTP Long term potentiation 

mBM modified Barnes Maze 

MW Molecular Weight 

NAA N-acetylaspartate  

NMDA N-Methl-D-Aspartate 

OFC Orbitofrontal Cortex                                                                  

PA  Passive Avoidance 

PCR Polymerase Chain Reaction 

PFC Prefrontal Cortex 

PKC Protein Kinase C 

PLC Phospholipase C 

PLSD 
Fisher’s protected least significant 

difference  

PredEx Predator Exposure 

PTSD Posttraumatic Stress Disorder 

qPCR quantitative Polymerase Chain Reaction 

QTL Qutantitative Trait Loci 

RMSSD 
root-mean square of successive RR interval 

differences 

RNA Ribonucleic acid 

RSA respiratory sinus arrhythmia 

SEM Standard Error of the Mean 

SNP Single Nucleotide Polymorphism  

SSRI Selective Serotonin Reuptake Inhibitor 

US unconditioned stimulus 

vmPFC ventromedial Prefrontal Cortex 

WM Water Maze 

 

  



 215 

Acknowledgements 

 

First I would like to thank my supervisors. Oliver, I believe you are one of few people who 

retain their love of being involved in actual experiments even at the lofty position you 

achieved in your academic carrier. You were always there for me and other students to give 

guidance, and no details were too insignificant to discuss. The rare combination of 

thoroughness and kindness you showed will remain with me always.  Matthijs, from you I 

learned how to see the big pictures and prioritize. You knew when to encourage and when to 

give necessary feed backs, which all helped me to go through my PhD years. And thank you 

for your endless patience with my delays.  

Without the help of my colleagues at the University, I would never have made it. My special 

thanks go to Anton, who possesses such an incredibly broad range of experimental skills and 

other technical expertise.  He helped with every manuscript preparation and always lent a 

willing ear when I needed his advice. His support was invaluable to me. Thank you so much, 

Anton.  René, I wish you could know how grateful I am to you for all the academic advice 

especially on statistics and methodological details. It saddens me so much that I will not be 

able to tell you this in person.  Torben, my amigo, with your humor and scientific zeal, you 

have been always a great roommate for me.  I also would like to thank Dr. Sophie van der 

Sluis for statistical advice for the thesis.  And for all the people at the lab I cannot name all, I 

want to say, thank you so much.  

Bart, you always have been my support in more aspects than I can tell. I am very fortunate to 

have a husband, mentor and best friend in one ‘package’. Thank you. 

 

 

Wellington, January 2014.  

  



 216 

 

  



 217 

Curriculum vitae 

 

Jiun Youn was born on the 16th September 1974 in Seoul. After having majored in medical 

technology at Yonsei University in Seoul she worked as a technician before moving to the 

Netherlands. She studied psychology at the Vrije University Amsterdam and acquired her 

Master degree in neuroscience at the Radboud Universiteit in Nijmegen. Her PhD project 

was focused on the animal models of cognition and anxiety under the supervision of 

associate professor Oliver Stiedl and professor Matthijs Verhage. Currently she is working as 

a lab coordinator at the Victoria University in Wellington, New Zealand. 

 

 

  



 218 

 


	Table_of_Contents
	chapter1
	Chapter2
	Chapter3
	Chapter4
	chapter5
	chapter6
	chapter7
	Summary
	DutchSummary
	Abbreviations
	Acknowledgements
	CV

