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o n e

General Introduction



Oh the nerves, the nerves; the mysteries of  this machine called man!  
Oh the little that unhinges it, poor creatures that we are!  

- Charles Dickens, The Chimes -
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Anxiety disorders
Anxiety disorders are among the most prevalent psychiatric disorders with a lifetime 
prevalence up to 25% (Hettema et al., 2001a; Sramek et al., 2002). The neurobiology 
underlying anxiety disorders implicates involvement of  several neurotransmitter systems 
(Connor and Davidson, 1998). These neurotransmitter systems include the GABAA-
ergic and serotonergic systems, which are targeted pharmacologically to treat anxiety 
disorders. Acting on GABAA receptors, benzodiazepine treatment of  anxiety disorders 
started in the early 1960’s and benzodiazepines are the most prescribed drugs in the 
treatment of  anxiety disorders (Connor and Davidson, 1998; Sramek et al., 2002). The 
disadvantages of  benzodiazepine use are the induction of  sedation, decrease in learning 
ability and the potential to abuse. 
The first non-benzodiazepine that was marketed to treat anxiety disorders was the
partial 5-HT1A receptor agonist buspirone. Although anxiolytic effects were observed 
in patients, onset of  effect takes at least 1-2 weeks and lack of  effect on symptomatic 
symptoms makes this drug less attractive to both physicians and patients (Connor 
and Davidson, 1998; Sramek et al., 2002). Furthermore, buspirone has low efficacy in
the long-term treatment of  anxiety (Goodman, 2004). Anxiety disorders have a high 
co-morbidity with other psychiatric conditions like depression (Angst, 1997; Fawcett, 
1997; Hettema et al., 2001a; Sramek et al., 2002). This co-morbidity led to the use of  
antidepressants in the treatment of  anxiety disorders. Currently the SSRI’s (selective 
serotonin reuptake inhibitors) and the SNRI’s (serotonin-norepinephrine reuptake 
inhibitors) are becoming the drugs of  choice (Sramek et al., 2002). Notwithstanding the 
relatively effective treatment of  anxiety disorders, the exact underlying mechanisms and 
neurobiological changes are still largely unclear (Kent et al., 2002). 

Neurotransmitter systems 

The serotonergic system and 5-HT1A receptors
Initial research on serotonin was focussed on its function on peripheral tissues, where 
95% of  total serotonin is present. Only later the importance of  this neurotransmitter 
in the central nervous system was acknowledged (Jones and Blackburn, 2002). Brain 
serotonin plays an important role in many behavioural and physiological processes like 
thermoregulation, sleep, aggression, sexual behaviour and has been implicated in several 
neuropsychiatric disorders, including depression, schizophrenia and anxiety disorders 
(Barnes and Sharp, 1999; Griebel, 1995). Serotonergic neurons originate from the 
raphe nuclei (Azmitia and Whitaker-Azmitia, 1991) and are found in many brain areas, 
including prefrontal cortex, amygdala, hippocampus, medial preoptic area, hypothalamus 
and the ventral striatum (Lesch et al., 2003). Currently 14 different serotonergic (pre- and 
postsynaptic) receptor subtypes have been found, all attributed with different functions. 
The role of  5-HT1A receptors in anxiety disorders was first observed by the clinical
efficacy of buspirone, a partial 5-HT1A receptor agonist (File, 1996; McMillen et al., 
1983; Tunnicliff, 1991). As mentioned earlier 5-HT1A receptors are implicated in 
anxiety and depressive disorders and are currently used as molecular target for both 
anxiolytic and anti-depressive drugs (Griebel et al., 2000; Lesch et al., 2003; Olivier et 
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al., 1999). Humans suffering from anxiety disorders like panic disorder show reduced 
responsiveness of  5-HT1A receptors (Lesch et al., 1992; Neumeister et al., 2004). 
The 5-HT1A receptor belongs to the family of  inhibitory Gαi-linked protein coupled 
receptors and consists of  two distinct populations: presynaptic and postsynaptic 5-HT1A 
receptors. Somatodendritic 5-HT1A autoreceptors are mainly located on serotonergic 
neurons in the brainstem raphe complex. Activation of  this presynaptic receptor 
decreases the firing rate of serotonergic neurons and results in a decrease of synthesis,
turnover and release of  serotonin from nerve terminals in projection areas. The 
postsynaptic 5-HT1A receptors are widely distributed throughout the brain, especially in 
the forebrain area, amygdala and other limbic structures (Hamon et al., 1990). Activation 
of  postsynaptic 5-HT1A receptors results in neuronal inhibition. To further investigate 
the role of  5-HT1A receptors in anxiety disorders, three research groups independently 
created a 5-HT1A receptor knockout mouse (1AKO) and all groups found increased 
levels of  anxiety in the null mutations (Heisler et al., 1998; Parks et al., 1998; Ramboz et 
al., 1998). 
In pharmacological studies with animal models it appears that opposite effects are 
obtained by stimulation of  pre- and postsynaptic 5-HT1A receptors. Stimulation of  the 
presynaptic receptors results in anxiolysis, while stimulation of  the postsynaptic receptor 
increases anxiety (De Vry, 1995; File, 1996). However, the conditional and inducible 5-
HT1A receptor knockout mouse points into an opposite direction (Gross et al., 2002). In 
this knockout mouse, 5-HT1A receptors are expressed in an inducible way in forebrain 
areas and not in the raphe nuclei. If  expression of  the post-synaptic 5-HT1A receptors is 
only present from early development till day 20 and turned off  during the rest of  its life, 
this mouse shows normal anxiety-like behaviour, similar to that of  wildtype mice (Gross 
et al., 2002; Kent et al., 2002). 

The GABA-ergic system and GABAA receptors
γ-Aminobutyric Acid (GABA) is the primary inhibitory neurotransmitter in the central 
nervous system. Depending on the brain region, 20-50% of  the synapses use GABA 
as their neurotransmitter (Sieghart, 1995) and three types of  GABA-receptors exist, 
GABAA, GABAB and GABAC. Main interest in anxiety research goes to the GABAA 
receptor, for this is the target of  benzodiazepines, barbiturates and ethanol. The GABAA 
receptor is a ligand-gated chloride ion channel; it is shaped by 5 subunits in a pentameric 
structure creating a pore which transverses the membrane, the chloride channel. The 
subunits are large proteins with the N-terminal in the extra cellular domain and with an 
intracellular loop. When GABA is released and binds to the GABAA receptor, it widens 
the chloride channel, making it possible for chloride ions to enter the neuron and cause 
hyperpolarization. The subunits that form the GABAA receptor can be divided into 
several classes, differing in protein structure and with different functions. At least 18 
different subunits exist, divided into different families, the various subunits are α1-6, β1-3, 
γ1-3, δ, ε, π and ρ1-3 (Mehta and Ticku, 1999). The theoretical number of  arrangements 
of  subunits within a functional GABAA receptor is very large. However, the most 
frequent occurring types of  subunit composition are 2α2βγ and 2α2βδ (Kardos, 1999). 
For GABA to bind to the GABAA receptor the combination of  an α next to a β subunit 
is required and it is generally assumed that GABAA receptors have two GABA binding 
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sites (Bormann et al., 1987). Besides the obvious binding site for GABA, many other 
allosteric binding sites are present on the GABAA receptor. In addition to binding 
of  benzodiazepines, GABAA receptors can be stimulated by other compounds like 
barbiturates, anaesthetics, anticonvulsant and hypnotic drugs. 
In the absence of  GABA benzodiazepines are inactive, but GABA binding is enhanced 
by benzodiazepines via increasing the frequency of  chloride channel opening with little 
effect on the channel opening time. Binding of  benzodiazepines to GABAA receptors 
requires a γ subunit next to a α subunit. It is now believed that the benzodiazepine-
binding site is formed in a pocket between these γ and the α subunits (Sigel, 2002). 
While neurosteroids require a α4 subunit to stimulate GABAA-receptors, benzodiazepines 
display their action through the α1, α2, α3 and α5 subunits in combination with preferably 
a γ2 subunit. Presence of  multiple subtypes of  the GABAA receptor α subunits within the 
brain suggest that the separate functions might be controlled by different mechanisms 
(Wafford et al., 2004). With the use of  transgenic mice with point mutations or null 
mutations of  α subunits and pharmacology, specific roles have been ascribed to different
α subunits. In mediating sedative and cognitive effects via activation of  GABAA receptors, 
involvement of  α1 subunits and to a lesser extent α5 subunits was found (McKernan 
et al., 2000; Rudolph et al., 1999; Rudolph et al., 2001). The exact α subunits that are 
involved in anxiolysis after benzodiazepine activation are less well determined, most 
likely candidates are α2 and α3 subunits (Dias et al., 2005; Low et al., 2000). Studies with 
mice containing a point mutation indicated that the α2 subunit was primarily involved in 
the anxiolytic effects of  benzodiazepines (Low et al., 2000). Similarly, indications were 
found in the combination of  reduced sensitivity towards benzodiazepines and reduced 
α2 subunit density in the 1AKO mouse (Sibille et al., 2000). More recently, evidence also 
points to involvement of  α3 subunits (Dias et al., 2005; Yee et al., 2005). A review on the 
use of  mouse genetics on the analysis of  GABAA receptor subunit function was written 
by Rudolph and Möhler (2004).
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Animal models
Genetically manipulated animal models are useful and important tools to investigate 
the role of  neurotransmitter systems and receptors in many psychiatric disorders, like 
anxiety. The 1AKO mouse can be used as a tool to investigate 5-HT1A receptors in 
anxiety. The following paragraphs will discuss this knockout model with main focus on 
genetic background differences between mouse strains and techniques that will be used 
throughout this thesis.

The 5-HT1A receptor knockout mice
These paragraphs are partly based on the following review article: Groenink, Van Bogaert, van der Gugten, 
Oosting, Olivier, 2003, 5-HT1A receptor and 5-HT1B receptor knockout mice in stress and anxiety paradigms. 
Behavioural Pharmacology, 14 (369-383).

Behaviour in the 5-HT1A receptor knockout mouse (1AKO)
In 1998, 1AKO mice were created on different background strains (129Sv/Ev (129S6), 
C57BL/6 (B6) and Swiss Webster (SW)) by three independent research groups (Heisler 
et al., 1998; Parks et al., 1998; Ramboz et al., 1998). General health, behaviour (home 
cage activity) and sensorimotor function of  these mice are similar to those of  wildtype 
mice (see table 1). First indications of  an anxious phenotype of  1AKO mice came from 
approach-avoidance paradigms like the open-field and elevated plus maze experiments,
in which 1AKO were selectively less active in aversive regions of  the experimental 
equipment than wildtype mice. The increase in anxiety-like behaviour of  1AKO mice on 
a 129S6 background strain in the approach-avoidance test could not always be replicated 
(Groenink et al., 2003a). The fact that the 1AKO on this background does not yield 
similar results at a different geographic location, raises questions about interacting 
factors, including housing and testing conditions (Crabbe et al., 1999; Wahlsten et al., 
2003), but also about the stability of  the genetic and behavioural alterations across 
generations. Furthermore, based on the currently available data, the anxious phenotype 
of  1AKO mice seems limited to certain exploratory based experiments (Klemenhagen et 
al., 2005). This limited alteration in anxiety-like behaviour of  1AKO mice is in contrast 
with pharmacological studies, in which effects of  5-HT1A receptor ligands have been 
reported both on unconditioned and conditioned fear responses (Griebel, 1995). 

Regulation of  serotonergic neurotransmission in 1AKO mice
The behavioural alterations observed in mutant mice may be attributed to alterations 
in serotonergic neurotransmission. In the absence of  inhibitory 5-HT1A autoreceptors, 
increases in extracellular serotonin (5-HT) levels may be expected. In 1AKO mice, 
microdialysis studies investigating serotonergic neurotransmission have mainly focussed 
on three brain areas: the striatum, frontal cortex and hippocampus. Baseline 5-HT 
levels are elevated in 1AKO mice on a B6 background, but not in the other lines (He 
et al., 2001; Knobelman et al., 2001; Parsons et al., 2001). This inconsistent finding in
B6 mutants may reflect either background dependent developmental compensation
following receptor deletion, or a differential reaction towards the testing procedure 
(Toth, 2003). 1AKO mice of  all three lines show an enhanced increase of  serotonin 
levels following systemic administration of  an SSRI, demonstrating a function of  5-HT1A 
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Table 1: Behaviour of  1AKO mice relative to wildtype mice, in non-stress situations and 
in anxiety paradigms on different background strains

1AKO Background strain Reference

Spontaneous behaviour
Home cage activity = 129S6 Pattij et al (2002a)

= 129S6 Ramboz et al (1998)

= B6 Heisler et al (1998)

Rotarod = B6 Heisler et al (1998)

= SW Parks et al (1998)

Acoustic startle response = 129S6 Dirks et al (2001)

= 129S6 Dulawa et al (2000)

Anxiety paradigms
Novel open field

Centre/total activity ↓/↓ 129S6 Ramboz et al (1998)

↓/= B6 Heisler et al (1998)

↓/= SW Parks et al (1998)

=/= 129S6 Groenink et al (2003a)

Object exploration ↓ B6 Heisler et al (1998)

Novelty suppressed feeding ↑ SW Gross et al (2000)

Elevated plus maze
Open/total activity =/↓ 129S6 Groenink et al (2003a)

↓/↓ 129S6 Ramboz et al (1998)

Light-dark box
Light/total time =/= 129S6 Groenink et al (2003a)

Shock probe burying = 129S6 Olivier et al (2001)

Conditioned fear
Freezing to context = 129S6 Groenink et al (2003a)

Freezing to cue = 129S6 Groenink et al (2003a)

SIH = 129S6 Pattij et al (2002a; 2001)

Footschock sensitisation = 129S6 Dirks et al (2001)

↓, significantly reduced compared to wildtype mice; ↑, significantly increased compared to wildtype mice;       
=, similar to wildtype mice
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autoreceptors in regulating serotonin release. Alterations in baseline serotonin levels and 
potential compensatory changes in serotonin transporters and 5-HT1B autoreceptors are 
not consistently reported and may depend on background strain, or alternatively could 
result from differences between laboratories. The most informative microdialysis study, 
considering consequences of  alterations in serotonin neurotransmission for anxiety-like 
behaviour in 1AKO mice, found a significant enhancement of extracellular serotonin in
the frontal cortex of  1AKO mice, but not in the hippocampus, following exposure to an 
open field (Parsons et al., 2001).  

Physiological responses of  1AKO mice to environmental stimuli
Clinical findings indicate that anxiety disorders are often accompanied by changes in
the activity of  the autonomic nervous system. Therefore, it is important to study such 
parameters when phenotyping mutant mice. Aversive emotional arousal and stress 
are accompanied by widespread sympathetic activation, both in humans and animals. 
In humans, a link has been proposed between low variability in heart rate and risk for 
anxiety disorders (Friedman and Thayer, 1998a). Such a reduction in heart rate variability 
(HRV) has also been observed in 1AKO mice (Pattij et al., 2002a). Following mild stress, 
1AKO mice showed clear and exaggerated autonomic responses (Gross et al., 2000; 
Olivier et al., 2001; Pattij et al., 2002a), whereas undisturbed 24h patterns of  heart rate 
and body temperature of  1AKO mice do not differ from those of  wildtype mice. The 
unaltered basal autonomic parameters suggest that 1AKO mice are not constitutionally 
more anxious than wildtype mice. 1AKO mice on 129S6 background have been reported 
to exhibit increased physiological responses to injection, novel cage and footshock stress 
(Gross et al., 2000; Olivier et al., 2001; Pattij et al., 2002a). It is not clear whether the 
autonomic hyper responsiveness is related to a heightened emotional response. It could 
also result from reduced inhibitory control of  sympathetic activity, which is normally 
exerted following activation of  5-HT1A receptors (McCall et al., 1989). 

Pharmacological changes in 1AKO mice
1AKO mice on a mixed SWx129S6 background strain showed reduced sensitivity towards 
GABAA receptor ligands (Sibille et al., 2000). Therefore, it was interesting to study 
whether 1AKO mice on a 129S6 background were also less sensitive towards GABAA 
benzodiazepine receptor ligands. Diazepam and alprazolam, both non-subunit selective 
GABAA receptor agonists, dose-dependently reduced stress-induced hyperthermia 
(SIH, ΔT) in 1AKO and wildtype mice of  this strain. Overall, SIH data indicate that 
the sensitivity towards GABAA-benzodiazepine receptor ligands is unaltered in 129S6 
1AKO mice. These findings are in line with other studies on benzodiazepine sensitivity
in 1AKO mice of  this strain (Pattij et al., 2002b), but contrasts with the previously 
observed reduction in benzodiazepine sensitivity in 1AKO mice on a SWx129S6 
genetic background, indicating a strain dependent adaptation. This may suggest a 
causal relationship between the enhanced anxiety observed in these knockouts and the 
alterations in subunit functioning of  the GABAA-benzodiazepine receptor complex 
observed in amygdala and hippocampus. However, in 1AKO mice on a B6 and 129S6 
background, no downregulations of  α-subunits of  the GABAA-receptor were observed, 
nor was benzodiazepine sensitivity altered (Bailey and Toth, 2004; Sibille et al., 2000). 
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Genetic background and 1AKO mice
Genetic studies clearly show the involvement of  inheritability in the liability to develop 
anxiety disorders (Hettema et al., 2001a; 2001b). During the last decade, developing 
techniques in genetic manipulation have resulted in many transgenic and knockout 
mouse models, used in research of  psychiatric disorders like anxiety (Finn et al., 2003; 
Tecott, 2003). 
With the use of  receptor knockout mouse models, both candidate genes and gene-
environment interactions are being investigated. To develop knockout mice, ES cells 
usually are derived from a female 129 sub-strain and often females of  a B6 sub-strain 
are used for breeding. Subsequently the knockout mice are backcrossed to one of  their 
foster-strains or to a different background strain (Anagnostopoulos et al., 2001; Bolivar 
et al., 2000; Van der Meer et al., 2001). Genetic manipulations have led to an increase in 
the number of  mice used and much research has been performed on differences between 
background strains (Anagnostopoulos et al., 2001; Bolivar et al., 2000). Differences 
between mouse strains are frequently observed when testing behavioural parameters, 
including cognitive functioning, activity levels and anxiety (Bouwknecht and Paylor, 
2004; Brooks et al., 2005; Kopp et al., 1999; Paulus et al., 1999; van Gaalen and Steckler, 
2000). Also in pharmacological sensitivity it was found that different mouse strains often 
show different sensitivity towards anxiolytic drugs (Uphouse et al., 2002). Many studies 
report changes in activity levels between the 129S6 and B6 strains (Homanics et al., 
1999; Kelly et al., 2003; Paulus et al., 1999). The 129S6 strain is considered to be ‘high-
anxiety’, while B6 mice are thought to be ‘low-anxiety’. SW mice on the other hand, 
show high activity levels and are intermediate anxious. Multiple differences in baseline 
behaviours of  mouse strains might complicate interpretation of  a receptor knockout 
mouse (Phillips et al., 1999). 
Initially, use of  knockout models was very promising, enabling the study of  gene 
functioning in several situations, involving complex behavioural, physiological and 
homeostatic mechanisms. The finding of three research groups that 1AKO mice on
different genetic backgrounds all displayed an increased anxious phenotype was very 
exciting and supportive for the hypothesis that 5-HT1A receptor play a pivotal role in 
the modulation of  anxiety in the brain. However, it turns out to be more complicated. 
Differences between 1AKO mice on different background strains were observed, 
suggesting that effects of  deleting a gene are greatly depending on the genetic background 
strain. Changes in baseline serotonin levels were observed in the B6 background strain, 
but not in the other strains. Also, only 1AKO mice on a SW background show alterations 
in subunit composition of  the GABAA-benzodiazepine receptor complex, resulting in 
reduced benzodiazepine sensitivity (Bailey and Toth, 2004; Sibille et al., 2000). 
Not only differences between background strains were found to be important, also 
differences between labs can strongly influence experimental outcome (Crabbe et al.,
1999; Wahlsten et al., 2003), like differences in reported anxiety levels of  1AKO mice on 
the 129S6 background (Groenink et al., 2003b; Ramboz et al., 1998). Therefore it is not 
easy to directly compare the results of  the various 1AKO mice from literature. 



16

One

Autonomic stress response

Autonomic nervous system and affective disorders
Anxiety disorders are characterized by psychological symptoms, like extensive worrying 
and fear of  dying and are accompanied by autonomic changes (Finn et al., 2003; 
Friedman and Thayer, 1998a). In humans, an overactive autonomic nervous system 
seems to reflect higher anxiety levels, reflected in elevated heart rate, increased body
temperature, shortness of  breath and sweating (Friedman and Thayer, 1998b). Elevation 
of  baseline heart rate levels are also linked to anxiety disorders (Roth et al., 1992; Taylor 
et al., 1986) and autonomic instability is observed in patients suffering from anxiety 
(Lader and Mathews, 1970; Roth et al., 1998; Stein et al., 1994). 
Another link between the autonomic nervous system and anxiety disorders, is a decreased 
heart rate variability, HRV (Friedman and Thayer, 1998b; Gorman and Sloan, 2000). In 
rodents, changes in autonomic nervous system response after presentation of  stressful 
stimuli are comparable: increased heart rate and body temperature (Bouwknecht et al., 
2000; Nijsen et al., 1998; Pattij et al., 2002a). In mice, changes in HRV during novelty 
stress are observed (Stiedl et al., 2004) as well as a lower HRV in 1AKO mice compared 
to wildtype mice during novel cage stress (Pattij et al., 2002a). Apart from autonomic 
changes during stress and anxiety, changes in circadian rhythms have been observed 
in patients suffering from anxiety disorders. These changes include severity of  mood 
symptoms, body temperature and heart rate dysregulation and urinary catecholamine 
excretion (Cameron et al., 1986; Goodman, 2004; Hughes et al., 2004; Iverson et al., 
2002). Like humans, rodents display a clear circadian rhythm in heart rate and body 
temperature with increased levels during their active, lights-off  period (Boutrel et al., 
1999; Connolly and Lynch, 1981; Gross et al., 2005; Pattij et al., 2002a). Changes in 
normal circadian rhythms after stressful events have also been reported in animal 
models (Meerlo et al., 1996). Measuring autonomic parameters in rodents is possible by 
using radio-telemetry, with which body temperature, heart rate and activity levels can be 
measured simultaneously in undisturbed, freely moving animals. Combination of  anxiety 
related behaviour and autonomic nervous system measurements on 1AKO mice would 
result in additive insights on the possible anxious phenotype that is present in these 
1AKO mice on different background strains. 

Stress Induced Hyperthermia
This paragraph is partly based on: Olivier, Zethof, Pattij, Van Bogaert, van Oorschot, Leahy, Oosting, 
Bouwknecht, Veening, van der Gugten, Groenink, 2003, Stress-induced hyperthermia and anxiety: 
pharmacological validation. European Journal of  Pharmacology, 463 (117-132).

Stress-induced hyperthermia (SIH) is an integral part of  an individual’s response to 
situations perceived as threatening or distressing by that individual (Reeves et al., 1985). 
SIH is mediated by the autonomic nervous system and occurs both prior to and during 
exposure to anxiogenic or stress-inducing stimuli, like noise, heat, handling, novelty or 
pain (Briese, 1995; Briese and De Quijada, 1970; Marazziti et al., 1992; Renbourn, 1960). 
The SIH test in mice was developed almost two decades ago by the group of  Borsini 
(1989) in group housed mice. In a later improvement, the SIH was developed for singly 
housed male mice (van der Heyden et al., 1997). The pharmacology that was performed 
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in the singly housed SIH paradigm showed high similarity to that of  the group-housed 
version (Olivier et al., 2002; Olivier et al., 1998; Spooren et al., 2002; Spooren et al., 
2000; van der Heyden et al., 1997). In all inbred and outbred mouse strains measured so 
far, including B6, 129S6 and SW mice, a clear SIH is observed (Bouwknecht and Paylor, 
2004). An animal test should ideally have face, construct and predictive validity (Willner, 
1991). 
The SIH has a have high face validity, since a stress-induced temperature rise is a 
universal phenomenon occurring in many species, including rat (Briese and Cabanac, 
1991; Briese and De Quijada, 1970), rabbit (Yokoi, 1966) and man (Marazziti et al., 
1992). A model has construct validity if  the mechanism behind the pathology has similar 
physiological cellular and molecular substrates in the animal model and in man. Marazziti 
et al (1992) found strong support that stress related hyperthermia in man is based on 
similar physiological and endocrinological mechanisms as those shown in animals. 
The predictive validity has to be established by testing psychoactive drugs, which are 
clinically either active or inactive in the modelled human disorder and which should have 
a comparable (in)efficacy in the animal model under study. The many pharmacological
data in the SIH paradigm support the predictive validity (Olivier et al., 2003). 
A weak point in the procedure appears to be the impossibility to detect anxiogenic 
effects of  drugs (Zethof  et al., 1995). In the procedure we use, a mouse is injected 60 
min before the first rectal temperature measurement with a vehicle or a dose of the
drug tested. A second rectal temperature measurement is performed 10 min later, but 
intervals of  15 min also suffice (Spooren et al., 2002). The difference between these
two measurements (ΔT) is the SIH and varies between 0.5 and 1.5 °C, depending on 
strain, sex and time of  the day (Peloso et al., 2002). Drugs with anxiolytic-like effects, 
e.g. GABAA receptor agonists without specificity for certain subunits and 5-HT1A 
receptor agonists, have a anxiolytic-like profile in which a dose-dependent decrease in
SIH is found. The pharmacological data gathered in the various procedures indicated 
that this anxiolytic-like effect is independent from intrinsic effects of  the drugs on basal 
temperature.
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Outline of  the thesis
This thesis focuses on the role of  5-HT1A receptors in mice during stress and anxiety 
with special attention to the influence of genetic background. This genetic background
determines basal anxiety levels and pharmacological sensitivity. We hypothesize that 
genetic background differences will strongly influence the outcome of the 1AKO
phenotype, behavioural, physiological and pharmacological. To this end we first
investigated genetic background differences between the mouse strains that were 
used to create 1AKO mice, measuring anxiety related parameters in physiological and 
pharmacological experiments. Subsequently, using 1AKO mice, the role of  5-HT1A 
receptors in anxiety was investigated. To test the extent to which genetic background 
determines the 1AKO phenotype, behaviour, physiology and pharmacology were 
investigated. Finally, effects of  abnormal 5-HT1A receptor functioning during postnatal 
development were investigated on anxiety levels at adult age. 

Genetic background strain differences; physiologically and pharmacologically
Creation of  a receptor knockout mouse is expected to result into a phenotype with 
different behaviours and characteristics, which may or may not be found. It is considered 
likely that the genetic background, on which the receptor knockout mouse is created, 
will influence the phenotype that is observed. The 1AKO mouse is created on three
different background strains (129S6, B6 and SW) and indeed differences appear to be 
present between these 1AKO mice (Groenink et al., 2003a; Toth, 2003). In order to 
interpret similarities and differences between the three 1AKO mice, knowledge of  the 
genetic background mice is required. The studies in the first part of this thesis were
performed in order to obtain insight into basal stress and anxiety levels of  the different 
genetic background strains. This was done by measuring both autonomic parameters 
(body temperature and heart rate) and activity levels in mice using radio-telemetry. 
In chapter 2 undisturbed circadian rhythms and autonomic stress responses were 
compared between the 129S6, SW and B6 strains. Chapter 3 describes drugs effects in 
the same genetic background strains with drugs acting on GABA-ergic, serotonergic 
and dopaminergic neurotransmitter systems. Drugs with anxiolytic-like effects were 
investigated using the stress-induced hyperthermia (SIH) paradigm and simultaneously 
body temperature, heart rate and locomotor activity were measured. Furthermore, 
mRNA levels of  GABAA receptor subunits and 5-HT1A receptors were compared 
in brain areas that are related to stress and anxiety (prefrontal cortex, hippocampus, 
amygdala).

The role of  5-HT1A receptors in anxiety: Comparing 1AKO mice on three background strains
The second part of  this thesis engages in investigating the specific role of 5-HT1A 
receptors in stress and anxiety. In chapter 4, we tested 1AKO mice on anxiety paradigms, 
all measuring different anxiety related behaviours. 1AKO mice of  129S6, B6 and SW 
strains were compared to their respective wildtypes in three behavioural paradigms, 
the elevated plus maze, defensive burying test and the ultrasonic pup vocalization test 
(USV). In these paradigms, different aspects of  anxiety-related behaviour are measured: 
fear motivated behaviour in the elevated plus maze, active and passive coping behaviour 
in the defensive burying paradigm and spontaneous stress-response which can be 
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manipulated by changing stress levels in the USV test. 
Effects of  5-HT1A receptor absence on autonomic parameters were investigated in 
chapter 5, using radio-telemetry measurements in 1AKO and wildtype mice. Autonomic 
parameters and locomotor activity levels of  1AKO and wildtype mice of  the three 
background strains (129S6, SW and B6) were investigated, by measuring circadian 
rhythms and the responses to stressful stimuli with increasing intensity. Combination 
of  behavioural response and autonomic parameters was gathered by testing 1AKO and 
wildtype mice of  the three strains in the defensive burying paradigm. 
In chapter 6 effects of  drugs acting on the serotonergic and the GABAA-ergic systems 
were investigated. Using the stress-induced hyperthermia paradigm (SIH), anxiolytic-
like effects of  drugs can be investigated in a ‘within subject’ design, with relatively little 
interference of  activity levels. In this chapter we tested several drugs that stimulate 
specific α subunits of GABAA receptors to dissect the different sensitivities for 
benzodiazepines between the various 1AKO mice and to investigate the influence of
genetic background. Sensitivity to several serotonergic drugs was also tested in 1AKO 
mice on different backgrounds. 

5-HT1A receptors during postnatal development 
The results described in chapters 4-6, indicated that anxiety-related behaviour is most 
distinct in 1AKO mice on the SW background and that only 1AKO mice on this strain 
show insensitivity towards the anxiolytic-like effects of  benzodiazepines. This could lead 
to the conclusion that the increased levels of  anxiety might not necessarily be attributed 
to the absence of  5-HT1A receptors, but could also be the result of  changes in GABAA 
receptor subunit composition. Gross et al (2002) found that absence of  5-HT1A receptor 
expression only during the early postnatal period is necessary for the development 
of  anxiety in 1AKO mice. Therefore, in chapter 7, we investigated of  chronically 
antagonizing 5-HT1A receptors of  wildtype mice during postnatal development effects 
on anxiety levels and benzodiazepine sensitivity. If  early postnatal development is crucial 
for the increased anxiety levels of  1AKO mice, these animals should show increased 
levels of  anxiety during adult age. Furthermore, increased insights will be obtained on 
the relationship between absence of  5-HT1A receptor functioning during development 
and benzodiazepine insensitivity.
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In humans, anxiety disorders are often accompanied by an overactive autonomic nervous system, 
reflected in increased body temperature and heart rate. In rodents, comparable effects are found
after exposure to stress. These autonomic parameters can give important information on stress 
and anxiety responses in mice. In the present experiments, stress reactivity of  three frequently 
used mouse strains (129Sv/Ev, C57 BL/6 and Swiss Webster) was assessed using their autonomic 
stress responses. Body temperature, heart rate and activity were telemetrically measured. Undis-
turbed circadian rhythms already showed clear differences between the mouse strains. Hereafter, 
autonomic responses to stressors with increaasing intensity were measured. Strain differences were 
found in magnitude and duration of  the stress responses, especially after high intensity stressors. 
Generally C57BL/6 mice showed the largest autonomic response, SW the lowest and the 129Sv/
Ev intermediate response. Interestingly, the observed ranking in autonomic stress response does 
not match the behavioural stress responsivity of  these strains. Finally, sensitivity to the anxio-
lytic diazepam (0,1,4 and 8 mg/kg) was tested using the stress induced hyperthermia paradigm. 
Pharmacological sensitivity to diazepam differed between the strains with the 129Sv/Ev being 
most sensitive. These studies show that simultaneous measurement of  behavioural and autonomic 
parameters under stressful conditions contributes considerably to a better interpretation of  anxiety 
and stress levels in mice.
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Introduction
Anxiety disorders are characterized by psychological symptoms like extensive worries 
and fear of  dying and are accompanied by autonomic changes (Finn et al. 2003; 
Friedman&Thayer 1998a). In humans, higher anxiety levels seem to correlate with an 
overactive autonomic nervous system, reflected in elevated heart rate, increased body
temperature and shortness of  breath. In rodents similar effects are found: Following 
stress increases in heart rate and body temperature are observed (Bouwknecht et al. 
2000; Friedman&Thayer 1998b; Lesch 1991; Nijsen et al. 1998; Olivier et al. 1998). 
Previously, we have shown that autonomic responses to stressful situations provide 
valuable information on anxiety levels and pharmacological sensitivity of  receptor 
knockout mice (Pattij et al. 2002). 
In the search for underlying mechanisms of  anxiety and stress disorders mice are often 
the species of  choice, because of  the possibility to use genetic manipulated mouse 
models. It is widely acknowledged that differences exist between mouse strains in many 
behavioural traits, including sensitivity for stress and anxiety. Moreover, differences in 
pharmacological sensitivity towards anxiolytic drugs are well known (Carola et al. 2002; 
Crawley et al. 1997; Griebel et al. 2000). Strain differences may underlie ambivalent 
results of  pharmacological treatments in behavioural experiments on anxiety (Crabbe et 
al. 1999; Wahlsten et al. 2003) where basal levels of  anxiety for a large extent determine 
possible outcomes of  such treatments. The genetic background is important if  effects 
of  a certain gene mutation are sought and choice for a basal high or low anxiety strain 
will depend on the direction the gene mutation is expected to affect anxiety. On the 
other hand, studying functional effects of  gene mutations in different backgrounds may 
lead to unexpected effects, for example in the case of  the 5-HT1A receptor knockout 
mouse (1AKO) in three different background strains. The removal of  5-HT1A receptors 
resulted in a decreased sensitivity to some effects of  benzodiazepines in only the Swiss 
Webster strain (Bailey&Toth 2004; Sibille et al. 2000; Toth 2003). 
The present study was performed to obtain more fundamental insight in autonomic 
parameters like heart rate (HR) and body temperature (T) and their role in stress and 
anxiety in different mouse strains. Using radio-telemetry autonomic parameters and 
locomotor activity (LA) of  the animals were measured during all experiments. All the 
strains used, 129Sv/Ev (129S6), C57 Bl/6 (B6) and Swiss Webster (SW) are strains which 
are frequently used in anxiety research as background strains; these strains show different 
response in behaviour and activity when observed in anxiety paradigms (Bouwknecht et 
al. 2004; Olivier et al. 2003; Rodgers et al. 2002a; Rodgers et al. 2002b). 
Using behavioural paradigms, differences between mouse strains have been reported 
previously, with the 129S6 strain being considered a ‘high-anxiety’ and the B6 a ‘low-
anxiety’ strain. Furthermore activity levels in approach-avoidance paradigms in the 129S6 
strain was clearly found to be less active compared to the B6 and SW strains (Paulus 
et al. 1999; Tang et al. 2002). By comparing these three strains using telemetry, more 
knowledge of  autonomic differences and activity on baseline levels, response to stress 
and pharmacological sensitivity was gathered. Our data can be used to select the most 
suitable mouse strains to investigate the role of  specific genes in autonomic responses
following stress and in anxiety disorders. In the present studies, we first obtained
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undisturbed parameters by measuring circadian rhythms of  T, HR and LA, followed by 
measuring the reaction to stressful stimuli with diferent intensities. Finally we studied 
differences in sensitivity towards the anxiolytic diazepam.

Materials and Methods

Subjects:
Groups of  10-12 male mice of  different genetic backgrounds (129Sv/Ev Tac (129S), 
C57 BL/6J (B6), Swiss Webster (SW)) were obtained from Taconic M&B, Ry, Denmark. 
At surgery, animals weighed at least 25 grams.  Afterwards they were housed singly in 
Macrolon Type 2 cages (22x16x14 cm), enriched with bedding and nesting material 
under a 12 h light-12 h dark cycle (lights on from 6:00 AM until 6:00 PM) at controlled 
temperature (20±2 °C) and relative humidity (40-50%) with free access to standard food 
pellets and tap water. The experiments were carried out with approval of  the ethical 
committee of  the Faculties of  Pharmaceutical Sciences, Chemistry and Biology, Utrecht 
University, The Netherlands (DEC DGK/FSB). 

Surgery
Surgery was performed as described by Pattij (Pattij et al. 2002). Radio Telemetry 
electrocardiogram (ECG) Transmitters (type: ETA-F20, Data Sciences International 
(DSI), St Paul, MN, USA) were implanted. After surgery, animals were allowed to recover 
for 24-48 hours in a separate recovery room with part of  the cage placed on a heating 
pad. When considered necessary, analgesia was given (Temgesic®, 0.3 mg/ml; 1 mg/
kg IP). To prevent dehydration, the animals were injected twice daily with 1 ml sterile 
saline SC for 4 days. During 7 days the animals had easy access to wetted food pellets, 
solid energy drink, tap water and normal food pellets inside the cage. Total duration of  
recovery was two weeks; during this period mice were checked and weighed daily.

Radio Telemetry
The radio telemetry system is composed of  the earlier mentioned transmitter, measuring 
body temperature (T) and locomotor activity (LA) with two flexible leads which measure
ECG/heart rate (HR), a telemetry receiver (model RLA 1020), a Data Exchange Matrix 
collecting input from receivers, all connected to a computer running Dataquest Art 
Gold version 2.2. The transmitters are equipped with magnetically activated switches, to 
turn on/off  the device. All equipment and software was obtained from Data Sciences 
International (St Paul, Main, USA). 

Data reduction and statistics
Data sampling for all experiments started the afternoon prior to the experiment to 
obtain undisturbed baseline values. During all experiments body temperature (T,°C)  and 
heart rate (HR, Beats Per Minute) data of  all animals were gathered during 6 seconds 
every minute, while locomotor activity (LA, counts) was measured continuously during 
experiments. Circadian rhythm data of  5 undisturbed days were averaged to a single 24-h 
period for each mouse, after which group values were averaged to time periods of  30 
minutes. For statistical analysis, group values were further averaged to 8 blocks of  3-h 
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values and these data were analysed by means of  repeated measures ANOVA with strains 
as ‘between subject’ factor and the 3-h blocks of  respectively T, HR and LA as ‘within 
subject’ factor. Data reduction in stress-response and pharmacological experiments 
was obtained by averaging data collected over 5 minutes to a single value. To measure 
maximum increase of  the parameters, peak values within 30-min after presentation of  
the stressors were determined using peak finding in Excel. Baseline values were obtained
by calculating the average value from 30 to 10 min before the stressor was presented. 
To eliminate initial strain differences in baseline values, the increase in T and HR is 
obtained by subtracting baseline values from the maximum effect, which results in 
delta values of  these parameters, ∆T and ∆HR. Differences in response to the different 
stressors within each strain were analysed using repeated measures ANOVA with increase of  
the parameters as ‘within subject’ factor. Differences between the strains were analysed 
using one-way ANOVA. Duration of  the effects was obtained in Excel by calculating the 
amount of  minutes needed to return to baseline values after the stressor was presented. 
Differences within each strain and between the strains in duration were analysed 
similar to the Δ-values. In case of  statistical significance Bonferroni corrected post-
hoc comparisons were used for subsequent analysis. The level of  significance was set at
p<0.05. All statistical analysis was performed using SPSS for Windows version 10.0 (SPSS, 
Chicago, Ill, USA).

Circadian Rhythm, baseline
During 15 consecutive days T, HR and LA were recorded. Every other day a 5-min 
inspection of  animal health, water and food supplies was performed. Animals received a 
new home cage on day 6 (similar cage, new bedding). These telemetric data were used to 
measure novel cage stress (see stressful stimuli, novel cage stress). To obtain undisturbed 
data only, inspection days were excluded from analysis.

Stressful stimuli
Disturbance - Date of  disturbance were obtained during the inspection days of  circadian 
rhythm measurements by collecting data of  T, HR and LA before and after the punctual 
scheduled 5-min inspections at 10 AM. During inspections each animal was disturbed 
by tapping the cage until movement of  the mouse was observed. For statistical analysis, 
data of  3 disturbance-periods were averaged to a single period of  5-min blocks. 
Handling - Effects on T, HR and LA of  handling stress were measured using a procedure 
of  picking up the animal for 5-10 seconds and subsequently returning it to its familiar 
home cage. The procedure was performed at 10 AM and completed for all 36 animals 
within 5 minutes. Two experimenters were present to execute the procedure in order 
to reduce time of  presence in the animal room and prevent interference of  effects of  
presence in the room.
Novel Cage - To assess effects of  novelty on T, HR and LA, during the 6th day of  
circadian rhythm measurements the animals were placed into a clean standard Macrolon® 
cage, similar in size to their familiar home cage, provided with clean bedding and tissue. 
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Stress Induced Hyperthermia (SIH)
Stress-induced hyperthermia, observed after a stressor, is mediated by the autonomic 
nervous system and results in an increase of  T and HR. It has been found that this 
increase in autonomic parameters is not subject to habituation. The SIH paradigm 
was performed twice a week starting two weeks after finishing the circadian rhythm
measurements. In the SIH paradigm, mice are exposed to two stressors, with intervals 
of  1-min between successive animals. The first stressor is an injection presented at time
is -60-min with drug or vehicle; the second stressor that is presented, at time is 0-min, 
is a rectal temperature measurement. For an extensive review on the SIH paradigm, see 
Olivier et al (Olivier et al. 2003).
SIH Saline - To measure putative differences between the strains in their autonomic 
response to injection and rectal temperature measurement, SIH with only saline 
injections was performed. Data were collected from 60-min before the saline injection 
until 150 min after the second stressor. The SIH paradigm two delta values are obtained 
for both T and HR. First, increases after the injection result in ΔT1 and ΔHR1; second, 
increases after rectal temperature measurement result in ΔT2 and ∆HR2. 
SIH diazepam - Effects of  the anxiolytic diazepam on autonomic parameters was 
investigated. Diazepam was injected in five (0,1,2,4,8 mg/kg) doses. Doses and vehicle
were randomly given over time to each mouse and each dose. To determine anxiolytic 
effect of  the drugs  ∆T2 and ∆HR2 were used. The intrinsic effect of  diazepam on 
basal T and HR before the rectal temperature measurement was determined as ∆Tintr 
and ∆HRintr. This intrinsic effect on basal body temperature and basal HR is not part 
of  the stress-response, but may affect this response. ∆Tintr and ∆HRintr were obtained by 
subtracting baseline values from the lowest value of  T or HR found for each individual 
animal before the second stressor is presented.

Results

Circadian Rhythm
As shown in fig.1, diurnal rhythms were present in all strains and for all parameters tested,
with lower values of  T, HR and LA during the inactive, lights-on period. Differences 
were present between the three strains regarding diurnal variation levels over the eight 
3-h time-blocks in all parameters tested and main differences will be described below.
Body temperature - During the inactive period, strains differed significantly in body
temperature (F(2,30)=34.89, p<0.001: SW>129S6>B6). During the active period 
body temperature was more comparable among the strains, although differences were 
found when comparing means over the complete active period (F2,30)=4.2, p=0.03; 
SW>129S6). Differences between the active-inactive periods were most profound in the 
B6 mice, mainly due to their low body temperature during the inactive period. 
Heart rate - In general, results on heart rate were similar in all strains, both during active 
and inactive periods, though during the start of  the active period the SW strain showed 
no anticipatory peak response and in this strain heart rate decreased before lights were 
turned on to initiate the inactive period. 
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Figure 1: Circadian rhythm of  T (a), HR (b) and LA (c) over a 12 h light/12 h dark cycle (lights on from 6:00 
am to 6:00 pm) mean values of  7 days in 129S6 (dark-grey, n=10), B6 (black, n=12) and SW (light-grey, n=11)  
mice. Data represent mean group values of  30-minute blocks ± SEM. Circadian rhythm is found in all strains 
and in all parameters (T: 129S6, F(7,3)=258.0, p<0.001; B6, F(7,5)=182.1, p=<0.001; SW, F(7,4)=38.4, p= 
0.002), (HR:129S6, F(7,3)=10.3, p=0.041; B6, F(7,5)=13.5, p=0.006; SW F(7,4)=7.6, p= 0.034) (LA: 129S6, 
F(7,3)=12.1, p=0.033; B6, F(7,5)=104.0, p<0.001; SW, F(7,4)=48.2, p= 0.001). Strain differences are found in 
all parameters (T:F(14,50)=11.6, p<0.001, HR: F(14,50)=5.7, p<0.001 and LA: F(14,50)=9.2, p<0.001.
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Locomotor activity - The SW strain was most active during the inactive period the 
SW strain was most active (F(2,30)=17.0, p<0.001; SW>129S6=B6), SW and B6 mice 
showed comparable activity during the active period, both strains being more active than 
129S6 mice (F2,30)=14.7, p<0.001; SW=B6>129S6). The B6 and the 129S6 strains 
showed comparable low activity during the inactive period. 

Effects of  stress: Between strain differences
Table 1 shows the Δ-values of  T, HR and LA after presentation of  the various stressors, 
relevant responses and differences are described below. 
Disturbance stress - Figure 2 shows the response after disturbance stress, which is a mild 
intensity stressor during the inactive period. Significant increase is observed in T, HR
and LA in all strains. However, no strain differences were observed in body temperature 
increase and duration, while increase in heart rate of  the 129S6 strain was less than in 
the other strains. In locomotor activity, the SW strain showed both more activity and 
was active during a longer period of  time. 
Handling stress - Figure 3 shows the effects of  this intermediate intensity stressor, 
handling stress, with no strain differences found in body temperature and heart rate. 
Locomotor activity results again show the least amount of  increase in the 129S6 strain, 
while duration of  activity was longest in the SW mice.
Stress Induced Hyperthermia (SIH) - Figure 4 shows the effect on all parameters both 
after injection (1st stressor) and rectal temperature measurement (2nd stressor). There were 
no strain differences in heart rate, however body temperature showed higher increase in 
the 129S6 strain with less locomotor activity found in this strain.
Novel Cage stress - Many differences between the strains were found after presentation 
of  the most intense stress: cage changing (figure 5). Differences between all strains
were found in body temperature (B6>129S6>SW) while heart rate in the B6 strain 
was increased (B6>SW=129). Analysis of  novel cage on body temperature duration 
demonstrated that 129S6 mice showed the fastest return to baseline, while SW and B6 
mice needed equal time for the body temperature to return to baseline values. While 
locomotor activity lasted longer in the SW strain, heart rate returned to normal values 
after a short time in this strain. When observing locomotor activity, the 129S6 mice 
again showed least increase (B6=SW>129S6).

Effects of  stress: Within strain differences
In addition to the differences between the three strains in autonomic stress response, 
differences within each strain after the various stressors, disturbance (D), handling (H), 
stress-induced hyperthermia (SIH) and novel cage (NC) were found.
129S6 - Higher intensity of  stress resulted in more increase in body temperature 
although not significant between SIH stress and novel cage stress (F(3,4)=11.8, p=0.04,
D<H<SIH=NC). Similar effects were found in heart rate and locomotor activity, 
however no significant differences in increase between handling and SIH stress were
found  (D<H=SIH<NC; HR: F(3,4)= 20.9, p=0.007; LA: F(3,4)=38.7, p=0.002). 
B6 - Higher increase in both body temperature and locomotor activity were found with 
increasing intensity of  stress, (T: F(3,9)=150.4, p<0.001; LA: F(3,9)=65.0, p<0.001; 
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Stressor 129S B6 SW strain differences p-value
Disturbance

Maximum increase
T 0.8±0.1 0.7 ± 0.06 0.9 ± 0.1 129S6 = SW = B6 0.61 NS
HR 94 ± 13 164 ± 15 139 ± 14 129S6 < SW = B6 * 0.01
LA 1.7 ±0.6 5.3 ± 0.9 9.2 ± 1.8 129S6 = B6 < SW * < 0.001

Handling
Maximum increase

T 2.0 ± 0.3 1.8 ± 0.1 1.7 ± 0.2 129S6 = SW = B6 0.52 NS
HR 213 ± 25 236 ± 14 227 ± 37 129S6 = SW = B6 0.85 NS
LA 8.4 ± 1.5 13.3 ± 0.9 16.9 ± 2.0 129S6 < SW = B6 * < 0.001

Duration
T 54 ± 4 56 ± 4 64 ± 7 129S6 = SW = B6 0.39 NS
HR 27 ± 5 33 ± 3 40 ± 6 129S6 = SW = B6 0.17 NS
LA 25 ± 3 28 ± 2 45 ± 5 129S6 = B6 < SW * 0.001

SIH injection
Maximum increase

T 2.4 ± 0.2 1.9 ± 0.1 1.8 ± 0.07 SW = B6 < 129S6 * 0.04
HR 216 ± 14 194 ± 8 187 ± 14 129S6 = SW = B6 0.29 NS
LA 10.8 ± 1.1 13.3 ± 0.9 16.9 ± 1.5 129S6 < SW = B6 * < 0.001

SIH stressor
Maximum increase

T 1.7 ± 0.1 1.2 ± 0.07 1.3 ± 0.08 SW = B6 < 129S6 * < 0.001
HR 215 ± 8 219 ± 9 222 ± 12 129S6 = SW = B6 0.27 NS
LA 10.9 ± 0.8 16.8 ± 0.9 18.4 ± 1.3 129S6 < SW = B6 * 0.02

Duration
T 76 ± 4 80 ± 4 79 ± 3 129S6 = SW = B6 0.84 NS
HR 58 ± 5 50 ± 3 48 ± 3 129S6 = SW = B6 0.09 NS
LA 28 ± 1 33 ± 2 42 ± 5 129S6 = B6 < SW * < 0.001

Novel Cage
Maximum increase

T 2.5 ± 0.2 2.6 ± 0.1 2.0 ± 0.1 SW < 129S6 = B6 < 0.001
HR 211 ± 49 273 ± 34 214 ± 21 SW < B6 $* 0.002
LA 18.4 ± 1.2 45.7 ± 2.5 35.8 ± 2.6 129S6 < B6 < SW * < 0.001

Duration
T 93 ± 7 129 ± 6 129 ± 6 129S6 < SW = B6 * < 0.001
HR 55 ± 6 70 ± 9 33 ± 3 SW < B6 $ 0.002
LA 44 ± 5 85 ± 6 118 ± 5 129S6 < B6 < SW * < 0.001

Table 1: Maximum effects on T, HR and LA of  the various stressors, duration of  the 
effect and statistical differences between the three mouse strains 

Results for maximum increase are group mean values ± SEM in °C (T), BPM (HR) and counts (LA)  for 
all three strains. Duration of  the effect in minutes represents the time needed to return to baseline values. 
Differences in response between the mouse strains are reflected by both strain differences and p-values. *
P<0.05 differences between strains in response to stress.  $ only two strains are listed for the third strain is not 
significantly different from the mentioned strains.

Two
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Figure 2: Effects of  disturbance stress on T, HR and LA and duration of  the effect (minutes) in three strains of  
mice. Mouse strains used are 129S6 (dark-grey, n=10), SW (light-grey, n=11) and B6 (black, n=12). Disturbance 
stress consists of  entering the room, tapping on the cage until movement of  animal is observed. Significant
increase in all parameters is found in all strains tested, T (129S6: F(1,9)=45.3, p<0.001; B6: F(1,11)=135.4 
p<0.001; SW: F(1,10)=52.0, p<0.001), HR (129S6: F(1,9)=55.4, p<0.001; B6: F(1,11)=117.5, p<0.001; SW: 
F(1,10)=100.2, p<0.001) and LA (129S6: F(1,9)=55.4, p<0.001; B6: F(1,11)=37.7 p<0.001; SW: F(1,10)=25.5, 
p=0.001). No strain differences in T are found, in HR and LA less increase in 129S6 mice is found. 

Figure 3: Effects of  handling stress on T, HR and LA are obtained by opening the cage, picking up the 
animal by its tail for 5 seconds and returning it into its familiar cage. Mouse strains used are 129S6 (dark-grey, 
n=10), B6 (black, n=12) and SW (light-grey, n=11). Significant increase is found in all parameters and al strains
tested, T (129S6: F(1,8)=59.1, p<0.001; B6: F(1,11)=200.2, p<0.001; SW:F(1,10)=99.3, p<0.001), HR (129S6: 
F(1,9)=70.2, p=<0.001; B6: F(1,11)=164.3, p<0.001; SW: F(1,10)=37.4, p<0.001) and LA (129S6: F(1,9)=33.3, 
p<0.001; B6: F(1,11)=105.4, p<0.001; SW: F(1,10)=72.8, p<0.001). Differences between the strains are only 
observed in LA, with less increase in 129S6 mice. 
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Figure 4: Effects of  stress-induced hyperthermia on T, HR and LA are shown in mice on three background 
strains (129S6, B6, SW). The stress induced hyperthermia paradigm, shown in this figure, consists of a saline
injection at –60 minutes and a stressor (rectal temperature measurement) at 0 minutes, mice are injected with 1 
minute intervals. Mouse strains used are 129S6 (dark-grey, n=10), B6 (black, n=12) and SW (light-grey, n=11). 
Significant increase in all parameters is found in all strains tested, both after injection and after rectal temperature
measurement: (T: injection: 129S6: F(1,8)=185.4, p<0.001, B6: F(1,11)=454.1, p<0.001, SW: F(1,10)=482, 
p<0.001 and rectal: 129S6: F(1,8)=182.9, p<0.001, B6: F(1,11)=238.4, p<0.001, SW: F(1,10)=343.2, p<0.001; 
HR: injection: 129S6: F(1,8)=242.1, p<0.001, B6: F(1,11)=556.0, p<0.001, SW: F(1,10)=180.1, p<0.001 and 
rectal: 129S6: F(1,8)=181.1, p<0.001, B6: F(1,11)=729.2, p<0.001, SW: F(1,10)=129.1, p<0.001; LA: injection: 
129S6: F(1,8)=48.5, p<0.001, B6: F(1,11)=92.6, p<0.001, SW: F(1,10)=72.4, p<0.001 and rectal: 129S6: 
F(1,8)=107.3, p<0.001, p<0.001, B6: F(1,11)=181.5, p<0.001, SW: F(1,10)=131.7. No strain differences are 
found in HR values, increase of  T after injection and after the stressor is significantly increased, while less LA
is observed in the 129S6 strain. 

Figure 5. Novel cage stress is obtained by opening the cage, picking up the animal by its tail for 5 seconds and 
returning it into a new, unfamiliar cage with bedding. Mouse strains used are 129S6 (dark-grey, n=10), B6 (black, 
n=12) and SW (light-grey, n=11). Significant increase in all parameters is found in al strains tested, T (129S6:
F(1,9)=191.2, p<0.001, B6: F(1,11)=537.2, p<0.001; SW: F(1,10)=184.8, p<0.001), HR (129S6: F(1,9)=335.9, 
p<0.001, B6: F(1,11)=426.1, p<0.001, SW: F(1,10)=107.9, p<0.001) and LA (129S6: F(1,9)=222.5, p<0.001, 
B6: F(1,11)=337.6, p<0.001, SW: F(1,10)=107.9, p<0.001). Strain differences are found in all parameters, with 
T differences between all strains (B6>129S6>SW), increase in HR is highest in B6 and 129S6 show least 
increase in LA. Data represent mean group values of  5-minute blocks ± SEM.
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Figure 6: Effects of  diazepam (1; 2; 4; 8 mg/kg) and vehicle (0 mg/kg) treatment (IP) on the stress-induced 
hyperthermia paradigm (SIH). Figure 6a shows telemetric data of  the effects of  injection and the rectal 
temperature procedure (SIH) on T and HR in three strains of  mice (129S6, n=10; B6, n=12; SW, n=11). 
Times of  injection (-60 min) and rectal temperature measurement (0 min) are indicated by vertical lines. Data 
represent mean group values, averaged over 5-min periods. For clarity no SEM is present. Figure 6b shows ΔT2 
and ΔHR2 after SIH, representing the increase in T respectively HR after presentation of  the rectal stressor 
(time = 0 minutes). * indicates p<0.05 compared to vehicle treatment for the individual mouse strains,  ** 
indicates p<0.05 compared to the lower doses (129S6 dark-grey*; B6 black* and SW light-grey *). 
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D<H=SIH<NC). Disturbance stress resulted in a smaller increase in heart rate when 
compared to the other, more intense stressors (F(3,9)=5.2, p=0.03; D<H=SIH=NC).
SW - Increase in body temperature was similar after handling, SIH and novel cage 
stress, which were all higher compared to disturbance stress (F(3,8)=42.5, p<0.001; 
D<H=SIH=NC). Increase in heart rate showed no difference between the stressors 
presented (F(3,8)=4.8, p=0.5; D=H=SIH=NC). Effects in locomotor activity 
were increased parallel to higher intensities of  the stressor (F(3,8)=42.5, p<0.001; 
D<H=SIH<NC).

SIH and Diazepam
Figure 6 shows effects of  diazepam on SIH; main effects within strains and strain 
differences will be described below. 
Effects on body temperature - No difference between the strains was found in increase 
of  body temperature (∆T1) after injection of  the vehicle, but a significant decrease in
∆T1 was found in all strains after injection of  4 and 8 mg/kg diazepam. Diazepam only 
decreased basal body temperature in the 129S6 strain, after the 4 and 8 mg/kg doses 
the initial increase (∆T1) had disappeared (F(4,6)=8.5, p=0.01). The anxiolytic effects 
of  diazepam on SIH (∆T2) was different in all strains, the 129S6 being most sensitive 
(F(4,6)=20.136, p=0.001) with a decrease in ∆T2 found after all doses of  diazepam. 
Increase in body temperature after the rectal measurement in SW and B6 mice could 
not be blocked completely by diazepam, however in both strains decrease in ∆T2 was 
observed after injection of  2, 4 and 8 mg/kg diazepam (SW: F(4,7)=9.66, p=0.006; B6: 
(F(4,8)=9.917, p=0.003).
Effects on heart rate -  The highest dose of  diazepam (8 mg/kg) reduced the increase 
of  heart rate after injection (∆HR1) in all strains when compared to vehicle injection 
(F4,25)=4.725, p=0.006). When analysing the anxiolytic effect of  diazepam, diazepam 
reduced ∆HR2 in all strains with the 129S6 strain again being the most sensitive and B6 
mice least sensitive (129S6: F(4,6)=93.856, p<0.0001; SW: F(4,7)=27.787, p=0.001; B6: 
F(4,8)=5.085, p=0.025). 

Discussion
In humans, autonomic nervous system (ANS) changes like body temperature 
dysregulation (Iverson et al. 2002; Lesch 1991) and increased heart rate (Friedman et al. 
1998a) are part of  anxiety and stress disorders. Loss of  normal ANS control is present 
in patients suffering from  major depression and anxiety disorders and seems to be the 
result of  changes in sympathetic activation and/or vagal withdrawal (Friedman et al. 
1998a; Nijsen et al. 1998; Tulen et al. 1996). Because of  these changes in autonomic 
parameters during stress and anxiety, body temperature and heart rate are important 
parameters to measure together with behaviour in the study of  depression/anxiety 
disorders in laboratory animals.
Abnormalities in circadian rhythms have been reported to occur in patients with affective 
disorders (Goodwin et al. 1982; Wehr&Wirz-Justice 1982). Similarly, in rodents it has 
been shown that stressful events can induce changes in circadian rhythms (Meerlo et 
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al. 1996). The present experiments in the three strains of  mice show normal diurnal 
circadian rhythm in baseline body temperature, heart rate and activity with higher 
values of  all parameters during the active, lights-off  period. Despite normal circadian 
rhythms in all strains, differences between the strains are found in all parameters. The 
environmental temperature during the experiments was set around 21°C, which is clearly 
below the metabolic thermo neutral zone of  mice (Overton&Williams 2004; Williams 
et al. 2002). For the mice to keep their normothermic core temperature, metabolic 
rate has to be increased to generate enough body heat to compensate for heat losses. 
Thermoregulation processes are modulated by several factors, and besides exposure to 
cold and heat, a variety of  pathophysiological situations can affect body temperature 
(Ricquier&Bouillaud 2000). We assume that the basal body temperature measured 
during the undisturbed circadian rhythm measurements reflects the strain-specific Tcore 
is regulated on a predetermined set point. Some of  the strain differences found in body 
temperature could partially be explained by strain differences in activity levels and body 
weight. The SW strain, during the lights-on period, shows higher activity levels, which 
could result into higher body temperature. Also the SW is an outbred strain, associated 
with higher body weight. Generally, with higher body weight, a lower heart rate can be 
expected (Mortola&Lanthier 2004). However, activity and body weight do not account 
for all differences observed in body temperature and heart rate. At the end of  the 
inactive period locomotor activity is similar in all strains with remaining differences in 
body temperature; this probably reflects different setpoints in Tcore of  the three strains. 
Another illustration that activity does not account for all differences in heart rate and 
body temperature is the small increase in locomotor activity of  the 129S6 strain during 
the active period, while increases in body temperature and heart rate are similar to the 
other strains. In several studies 129S6 mouse strains show little activity when compared 
to ‘high activity’ strains like B6 (Contet et al. 2001; Homanics et al. 1999; Kelly et al. 
1998), though differences in activity between 129 sub-strains have been found as well 
(Montkowski et al. 1997). We assume that strain differences in basal body temperature 
and heart rate, as found in the circadian rhythm experiments, will not complicate 
experiments based on stress-induced elevation of  autonomic parameters. 
In the second part of  the experiments the response of  the three mouse strains to stress 
was compared, both in autonomic parameters and activity. Generally, it is accepted that 
mouse strain differences exist in anxiety related paradigms (Connolly&Lynch 1981; 
Griebel et al. 2000; Kim et al. 2002)and in several studies it has been demonstrated that 
stress induces elevation in heart rate (Bouwknecht et al. 2000; Nijsen et al. 1998) as 
well as increases in body temperature (Bouwknecht et al. 2000; Olivier et al. 1998). The 
present experiments show that strain differences are present in stress-response when 
measuring autonomic parameters and activity levels. First, independent of  the strain 
tested, a stressor with higher intensity results into stronger increase in all parameters. 
Furthermore, time needed to return to baseline values, the duration of  the effect, is 
increased with high intensity stressors (i.e. novel cage stress). The least intense stress, 
disturbance stress, already led to differences in response between the three strains. 
Differences between the strains became more pronounced as the intensity of  the 
stressor was increased. 
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Most data published on anxiety and strain differences are results from behavioural 
experiments, usually without inclusion of  autonomic parameters. Lack of  behavioural 
response by the 129S6 strain, represented in our studies by locomotor activity, is not 
found only after presentation of  stress. Even though undisturbed baseline locomotor 
activity values show a significant increase during the active period, the activity level
remains low during this period. However, this small behavioural response does not 
imply that this strain is insensitive to stressful events, for increases in body temperature 
and heart rate after stress are similar or even higher than in the other strains. The SW 
strain on the other hand shows highest increase in locomotor activity, with relatively 
small increases in autonomic parameters. This might indicate that the SW strain is not 
an anxious, but rather a more explorative and active strain and that the enhanced body 
temperature and heart rate responses are mainly results of  the increased locomotor 
activity. 
Conclusions on stress response levels of  the B6 strain are more ambiguous. This 
strain shows high increases in autonomic parameters, while locomotor activity is 
low (disturbance stress), intermediate (handling and injection stress) or high (novel 
cage stress), indicating that both behaviour and physiology are effective measures to 
investigate stress response in this strain. 
Ever since the early 1960s benzodiazepines, like diazepam, have been used to treat 
anxiety disorders. The mechanism of  action is via modulation of  the GABAA receptor 
and it is known that subunit composition of  this GABAA receptor is of  great influence
on the effects observed; certain traits of  benzodiazepines are mediated by specific
subunits (Rudolph et al. 1999). Although pharmaco-kinetic and metabolic factors as well 
as differences in activity and size of  the animals may have contributed to differential 
effects of  diazepam in the three strains, differences between mouse strains in their 
sensitivity toward benzodiazepines probably result from differential GABAA receptor 
subunit composition and quantity in specific brain regions (i.e. amygdala).
When interpreting pharmacological data, distinct strain differences in sensitivity to 
diazepam become clear in both body temperature and heart rate. Anxiolytic effects of  
diazepam are associated with activation of  the GABAA α2 subunit (Rudolph et al. 2001; 
Vicini&Ortinski 2004) and in the present experiments such effects are reflected in ∆T and
∆HR after presentation of  the rectal stressor. All three strains show an anxiolytic response 
to diazepam, the 129S6 strain being most sensitive and in spite of  reduced sensitivity 
in the B6, strain significant reductions in ∆T and ∆HR are found at higher doses of
diazepam. The strong effect on baseline body temperature seen only in the 129S6 strain 
indicates a hypothermic effect, with an average decrease of  2°C after 8 mg/kg diazepam 
injection. In humans it has been suggested that heat loss is a key pathway of  generating 
sleepiness and sedation and is associated with the GABAA α1  subunit (Echizenya et al. 
2003). This strong intrinsic effect on body temperature suggests a higher number of  α1 
subunits in this strain in brain areas involved in temperature regulation and consequently 
a more sedative effect of  diazepam could be affected. The open field, elevated plus maze
and light-dark box are frequently used examples of  approach-avoidance paradigms in 
which anxiety is reflected as natural aversive behaviour of rodents to brightly lit, open
areas and anxiolytic drugs have been found effective (Belzung&Griebel 2001; Finn et 
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al. 2003; Kim et al. 2002; van Gaalen&Steckler 2000). Our results show that anxiolytic 
effects of  diazepam also can be measured using autonomic parameters and SIH, with 
the advantage of  excluding the effects of  strain differences in locomotor activity. 
Combining results on circadian rhythm, stress-response and pharmacological sensitivity, 
these experiments give increased insight in dynamics of  autonomic parameters in mice. 
Three different mouse strains were included in the experiments and differences between 
the strains both in reaction to stress as well as in pharmacological sensitivity were present. 
It is found that reactions in autonomic parameters are not necessarily being reflected in
or caused by increased activity. This underlines the importance of  carefully choosing 
a strain when performing experiments in anxiety research. With these experiments we 
furthermore demonstrate that autonomic parameters prove to be valuable parameters to 
provide information on mechanisms underlying stress and anxiety disorders. 
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Dysregulation of  the autonomic nervous system (ANS) is found in patients suffering form anxiety 
disorders and in anxiety models in laboratory animals. Both psychological and physiological stressors 
activate the ANS. In the stress-induced hyperthermia paradigm (SIH) anxiolytic drugs reduce 
autonomic stress responses (i.e. increase in temperature, ∆T) and heart rate, ∆HR). Using radio-
telemetry, measurements on temperature, heart rate and locomotor activity levels were obtained 
in the SIH paradigm in three different mouse strains (129Sv/Ev, C57BL/6, Swiss Webster). The 
GABAA-receptor agonist diazepam (0/1/2/4 mg/kg), the GABAA modulator ethanol (0/1/2/4 
g/kg), 5-HT1A receptor agonist flesinoxan (0/0.3/1/3 mg/kg), the 5-HT7 receptor agonist 5-CT 
(0/0.5/1/2 mg/kg), the 5-HT2 receptor antagonist mCPP (0/1/3/10 mg/kg) and the dopamine 
D2,3 receptor agonist quinpirole (0/0.5/1/2 mg/kg) were subsequently tested in these mice. To 
assess underlying mechanisms, we also measured mRNA levels of  GABAA-receptor subunits and 
5-HT1A receptors in the prefrontal cortex, hippocampus and amygdala. Drugs had comparable 
effects on temperature and heart rate, although increases in heart rate were limited by a ceiling effect 
and several drugs increased core heart rate levels. Some drugs (flesinoxan, quinpirole) decreased
∆T coinciding with decreases in activity (∆LA), while other drugs only affected ∆T (diazepam, 
ethanol) or ∆LA (5-CT, mCPP), indicating that alterations in SIH occur independent from activity. 
Strain differences in mRNA levels were reflected in drug sensitivity for the 5-HT1A receptor agonist 
flesinoxan, but not for drugs acting on GABAA receptors. Depending on which receptor system 
was influenced, strain sensitivity varied.
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Introduction
In anxiety disorders, an overactive autonomic nervous system (ANS) is often observed, 
both in humans and animals (Bouwknecht et al., 2000; Friedman and Thayer, 1998; 
Nijsen et al., 1998). Exposure to stress results in elevated heart rate (HR) and increases 
body temperature (T). In the stress-induced hyperthermia (SIH) paradigm, an increase in 
body temperature after presentation of  a stressor is used to assess anxiolytic-like effects 
of  drugs (Borsini et al., 1989; van der Heyden et al., 1997). Many behavioural paradigms 
that measure anxiety, like the elevated plus maze, make use of  activity measurements 
(Tang et al., 2002; van Gaalen and Steckler, 2000). Changes in drug induced activity 
levels as well as strain differences in activity interfere with experimental outcome of  
anxiety from these experiments (Belzung, 2001). The SIH paradigm is a reproducible 
and easy paradigm to study putative anxiolytic effects of  drugs and, importantly, no 
interference from locomotor activity (LA) is expected on changes in body temperature 
and heart rate (Olivier et al., 2003). With radio-telemetry it is possible to measure T, 
HR and LA in parallel continuously, thus before, during and after drug injection and 
the presentation of  a stressor. By combining radio-telemetry and the SIH paradigm we 
investigated differences in sensitivity to anxiolytic drugs between three mouse strains 
(129Sv/Ev (129S6), C57BL/6 (B6) and Swiss Webster (SW)). These strains are frequently 
used as genetic backgrounds for gene-targeting experiments, for animal behavioural and 
pharmacological studies. 
Anxiolytic drugs, including benzodiazepines, are able to block the increase in autonomic 
parameters in the SIH paradigm (Costoli et al., 2004; Hedlund et al., 2004; Hoit et al., 
2002; Olivier et al., 2003). Ethanol causes general depression of  the central nervous 
system (CNS) and although its exact mechanisms influencing anxiety are not yet clear,
it is currently believed that many of  the effects of  ethanol are mediated by binding to 
GABAA-receptors (Davies, 2003). Both diazepam and ethanol were tested in the SIH 
paradigm. The serotonin system plays an important modulatory role in the CNS and 
appears to be dysregulated in anxiety disorders (Den Boer et al., 2000). Serotonergic 
drugs that were tested are flesinoxan, a 5-HT1A receptor agonist, 5-CT, a 5-HT7 receptor 
agonist and mCPP, a 5-HT2C receptor agonist. The 5-HT1A receptor agonist flesinoxan
is expected to reduce SIH as well as baseline temperature (Olivier et al., 1998). Although 
anxiolytic effects of  5-CT have been suggested (Thomas and Hagan, 2004), they have 
not yet been observed (Guscott et al., 2003; Hedlund et al., 2003). We expect 5-CT to 
reduce baseline temperature only and not to display anxiolytic-like effects. In behavioural 
experiments, mCPP increases anxiety levels and increase in body temperature and heart 
rate response is also expected after mCPP (Bilkei-Gorzo et al., 1998). Although most 
research on the neurobiology of  anxiety disorders has focused on the GABAA-ergic 
and serotonergic systems, some evidence also indicates involvement of  dopaminergic 
mechanisms (Rodgers et al., 1994). Therefore we tested quinpirole, a dopamine D2/3 
receptor agonist. Behaviourally, it is observed that various mouse strains display 
different sensitivity to drugs acting on GABAA receptors (Griebel et al., 2000; Rodgers 
et al., 2002). Furthermore, GABAA receptor subunit composition may differ between 
strains and might change following stress, the degree to which this happens differs per 
mouse strain (Caldji et al., 2004). Strain differences in the effects of  anxiolytic drugs 
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on SIH could result from different receptor density in brain areas involved in anxiety 
and stress responses. Using quantitative PCR analysis, we measured mRNA levels of  
GABAA receptor subunits (α1,2,3,4, β2 and γ2) and 5-HT1A receptors in brain areas involved 
in regulation of  anxiety, the prefrontal cortex, hippocampus and amygdala. 
First goal was to investigate whether drug effects on the autonomic nervous system in the 
SIH procedure are similar for body temperature and heart rate. Second, we investigated 
the assumption that activity levels and autonomic nervous system responses in the SIH 
are indeed independent. Finally, we investigated whether strains have a consistently 
high or low sensitivity to a large number of  drugs in the SIH paradigm. If  indeed one 
strain is more sensitive to anxiolytics, is this sensitivity then reflected in receptor mRNA
levels and is it possible to point out the most appropriate mouse strain for testing new 
anxiolytic drugs in the SIH paradigm?

Materials and Methods

Subjects:
For the SIH experiments, groups of  10-12 male mice of  different genetic strains were 
used. At surgery, animals weighed at least 25 grams. After surgery they were singly housed 
in Macrolon® Type 2 cages (22x16x14 cm), enriched with bedding and nesting material 
under a 12 h light-12 h dark cycle (lights on from 6:00 AM until 6:00 PM) at controlled 
temperature (20±2 °C) and relative humidity (40-50%) with free access to standard food 
pellets and tap water. For the measurements of  GABAA receptor subunit and 5-HT1A 
mRNA receptor levels, brains of  eight mice of  the three mouse strains were used. These 
mice had not received any pharmacological treatment prior to decapitation. The mouse 
strains that were used were 129S6, B6 and SW, all obtained from Taconic M&B, Ry, 
Denmark. The experiments were carried out with approval of  the ethical committee 
of  the Faculties of  Veterinary Sciences and Pharmaceutical Sciences, Chemistry and 
Biology, Utrecht University, The Netherlands (DEC DGK/FSB). 

Surgery and radio-telemetry
Surgery was performed as described by Pattij (2002). During surgery, radio-telemetry 
ECG Transmitters (type: ETA-F20) were implanted. After surgery, animals were allowed 
to recover for 24-48 hours in a separate recovery room with part of  the cage placed on 
a heating pad. Analgesia was given for at least 2 days after surgery; this was prolonged 
when considered necessary (Temgesic®, 0.3 mg/ml; 1 mg/kg, IP). To enhance post 
surgery recovery, animals were injected twice daily for four days with 1 ml sterile saline 
(SC) to prevent dehydration and during 7 days after surgery animals had easy access to 
wetted food pellets, solid energy drink, tap water and normal food pellets inside the 
cage. Total duration of  recovery was two weeks; during this period mice were checked 
and weighed daily. 
The radio telemetry system is composed of  the transmitter, measuring body temperature 
(T) and locomotor activity (LA) and has two flexible leads which measure ECG/heart
rate (HR), a telemetry receiver (model RLA 1020), a Data Exchange Matrix collecting 
input from receivers, all connected to a computer running Dataquest Art Gold version 
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2.2. The transmitters are equipped with magnetically activated switches, to turn on/off  
the device. All equipment and software were obtained from Data Sciences International 
(St Paul, Main, USA). 

Stress Induced Hyperthermia paradigm (SIH)
Effects of  the different drugs on autonomic parameters and on activity in the different 
mouse strains were measured in the SIH paradigm, using radio-telemetry. Figure 1 
shows a theoretical course of  the body temperature in the SIH paradigm to clarify the 
different definitions that are used in the results section. Next to the vehicle condition,
the effects of  a drug on core temperature (drug A) and effects of  a drug on stress-
induced hyperthermia (drug B) are shown. In the “manual” version of  the SIH paradigm 
mice are exposed to two stressors; the first stressor is an injection with drug or vehicle
at time 0 min (time=0’), the second stressor is a rectal temperature measurement 60 min 
later (time=+60’). Tcore is core body temperature before the experiment. An increase 
in temperature after drug injection is represented as ∆T1, and increase in temperature 
after the rectal stressor as ∆T2. The effect of  a drug on Tcore is represented as T1, while 
anxiolytic-like effects of  drugs appear from their ability to reduce ∆T2. Effects of  drugs 
on heart rate and locomotor activity are obtained similarly to those on body temperature. 
Data sampling started the afternoon prior to each experimental day to obtain undisturbed 
baseline values immediate before onset of  the experiment. During the experiments body 
temperature (T, in °C) and heart rate (HR, Beats Per Minute) were gathered for each 
animal for 6 seconds every min, while locomotor activity (LA, counts per minute) was 
measured continuously during the experiments. 

Quantitative PCR analysis
Mice were decapitated, brains were removed, transferred in 5 ml RNA later (Ambion) and 
stored at 4°C for 48 hours. Subsequently, brains were stored at -20°C until further use. 
After thawing, the tissue samples were sliced in 0.5 mm thick sections using a McIlwain 
tissue chopper. The prefrontal cortex, hippocampus and amygdala were dissected under 
a binocular microscope. Then excess RNA later was removed and RNA was isolated 
from the sample using the GenElute RNA isolation kit (Sigma). All procedures were 
performed on ice and in a cooled microcentrifuge. Tissue samples were homogenized 
by passing 10 times through a 22G syringe. The OD260nm to OD280nm ratio (1.8-
2) was used to assess the purity of  the isolated RNA. In a total of  20 µl, 0.5 µg RNA 
was reverse transcribed using the enhanced avian first strand synthesis kit (Sigma), 0.5
units enhanced avian reverse transcriptase were used per reaction. To prevent RNA 
degradation, 1 µl Superase-In (Ambion) was added. The RT reaction was performed 
at 45°C for 2h. A real time PCR reaction was performed on 0.1 to 0.5 µl of  the cDNA 
samples in the presence of  0.1 µM of  each of  the gene specific primers and the Sybr
Green I dye in a total volume of  20 µl. The absolute QPCR sybr Green kit of  ABgene 
(Epson, UK) was used. To determine the efficiency of a given PCR reaction, real time
PCR reactions were performed on five 2-fold dilutions of a mixture of the obtained
cDNA samples. The following protocol was used for all PCR reactions: 15 at min 95°C, 
followed by 40 cycles consisting of  15 s at 95°C and 60 s at 60°C. To ensure that a new 
developed PCR reaction resulted in the expected product, the size of  the product was 
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checked by agarose electrophoresis. Primers were developed using the Primer Express 
software (Applied Biosystems, see table 1 for sequences). We strived for primer pairs 
that hybridised on both sites of  an intron. The efficiency (E) of the PCR reaction was
calculated by linear regression of  the obtained standard curve and the formula E = 
(2l/dCt –1) × 100% (dCt is the slope of  the standard curve). From the obtained threshold 
cycle values (Ct), we calculated the relative initial amount of  the selected cDNAs using 
the following formula: [amount at Ct] = [initial amount] × ECt. Finally, to correct for 
differences within the initial RNA samples, we normalized the measured cDNA levels 
against the levels of  GAPDH.

Table 1: Sequences of  the primers used for the quantification of mRNAs using real time
PCR.

Gene FP RP

GAPDH GCACCCTGCATTATTTTGTCA CTTCCAGGAGCGAGACCCCA

GABAA R α1 CCACACCCCATCAATAGGTTCT AATTCTCGGTGCAGAGGACTGAA

GABAA R α2 GGGACGGGAAGAGTGTAGTCAA CCGCATAGGCGTTGTTCTGT

GABAA R α3 GCCCACTGAAGTTTGGAAGCTAT CATCCTGTGCTACTTCCACAGATT

GABAA R α4 CTGCTGTCAACTATTTCACCAACATT TGGACCAGGCATTTGTTCTT

GABAA R β2 GCGCCTGGATGTCAACAAGA AAGCGTGCTGAGTAAGATGTTCTCA

GABAA R γ2 GCACCCTGCATTATTTTGTCA CAAACCCAACGACCTGTCCT

5-HT1A receptor CCTCTATGGGCGCATCTTCA GTGCCCGCTCCCTTCTTT

Drugs
All drug solutions were freshly prepared each testing day and injected intra-peritoneally 
(IP) or orally (PO) in a volume of  10 ml/kg. Animals were tested twice a week, between 
different drugs a washout period of  one week was used. 
5-carboxamido-tryptamine maleate (5-CT; 0/0.5/1/2 mg/kg; IP), quinpirole 
hydrochloride (0/0.5/1/2 mg/kg; IP) and m-chloro-phenylpiperazine hydrochloride 
(mCPP; 0/1/3/10 mg/kg; IP) were obtained from Sigma-Aldrich chemie B.V. 
(Zwijndrecht, The Netherlands), diazepam base (0/1/2/4 mg/kg; IP) was obtained 
from Brunschwig Chemie B.V. (Amsterdam, The Netherlands), flesinoxan hydrochloride
(0/0.3/1/3 mg/kg; IP) was provided by Solvay Pharmaceuticals (Weesp, The 
Netherlands) and ethanol (0/1/2/4 mg/kg; PO) was obtained from Lamers & Plenger 
(‘s Hertogenbosch, The Netherlands). Flesinoxan, 5-CT, mCPP and quinpirole were 
dissolved in 0.9% saline, diazepam base was suspended in a 0.5% gelatine/ 5% mannitol 
solution, ethanol was diluted with tap water. Doses of  the drugs were based on the salt 
or base.



Strain differences: pharmacology

45

Figure 1: Theoretical course of  autonomic parameters as reflected in body temperature in the Stress-Induced
Hyperthermia (SIH) paradigm. Represented are core body temperature (Tcore), increase in body temperature 
(∆T1) after injection (first stressor), hypothermic effect of a drug on core body temperature (T1) and increase 
in body temperature (∆T2) after rectal temperature measurement (second stressor). Black line represents SIH 
after vehicle injection, dotted grey line represents anxiolytic drug with hypothermic properties, solid grey line 
represents a drug with anxiolytic-like effects without intrinsic effect on body temperature.

Statistics
Anxiolytic-like effects of  drugs are represented by ∆T2, ∆HR2 and ∆LA2, intrinsic effects 
by T1, HR1 and LA1. Effects of  drugs on all parameters were analysed using repeated 
measures ANOVA with dose as within-subject factor and strains as between-subject factor. 
In the results section, if  significant dose×strain interaction effects (p<0.05) were found,
repeated measures analysis was performed for the individual strains. If  no interaction 
effect is mentioned, no significant interaction was found. In the case of statistical
significance, Bonferroni’s corrected post hoc comparisons were used for subsequent
analysis. 
Differences between strains in mRNA levels of  all GABAA receptor subunits and of  
5-HT1A receptors were analysed using univariate analysis ANOVA with strains as fixed
factor. In case of  statistical significance a Student-Newman-Keuls post-hoc analysis
was performed. The level of  significance was set at p<0.05. All statistical analyses were
performed using SPSS for Windows version 10.0 (SPSS  Chicago, IL)



46

Three

Results
Using the SIH paradigm, effects on autonomic parameters (T, HR) and LA of  various 
drugs on three mouse strains were examined. Figure 1 shows the theoretical course of  
temperature in which the different parameters are explained. 
Figures 2 to 7 show the effects of  the different drugs. The results of  the various 
experiments are further described below. Drug effects on ∆LA2 are shown in table 2. 
None of  the tested drugs affected LA1, probably because baseline levels of  undisturbed 
animals in their home-cage during daytime are very low and thus a further reduction 
is simply not possible. Statistical analyses were performed on T1, HR1, ∆T2, ∆HR2 and 
∆LA2. Strains were compared in their response after vehicle injections, differences in ∆T1 
and ∆T2 were observed with highest increase in 129S6 mice (∆T1: F[2,166]=5.3, p=0.006; 
∆T2: F[2,167]=5.9, p=0.003). No strain differences were observed in vehicle heart rate 
response (∆T1: F[2,166]=0.3, NS; ∆T2: F[2,167]=2.1, NS) and 129S6 mice were found 
to show least activity response during vehicle experiments (∆T1: F[2,166]=3.8, p=0.002; 
∆T2: F[2,167]=11.7, p<0.001).

Table 2: Effects on locomotor activity in SIH paradigm, measured using radio-telemetry
Drug effects on ∆LA2 129S6 B6 SW
drug dose (mg/kg)

diazepam

0 28.4 ± 2.8 18.5 ± 1.6 33.1 ± 3.7
1 31.5 ± 6.3 19.6 ± 3.1 32.5 ± 5.6
2 34.4 ± 2.8 19.1 ± 3.6 31.7 ± 4.0
4 29.3 ± 3.0 17.9 ± 2.4 35.0 ± 5.0

ethanol

0 32.8 ± 5.4 22.5 ± 6.3 36.9 ± 4.0
1000 31.7 ± 2.7 19.7 ± 2.8 33.2 ± 3.8
2000 32.8 ± 4.4 27.5 ± 9.4 37.2 ± 4.7
4000 25.0 ± 3.5 13.5 ± 3.3 38.5 ± 5.7

flesinoxan

0 36.1 ± 3.8 25.9 ± 4.9 38.1 ± 3.7
0.3 28.9 ± 4.5 21.9 ± 4.6 29.5 ± 3.6
1 19.3 ± 2.1* 17.3 ± 1.2* 19.2 ± 2.6*
3 20.4 ± 3.0* 16.1 ± 4.1* 14.1 ± 1.9*

5-CT

0 31.6 ± 2.2 23.4 ± 2.4 38.2 ± 4.1
0.5 27.5 ± 4.4 21.4 ± 2.5 28.2 ± 5.2
1 20.6 ± 3.7 24.0 ± 6.4 27 ± 2.4
2 21.6 ± 4.3* 20.2 ± 3.4* 16.6 ± 1.8*

MCPP

0 36.5 ± 8.4 30.8 ± 9.7 38.3 ± 3.9
1 33.9 ± 5.4 34.2 ± 15 39.9 ± 5.7
3 32.4 ± 4.9 15.8 ± 6.7 34.4 ± 3.7
10 28.4 ± 2.3* 7.0 ± 1.7* 29.2 ± 4.6*

quinpirole

0 35.6 ± 3.9 27.5 ± 4.1 39.0 ± 3.5
0.5 36.2 ± 6.1 20.9 ± 2.4 37.1 ± 4.1
1 21.5 ± 6.0* 9.0 ± 1.5* 17.6 ± 3.0*
2 22.7 ± 2.9* 10.8 ± 0.8* 11.1 ± 2.2*

Data represent increase in locomotor activity (∆LA2) after presentation of  a stressor in the SIH paradigm in 
three mouse strains (129S6, B6, SW). Data are presented in ∆LA (counts/min) ± SEM. No differences in drug 
sensitivity were observed between the different background strains. * p<0.05 decrease in ∆LA2 compared to 
vehicle conditions.
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Figure 2: Effects of  diazepam on body temperature (T, fig. 2a,b,c) and heart rate (HR, fig. 2d,e,f) in three
mouse strains (129S6, B6, SW) in the SIH paradigm. T and HR are plotted in 5-min periods starting 60 
minutes before injection of  diazepam. At time=60 min rectal temperature is measured as a stressor. Effects on 
the basal parameters (T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects 
of  diazepam in mice and the differences between the three background strains.

Diazepam
Figures 2 a, b and c show the effects of  diazepam on body temperature in three mouse 
strains; a dose×strain interaction was found on ∆T2 (F[3,30]=5.5, p=0.004). The 129S6 
strain (fig.2a) was most sensitive to the effects of diazepam, reduced ∆T2 was observed 
at all doses (F[3,8]=11.7, p=0.003). In the SW strain (fig.2c), ∆T2 was reduced at 2 and 
4 mg/kg (F[3,8]=5.4, p=0.026), whereas the B6 strain (fig.2b) was least sensitive and
only showed reduced ∆T2 after 4 mg/kg of  diazepam (F[3,9]=4.3, p=0.038). Also, a 
dose×strain interaction on T1 was observed after diazepam (F[3,30]=7.3, p=0.001). In 
the 129S6 strain, T1 was reduced at 2 and 4 mg/kg of  diazepam (F[3,8]=7.5, p=0.001). 
The SW strain showed a reduction in T1 at 4 mg/kg compared to the vehicle condition 
(F[3,8]=8.7, p=0.007) and a trend on T1 was observed in the B6 strain, although not 
significant (F[3,9]=3.3, 0.07). Effects of diazepam on heart rate are shown in figures
2 d, e and f; ∆HR2 was decreased at 2 and 4 mg/kg diazepam in 129S6 (fig.2d) and
SW (fig.2f) strains (129S6: F[3,8]=32.7, p<0.001; SW: F[3,8]=8.7, p=0.009), while no
decrease in ∆HR2 was found in the B6 strain (fig.2e; F[3,9]=1.3, NS). No effects on HR1 
were found in any strain or dose (F[3,30]=2.2, NS). No effects were found on ∆LA2 
(table 2; F[3,30]=0.3, NS).
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Figure 3: Effects of  ethanol on body temperature (T, fig. 3a,b,c) and heart rate (HR, fig. 3d,e,f) in three mouse
strains (129S6, B6, SW) in the SIH paradigm. Details are similar as for figure 2. Effects on the basal parameters
(T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects of  ethanol in mice and 
the differences between the three background strains.

Figure 4: Effects of  flesinoxan on body temperature (T, fig. 4a,b,c) and heart rate (HR, fig. 4d,e,f) in three
mouse strains (129S6, B6, SW) in the SIH paradigm. Details are similar as for figure 2. Effects on the basal
parameters (T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects of  
flesinoxan in mice and the differences between the three background strains.

Three
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Ethanol
Figures 3 a, b and c show the effects of  ethanol on body temperature. All strains showed 
qualitatively comparable responses upon ethanol. Both ∆T2 and T1 were similar for all 
strains and were therefore analysed together. In all strains ∆T2 was reduced at 2 and 
4 g/kg (F[3,27]=18.1, p<0.001), reduction of  T1 was found in all strains at 2 and 4 
g/kg (F[3,27]=19.3, p<0.01). Figures 3 d, e and f  show the effects of  ethanol on heart 
rate; no strain differences were observed in ∆HR2, which was decreased in at 2 and 4 
g/kg of  ethanol (F[3,27]=24.9, p<0.001). Effects on HR1 were observed in all strains 
and all doses of  ethanol. Remarkably, HR1 showed an increase after ethanol, which was 
maintained at least until the rectal temperature measurement (F[3,27]=19.1, p<0.001). 
No effects on ∆LA2 were observed after administration of  ethanol, as shown in table 2 
(F[3,27]=1.3, NS).

Flesinoxan
Effects of  flesinoxan on body temperature are shown in figures 4 a, b and c; a 
strain×dose interaction was found on ∆T2 (F[3,27]=5.3, p=0.006). 129S6 mice (fig.4a)
showed anxiolytic-like effects after 1 and 3 mg/kg of  flesinoxan, B6 mice (fig.4b) only
at 3 mg/kg flesinoxan and SW mice (fig.4c) at all doses (129S6: F[3,7]=31.6, p=0.003;
B6: F[3,8]=5.4, p=0.025; SW: F[3,8]=26.4, p<0.001). A strain×dose interaction was 
also observed on T1 (F[3,27]=5.0, p=0.038). Compared to vehicle, both B6 and SW 
mice showed a reduction in T1 after all doses of  flesinoxan, whereas the 129S6 strain
showed reduction in T1 only after 3 mg/kg of  flesinoxan (129S6: F[3,7]=3.3, NS; B6:
F[3,8]=17.5, p=0.001; SW: F[3,8]=17.7, p=0.001). 
Figures 4 d, e and f  show the effects on heart rate; a dose×strain interaction was observed 
in ∆HR2 (F[3,27]=3.4,p=0.03), with a decrease found after all doses in the 129S6 (fig.4d)
and SW (fig.4f) strains and at 3 mg/kg in the B6 (fig.4e) mice (129S6: F[3,7]=13.9,
p=0.014; B6: F[3,8]=6.7, p=0.014; SW: F[3,8]=8.7, p=0.007). Effects of  flesinoxan on
HR1 were different for the three background strains F[3,27]=4.3, p=0.015); only B6 mice 
showed reduced HR1 at 3 mg/kg of  flesinoxan (129S6: F[3,7]=1.4, NS; B6: F[3,8]=5.9,
p=0.02; SW: F[3,8]=2.4, NS). Effects of  flesinoxan on locomotor activity are shown in
table 2 and are similar in all strains with decrease in ∆LA2 after 1 and 3 mg/kg flesinoxan
(F[3,27]=11.4, p<0.001).

5-CT
Figures 5 a, b and c show the effects of  5-CT on body temperature; no effects on ∆T2 
were observed in any strain (F[3,24]=1.4, NS). A dose×strain interaction was found 
in the effects of  5-CT on T1 (F[3,24]=4.2, p=0.018). In the 129S6 strain (fig.5a) T1 is 
reduced at 1 and 2 mg/kg, while in the B6 (fig.5b) and SW (fig.5c) strains T1 is reduced 
after all doses of  5-CT (129S6: F[3,6]=14.7, p=0.027; B6: F[3,7]=34.0, p<0.001; SW: 
F[3,6]=43.2, p<0.001). 
Effects of  5-CT on heart rate are shown in figures 5 d, e and f, ∆HR2 is reduced in all 
strains and after all doses of  5-CT (F[3,24]=60.2, p<0.001). In all strains HR1 is increased 
after injecting 1 and 2 mg/kg of  5-CT (F[3,24]=5.8, p=0.005). Also, in all strains, ∆LA2 
was decreased after 2 mg/kg 5-CT, shown in table 2 (F[3,24]=5.6, p=0.006).
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Figure 5: Effects of  5-CT on body temperature (T, fig. 3a,b,c) and heart rate (HR, fig. 3d,e,f) in three mouse
strains (129S6, B6, SW) in the SIH paradigm. Details are similar as for figure 2. Effects on the basal parameters
(T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects of  5-CT in mice and 
the differences between the three background strains.

Figure 6: Effects of  mCPP on body temperature (T, fig. 4a,b,c) and heart rate (HR, fig. 4d,e,f) in three mouse
strains (129S6, B6, SW) in the SIH paradigm. Details are similar as for figure 2. Effects on the basal parameters
(T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects of  mCPP in mice and 
the differences between the three background strains.

Three
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Figure 7: Effects of  quinpirole on body temperature (T, fig. 4a,b,c) and heart rate (HR, fig. 4d,e,f) in three
mouse strains (129S6, B6, SW) in the SIH paradigm. Details are similar as for figure 2. Effects on the basal
parameters (T1, HR1) as well as effects on the SIH (∆T2, ∆HR2) were obtained to analyse the effects of  
quinpirole in mice and the differences between the three background strains.

mCPP
Effects of  mCPP on temperature are shown in figures 6 a, b and c. It was observed
that mCPP had no effect on ∆T2 in any strain (F[3,24]=2.3, NS). On T1 a dose×strain 
interaction was observed (F[3,24]=3.3, p=0.04), significant decrease in T1 was found 
only in the SW (fig.6b) strain at 10 mg/kg (129S6: F[3,6]=1.5, NS; B6: F[3,7]=1.4, NS;
SW: F[3,6]=17.9, p=0.001). Figures 6 d, e and f  show the effects of  mCPP on heart rate. 
A strain×dose interaction was observed on ∆HR2 (F[3,24]=4.6, p=0.013). The 129S6 
(fig.6d) mice showed a reduction in ∆HR2 after 10 mg/kg of  mCPP, while no effect 
was observed in the B6 (fig.6e) or SW (fig.6f) strains (129S6: F[3,6]=424.6, p<0.001;
B6: F[3,7]=0.8, NS; SW: F[3,6]=2.3, NS). No effects of  mCPP on HR1 were observed 
in any strain (F[3,24]=0.67, NS). After the highest dose of  mCPP, 10 mg/kg, ∆LA2 was 
decreased in all strains as shown in table 2 (F[3,24]=5.7, p=0.006). 

Quinpirole
Figures 7 a, b and c show the effects of  quinpirole on body temperature. ∆T2 was 
decreased in all strains at 0.5 and 2 mg/kg (F[3,24]=5.9, p=0.004). Effects on T1 showed 
a dose×strain interaction (F[3,24=35.5, p<0.001). A decrease in T1 in the 129S6 (fig.7a)
and B6 (fig.7b) strains was found only after the highest dose of quinpirole, while in
the SW (fig.7c) strain T1 was decreased at all doses of  quinpirole (129S6: F[3,5]=131, 
p=0.008; B6: F[3,7]=4.9, p=0.033; SW: F[3,6]=135, p<0.001). 
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The effects of  quinpirole on heart rate are shown in figures 7 d, e and f, where ∆HR2 was 
decreased after 1 and 2 mg/kg in all strains (F[3,24]=19.4, p<0.01). An interaction effect 
between dose and strain was observed in the HR1 (F[3,24]=13.1, p<0.001). In the 129S6 
(fig.7d) and SW (fig.7f) strains, HR1 was reduced after 2 mg/kg of  quinpirole, no effects 
were observed in the B6 (fig.7e) strain (129S6: F[3,5]=55.7, p=0.004; B6: F[3,7]=3.2, NS;
SW: F[3,6]=10.3, p=0.004). Effects of  quinpirole on ∆LA2 are shown in table 2, with a 
reduction in ∆LA2 in all strains after 1 and 2 mg/kg quinpirole (F[3,24]=20.7, p<0.001). 

mRNA expression
The results of  the qPCR analysis are summarized in table 3. No differences between 
strains in expression levels were found in GABAA receptor α1 subunits in any brain area 
tested (PFC: F[2,21]=0.2, NS; Hippocampus: F[2,21]=1.1, NS; Amygdala: F[2,19]=2.0, 
NS). Also, no differences in GABAA receptor α2 subunits were found in the areas tested 
(PFC: F[2,21]=0.9, NS; Hippocampus: F[2,18]=2.6, NS; Amygdala: F[2,19]=0.9, NS). 
Differences in mRNA expression of  GABAA receptor α3 subunits were observed in 
the PFC and amygdala (PFC: F[2,21]=3.5; p=0.048; Hippocampus: F[2,19]=2, NS; 
Amygdala: F[2,19]=5.6, p=0.01). In the PFC, GABAA receptor α3 subunit mRNA 
expression in 129S6 mice was higher compared to the B6 strain, while in the amygdala 
highest levels were observed in SW mice. 
Levels of  the GABAA receptor α4 subunit are similar in all strains in the PFC and amygdala 
(PFC: F[2,21]=1.0, NS; Amygdala: F[2,19]=0.4, NS). Initially changes in mRNA levels of  
α4 subunits were observed in the hippocampus between strains (F[2,19]=3.6, p=0.046), 
but after post-hoc analysis no significant effects were found. Changes in GABAA receptor 
β2 subunits were found both in the hippocampus and amygdala, but not in the PFC (PFC: 
F[2,21]=2.0, NS; Hippocampus: F[2,19]=4.0, p=0.04; Amygdala: F[2,19]=6.3, p=0.008). 
In both areas levels of  β2 subunit mRNA were lower in the 129S6 mice compared to the 
B6 strain. Differences were also observed in expression of  GABAA receptor γ2 subunit 
levels in the PFC and hippocampus, but not in the amygdala (PFC: F[2,21]=5.2, p=0.01; 
Hippocampus: F[2,19]=40.3, p<0.001; Amygdala: F[2,19]=0.9, NS). 
Reduced levels of  γ2 subunits were observed in the 129S strain in both areas compared 
to the other two strains. Differences between strains in mRNA expression of  5-
HT1A receptors were observed in all brain areas tested (PFC: F[2,21]=14.1, p<0.001; 
Hippocampus: F[2,19]=6.6, p=0.007; Amygdala: F[2,19]=6.2, p=0.009). In all three 
areas, highest expression was observed in SW mice, while mice on the 129S6 background 
had least mRNA expression of  5-HT1A receptors.

Discussion
We tested several drugs acting on GABAA-ergic, serotonergic and dopaminergic systems 
in the SIH paradigm in mice on three different genetic backgrounds using radio-telemetry. 
Hypothermic effects of  benzodiazepines are thought to result from stimulation of  α1 
subunits of  the GABAA benzodiazepine receptor complex in the preoptic area of  the 
hypothalamus (Boulant, 2000; Jackson and Nutt, 1991; Osaka, 2004; Simon et al., 1986). 
In humans, benzodiazepines are able to decrease core body temperature (Gilbert et al., 
2000). After injection of  diazepam, hypothermia was observed only in the 129S6 strain 
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Table 3:  mRNA expression of  GABAA receptor subunits and 5-HT1A receptors in three 
brain areas in mice

Prefrontal cortex
129S6 B6 SW Strain differences

α1 subunit 11.8 ± 0.6 12.5 ± 1.1 12.1 ± 0.5 NO

α2subunit 3.5 ± 0.1 3.4 ± 0.3 3.8 ± 0.2 NO

α3subunit 2.10-3±4.10-4** 5.10-4±1.10-4 ** 1.10-3±3.10-4 B6 < 129S < SW

α4subunit 18.1 ± 0.8 20.3 ± 1.0 18.5 ± 1.6 NO

β2subunit 10.5 ± 0.6 11.8 ± 0.4 11.6 ± 0.5 NO

γ2subunit 0.1 ± 0.01* 0.2 ± 0.01 0.2 ± 0.01 129S < B6 = SW

5-HT1A receptor 0.03±0.001 0.03±0.002 0.04±0.002* 129S = B6 < SW

Hippocampus
129S6 B6 SW Strain differences

α1 subunit 27.3 ± 4.7 38.8 ± 3.5 34.7 ± 8.1 NO

α2subunit 0.5 ± 0.1 1.3 ± 0.3 0.9 ± 0.2 NO

α3subunit 0.04±0.01 0.02±0.004 0.03±0.01 NO

α4subunit 4.3 ± 0.9 8.0 ± 1.3 4.8 ± 0.8 NO

β2subunit 0.7 ± 0.2** 1.8 ± 0.3 1.2 ± 0.3 129S < B6 = SW

γ2subunit 2.2 ± 0.1* 5.2 ± 0.2 4.5 ± 0.3 129S < B6 = SW

5-HT1A receptor 0.03±0.01* 0.06±0.004 0.08±0.009 129S < B6 = SW

Amygdala
129S6 B6 SW Strain differences

α1 subunit 10.0 ± 0.6 14.9 ± 3.0 10.4 ± 0.9 NO

α2subunit 11.8 ± 1.2 11.3 ± 1.0 13.2 ± 0.7 NO

α3subunit 2.0±0.3 1.9±0.4 3.4±0.3* 129S = B6 < SW

α4subunit 32.5 ± 3.5 35.9 ± 3.3 35.6 ± 1.5 NO

β2subunit 13.4 ± 1.3 23.6 ± 3.0** 17.2 ± 7 129S < B6 = SW

γ2subunit 11.8 ± 1.2 11.3 ± 1.0 13.2 ± 0.7 NO

5-HT1A receptor 0.02±0.003 0.02±0.001 0.03±0.002* 129S = B6 < SW

Mean mRNA expression, normalized against levels of  GAPDH ± SEM in the prefrontal cortex, hippocampus 
and amygdala of  three strains (129S6, B6 and SW). mRNA levels of  GABAA receptor subunits (α1-4, β2 and 
γ2) and of  5-HT1A receptors are shown. *p<0.05, different from both other strains, ** p<0.05, different from 
one other strain.
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and no effects on basal heart rate (HR1) were observed in any strain. Ethanol decreased 
basal core temperature (T1) and increased HR1 similarly in all strains. The increase in 
HR1 is most likely a compensation for vasodilatation induced by ethanol (Chaudhuri et 
al., 1994; Tabrizchi and Pang, 1993) and, as can be concluded from the above mentioned 
lack of  effect after diazepam on HR1, is probably not directly the result of  activation 
of  GABAA benzodiazepine receptor subunits. Hypothermic effects of  5-HT1A receptor 
agonists have also been described both in humans and in rodents (Olivier et al., 2003; 
Seletti et al., 1995). All mouse strains show reductions in T1 with the B6 and SW mice 
being most sensitive. Although flesinoxan does affect heart rate in rats (Dreteler et al.,
1990), no effects on HR1 were observed in any mouse strain, suggestive of  a species 
difference in the regulation of  basal heart rate. The 5-HT7 receptor agonist 5-CT 
(Wesolowska, 2002; Yamada et al., 1998) lowered T1 in all strains as expected (Guscott 
et al., 2003; Hedlund et al., 2003), while HR1 increased in all strains. Quinpirole strongly 
decreased core body temperature (T1) in all strains. In the 129S6 and SW strain, but not 
in the B6 strain, this dramatic fall in T1 was accompanied by a fall in HR1 levels. 
We found that, except for ethanol, all drugs are able to reduce T1 with different 
sensitivities between the strains. HR1 was increased, decreased or unchanged, depending 
on the drugs tested. From this we conclude that there is no direct relationship between 
the regulation of  basal core temperature (T1) and basal heart rate (HR1).
Effects on stress-induced heart rate, ∆HR2, are generally in line with those on stress-
induced hyperthermia, ∆T2, although in all strains effects on ∆HR2 are less pronounced 
compared to ∆T2. Diazepam and ethanol both decrease ∆T2 in all strains, but strain 
differences are observed only with diazepam. Therefore, it is likely that different 
receptors and/or GABAA receptor subunits are involved in the reduction of  stress 
responses of  these two drugs. Anxiolytic-like effects of  diazepam and more in general 
classical benzodiazepines are mediated through the α2 and/or α3 subunits of  GABAA 
receptors and sedative effects probably through α1 and γ2 subunits (Cope et al., 2004; 
Dias et al., 2005; Low et al., 2000). Strain differences in mRNA levels of  GABAA receptor 
α subunits were found only in α3 subunits. Although strain differences were observed 
in the prefrontal cortex, GABAA receptor α3 subunit levels were extremely low in this 
area. In the amygdala, highest levels of  α3 subunits are observed in SW mice, which are 
intermediate sensitive to the anxiolytic-like effects of  benzodiazepines. GABAA receptor 
β2 and γ2 subunit mRNA levels were lowest in the 129S6 strain, which pharmacologically 
is the most sensitive strain to the effects of  benzodiazepines. Absolute mRNA 
concentrations of  a particular GABAA receptor subunit appear not to be correlated with 
the observed strain differences in sensitivity to benzodiazepines. One explanation for 
this observation might be that even though mRNA level differences are observed, the 
three strains show differences at the protein level. Furthermore, subunit composition of  
individual GABAA receptors may differ. Such differences can influence drug-sensitivity
and elasticity of  the GABAA-ergic system, but further research is necessary. 
Flesinoxan displays anxiolytic-like effects in all strains, reducing ∆T2 and ∆HR2 with the 
SW strain being most sensitive. Interestingly, the B6 strain is only modestly sensitive 
to the effects of  flesinoxan on ∆T2 and ∆HR2, but at the same time this strain is very 
sensitive to the effects of  flesinoxan on T1 and HR1. Comparing the three strains on 5-
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HT1A receptor mRNA levels and pharmacological sensitivity to flesinoxan, we find SW
mice being both most sensitive to anxiolytic-like effects of  flesinoxan and having highest
levels of  mRNA expression in the PFC and amygdala. Apparently, 5-HT1A receptor 
mRNA levels show similar strain differences as observed in pharmacological sensitivity 
to the SIH paradigm. It should be noted however, that differences between mouse strains 
in drug metabolism complicate the relation between mRNA levels of  specific receptors
and drug sensitivity. Furthermore, even though the brain areas in which mRNA levels 
were measured are linked to anxiety traits, they are not found to be particularly active 
during the SIH procedure (Veening et al., 2004).
The data obtained on body temperature from flesinoxan, 5-CT and quinpirole clearly
support the hypothesis that SIH can be determined independently from interfering 
drug effects on T1. Such a conclusion cannot be drawn for heart rate data. For instance, 
5-CT induced an increase in HR1 and a reduction in ∆HR2. Increased HR1 combined 
with a clear ceiling effect (approximately 750-800 BPM) on the maximum heart rate 
possible, makes ∆HR2 not very suitable for measuring anxiolytic-like effects of  drugs. 
After treatment with the anxiogenic drug mCPP, no effects on ∆T2 or ∆HR2 were found, 
confirming again that the SIH paradigm is not suitable for measuring drugs that increase
anxiety-levels. 
Differences in activity levels might interfere with comparing different mouse strains 
in approach-avoidance paradigms like the elevated plus maze (Belzung, 2001; Tang et 
al., 2005). It is assumed that in the SIH paradigm almost no interference with activity 
levels is present (Olivier et al., 2003). We find that some drugs reduced both ∆LA2 and 
∆T2 (flesinoxan, quinpirole), while others only reduced ∆LA2 (5-CT, mCPP) or ∆T2 
(diazepam, ethanol). From these data we conclude that differences in activity levels not 
necessarily interfere with the SIH paradigm. However, when both autonomic parameters 
and activity levels are strongly reduced, like in the case of  quinpirole, one should consider 
that homeostatic processes in the animal regulating body temperature and heart rate are 
clearly affected and may seriously affect the outcome of  the SIH measurements.
Our data show that even though the 129S6 strain shows highest ∆T2 values after vehicle 
injections, none of  the three strains is consistently more sensitive to anxiolytic-like or 
intrinsic drug effects (∆T2, ∆HR2, T1, HR1). Depending on the specific receptor system
investigated, a different strain is most sensitive and therefore no strain is more qualified
to measure anxiolytic-like effects of  drugs in general. We furthermore showed that strain 
differences are not only observed in pharmacological sensitivity, but also are found in 
mRNA levels of  specific receptor types. And thus, when testing new drugs for their
anxiolytic-like action, it is recommended to use several mouse strains to obtain a more 
complete insight into the drug’s putative anxiolytic-like activity. 
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To investigate the putative involvement of  5-HT1A receptors in anxiety, we tested anxiety levels of  
5-HT1A receptor knockout mice (1AKO). Anxiety related behaviour was studied in three different 
paradigms measuring different forms of  anxiety behaviour; elevated plus maze, defensive burying 
paradigm and on the ultrasonic pup vocalization. By simultaneously investigating 1AKO on three 
background strains (129Sv/Ev, C57BL/6, Swiss Webster) under similar conditions, the effect 
of  background strain on constitutive absence of  5-HT1A receptors could be analysed. The three 
background strains showed differences in behaviour on all three paradigms with the 129Sv/Ev 
being most anxious. Compared to wildtype mice, 1AKO mice on the 129Sv/Ev strain showed 
no behavioural changes, on the C57BL/6 background strain anxiety was increased only on the 
elevated plus maze, while on the Swiss Webster background 1AKO mice showed increased levels 
of  anxiety in all paradigms. 
We conclude that increased anxiety-like behaviour is not consistently present in all 1AKO mice and 
all different anxiety paradigms, but is dependent on the genetic background. Exploration and active 
coping behaviour of  the background strain seem requirements to induce behavioural differences 
in the 1AKO compared to wildtypes. The lack of  robust effects of  knocking out 5-HT1A receptors 
in all background strains and in all behavioural paradigms implicate a modulatorey rather than a 
primary role of  5-HT1A  receptors in anxiety related behaviour. 
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Introduction
One of  the neurotransmitter systems frequently associated with anxiety disorders is 
the serotonergic (5-hydroxytryptamine, 5-HT) system (Griebel 1995), with main focus 
on the 5-HT1A receptor subtype. Stimulation of  5-HT1A receptors with agonists like 
buspirone was found to decrease levels of  anxiety both in humans and animals (Barrett 
and Vanover 1993; Lopez-Rubalcava 1996). The present study aims to further define the
putative involvement of  5-HT1A receptors in mediating anxiety. In 1998, three different 
research groups independently created a 5-HT1A receptor knockout mouse (1AKO) in 
order to study the role of  5-HT1A receptors in anxiety and depression (Heisler et al 1998; 
Parks et al 1998; Ramboz et al 1998). Despite the use of  different background strains 
(129Sv/Ev (129S6), C57 BL/6 (B6) and Swiss Webster (SW)) increased levels of  anxiety 
were observed in 1AKO mice of  all strains on approach-avoidance paradigms like the 
elevated plus maze. It is generally accepted that strain differences in mice occur on level 
of  anxiety (Contet et al 2001; van Gaalen and Steckler 2000) and that strain differences 
in activity might interfere with anxiety levels in approach-avoidance paradigms (Dawson 
and Tricklebank 1995; Tang et al 2002). Also, strain differences are observed both in rats 
and mice in the sensitivity to anxiolytic drugs that act on 5-HT1A receptors (Bouwknecht 
and Paylor 2004; Hong et al 2006; Uphouse et al 2002). Therefore, the extent to which a 
null mutation of  the 5-HT1A receptor gene alters behaviour in the three earlier mentioned 
background strains will probably tell more about the specific role of 5-HT1A receptors in 
mediating anxiety related behaviour. 
We tested anxiety levels of  1AKO and wildtype mice of  all three background strains 
(129S6, B6 and SW) measuring both approach-avoidance behaviour and active-passive 
coping behaviour. By testing all strains of  1AKO mice simultaneously in one lab and 
at the same time, we are able to measure differences between background strains 
independent of  lab, time and other factors (Wahlsten et al 2003). We will investigate the 
effects background strains have on the 1AKO phenotype and the differences 1AKO 
mice display in anxiety-paradigms. First, animals were tested on the elevated plus maze, 
in which approach-avoidance and exploratory behaviours are measured. Second, the 
defensive burying paradigm was performed, measuring active and/or passive coping 
behaviour. Finally, ultrasonic pup vocalization (USV) was tested, in which the stress level 
can be varied by presenting a warm or cold environment to measure different intensities 
of  stress during postnatal development (Allin and Banks 1971; Branchi et al 1998; 
Olivier et al 1998). 
Involvement of  5-HT1A receptors has been demonstrated in all three paradigms, by 
applying 5-HT1A receptor (ant)agonists. Although initially thought ineffective (Dawson 
and Tricklebank 1995), effects of   5-HT1A receptor agonists in the elevated plus maze 
have been reported repeatedly (Bert et al 2005; Holmes et al 2003). In the defensive 
burying paradigm 5-HT1A receptor agonists reduce active coping behaviour (De Boer 
and Koolhaas 2003; Groenink et al 1995; Lopez-Rubalcava 1996). Anxiolytic-like effects 
of  5-HT1A receptor agonists also were observed in the USV paradigm (Fish et al 2000; 
Olivier et al 1998). 
The overall aim was to investigate the role of  5-HT1A receptors in mediation of  anxiety. 
To this end we determined if  1AKO mice on different background strains all show 
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increased anxiety levels under identical conditions. If  increased anxiety-related behaviour 
is observed, we will establish if  this is independent of  genetic background and paradigm 
that is used. 

Materials and methods

Animals
For the elevated plus maze and defensive burying experiments, groups of  8-12 male 
homozygote 1AKO and wildtype mice of  the 129S6, B6 and SW strains were bred within 
the laboratory animal facilities of  Utrecht University (GDL, Utrecht, The Netherlands). 
Groups of  8-12 1AKO and wildtype mice for the USV experiment were bred in our 
own animal facility, since transport before the testing day (postnatal day 7, PND7) would 
induce undesirable stress. The breeding founders of  the 129S6 strain were originally 
obtained from Dr. R. Hen (Columbia University, New York, USA) and of  the SW and 
B6 strains from Dr. M. Toth (Cornell University, New York, USA). To minimize possible 
effects of  genetic drift the founders were cross bred at least twice with commercially 
available mice (Taconic, M&B, Denmark) from the same background. The experimental 
mice resulted from a homozygote breeding after crossbreeding. In the elevated plus maze 
and defensive burying experiments, mice were socially housed in same-genotype, same-
strain groups with 2-4 animals in each cage. For the USV experiment, pregnant females 
were group-housed with 3 females per cage and remained in the cages throughout 
the experiments with the mouse pups. All cages were enriched with bedding, nesting 
material and with free access to food-pellets and tap water. Animals were housed under 
a 12-h light/12-h dark cycle (lights on from 0600-1800) at controlled room temperature 
(20±2°C) and relative humidity (40-60%). The animals were tested during the light 
phase and the experiments were carried out with approval of  the ethical committee of  
the Faculties of  Veterinary Sciences, Pharmaceutical Sciences, Chemistry and Biology, 
Utrecht University, The Netherlands (DEC DGK/FSB). 

Procedures and apparatus
Elevated Plus Maze - The elevated plus maze (black Plexiglas floor and walls) was
elevated 100 cm above floor level and consisted of two open and two closed arms (30×5
cm; closed walls were 15 cm high), all arms radiated from a common centre platform 
(5×5 cm). The experimental room was dimly illuminated by a red light (5 lux) during 
the experiment. Measurements started by placing a mouse on the end of  an open arm, 
facing the centre platform. The test lasted 5 min in which behaviour of  the 1AKO and 
wildtype mice was captured. In between different animals the maze was cleaned, with 
water and subsequently with 70% ethanol. With use of  the Observer® system (Noldus 
Inc., Wageningen, The Netherlands), number of  entries and time spent in the different 
arms of  the animals was scored.
Defensive Burying - The defensive burying procedure was performed as described 
earlier (Sluyter et al 1996). Mice were placed in an unfamiliar cage (Plexiglas, 25×25×30 
cm), evenly covered with approximately 4 cm sawdust. A shock probe was inserted 
into the cage through the wall. When a mouse touched the probe, it received a 1.5 mA 
shock. The test started when the mouse was placed into the cage and lasted until 5 min 
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after receiving the first shock. Video registrations were made and afterwards behaviour 
was analysed using the Observer® (Noldus Inc., Wageningen, The Netherlands). The 
following parameters/behaviours were scored and analysed: numbers of  contact with 
the shock-probe, durations of  exploration, passive behaviour, probe-directed and -
undirected burying and grooming.
Ultrasonic Pup Vocalization (USV) – Seven-day-old mouse pups were separated 
from their mother by removing groups of  4 pups at the same time and a handful of  
bedding material from the home cage, pups were kept on a heating pad to maintain 
nest temperature. After 15 min, the pups were placed in the centre of  one of  two 
aluminium plates (ø 19 cm), which were kept at a temperature of  either 19°C (cold 
plate) or 30°C (warm plate) by circulating water through a reservoir below the plate. The 
apparatus consisted furthermore of  two round, transparent Plexiglas chambers (ø 20 
cm, 25 cm high) that were placed on the plate and were covered with a Plexiglas top on 
which a microphone was mounted. The microphones (SM2, Ultra Sound Advice, UK) 
were connected to a bat detector (S-25, Ultra Sound Advice, UK), which was set at 80 
kHz. The detector was connected to an audiofilter (Noldus Inc), which translated the
analogue signals into digital block pulses. These block pulses were consequently sent to a 
P4 computer running Ultravox 2.0 (Noldus Inc., Wageningen, The Netherlands). Onset 
and end of  each call were timed to the nearest millisecond. Eventually, the number, total 
duration and mean duration of  ultrasounds produced by each individual animal were 
obtained. Animals remained on the plate for a total of  5 minutes, while their vocalizations 
were registered. At the end of  the test the pups were returned to their home cage.

Statistics
Data of  the elevated plus maze experiment were analysed by a Univariate Analysis of  
Variance with strain and genotype as fixed factors. During analysis of the number of
open arm entries, the total number of  entries was taken as a covariate factor. Results 
from the defensive burying experiment were analysed by a Multivariate Analysis of  
Variance with strain and genotype as fixed factors. Data from the USV experiment
were also analysed by a Univariate Analysis of  Variance with strain, genotype and plate 
temperature as fixed factors. When a strain×genotype interaction effect was observed,
the file was split in groups in order to separately analyse the effects of strain and
genotype. If  necessary, further post-hoc comparisons were made for subsequent analyses 
(Bonferroni correction). The level of  significance was set at p<0.05. All statistical
analyses were performed using the Statistical Package for Social Sciences for Windows, 
version 11.0 (SPSS, Chicago, Ill, USA).

Results

Elevated Plus Maze
Figure 1 shows the results of  the elevated plus maze experiment. Overall, a genotype 
effect was observed on number of  open arm entries (F[1,51]=19.1, p<0.001) and on 
percentage of  open arm entries (F[1,51]=5.2, p=0.03) with the 1AKO mice entering 
the open arm less frequently. Total number of  entries, analysed as covariate factor, was 
also decreased in the 1AKO mice (F[1,51]=4.0; p=0.05). When analysing the strains 
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Figure 1: Behaviour on the elevated plus maze of  wildtype and 5-HT1A receptor 
knockout mice (1AKO) on three background strains (129S6, B6 and SW). Number 
of  open arm entries, total entries and % open arm entries. Data are expressed as 
means ± SEM. * p<0.05 difference between genotypes within one strain; # p<0.05 
difference between strains.

Figure 2: Behaviour in the defensive burying paradigm of  wildtype and 1AKO 
mice of  three different background strains (129S6, B6 and SW). Time spent on 
exploration of  the shock-probe, directed burying of  the probe, undirected burying, 
immobile behaviour and grooming are shown. Data are expressed as means ± SEM. * 
p<0.05 difference between genotypes within one strain; # p<0.05 difference between 
background strains.

separately, it was found that number of  open arm entries was not significantly reduced
in 1AKO mice of  the 129S6 strain (open arm entries: 129S6: F[1,17]=2.7, NS, B6: 
F[1,16]=6.6, p=0.02; SW: F[1,16]=6.3, p=0.02; percentage (%) open arm entries: 129S6: 
F[1,17]<1, NS; B6: F[1,16]=6.3, p=0.02; SW: F[1,16]=6.3, p=0.02). Number of  total 
arm entries was significantly reduced only in the SW strain (129S6: F[1,17]<1 NS; B6:
F[1,16]=3.1, p=0.1; SW: F[1,16]=9.3, p=0.007). 
Differences between the background strains in number of  open arm entries and total 
entries were observed, with fewer entries in the 129S strain on both parameters (open 
arm entries F[2,51]=10.8, p<0.001; total entries F[2,51]=14.9, p<0.001). Time spent on 
the open arm was reduced only in 1AKO of  the B6 strain (129S6: F[1,17]<1, NS; B6: 
F[1,16]=10.0, p=0.006; SW: F[1,16]=1.9, NS).

Defensive burying
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Figure 2 shows the time spent on different behaviours in the defensive burying 
experiment. In the multivariate analysis a strain×genotype interaction was observed 
(F[12,90]=2.1, p=0.03). Consequently, the differences between strains and between 
genotypes were analysed separately. In the 129S6 strain, no differences were observed 
between wildtype and 1AKO mice in any parameter (129S6: F[6,9]<1, NS). In the B6 
strain no overall difference between genotypes was found (B6: F[6,7]=1.7, NS), but 
wildtype mice groomed significantly more compared to the 1AKO mice (F[1,12]=4.8,
p=0.05). A significant difference between genotypes was observed in the SW strain (SW:
F[6,16]=5.5, p=0.002). The 1AKO mice on the SW background significantly spent more
time on burying of  the shock prod (F[1,21]=7.6, p=0.01) and less time on undirected 
burying (F[1,21]=6.4, p=0.02) compared to their wildtype mice.  Differences between 
the three background strains in burying behaviour were found (F[12,40]=3.2, p=0.03), 
with less burying observed in 129S6 wildtype mice, both probe directed and undirected. 
Also, this 129S6 strain spent most time on passive behaviour compared to the other 
strains. Explorative behaviour (not shown in figure 2) was different between wildtype
and 1AKO mice of  the SW strain (F[1,21]=6.5, p=0.02). The number of  shocks that 
were received did not differ between strains or genotypes (129S6: wildtype = 1.6 ± 0.8, 
1AKO=1.0 ± 0.4; B6: wildtype = 1.3 ± 1.0, 1AKO = 2.0 ± 0.6; SW: wildtype = 1.0 ± 
0.3, 1AKO = 1.3 ± 0.4; strain: F[2,154]<1, NS; genotype: F[1,155]<1, NS).

Ultrasonic Pup Vocalization 
Analysing the USV data (figure 3), a strain×genotype interaction was observed
(F[2,134]=4.8, p=0.01). When analysing the strains separately, no genotype or plate 
temperature differences were observed in the 129S6 and the B6 mice (129S6: F[1,48]=1.8, 
NS; B6: F[1,42]=0.03, NS). In the SW strain the 1AKO mice vocalized more compared 
to the wildtypes (F[1,44]=6.3, p=0.02) and both 1AKO and wildtype mice vocalized 
more on the cold plate compared to the warm plate (F[1,44]=6.4, p=0.01). Differences 
between numbers of  vocalizations between the three background strains were observed, 
with the 129S6 strain vocalising significantly more compared to the other strains
(F[2,69]=68.4, p<0.001).

Discussion
Absence of  5-HT1A receptors resulted in changed anxiety-related behaviours as tested 
in the three paradigms, with effects depending on the genetic background. Compared to 
the B6 and SW strains, 129S6 mice show highest levels of  anxiety in all paradigms tested 
and no changes were observed in absence of  5-HT1A receptors in this strain. On the 
B6 strain, 1AKO mice displayed increased levels of  anxiety on the elevated plus maze 
only, while changes in 1AKO mice of  the SW strains were observed in all paradigms. 
These data suggest that the three anxiety paradigms measure different aspects of  anxiety, 
possibly with different underlying mechanisms and circuitries. This finding is in line
with the described absence of  a relationship between levels of  burying in the defensive 
burying paradigm and anxiety-like behaviour on the elevated plus maze (De Boer and 
Koolhaas 2003).
The elevated plus maze is an exploratory model, inducing approach-avoidance behaviour 
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and it is a widely accepted behavioural test of  anxiety (Carola et al 2002; Dawson and 
Tricklebank 1995; Kopp et al 1999). However, this test is sensitive to interactions with 
locomotor activity (Carola et al 2002) as well as risk assessment (Blanchard et al 2001; 
Dawson and Tricklebank 1995). In the present experiments we demonstrated decreased 
activity on the elevated plus maze in 1AKO mice of  the SW strain, but the increased 
anxiety levels in 1AKO mice on this strain remains present despite changes in activity 
levels. The initially reported increased anxiety by different research groups (Heisler et 
al 1998; Parks et al 1998) was replicated, as was the lack of  effect in the 129S6 strain 
(Groenink et al 2003). 
When mice and rats are faced with threatening or aversive objects in their immediate 
surroundings they decide on a coping strategy, being either active or passive coping. 
Active coping behaviour in the defensive burying paradigm is reflected by burying the
threatening object (De Boer and Koolhaas 2003; Treit et al 1981). Classical anxiolytic 
drugs as well as 5-HT1A receptor agonists reduce the time spent on defensive burying 
in this paradigm (De Boer and Koolhaas 2003). Only mice on the SW background 
engage significant time in burying of the shock-probe and only 1AKO mice of this
strain display an increase in this behaviour. Passive behaviour was observed most in the 
129S6 background strain, but was unchanged in 1AKO mice. Apparently active coping 
behaviour, but not passive coping behaviour is intensified by the absence of 5-HT1A 
receptors under these circumstances. 
Infant rodents, when separated from their mother and littermates, emit ultrasonic sounds 
(Branchi et al 2001; Fish et al 2000; Noirot 1966; 1972; Olivier et al 1998). Number of  
vocalizations is related to the level of  anxiety and can be reduced by anxiolytic drugs. 
Furthermore, by changing plate temperature the stress level is modulated, affecting 
number of  vocalizations in mice (Fish et al 2000; Rowlett et al 2001). Although it 

Figure 3: Number of  vocalizations in wildtype and 1AKO mice of  three different 
background strains (129S6, B6, SW) on cold (19°C) and warm (30°C) plates. Data are 
expressed as means ± SEM. * p<0.05 difference between genotypes within one strain 
(1AKO>wildtype); # p<0.05 difference between background strains (129S6 > SW > 
B6). + p<0.05 between warm and cold plate within one strain (cold > warm).
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was previously reported that 1AKO pups of  the 129S6 strain emit less vocalizations 
compared to their wildtypes on the warm plate (Weller et al 2003), this difference did 
not reach significance in the present experiment. On the cold plate, the 129S6 strain
emitted most and the B6 strain least vocalizations. Only in the SW strain, 1AKO mice 
showed increased number of  vocalizations compared to their wildtypes and only 1AKO 
mice on this background showed increased levels of  vocalizations when stress level was 
increased on the cold plate. 
By combining the different experiments and genetic backgrounds we demonstrated 
that, depending on the background strain, 1AKO mice show increased anxiety-related 
behaviour. Several explanations could be postulated for the observed differences between 
1AKO mice on three genetic backgrounds. First, it could be argued that the high anxiety 
level of  wildtype mice masks the 1AKO effect in the 129S6 strain. This strain is described 
as a high-anxiety and low-activity strain (Paulus et al 1999) and therefore the anxiety 
level of  the wildtypes is such that the absence of  5-HT1A receptors is not detectable on 
the elevated plus maze due to bottom effects. In the USV paradigm all strains displayed 
increase in number of  calls after saline injection (see chapter 7), excluding a ceiling effect 
in 129S6 wildtype mice. Second, differences in normal behavioural response between 
genetic backgrounds could explain different findings in 1AKO mice. On the elevated
plus maze SW and B6 wildtype mice show high exploratory behaviour and increased 
anxiety levels are observed in 1AKO mice of  both strains. In the defensive burying 
paradigm B6 mice do not engage strongly in defensive burying or in passive coping 
behaviour, which therefore could remain unchanged in 1AKO mice. 
Lack of  changes in 1AKO mice in the USV test, however, cannot be explained by 
absence of  vocalizations in the background strain. Both wildtype and 1AKO mice on 
the B6 strain show an increase in number of  vocalizations after saline injections (see 
chapter 7). It appears that presence or absence of  5-HT1A receptors is not relevant when 
levels of  vocalizations are relatively high or low, but only when number of  vocalizations 
is intermediate, as observed in the SW strain, the mediating role of  5-HT1A receptors 
may have an effect on anxiety levels. Finally, it cannot be excluded that lack of  effect in 
1AKO mice is the result of  adaptational processes in reaction to a lifelong absence of  
5-HT1A receptors. A known adaptation that occurs only in 1AKO mice of  the SW strain 
is a reduced sensitivity to the anxiolytic effects of  benzodiazepines (Sibille et al 2000). 
This reduced sensitivity coincides with decrease of  mRNA levels of  GABAA receptor 
α2 subunits in the amygdala and cortex of  these mice, occurring between postnatal day 7 
(PND7) and PND14 (Bailey and Toth 2004). In this strain, anxiety is most pronounced 
in the 1AKO mice and it is likely that these changes in GABAA receptor subunit 
functioning are involved in the anxious phenotype on this background.
From the present data we conclude that elimination of  5-HT1A receptors may increase 
anxiety-related behaviour in different paradigms, but this depends on genetic background 
and specific baseline behaviours of the wildtype. This suggests an indirect modulatory
and not a primary role for 5-HT1A receptors in anxiety disorders. Furthermore, these 
findings stress the importance both of genetic backgrounds as well as choice of an
appropriate behavioural paradigm when studying receptor function. 
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Changes in autonomic nervous system parameters are reported in patients suffering from anxiety 
and affective disorders. In mice, autonomic changes are also observed after stress-response. An 
animal model for anxiety is the 5-HT1A receptor knockout mouse (1AKO), which was created on 
different background strains (129S6, B6, SW). Next to changes in anxiety-related behaviour, changes 
in autonomic stress-response have been described in 1AKO mice on the 129S6 background. In the 
present experiment, the role of  5-HT1A receptors in stress response of  the autonomic nervous 
system is investigated with emphasis on the effects of  different genetic backgrounds by comparing 
1AKO mice with their wildtypes. Temperature (T), heart rate (HR) and locomotor activity (LA) 
levels were measured during undisturbed home-cage behaviour and after several stressful stimuli 
with increasing stress intensity. Finally, both behavioural and autonomic responses in the defensive 
burying paradigm were measured. Results show normal circadian rhythms in all strains and 
genotypes. Stressful stimuli and defensive burying induced genotypic differences in autonomic 
responses only on the SW background, which could be fully explained by changes in activity 
levels. In 1AKO mice, behavioural differences were observed in 1AKO mice in the defensive 
burying paradigm, increased active coping in the SW strain and increased passive coping on 129S6 
background. We conclude that 1AKO mice have unchanged autonomic stress responses, while 
behavioural changes are observed depending on genetic background. Apparently, 5-HT1A receptors 
are not involved in changes of  the autonomic nervous system underlying physiological symptoms 
in anxiety disorders. 
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Introduction
5-HT1A receptors are implicated in anxiety and depressive disorders and are being 
investigated as a target receptor for anxiolytic and anti-depressant drugs (Griebel et al 
2000; Lesch et al 2003; Olivier et al 1999). A functional polymorphism in the promoter 
region of  the 5-HT1A receptor gene, affecting the level of  5-HT1A receptor expression, 
has been associated with depression and suicide (Lemonde et al 2003) and with reduced 
effectiveness of  drugs in anxiety and depressive disorders (Arias et al 2005; Hong et al 
2006; Strobel et al 2003). Depressed suicide victims are found to have elevated density 
of  5-HT1A receptor in the raphe nuclei (Stockmeier et al 1998) and reduced 5-HT1A 
receptor binding is observed in patients suffering from panic disorder (Neumeister et al 
2004). 
To further investigate the function of  5-HT1A receptors in affective disorders, a 5-HT1A 
receptor knockout (1AKO) mouse was created independently by three different research 
groups (Heisler et al 1998; Parks et al 1998; Ramboz et al 1998). Notwithstanding use 
of  different background strains (129SvEv (129S6), C57BL/6 (B6) and Swiss Webster 
(SW)), all 1AKO mice initially showed increased levels of  anxiety in approach-avoidance 
paradigms compared to their wildtypes (Groenink et al 2003; Olivier et al 2001). While 
in our lab no changes in anxiety related behaviours were observed in 1AKO mice on the 
129S6 strain (Groenink et al 2003), enhanced autonomic response in reaction to novelty 
was observed (Pattij et al 2002). In addition, a decrease in heart rate variability (HRV) 
was found in 1AKO mice of  this strain (Pattij et al 2002). Behavioural and autonomic 
changes in 1AKO mice resemble many of  the symptoms of  patients with affective 
disorders (Cameron et al 1986; Friedman and Thayer 1998b; Iverson et al 2002; von 
Zerssen et al 1985). 
The effect of  single-gene mutations varies in size depending on background genes that 
act as phenotypic modifiers, which has been observed both in mice and humans (Nadeau
2003). To study the modifying effects of  genetic background on the null mutation of  
the 5-HT1A receptor gene, we tested 1AKO mice in parallel on three genetic background 
strains (129S6, B6, SW). Differences between these strains on basal anxiety levels have 
been observed (Rodgers et al 2002; Van Bogaert et al 2006), as well as differences in 
sensitivity to the anxiolytic and hypothermic effects of  the 5-HT1A receptor agonist 
flesinoxan (unpublished data, chapter 3 thesis). This suggests that the absence of 5-
HT1A receptors may have different effects on behaviour and pharmacological sensitivity 
in these mouse strains. 
The present experiments are unique in that they compare effects on anxiety levels and 
autonomic parameters in 1AKO mice created on three different genetic backgrounds 
strains. In these strains and genotypes we measured in parallel 1) the autonomic 
parameters body temperature (T) and heart rate (HR) and 2) locomotor activity levels 
(LA). All parameters were measured using radio-telemetry both under undisturbed 
circumstances and during various stress conditions. The main goal of  the present 
investigation was to study to what extent the genetic background determines effects of  
absence of  the 5-HT1A receptor. 
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Materials and Methods

Subjects
Groups of  8 wildtype and 8 1AKO male mice of  different background strains (129S6, 
B6 and SW) were obtained from the central animal facility, Utrecht University, Utrecht, 
The Netherlands). The breeding founders of  the 129S6 strain were originally obtained 
from Dr. R. Hen (Columbia University, New York, USA) and of  the B6 and SW strains 
from Dr. M. Toth (Cornell University, New York, USA). To minimize possible effects of  
genetic drift, the founders were crossbred at least twice with commercially available mice 
(Taconic, M&B, Denmark) from the same background. This crossbreeding resulted in 
a homozygote generation, which was then used to breed the homozygote mice used in 
this experiment. During intruder stress, NRMI outbred mice were used (Taconic, M&B, 
Denmark). Mice were socially housed until surgery and had to weigh at least 25 g to be 
included. After surgery, animals were housed singly in Macrolon® type 2 cages (22 x 
16 x 14 cm), enriched with bedding and nesting material under a 12-h light/12-h dark 
cycle (lights on from 0600 to 1800 h) at controlled temperature (20 ± 2 °C) and relative 
humidity (40-50 %) with free access to standard food pellets and tap water. Experiments 
started 2 weeks after surgery, all experiments were carried out with approval of  the 
ethical committee of  the Faculties of  Veterinary Sciences, Pharmaceutical Sciences, 
Chemistry and Biology, Utrecht University, The Netherlands (DEC DGK/FSB).

Surgery and radio telemetry
Radio-telemetry ECG transmitters (type: ETA-F20) were implanted in the abdominal 
cavity of  the mice with the electrodes placed subcutaneous at the right shoulder (negative 
lead) and the left lower chest (positive lead; Kramer et al 1993). The animals were 
anaesthetized using Isoflurane, N2O and O2 (induction: 4% isoflurane; maintenance: 1.5-
2% isoflurane). After surgery animals were allowed to recover for 24-48 h in a separate
recovery room with part of  the cage placed on a heating pad. Analgesia (Carprofen 5 
mg/kg SC) was given twice daily for at least 2 days after surgery. To prevent dehydration, 
animals were injected twice daily with 1 ml of  sterile saline SC for at least 4 days. During 
7 days after surgery, animals had easy access to wetted food pellets, solid energy drink, tap 
water and normal food pellets inside the cage. Total duration of  recovery was 2 weeks; 
during this period, mice were checked and weighed daily. The radio-telemetry system is 
composed of  the earlier mentioned transmitters, measuring temperature and locomotor 
activity and has two flexible leads measuring heart rate, a telemetry receiver (model:
RLA1020), a data exchange matrix, all connected to a computer running Dataquest Art 
Gold version 2.2. Radio-telemetry equipment and software were obtained from Data 
Sciences International (DSI, St Paul, MN, USA).

Data reduction and analysis
Data sampling for all experiments started the afternoon of  the day prior to each 
experiment in order to obtain undisturbed baseline values. During the experiments, T 
(°C) and HR (beats per minute, BPM) were measured during 8 seconds every 2 minutes, 
while LA (counts) was measured continuously. In order to obtain home cage autonomic 
parameters and activity levels, data of  7 undisturbed days were averaged to one single 
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24-h period for each animal, after which group values were averaged to time periods of  
three hours in order to perform statistical analysis. These data were analysed by means 
of  repeated measures ANOVA with strain and genotype as ‘between subject’ factors and 
time as ‘within subject’ factor. 
Data of  stress response and defensive burying are shown as area under the curve (AUC) 
of  the different parameters for each individual animal. Baseline values were calculated 
by averaging a 30 min period before the experimental treatment and a 30 min period 
4 h after the experiment. For each individual animal the time between presentation of  
the stressor and return to baseline values was determined. Changes in AUC represent 
both changes in parameter increase and duration, statistics were performed on AUC, 
increase of  the parameters (∆T, ∆HR, ∆LA) and duration of  the effects. Differences 
between the wildtype and 1AKO mice of  the separate strains as well as the differences 
between the three background strains (wildtypes) were analysed using one-way ANOVA 
with increase in the AUC of  the parameters T, HR and LA as ‘within subject’ factor. 
Genotype differences in heart rate variability (HRV) after novel cage stress were analysed 
by using one-way ANOVA. In case of  statistical significance, Bonferroni’s corrected post
hoc comparisons were used for subsequent analysis. The level of  significance was set at
p<0.05. All statistical analysis was performed using SPSS for Windows, version 11.0 (SPSS, 
Chicago, IL).

Experiments
Undisturbed home cage levels - During 15 consecutive days T, HR and LA were 
continuously recorded, with inspection of  animal health, water- and food supplies every 
other day. On day 6, animals received a new home cage (similar cage, fresh bedding and 
nesting material). To obtain undisturbed data only, inspection days were excluded from 
the analysis.
Stressful stimuli - We studied the effects of  various levels of  stress (disturbance, new 
cage, new cage with no bedding, injection (IP) and intruder stress on autonomic 
parameters and activity levels in 1AKO and wildtype mice on the 129S6, SW and B6 
background. All stressful stimuli procedures were performed between 10.00 h and 11.00 
h and total time of  room entrance was kept at a maximum of  5 minutes. If  a procedure 
for all 48 animals extended the 5 minute maximum, the procedure was performed over 
several days. Time between procedures was kept at 7 days. Handling stress was induced 
by entering the experimental room, opening the cage, picking up the mouse by its tail 
for 5-10 sec and subsequently returning it to its home cage. Effects of  injection stress 
on T, HR and LA of  injection stress were obtained by entering the room, opening the 
cage, fixation of the mouse and injection of 0.1 ml saline intra-peritoneally (IP). To
assess effects of  a novel cage, the animals were placed into a clean standard cage, similar 
in size of  their familiar home cage, provided with clean bedding and nesting material. 
Heart rate variability was measured during 15 minutes after novel cage stress by taking 
the standard deviation for each individual animal. The procedure of  novelty without 
bedding was similar to that of  the novel cage, only then with an empty cage. After 180 
min, bedding was provided. To investigate the effect of  a fenced intruder in the home 
cage, an unfamiliar large male white mouse of  a different strain (NMRI) was placed 
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in a small metal cage with mazes to provide odour and sight (cage size: 5x8x10 cm; 
maze size: 0.5x0.5 cm). These cages were placed in the middle of  the home cage of  the 
experimental animal during 15 minutes. 
Defensive Burying - The defensive burying procedure was performed during the 
dark, active period of  the animals. The animals were placed in an experimental cage 
(25x25x30cm) 24-h prior to the start of  the experiment to familiarize with the new 
housing. This way, interfering effects of  novelty in the parameters was excluded. The 
cage floor was covered with approximately 3 cm of bedding material.
At the start of  the experiment a shock probe (length: 6.5 cm; diameter 1cm) was 
inserted through an aperture in the wall, the probe was present during 45 min. Whenever 
the probe was touched during the first 15 min, the mouse received a 1.5 mA shock.
Telemetric data were obtained from 30-min prior to the experiment until 90-min after 
start of  the experiment. Digital video registrations (Panasonic NV-DS25EG) were made 
during 45 min of  the experiment to analyse the behaviour of  the animals during 15 
minutes after first probe contact using the The Observer (Noldus Inc., Wageningen, The
Netherlands). The following behavioural parameters were scored and analysed: latency 
to contact and number of  contacts with the shock probe, number of  shocks, time spent 
on probe-directed and undirected burying, durations of  locomotion/exploration and 
freezing/immobility, number of  rearings and time spent grooming. 

Results

Undisturbed home cage levels
The 24hr measurements of  T, HR and LA during undisturbed home cage behaviour 
in wildtype and 1AKO mice on the three different background strains (129S6, B6 and 
SW) are shown in figure 1. The 5-HT1A receptor null mutation did not influence the
day-night rhythm, all strains and genotypes showed normal diurnal rhythm. Both in 
the 129S6 and SW strains decreased levels of  body temperature and heart rate were 
observed in 1AKO mice during the inactive, lights-on period. In SW mice decreased 
activity levels accompanied this decrease in autonomic parameters. In the SW strain, 
differences were observed in autonomic parameters and activity between wildtype and 
1AKO mice during the transition between active and inactive periods. In 1AKO mice on 
the SW background, levels of  all parameters increased at the moment lights are turned 
off  and decreased on the moment lights were switched on. Wildtype mice of  this strain 
displayed a more gradual increase and decrease over a 24hr period. 

Temperature: Day-night rhythm (129S6: F[1,13]=450, p<0.001; B6: F[1,14]=2222, p<0.001; SW wildtype: 
F[1,7]=104, p<0.001; SW 1AKO: F[1,7]=635, p<0.001). Genotype differences during lights-on period (129S6: 
F[1,13]=11, p=0.006; B6: F[1,14]=1.9, NS; SW: interaction: F[3,12]=5.7, p=0.011). Diurnal rhythm interaction 
in SW strain (F[1,15]=19.5, p=0.001).
Heart Rate: Diurnal rhythm interaction in SW strain (F[1,14]=18.4, p=0.001), day-night rhythm (129S6: 
F[1,13]=207, p<0.001; B6: F[1,14]=281, p<0.001; SW wildtype: F[1,7]=99, p<0.001; SW 1AKO: F[1,7]=166, 
p<0.001). Genotype differences during lights-on period (129S6: F[1,13]=4.8, p<0.04;  SW: F[1,14]=4.7, 
p=0.04; B6: F[1,14]=2.1,NS). Genotype differences during lights-off  period (129S6: F[3,11]=5.8, p=0.01; SW: 
F[3,12]=11.4, p=0.01; B6: F[3,12]=1.5, NS). 
Locomotor Activity: Day-night rhythm (129S6: F[1,13]=81, p<0.001; B6: F[1,14]=142, p<0.001; SW: 
F[1,14]=92, p<0.001). Genotype differences during lights-on period (SW: F[1,14]=20.5, p<0.001).
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Figure 1 - Body temperature (a), heart rate (b) and locomotor activity (c) over a 12h light/12h dark cycle 
(lights on from 6:00AM to 6:00PM) in wildtype (black) and 5-HT1A receptor knockout (1AKO; grey) mice 
on three background strains (129S6, SW, B6). Data represent mean group values in 3-h blocks ± SEM. All 
parameters in all strains and genotypes are significantly different between the lights-on and lights-off period.
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Figure 2 - Effects of  stressful stimuli on the parameters body temperature (a), heart rate (b) and locomotor 
activity (c) in wildtype and 5-HT1A receptor knockout mice (1AKO) on three background strains (129S6, SW 
and B6). Stressful stimuli presented were handling stress, injection (IP), novel cage, novel cage without bedding 
material and fenced-off  intruder in the home cage. Data represent mean group values of  the area under the 
curve (AUC) ± SEM. * p<0.05 Significant difference within one strain between wildtype and 1AKO mice. +
p<0.05 significant difference within parameter and stressor between the strains.

Five

Stressful stimuli
To investigate if  1AKO mice on different backgrounds differ in their sensitivity towards 
stress, wildtype and 1AKO mice were exposed to a number of  treatments with increasing 
stress intensity. The effects of  different stressful stimuli on autonomic parameters and 
activity AUC are shown in figure 2.
In 129S6 and B6 mice, no genotype differences were observed in any parameter 
measured. 1AKO mice on the SW background displayed decrease in AUC after all 
stressful stimuli in body temperature and locomotor activity while a decrease in heart 
rate AUC was observed only after novelty stress. The decrease in AUC of  1AKO mice 
on the SW strain for body temperature was the result of  changes both in ∆T and the 
duration of  body temperature, while in the case of  locomotor activity the reduction in 
AUC by these animals was entirely due to an effect on duration. 
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Figure 3 – Heart rate variability (HRV) after novel cage stress in wildtype and 5-HT1A receptor knockout 
mice (1AKO) on three background strains (129S6, SW and B6). Data represent mean group values ± SEM. * 
p<0.05 Significant difference within one strain between wildtype and 1AKO mice.

Also, when locomotor activity is taken as a covariate for body temperature and heart rate 
response, genotype changes in the SW strain are lost. Background strain differences in 
body temperature response were found after handling stress (SW > 129S6 = B6) and 
novel cage stress (SW = B6 > 129S6). Strongest heart rate response was observed in 
mice of  the B6 strain after novel cage and novelty stress. Following handling, injection 
and novel cage stress, SW mice showed most locomotor activity response. After novelty 
stress both SW and B6 mice showed the highest levels of  locomotor activity. Heart rate 
variability (HRV) is shown in figure 3, HRV of 1AKO mice on the 129S6 strain was
decreased compared to wildtype mice, while in B6 and SW mice no genotype difference 
were observed in HRV. 

Temperature: Genotype differences, AUC (129S6: F[5,13]=2.0, NS; B6: F[5,14]=0.9, NS; SW: F[5,14]=15.8, 
p<0.001), AUC with LA as covariate in SW mice (F[5,5]=1.4, NS). ∆T (129S6: F[5,13]<1, NS; B6: F[5,14]<1, 
NS; SW: F[5,14]=10.1, p=0.001), duration of  body temperature(129S6: F[5,13]=2.4, NS; B6: F[5,14]=2.8, NS; 
SW: F[5,14]=4.4, p=0.02). Background strain differences, AUC (F[10,34]=3.3, p=0.005).
Heart Rate: Genotype differences, AUC (129S6: F[5,13]<1,NS; B6: F[5,14]=1.5,NS; SW: F[5,14]=9.8, p=0.008). 
AUC with LA as covariate (SW: F[5,14]<1, NS). ∆HR (F[5,34]=1.2, NS), duration of  HR (F[5,34]=1.8, NS). 
Strain differences, AUC (F[10,34]=3.5, p=0.003). HRV (129S6: F[1,12]=6.9, p=0.02; B6: F[1,14]<1,NS; SW: 
F[1,14]=1.7,NS).
Locomotor Activity Genotype differences, AUC (129S6: F[5,13]=0.14, NS, B6: F[5,14]=1.5, NS; SW: 
F[5,14]=11.5, p=0.001). ∆LA (129S6: F[5,13]=2.1, NS, B6: F[5,14]<1, NS; SW: F[5,14]=1.4, NS), duration 
LA (129S6: F[5,13]=1.6, NS, B6: F[5,14]=3.0, p=0.06; SW: F[5,14]=9.5, p=0.001). Strain differences, AUC 
(F[10,34]=18.9, p<0.001).

Defensive burying
The results described on autonomic parameters in 1AKO mice of  different genetic 
backgrounds were very different from our initial hypothesis. To investigate stress 
sensitivity of  the different strains and genotypes further, we decided to study animals 
during their active period and during a more complicated behavioural paradigm, 
defensive burying. In this paradigm, a shock probe is inserted into the cage and each 
time an animal touches the probe, it receives a shock. In contrast to the previous stress 
exposures, mice can choose between active or passive coping strategy in the defensive 
burying paradigm. In addition to radio-telemetric measurements, we also scored specific
behaviours during the task. 
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Figure 5 - Effects of  defensive burying paradigm on the parameters body temperature (T), heart rate (HR) 
and locomotor activity (LA) in wildtype and 5-HT1A receptor knockout mice (1AKO) on three background 
strains (129S6, SW and B6). Data represent mean group values of  the area under the curve (AUC) ± SEM. 
* p<0.05 Significant difference within one strain between wildtype and 1AKO mice. **  p<0.05 Significant
increase in parameters between the wildtype mice of  the three strains.

Figure 4 - Time spent on individual behaviours during exposure to the defensive burying test in wildtype 
and 5-HT1A receptor knockout mice (1AKO) on three background strains (129S6, SW and B6). Behaviours 
are probe-directed burying, probe-undirected burying, grooming, rearing, exploration and passive behaviour. 
Data represent mean group values ± SEM. * p<0.05 Significant difference within one strain between wildtype
and 1AKO mice. + p<0.05 significant difference in parameters between the wildtype mice of the background
strains. 
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Behaviour - Time spent on different behaviours in the defensive burying paradigm is 
shown in figure 4. Genotype differences were observed within different background
strains. In the 129S6, 1AKO mice engaged more time on passive behaviour and less time 
on exploration (passive: F[1,12]=4.9, p=0.046; exploration: F[1,12]=6.5, p=0.03). In B6 
mice, no differences between wildtype and 1AKO mice were observed in any behaviour 
(F[6,13]=1.3, NS). 1AKO mice of  the SW strain spent more time on active probe-
directed and probe-undirected burying. Probably as a consequence of  that, 1AKO mice 
of  this strain engaged less time on exploration (probe-directed: F[1,13]=6.7, p=0.02; 
probe-undirected: F[1,13]=23.2, p<0.001; F[1,13]=8.7, p=0.01). 
Differences between the background strains were observed on the different behavioural 
responses  (F[12,32]=6.1, p<0.001). SW mice spent more time on grooming compared 
to the B6 strain and both SW and B6 mice spent more time on rearing compared to the 
129S6 strain. Exploration was increased in the B6 strain compared to 129S6 mice. The 
129S6 strain engaged most time in passive behaviour. On average, mice were shocked 
two times (129S6: 1.2; B6: 2.0; SW: 3.8, fig. 4), strain differences were observed with most
shocks in the SW strain (F[2,39]=5.4, p=0.009), but no significant genotype differences
were found (F[1,39]=2.2, NS).
Autonomic parameters - Results of  the defensive burying paradigm on autonomic 
parameters and activity are shown in figure 5. Wildtype mice of the three strains showed
similar autonomic response, while highest levels of  activity were found in wildtype mice 
of  the B6 strain. Only in the SW strain, increased levels of  both body temperature and 
locomotor activity were observed in 1AKO mice. However, when locomotor activity 
was taken as covariate in comparing body temperature response, the genotype effect 
in the SW strain was lost. The increased locomotor activity of  1AKO mice on the SW 
background is in agreement with the ethological observations as presented in figure 4.

Temperature: Background strain differences (F[2,20]=0.1, NS). Genotype differences (129S6: F[1,11]<1, 
NS; B6: F[1,13]=4.3, p=0.06; SW: F[1,12]=6.9, p=0.02). Genotype differences in SW strain, LA as covariate 
(F[1,12]<1, NS).
Heart Rate:  Background strain differences (F[2,20]=2.7,p=0.08). Genotype differences (F[2,32]<1,NS). 
Activity: Background strain differences (F[2,20]=13,p<0.001). Genotype differences (129S6: F[1,11]<1, NS; 
B6: F[1,13]=1.2, NS; SW: F[1,12]=10.2, p=0.007).

Discussion
In the present study we clearly showed that a constitutive null-mutation of  the 5-HT1A 
receptor does not affect stress sensitivity of  the autonomic responses in mice bearing 
this mutation. This result was obtained in 1AKO mice on three genetic backgrounds and 
both following exposure to relative simple and more complex aversive cues. Although we 
measured differences in body temperature following stressful stimuli between wildtype 
and 1AKO mice in the SW strain, these observations can be explained completely by 
differences in activity response. 
It is generally accepted that 1AKO mice show increased anxiety related behaviour 
compared to their wildtypes (Toth 2003) and our behavioural data in the defensive 
burying paradigm support this. Recently, Klemenhagen et al. (2005) described the 
1AKO mice on a 129S6 background as displaying increased inhibition to aversive 
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stimuli, while no differences were observed following discrete aversive cues. However, 
behaviour of  1AKO mice in the defensive burying paradigm depended strongly on the 
genetic background used. We find a clear anxious phenotype in 1AKO mice on the SW
background, with increase in active coping strategy. In rats, benzodiazepines cause a 
shift from a active coping behaviour in the defensive burying test towards a more passive 
behaviour (De Boer and Koolhaas 2003). 
In 1AKO mice on the SW background insensitivity to the anxiolytic effects of  
benzodiazepines was observed (Sibille et al 2000). Together with the mentioned rat data, 
this may suggest that the increase in active coping behaviour in the defensive burying 
paradigm in this strain could also be due to its altered GABAA receptor system. However, 
not only changes in 1AKO mice on the SW background were observed, in 129S6 a shift 
in passive coping is observed, which is also considered as expression of  an anxious state 
of  the animal (De Boer and Koolhaas 2003). These results are not in line with those 
obtained in the defensive burying paradigm during the inactive, lights-on period, shown 
in chapter 4. Possibly, the increase of  passive behaviour in 1AKO mice on the 129S6 
strain is be related to an overall reduction of  activity levels in 1AKO mice which is more 
prominent either during the active, lights-off  period or in familiar surrounding.
Mammals, including humans, activate their autonomic nervous system when confronted 
with a stressful situation, leading to an increase in body temperature, blood pressure 
and heart rate. In animal models, this phenomenon is the base for the stress-induced 
hyperthermia test and anxiolytic drugs are known to be effective in this paradigm 
(Olivier et al 2003). To what extent however, do anxiety disorders in humans lead to 
increased autonomic stress response and changes in basal autonomic parameters? 
In patients suffering from posttraumatic stress disorder (PTSD), higher heart rate 
following re-exposure to the trauma is observed compared to non-PTSD controls that 
have experienced similar trauma’s (Lindauer et al 2006). Panic disorder patients were 
found to display higher heart rate increase compared to controls after exposure to 
stressors in the laboratory (Friedman and Thayer 1998b) and patients with generalized 
anxiety disorder have been reported to display changes in autonomic stress response 
(Cameron and Nesse 1988; Hubert and de Jong-Meyer 1991; Thayer et al 1996; 
Wilhelm et al 2001). Changes in heart rate variability (HRV) have also been reported in 
patients suffering from anxiety and depressive disorders (Friedman and Thayer 1998a; 
Friedman and Thayer 1998b; Gorman and Sloan 2000). Available literature supports the 
hypothesis that anxiety disorders are related to changes in the autonomic nervous system 
and changes in autonomic stress response and HRV after novel cage stress have been 
reported in 1AKO mice on a 129S6 background (Pattij et al 2002). However, except for 
decreased HRV after novel cage stress in 1AKO mice on the 129S6 strain in the present 
experiments, no autonomic changes following stress exposure were observed in 1AKO 
mice on any strain. 
In view of  the low clinical efficacy of 5-HT1A receptor ligands as anxiolytic drugs 
(Sramek et al 2002), these behavioural data combined with absence of  autonomic 
parameter changes in 1AKO mice indicate a limited involvement of  5-HT1A receptors in 
anxiety disorders. Furthermore, behavioural changes in 1AKO mice are not consistently 
observed in all background strains. If  changes in the 5-HT1A receptor gene indeed 



Autonomic parameters in 1AKO mice

79

increase the probability to develop anxiety disorders, as is suggested in the introduction, 
the present experiments show that background genes strongly influence behavioural
responses of  a null-mutation of  the 5-HT1A receptor gene. Since changes in anxiety-
related behaviour are observed in 1AKO mice in the defensive burying paradigm, but 
no changes in autonomic stress response are found, we conclude that 5-HT1A receptors 
have a modulatory role in anxiety related behaviour, but are not involved in autonomic 
changes that are related to anxiety. 
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Investigation of  the role of  5-HT1A receptors in affective disorders resulted in the development 
of  a 5-HT1A receptor knockout mice (1AKO), created on three different background strains. 
Changes in sensitivity to the anxiolytic like effects of  diazepam were found, but they appear to be 
dependent on the genetic background. We compared drug sensitivity to GABAA-ergic and seroton-
ergic drugs of  1AKO mice and the interaction with genetic background in the stress-induced 
hyperthermia (SIH) procedure. 1AKO and wildtype mice of  three background strains (129Sv/Ev, 
C57BL/6, Swiss Webster) were tested. In SIH, drug effects on basal (T1) and stress-induced body 
temperature (T2) were measured. Anxiolytic-like drug effect results in reduced ∆T (T2-T1). GABAA-
ergic drugs that have an anxiolytic profile and stimulate α2 and α3 subunit containing GABAA 
receptors, including diazepam and L838,417, resulted in reduced ∆T. Stimulation of  α1 subunit 
containing GABAA receptors by zolpidem resulted in hypothermia. In addition, stimulation of  
5-HT1A receptors by buspirone in wildtype but not 1AKO mice reduced ∆T, while stimulation of  
5-HT7 receptors by 5-CT primarily resulted in hypothermia. Null mutation of  the 5-HT1A receptor 
resulted in significant alterations in drug-sensitivity that was further modulated by the genetic
background. In particular, the null mutation on SW and C57BL/6 backgrounds resulted in differ-
entiation between diazepam/ L838,417 and 5-CT responses, respectively. This indicates an inter-
action between the 5-HT1A receptor and genetic background and demonstrates the importance of  
selecting the background strain in a receptor knockout model.



Stress induced hyperthermia in 1AKO mice

83

Introduction
Genetic background differences are frequently observed in sensitivity to drug effects on 
GABAA receptors and serotonergic receptors (Griebel et al., 2000; Moser, 1991; Rodgers 
et al., 2002b). Not only pharmacological differences between genetic backgrounds 
have been described, gene-targeted mice display different pharmacological sensitivities 
compared to their wildtypes(Guscott et al., 2003; Kralic et al., 2003). Sibille and co-
workers (2000) demonstrated that 5-HT1A receptor knockout (1AKO) mice on a Swiss 
Webster (SW) background display a reduced sensitivity to the anxiolytic and sedative 
effects of  benzodiazepines. Down-regulation of  α1 and α2 subunits of  GABAA receptors 
in amygdala and cortex was suggested to be responsible for this reduced sensitivity 
(Sibille et al., 2000). Normal sensitivity to benzodiazepines was observed in 1AKO mice 
on the 129Sv/Ev (129S6) and C57BL/6 (B6) backgrounds (Bailey and Toth, 2004; Pattij 
et al., 2002b), implying that the genetic background strongly affects the behavioural and 
pharmacological sensitivity for certain drugs (Rodgers et al., 2002a). 
The present study is the first to examine modulation of serotonergic and GABAA-ergic 
drug effects by the interaction between the 5-HT1A receptor and genetic background, 
in 1AKO mice on three genetic background strains (129S6, B6 and SW). The stress-
induced hyperthermia (SIH) paradigm was used to assess the anxiolytic-like activity of  
drugs. In the SIH, a first rectal temperature measurement is used both for recording
basal body temperature (T1) and for inducing hyperthermia. A second rectal temperature 
measurement (T2) is taken 10 min later and the difference in body temperature, ∆T (T2-
T1) is the SIH (Olivier et al., 2003; van der Heyden et al., 1997; Zethof  et al., 1995). 
The pre-optic area and anterior hypothalamus are considered primary areas involved in 
homeostatic temperature regulation and conservation of  body temperature (Nagashima 
et al., 2000; Simon et al., 1986). SIH is probably mediated by extra-hypothalamic 
mechanisms (i.e. limbic) involved in modulation of  stress and anxiety (Olivier et al., 
2002; Veening et al., 2004). Drugs acting on GABAA receptors are known to affect both 
T1 and ∆T (Olivier et al., 2003; van der Heyden et al., 1997; Veening et al., 2004; Zethof  
et al., 1995), although these effects can be differentiated.
In the present experiments, we tested various drugs acting on GABAA receptors including 
diazepam, a non-subunit selective benzodiazepine receptor agonist stimulating GABAA 
receptors containing α1, α2, α3 and α5 subunits (Mohler et al., 2002; Sieghart, 1995; 
Wafford et al., 2004), zolpidem a selective agonist of  GABAA receptors containing α1 
subunits and L838,417 that has partial agonistic activity at GABAA receptors containing 
α2, α3 and α5 subunits (McKernan et al., 2000; Rowlett et al., 2005). Flumazenil, a non-
subunit selective benzodiazepine antagonist was tested to investigate whether changes 
in the functioning of  GABAA receptors (i.e. in SW 1AKO mice) lead to a change in the 
intrinsic activity from flumazenil. In addition, serotonergic drugs were tested on their
anxiolytic-like and thermoregulatory effects including the partial 5-HT1A receptor agonist 
buspirone and the 5-HT7 receptor agonist 5-CT (Guscott et al., 2003; Hedlund et al., 
2003; 2004). Here we compared drug sensitivity in various 1AKO mouse strains and the 
interaction of  these drugs with the genetic background on temperature regulation and 
stress-induced hyperthermia.
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Material and Methods

Animals
Groups of  12 male homozygote 1AKO and wildtype mice of  129S6, B6 and SW strains 
were bred within the laboratory animal facilities of  Utrecht University (GDL, Utrecht, 
The Netherlands). The breeding founders of  the 129S6 strain were originally obtained 
from Dr. R. Hen (Columbia University, New York, USA) and of  the B6 and SW strains 
from Dr. M. Toth (Cornell University, New York, USA). The breeding founders were 
initially crossbred with commercially available mice (Taconic, M&B, Denmark) from 
the same background. This crossbreeding resulted in a heterozygote F1 generation, 
which were used to breed a homozygote 1AKO and wildtype generation (F2). This F2 
generation was then used to breed homozygote mice for the present experiment. At the 
start of  the experiments mice were 10-12 weeks of  age. 
Animals were housed individually the afternoon prior to testing days and were returned 
to their group-housed cages at the end of  each experimental day. Mice were socially 
housed in same-genotype, same-strain groups with 3-5 animals per cage enriched with 
bedding and nesting material and with free access to food-pellets and tap water. Animals 
were housed under a 12-h light/12-h dark cycle (lights on from 0600-1800) at controlled 
room temperature (20±2°C) and relative humidity (40-60%). Animals were tested during 
the animals’ light phase and experiments were carried out with approval of  the ethical 
committee of  the Faculties of  Pharmaceutical Sciences, Chemistry and Biology, Utrecht 
University, The Netherlands (DEC DGK/FSB). 

Drugs
5-carboxamido-tryptamine maleate (5-CT; 0/0.5/1/2 mg/kg), buspirone HCl (0/1/2/4 
mg/kg) and zolpidem tartrate (0/3/10/30) were obtained from Sigma-Aldrich chemie 
B.V (Zwijndrecht, The Netherlands). Diazepam base (0/1/2/4 mg/kg) was obtained 
from Brunschwig Chemie B.V. (Amsterdam, The Netherlands). L838,417 (7-tert-Butyl-
3-(2,5-difluoro-phenyl)-6-(2-methyl-2H-[1,2,4]triazol-3-ylmethoxy)-[1,2,4]triazolo[4,3-
b]pyridazine; 0/3/10/30 mg/kg) was synthesized according to the methods in WO 98/
04559 and provided by Roche (Roche, Palo Alto). Flumazenil (0/3/10/30 mg/kg) was 
obtained from Roche Nederland (Mijdrecht, The Netherlands). 
Buspirone HCl (0/1/2/4 mg/kg) and 5-CT were dissolved in 0.9% saline (vehicle), 
diazepam (0/1/2/4 mg/kg), Zolpidem (0/3/10/30 mg/kg), L838,417 (0/3/10/30 mg/
kg) and flumazenil were suspended in  0.5% gelatin/5% mannitol (vehicle). Buspirone,
diazepam and 5-CT were injected intra-peritoneal. Zolpidem, L838,417 and flumazenil
were administered orally. All drugs were freshly prepared each test day and injected in a 
volume of  10 ml/kg.

Stress-Induced Hyperthermia – SIH
On the afternoon before the testing day, animals were housed individually and placed 
randomly in the room in which the experiments were conducted the next day. On the 
experimental day, mice were injected with either drug or vehicle 60 minutes before the 
first rectal temperature measurement (stressor). Body temperature was measured by
manual fixation of the animals, inserting a thermistor probe of 2 cm in length into
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the rectum (Digital Thermometer, Type 971A, Tegam Inc., Geneva Ohio, USA). The 
probe was dipped in silicon oil before insertion into the rectum until stable temperature 
readout was obtained for at least 10 seconds, producing the basal body temperature 
(T1). This rectal temperature measurement acted furthermore as a stressor, resulting in a 
rise of  body temperature of  1-2 °C. Body temperature was measured again 10 minutes 
later resulting in T2. The stress-induced hyperthermia was calculated as the difference 
between these two temperatures (∆T = T2 – T1). All animals received all doses of  all 
drugs. Mice were tested twice a week (Tuesdays and Fridays) and the different doses of  
drugs were counterbalanced across and within genotype and strain. Half  of  the animals 
were tested in the morning (900-1200 hours), while the other half  was tested in the 
afternoon (1300-1600 hours). In between different drugs, a washout period of  at least 
one week was used. 

Statistics
Differences in vehicle conditions between strains and genotypes were analysed using 
univariate ANOVA with strain and genotype as ‘fixed factors’. The effects of 5-CT,
buspirone, diazepam, zolpidem, L838,417 and flumazenil on SIH (ΔT) and basal body
temperature (T1) were analysed using repeated measures ANOVA with dose as ‘within 
subject’ factor and strain and genotype as ‘between subject’ factor. In the result section, 
significant two- or three-way interaction effects (P<0.05) between strain, genotype and/
or dose are shown. If  no interaction effect is mentioned, no significance was found. All
statistical analysis were performed using SPSS for Windows version 11.0 (SPSS, Chicago, 
IL). 

Results

Drug effects on basal body temperature, T1

First, basal body temperature was compared after vehicle injections. Genotype differences 
between 1AKO and wildtype mice were found only in the 129S6 strain; 1AKO mice 
having lower basal body temperature (129S6:F[1,22]=9.8, p=0.005; B6:F[1,23]=0.05, 
N.S.; SW:F[1,21]=0.03, NS). 
Diazepam reduced body temperature dose dependently in all groups of  animals (both 
wildtype and 1AKO on all three backgrounds), shown in figure 1a (F[6,126]=3.16,
p=0.006). Analysing the background strains individually, we found that basal body 
temperature in all strains and genotypes was significantly decreased by 2 and 4 mg/kg of
diazepam (129S6: F[3,20]=16.6, p<0.001; B6: F[3,20]=3.6, p=0.03; SW: F[3,20]=9.62, 
p<0.001), with the most prominent reduction in T1 in the 129S6 strain. 
Zolpidem also decreased T1 in all strains, shown in figure 1b, but differences between
the three background strains were seen (dose×strain interaction: F[6,118]=3.8, p=0.002). 
Responses were similar in wildtype and 1AKO mice, both 129S6 and SW mice were less 
sensitive to zolpidem with significant decreases at 10 and 30 mg/kg (129S6: F[3,18]=22.0,
p<0.001; SW: F[3,17]=25.6, p<0.001), while B6 mice showed a reduction in baseline 
temperature with as little as 3 mg/kg zolpidem (F[3,19]=36.6, p<0.001). 
L838,417 (fig.1c), flumazenil (fig. 1d) and buspirone (fig. 1e) did not affect the basal
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Figure 1: Drug effects on basal body temperature, T1

Effects on basal body temperature (T1) of  diazepam (a), zolpidem (b), L838,417 (c), flumazenil (d), buspirone
(e) and 5-CT (F) using the stress-induced hyperthermia procedure in 5-HT1A receptor knockout and wildtype 
mice on three different background strains (129S6, B6, SW). * p<0,05 negative difference in T1 from vehicle 
condition,        ** p<0.05 negative difference in T1 from vehicle condition. # p<0.05 genotype´dose interaction 
effect

Six
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body temperature in any background strain and genotype compared to vehicle condition 
(L838,417: F[3,62]=2.22, NS; flumazenil: F[3,60]=2.0, NS; buspirone: F[3,60]=1.45, NS). 
5-CT (fig. 1f) had an effect on T1 in all strains, genotypes and all doses, with interactions 
between dose×strain (F[6,122]=7.1, p<0.001) and dose×genotype (F[3,60]=11.4, 
p<0.001). 
Although a similar decrease after 5-CT was observed in 129S6 1AKO mice, (F[3,18]=26.8, 
p<0.001), the other strains showed a dose×genotype interaction with 1AKO mice being 
less sensitive to 5-CT (interaction SW: F[3,18]=3.6, p=0.03; B6: F[3,20]=7.3, p=0.02). 
Both SW and B6 mice displayed hypothermic effects following all doses (SW WT: 
F[3,7]=77.9, p,0.001; SW 1AKO: F[3,7]=95.7, p<0.001; B6 WT: F[3,9]=49.5, p<0.001; 
B6 1AKO:F[3,9]=15.2, p=0.001).

Drug effects on stress-induced hyperthermia, ΔT
Next to the T1 measurement, T2 was measured 10 minutes later and the effect of  
various drugs on ∆T was analysed in the two genotypes and three backgrounds. No 
habituation was observed  in ∆T over time in vehicle response in any strain or genotype 
(129S6: F[5,16]=2.0, NS; B6: F[5,6]=2.66, NS; SW: F[5,15]=0.88, NS). No differences 
between the three background strains in ∆T response after vehicle injection were found 
either (F[2,68]=1.2, N.S.). No genotype differences between 1AKO and wildtype mice 
in any strain were observed under vehicle conditions (129S6: F[2,22]=0.98, NS; B6: 
F[2,23]=0.09, N.S.; SW: F[2,21]=0.57, NS). 
Effects of  diazepam on ∆T are shown in fig 2a. A dose×strain interaction was observed
in ∆T following diazepam (F[6,64]=2.4, p=0.04) with 129S6 being the most and B6 the 
least sensitive to the effects of  diazepam. Although in 129S6 and B6 strains decreases in 
∆T were observed in both wildtype and 1AKO mice in response to diazepam (129S6: 
F[3,20]=21.4, p<0.001; B6: F[3,18]=12.8, p<0.001), there was a difference between 
wildtype and the 1AKO mice in the SW strain (F[3,20]=5.2, p=0.008). 1AKO mice on 
a SW background showed no anxiolytic-like response to diazepam (F[3,9]=0.56, N.S.), 
while wildtype mice on this background showed a significant dose-dependent reduction
in ∆T, significant at 2 and 4 mg/kg diazepam (F[3,9]=10.6, p=0.003).
Zolpidem (fig. 2b) shows a tendency towards a dose×strain interaction in ∆T
(F[6,118]=2.1, p=0.05) and strains were analysed separately. 129S6 mice, either wildtype 
or 1AKO, showed no significant reduction in ∆T (F[3,18]=2.9, NS). In contrast, B6
and SW mice, both wildtype and 1AKO, showed a reduced ∆T after zolpidem, in B6 
at 10 and 30 mg/kg (F[3,19]=12.4, p<0.001) and in SW at 30 mg/kg (F[3,17]=10.9, 
p<0,001). 
A strain×genotype×dose interaction was observed after the administration of  L838,417 
(fig. 2c, F[6,126]=3.0, p=0.008). ∆T was reduced in both wildtype and 1AKO 129S6
mice at all doses  (F[3,20]=19.6, p<0.001). Similarly, wildtype and 1AKO mice on B6 
background showed a decrease in ∆T, but only at 10 and 30 mg/kg (F[3,18]=15.5, 
p<0.001). In contrast, there was a genotype×dose interaction in the SW strain 
(F[3,20]=6.8, p=0.003), with wildtype mice showing decreases in ∆T at all doses while 
1AKOs demonstrated no response at all (wildtype: F[3,9]=3.9, p=0.001; 1AKO: 
F[3,9]=0.49, NS). No significant main effects on ∆T of flumazenil (fig. 2d) were found
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Figure 2: Drug effects on stress-induced hyperthermia, ΔT

Anxiolytic-like effects (ΔT) of  diazepam (a), zolpidem (b), L838,417 (c), flumazenil (d), buspirone (e) and 5-CT
(F) on the stress-induced hyperthermia procedure in 5-HT1A receptor knockout and wildtype mice on three 
different background strains (129S6, B6, SW). * p<0,05 negative difference in ΔT from vehicle condition, ** 
p<0.01 negative difference in ΔT from vehicle condition. # p<0.05 dose x genotype interaction  difference.
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in any strain or genotype (F[3,60]=2.0, NS). 
As expected, a dose×genotype interaction was observed in ∆T following buspirone 
(fig. 2e, F[3,60]=5.9, p=0.001). ∆T was unchanged in all 1AKOs mice to buspirone
administration (F[3,29]=1.9, NS), while ∆T in wildtype animals of  all strains showed 
reduction at 2 and 4 mg/kg of  buspirone (F[3,29]=18.4, p<0.001). No difference in the 
overall response of  ∆T following buspirone of  the three background strains (wildtype) 
was found (F[2,31]=0.42, NS). 
5-CT administration (fig. 2f) resulted in no differences in ∆T between 1AKO and
wildtype mice in any strain, but different responses were seen in the three strains. 129S6 
mice showed no response in ∆T to any dose of  5-CT (F[3,18]=0.99, p=0.42 NS), SW 
mice showed a decrease in ∆T at 2 mg/kg (F[3,18]=4.47, p=0.04) and B6 mice showed 
reduced ∆T at both 1 and 2 mg/kg of  5-CT (F[3,20]=8.10, p=0.001).

Discussion
We studied the effects of  pharmacological and genetic manipulations (5-HT1A receptor 
knockout (1AKO) and wildtype mice) on temperature regulation in mice on three genetic 
background strains at two levels. First level was regulation of  basal body temperature (T1), 
the second was temperature regulation following stress (∆T) using the SIH paradigm. 
Both processes can be modulated by the GABAA-ergic and serotonergic systems, 
illustrated by drugs acting on 5-HT1A, 5-HT7 and GABAA receptors. An overall lower T1 
is observed in 1AKO mice on the 129S6 strain only and this decrease is also observed 
during undisturbed radio-telemetry measurements (unpublished data). However, no 
effect on T1 can be obtained by stimulation of  5-HT1A receptors in wildtype mice of  the 
129S6 strain. Moreover, selective 5-HT1A receptor agonists like flesinoxan reduced T1 
in wildtype mice of  this strain (Pattij et al., 2002a). This indicates that 5-HT1A receptors 
are not tonically involved in T1 regulation in this strain, but that absence of  this receptor 
might influence modulating genes in 129S6 mice only.
Based on results with the 5-HT1A receptor agonist 8-OH-DPAT, it was thought that 
stimulation of  5-HT1A receptors resulted in hypothermia (Hjorth, 1985; Moser, 
1991), but 8-OH-DPAT also has 5-HT7 receptor agonistic activity (Hoyer et al., 1994; 
Wesolowska, 2002). More recently it was shown that both 5-HT7 and 5-HT1A receptors 
play a role in 5-HT mediated hypothermia after 8-OH-DPAT (Hedlund et al., 2004). 
5-CT has high affinity for 5-HT7 receptors (Wesolowska, 2002; Yamada et al., 1998), 
but also displays affinity for several other 5-HT receptors, including 5-HT1A receptors 
(Hoyer et al., 1994). Using selective 5-HT1A receptor antagonists and 5-HT7 receptor 
knockout mice, it was found that 5-CT induces its hypothermic effects through 5-HT7 
receptors. A strain dependent interaction effect between 5-HT1A and 5-HT7 receptors 
on T1 was observed following 5-CT. Depending on the genetic background, 5-HT1A 
receptors are required for the full hypothermic effect of  a 5-HT7 receptor agonist. In 
the 129S6 strain, 5-HT1A receptors appear not to be involved in hypothermic effects of  
5-CT, which remarkably also is the only strain that shows changes in T1 after elimination 
of  5-HT1A receptors. 
The present study provides no evidence that tonic activation of  GABAA receptors is 
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involved in basal T1 or ∆T processes. However, both diazepam and zolpidem result in 
a reduced basal body temperature and stimulate α1 subunits of  the GABAA receptor, 
while L838,417 does not affect the α1 subunit of  the GABAA receptor (McKernan et al., 
2000) and does not affect T1 either. We show that T1 can be modulated by stimulation of  
GABAA receptor α1 subunits, but not α2, α3, or α5 subunits. We furthermore show that 
1AKO mice on the SW strain display normal sensitivity of  GABAA receptor α1 subunits 
with regard to T1. GABAA receptor α1 subunits are present in high densities throughout 
the brain, while α2 subunits are predominantly found in limbic structures, cerebral 
cortex and striatum (Fritschy and Mohler, 1995; Wisden et al., 1992).  The primary brain 
area involved in the regulation of  homeostatic body temperature is the pre-optic area 
of  the hypothalamus (Boulant, 2000; Nagashima et al., 2000; Simon et al., 1986) and 
involvement of  GABAA receptors in this area is well established (Osaka, 2004). Changes 
in GABAA receptor α subunits were observed in 1AKO mice on the SW background in 
several brain areas, but were unchanged in the hypothalamus (Sibille et al., 2000). 
In wildtype mice of  all background strains, but none of  the 1AKO mice, buspirone 
reduces ∆T to the same extent. This indicates that buspirone modulates its anxiolytic-
like effects via 5-HT1A receptors. ∆T can also be modulated via 5-HT7 receptors, but is 
genetic background dependent in contrast to modulation via 5-HT1A receptors. Although 
it has been suggested that 5-HT7 receptors might be involved in anxiety processes, so 
far little evidence has been found (Guscott et al., 2005; Thomas and Hagan, 2004). As 
mentioned earlier, 5-CT displays not only affinity for 5-HT7 receptors, but also for 5-
HT1A receptors, implying the possibility of  anxiolytic-like effects (Hoyer et al., 1994). 
However, 5-CT is able to reduce ∆T in 1AKO mice, excluding the role of  5-HT1A 
receptors in this process. Therefore it is more likely that either strong hypothermic 
effects on T1 are responsible for the reduction in ∆T and not stimulation of  5-HT1A 
receptors by 5-CT. As previously suggested, disturbance in homeostatic mechanisms 
might interfere with the SIH procedure (Olivier et al., 2003). 
Modulation of  ∆T can also be obtained through GABAA receptors. This is α2, α3 or α5 
subunit dependent in the 129S6 strain, since in this strain no modulation of  ∆T via the 
α1 subunit (zolpidem) is obtained. It appears that in B6 mice, both α1 and α2, α3 or α5 
are involved in the modulation of  ∆T, since stimulation of  both these subunit groups 
induces decreased ∆T. However, it was previously suggested that stimulation of  α1 
subunits of  the GABAA receptor complex results in sedative effects, but has little effect 
on anxiety (Elliot and White, 2001; Kralic et al., 2002; Rudolph et al., 1999). Similar to 
the effect of  5-CT on ∆T, strong hypothermic effects on T1 might explain reduced ∆T 
values. This strong hypothermic effect of  zolpidem could also explain the results of  
GABAA receptor agonists in 1AKO and wildtype mice on the SW strain. In this strain, 
1AKO mice are insensitive to stimulation of  all GABAA receptor subunits and of  α2, α3 
or α5 subunits, but show reduced ∆T after stimulation of  only α1 subunits. Effects on 
∆T of  L838,417 and diazepam can most likely be attributed to stimulation of  the α2 and 
α3 subunits of  the GABAA benzodiazepine receptor (Dias et al., 2005; Low et al., 2000; 
Rowlett et al., 2001). Since reduced levels of  only GABAA receptor α2 subunits were 
observed in 1AKO mice on the SW strain (Sibille et al., 2000), this subunit might be 
primarily responsible for the reduction of  ∆T in the SIH procedure. The lack of  effect 



Stress induced hyperthermia in 1AKO mice

91

of  the GABAA receptor antagonist flumazenil was previously reported for the 129S6
strain (Pattij et al., 2002b). Apparently intrinsic activity of  GABAA receptor antagonists 
is unchanged, even when changes in sensitivity towards GABAA receptor agonists were 
observed, like in 1AKO mice on the SW strain.Our data on buspirone and L838,417 
show that ∆T and T1 can be independently manipulated by drugs acting on different 
receptor (sub)types. Furthermore, we found that drug sensitivity depends to a great 
extent on the genetic background strain used. 
Together, the data imply that genetic background has an enormous modulatory effect 
on how drugs affect temperature regulation, either basal temperature or following stress. 
This effect of  genetic background can modulate both serotonergic and GABAA-ergic 
regulation of  these processes. Moreover, depending on the genetic background, these 
two systems interact. We show that 5-HT1A receptors are essential for the effects of  5-
CT on T1 in SW and B6 mice and  for the effects of  diazepam and L838,417 on ∆T in 
the SW strain. 
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In the present study we investigated the involvement of  5-HT1A receptor disturbance during 
postnatal development and effects on anxiety and benzodiazepine sensitivity at adult age. We 
furthermore established the time-period in which 5-HT1A receptor knockout mice (1AKO) on 
the Swiss Webster (SW) background develop functional benzodiazepine insensitivity. Chronic 
administration of  a 5-HT1A receptor antagonist (WAY100635) to wildtype mice during postnatal 
development (postnatal day (PND) 0-21) results in increased anxiety levels at PND7 and at adult 
age, with anxiety levels similar to those of  1AKO mice. Mice treated postnatally with WAY100635 
displayed normal sensitivity to flesinoxan at adult age and had unchanged levels of 5-HT1A receptor 
mRNA. These data suggest normal 5-HT1A receptor functioning at adult age and indicate that 
increased anxiety in 1AKO mice and WAY100635 treated mice is the result of  neurodevelop-
mental disturbance, caused by disturbed 5-HT1A receptor functioning. 
Concomitant to increased anxiety-related behaviour, postnatal WAY100635-treated mice show 
decreased sensitivity to the anxiolytic effects of  diazepam, which also remains at adult age. This 
reduced sensitivity was also observed in 1AKO mice on the SW background and is induced 
between PND7 and PND10. Since normal 5-HT1A receptor sensitivity and unchanged mRNA 
levels are observed in postnatal WAY100635-treated mice, these results indicate that GABAA 
receptor development is disturbed by dysfunctioning of  5-HT1A receptors during early postnatal 
development. Increased anxiety-related behaviour in WAY100635 treated and 1AKO mice is 
already observed at PND7, while benzodiazepine sensitivity is not present until PND10. Present 
results support involvement of  5-HT1A receptors and GABAA receptor subunits in modulation of  
anxiety in 1AKO and postnatal WAY100635-treated mice and indicate postnatal development as 
crucial period for disturbances in both receptor systems. 
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Introduction
The modulating role of  5-HT1A receptors in anxiety has received much attention in 
the search for new drug treatments for anxiety disorders. Increased anxiety levels are 
observed at adult age in 5-HT1A receptor knockout mice (1AKO) on approach avoidance 
paradigms (Groenink et al., 2003). The neurotransmitter serotonin is not only involved 
in anxiety disorders, but also in the regulation of  mammalian brain development (Borella 
et al., 1997; Holmes et al., 2005; Lesch, 2001). 
Much of  the prenatal developmental role of  serotonin is thought to be mediated through 
5-HT1A receptors (Whitaker-Azmitia and Azmitia, 1994). During postnatal development, 
it appears that serotonin and 5-HT1A receptors are strongly involved in neurodevelopment 
and development of  anxiety (Borella et al., 1997; Gross et al., 2002). In this regard, it is 
interesting to note that increased anxiety in 1AKO mice is also assigned to absence of  
5-HT1A receptors during development (Gross and Hen, 2004). An important postnatal 
role for 5-HT1A receptors was further found by the 5-HT1A receptor over-expression 
mouse in which decreased anxiety during adulthood was related to increased 5-HT1A 
receptor expression during postnatal development (Kusserow et al., 2004). 
We tested the hypothesis whether normal 5-HT1A receptor functioning during postnatal 
development is crucial for normal emotional development and anxiety related behaviour 
at adult age. This was done by chronically treating wildtype mouse pups during 
postnatal development (postnatal day (PND) 0-21) with the 5-HT1A receptor antagonist 
WAY100635. Anxiety levels of  WAY100635-treated (WAY), vehicle-treated (WT) and 
1AKO mice were compared at PND7 in the ultrasonic vocalization test (USV) and using 
approach-avoidance paradigms at 3 weeks (elevated plus maze) and at adult age (open 
field) to study developmental alterations over time and long term effects on behaviour
at adult age in the absence of  WAY100635. To establish the role of  5-HT1A receptors 
in anxiety at adult age, we assessed sensitivity to the 5-HT1A receptor agonist flesinoxan
in the stress-induced hyperthermia paradigm (SIH) and measured mRNA levels of  the 
5-HT1A receptor. 
Three genetic background strains were used to create 1AKO mice and an increased 
anxious phenotype was observed in all strains. Further analysis showed that 1AKO 
mice on the SW background, but not those on 129Sv/Ev (129S6) and C57BL/6 (B6) 
backgrounds, display decreased sensitivity to the anxiolytic effects of  benzodiazepines 
(Bailey and Toth, 2004; Pattij et al., 2001; Sibille et al., 2000). This decrease coincided 
among others with reduced levels of  GABAA receptor α2 subunit mRNA expression in 
the amygdala and cortex (Sibille et al., 2000). The α2 subunit of  the GABAA receptor is 
involved in the anxiolytic properties of  benzodiazepines (Low et al., 2000) and reduced 
levels of  this subunit could underlie the lack of  anxiolytic like effects of  benzodiazepines 
in 1AKO mice of  the SW strain. Reduced levels of  GABAA receptor α2 subunits in 
1AKO mice on the SW strain are not present at birth, but develop between PND7 and 
PND14 (Bailey and Toth, 2004). We were interested in studying the development of  
reduced benzodiazepine sensitivity in 1AKO mice at PND7 and PND10 on different 
background strains in more detail and tested diazepam in the USV test (Fish et al., 2000; 
Noirot, 1966; Olivier et al., 1998). If  decreased benzodiazepine sensitivity is indeed 
caused by reduced GABAA receptor α2 subunit expression, normal sensitivity is expected 
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at PND7 and reduced sensitivity might occur at PND10 in 1AKO mice on the SW 
strain. 
It was suggested that in SW 1AKO mice, the anxious phenotype results, at least partly, 
from down-regulation of  GABAA receptor α subunits, reflecting an interaction between 5-
HT1A receptor absence and GABAA receptors (Bailey and Toth, 2004; Sibille et al., 2000). 
If  absence of  5-HT1A receptors in 1AKO mice on the SW strain during development 
results in disturbed GABAA receptor subunit development, reduced benzodiazepine 
sensitivity should also be present in mice chronically treated with WAY100635 during 
development with putative unaltered 5-HT1A receptor expression during adulthood. 
Therefore, benzodiazepine sensitivity was tested in WAY, WT and 1AKO mice at 3 
weeks and at adult age, using diazepam in the SIH paradigm. Furthermore, if  reduced 
benzodiazepine sensitivity is observed in adult WAY mice with normal 5-HT1A receptor 
sensitivity, a strong indication is obtained for long-lasting disturbances of  GABAA 
receptor subunit functioning rather than altered 5-HT1A receptor signalling pathways at 
adult age (Sibille et al., 2000).

Materials and Methods

Animals
In order to obtain mouse pups, female mice were housed with 2 females per cage. Same 
strain, same genotype males were introduced during 14 days to induce pregnancy (1 
male and 2 females). Mouse pups born from these breeding parents were used for the 
different experiments. Wildtype (WAY and vehicle treated) and 1AKO mice of  the SW 
strain were used for measuring the effects of  chronic WAY100635 treatment during 
postnatal development (10-12 mice per group). Wildtype pups of  the SW strain were 
used to measure the effects of  acute WAY100635 treatment in the USV (10 pups for 
each dose). Wildtype and 1AKO mouse pups of  the 129S6, SW and B6 strains were used 
for testing diazepam sensitivity in the USV (10-12 pups for each strain and genotype). 
All animals were housed under a 12-h light/12-dark cycle (lights on from 0600-1800h) at 
controlled room temperature (20± 2°C) and relative humidity (40-60%). 
All testing was done during the animals’ light phase and the experiments were carried 
out with approval of  the ethical committee of  the Faculties of  Pharmaceutical Sciences, 
Chemistry and Biology, Utrecht University, The Netherlands (DEC DGK/FSB). Home 
cages were enriched with bedding, nesting material and mice had free access to food-
pellets and tap water. 

Drugs
WAY100635 [N-{2-[4-(2-methoxyl)-1-piperazinyl]ethyl}-N-(2-pyridinyl) cyclohexanecar- 
boxamide tri-chloride; Wyeth Research, Taplow, UK] was dissolved in 0.9% saline 
(vehicle). Females with a litter twice daily received WAY100635 at a dose of  3 mg/kg or 
saline (control) injections until pups were weaned. The pups were additionally injected 
once daily with 1 mg/kg WAY100635 or saline from PND7 until weaning. Drugs were 
prepared freshly every day and injected subcutaneous in a volume of  10 ml/kg. In order 
to measure acute effects of  WAY100635, mouse pups were injected with WAY100635 
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(0/0.01/0.1/1 mg/kg SC) and tested in the ultrasonic pup vocalization. Diazepam 
base [Brunschwig Chemie B.V., Amsterdam, The Netherlands] was suspended in 
0.5% gelatin/5% mannitol (vehicle). In the pup vocalization test diazepam (0/2/4/8 
mg/kg) was injected subcutaneous. In the SIH experiment, injections were given intra-
peritoneally (0/3/6 mg/kg). Flesinoxan hydrochloride (0, 0.5, 1, 2 mg/kg) provided 
by Solvay Pharmaceuticals (Weesp, The Netherlands) was dissolved in 0.9% saline and 
injected IP. Mice of  21 days and older were injected with a volume of  10 ml/kg and 
pups between PND 7 and PND20 with a volume of  5 ml/kg.

Apparatus 
Ultrasonic pup vocalization (USV) - The ultrasonic pup vocalization apparatus consisted 
of  two aluminium plates (Ø 19 cm), kept at a temperature of  19°C by circulating 
water through a reservoir in the plate. The apparatus consisted furthermore of  a 
round, transparent Plexiglas chamber (Ø 20 cm, 25 cm high) that was placed on the 
plate and was covered with a Plexiglas top on which a microphone was mounted. The 
microphones (SM2, Ultra Sound Advice, UK) were connected to bat detectors (S-25, 
Ultra Sound Advice, UK), which were set at 80 kHz. The detectors were connected to an 
audiofilter (Noldus Inc), which translated the analogue signals into digital block pulses.
These block pulses were consequently sent to a P4 computer running Ultravox 2.0 
(Noldus Inc., Wageningen, The Netherlands). Onset and end of  each call were timed to 
the nearest ms. Eventually the number, total duration and mean duration of  ultrasounds 
produced by each individual animal were obtained. Mouse pups were separated from 
their mother by removing groups of  4 pups and a handful of  bedding material from the 
home cage, pups were kept on a heating pad to maintain nest temperature. After 15 min, 
pups were weighed and marked. In case of  measuring drug effects, pups were injected 
subcutaneous with vehicle or a dose of  the drug and put back in the home cage. Thirty 
minutes later each pup was placed singly on one of  the aluminium plates. In case of  
baseline vocalization measurement, pups were placed singly on one of  the aluminium 
plates after the 15 min waiting period. Animals remained on the plate for 5 min, while 
their vocalizations were registered. At the end of  the test the pups were returned to their 
home cage.
Elevated Plus Maze and Open Field - The elevated plus maze (black Plexiglas floor and
walls) is elevated 100 cm above floor level and consists of two open and two closed
arms (30×5 cm; closed walls were 15 cm high), all arms radiating from a common centre 
platform (5×5 cm). Measurements started by placing a mouse on centre platform, facing 
an open arm. Behaviours analysed were number of  entries and time spent in the different 
arms of  the animals was scored. The open field (Ø 75 cm) was made of a grey Perspex
floor and grey Perspex walls (height 35 cm). The test started by placing the mice in the
centre of  the open field. The open field was divided into three regions, namely outer
ring, inner ring and centre (Ø 25 cm) Behaviours scored were number of  entries into, 
distance moved in and time spent in centre and total distance moved in the open field.
The experimental room for the elevated plus maze and the open field experiments was
dimly lit by a red light (5 lux). Experiments lasted 5 minutes for each animal in which 
behaviour was recorded as mpeg2 files with a camera (Sony, model PVM-145E). In
between different animals the tests were cleaned, with water and subsequently with 70% 
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ethanol. With use of  the Observer® system (Noldus Inc., Wageningen, The Netherlands) 
behaviour was scored. Number of  entries and time spent in the different arms of  the 
animals was scored.
Stress-induced Hyperthermia (SIH) - On the afternoon before the testing day, animals 
were housed individually and placed randomly in the experimental room. On the 
experimental day, mice were injected with either drug or vehicle 60 minutes before the 
first rectal temperature measurement (stressor). Body temperature was measured by
manual fixation of the animals, inserting a thermistor probe of 2 cm in length into
the rectum (Digital Thermometer, Type 971A, Tegam Inc., Geneva Ohio, USA). The 
probe was dipped in silicon oil before insertion into the rectum until stable temperature 
readout was obtained for at least 10 seconds, producing the basal body temperature 
(T1). Body temperature was measured again 10 minutes later resulting in T2. The stress-
induced hyperthermia is calculated as the difference between these two temperatures 
(∆T=T2–T1). All animals received all doses of  diazepam using a randomised within 
animal design. 

Procedures
Effects of  chronic WAY100635 - Nursing females of  the SW strain were chronically 
injected with 3 mg/kg WAY100635 (4 wildtype females) or 0.9% saline (4 wildtype 
females, 4 1AKO females). These injections started on the day the pups were born and 
continued until weaning at PND21 and were given twice a day. This way mouse pups of  
the SW strain received WAY100635 or vehicle (0.9% saline, control) through the mother 
milk until weaning. A pilot study was performed to investigate if  WAY100635 could 
be passed on into mother milk in a quantity high enough to block 5-HT1A receptors in 
pups.  At PND7, mouse pups that received WAY100635 or vehicle through mother milk, 
were tested on flesinoxan sensitivity in the USV test. Results showed that flesinoxan (2
mg/kg) was able to reduce number of  vocalizations in vehicle treated pups (F[1,10]=14, 
p=0.006), but not in WAY100635 treated pups (F[1,12]<1, NS). Starting on PND7 
additional WAY100635 (1 mg/kg) or saline injections were given to the mouse pups 
to ensure complete blocking of  5-HT1A receptors. This resulted in three groups of  10-
12 male mouse pups, wildtype control (WT), wildtype WAY100635 (WAY) and 1AKO 
control (1AKO). The groups of  WT, WAY and 1AKO mice were tested in the ultrasonic 
pup vocalization test at PND7. At PND20 they were tested on the elevated plus maze. 
SIH with diazepam was tested at PND21, 23 and 25. Subsequently, mice were group 
housed and allowed to age until 12 weeks of  age. At this age, the mice were tested 
in the open field test and consequently on sensitivity to diazepam (0/3/6 mg/kg) and
flesinoxan (0/1/2 mg/kg) in the SIH paradigm.
Acute WAY100635 - The effects of  acute WAY100635 injection (0/0.01/0.1/1 mg/kg; 
SC) were tested on 7-day-old wildtype mouse pups of  the SW strain in the ultrasonic 
pup vocalization (n=10 for each dose)
Diazepam sensitivity in USV - Effects of  diazepam (0/2/4/8 mg/kg; SC) were tested on 
mouse pups at 7 and 10 days of  age in the ultrasonic pup vocalization. Groups used to 
test diazepam sensitivity in ultrasonic pup vocalization consisted of  wildtype and 1AKO 
mice of  129S6, SW and B6 background strains. Diazepam was tested in 10-12 mouse 
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pups of  each group, using 4 doses (including vehicle) of  diazepam.
Quantitative PCR analysis – WT and WAY mice were decapitated 2 weeks after the final
experiments, brains were transferred in 5 ml RNA later (Ambion) and stored at 4 °C 
for 48 hours. Subsequently, brains were stored at -20°C until further use. Measurements 
of  5-HT1A receptor mRNA levels were performed as described in the quantitative PCR 
analysis section in chapter 3. 

Statistics
Ultrasonic pup vocalization - Number of  vocalizations were analysed by a Univariate 
Analysis of  Variance. In the diazepam sensitivity experiment, the results of  7 and 10 
days were analysed separately with strain, genotype and dose as fixed factors. Analysing
the effects of  chronic WAY100635, fixed factor was treatment (WT, WAY, 1AKO).
Effects of  acute WAY100635 were analysed with dose as fixed factor.
Elevated Plus Maze and Open Field - Data were analysed using a Univariate Analysis 
of  Variance with treatment (WT, WAY, 1AKO) as fixed factors. In the elevated plus
maze experiment, during analysis of  the number of  open arm entries, total number of  
entries was used as a covariate factor. In the open field experiment, during entries into
centre and distance in centre, respectively total entries and total distance were used as a 
covariate factor. 
SIH - Drug effects were analysed using repeated measures ANOVA with dose as ‘within 
subject’ factor and treatment (WT, WAY, 1AKO) as ‘between subject’ factor.
Quantitative PCR analysis - Differences between groups in mRNA levels of  5-HT1A 
receptors were analysed using univariate analysis ANOVA with groups as fixed factor.
When interaction effects were observed, this will be noted in the result section and 
separate groups were consequently analysed. If  necessary, further post-hoc comparisons 
were made for subsequent analysis (Bonferroni correction). The level of  significance
was set at p<0.05. All statistical analyses were performed using the Statistical Package 
for Social Sciences for Windows, version 11.0 (SPSS, Chicago, Ill, USA). 

Results

Effects of  chronic WAY100635
Number of  ultrasonic vocalizations at PND7, shown in figure 1, was significantly
increased in the WAY and 1AKO groups compared to WT pups (F[2,33]=10.0, p<0.001). 
Figure 2 shows data from the same animals on the elevated plus maze at PND20. Despite 
significant influence of activity levels, taken as covariate (F[1,37]=134.5, p<0.001),
significant decrease in open arm entries was still observed in WAY and 1AKO mice
compared to WT mice (F[2,37]=82.6, p=0.002). Significant decreases in the WAY and
1AKO groups were also observed in % of  open arm entries (F[2,37]= 8.1, p=0.001). 
Total entry number was not significantly different between the three groups (F[2,37]<1,
NS).
Figure 3 shows the results of  the same WT, WAY and 1AKO animals at adult age in the 
open field. Total entry number was of influence on centre entry number (F[1,32]=16.8,
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Figure 3: Behaviour in the open field in adult mice of the SW strain. From the day of birth, mothers were
twice daily injected with WAY100635 (WAY group) or saline (WT group), which was passed on through the 
mother milk. 1AKO mice were born from a homozygote breeding of  1AKO SW mice. Percentage of  centre 
entries (a), total distance (b) and percentage time spend in the centre (c) are presented. Data are presented as 
mean value ± SEM, * indicates significant difference from WT (control), p<0.05.

Seven

Figure 2: Behaviour on the elevated plus maze in pups of  the SW strain at 3 weeks of  age. WT and WAY pups 
were born from a homozygote breeding of  wildtype SW mice. From the day of  birth, mothers were twice daily 
injected with WAY100635 (WAY group) or saline (WT group), which was passed on through the mother milk. 
1AKO mice were born from a homozygote breeding of  1AKO SW mice. Percentage of  open arm entries (a), 
total entry number (b) and time spend on the open arm (c) are presented. Data are presented as mean value ± 
SEM, * indicates significant difference from WT (control), p<0.05.

Figure 1: Total number of  ultrasonic vocalizations in a 5 min test at PND7 in pups of  the SW strain. WT and 
WAY pups were born from a homozygote breeding of  wildtype SW mice. From day of  birth, mothers were 
twice daily injected with WAY100635 (WAY group) or saline (WT group), which was passed on through the 
mother milk. 1AKO mice were born from a homozygote breeding of  1AKO SW mice. The data are presented 
as mean value ± SEM, * indicates significant difference from WT (control), p<0.05.
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Figure 5: Anxiolytic-like effects (ΔT) of  the 5-HT1A receptor antagonist flesinoxan in the stress-induced
hyperthermia paradigm in SW mice at adult age in three treatment groups (WT, closed circles; WAY, open 
circles; 1AKO, open triangles). From the day of  birth, mothers were twice daily injected with WAY100635 
(WAY) or saline (WT), which was passed on through the mother milk. 1AKO mice were not treated during 
postnatal development. *Indicates significant decrease in ΔT compared to vehicle condition, p<0.05. #
indicates significant interaction effect between the treatment groups, p<0.05.

Figure 4: Anxiolytic-like effects (ΔT) of  diazepam in the stress-induced hyperthermia paradigm in SW mice at 
3 weeks of  age (a) and at adult age (b) in three treatment groups (WT, closed circles; WAY, open circles; 1AKO, 
open triangles). WT and WAY mice were born from a homozygote breeding of  wildtype SW mice. From the 
day of  birth, mothers were twice daily injected with WAY100635 (WAY group) or saline (WT group), which 
was passed on through the mother milk. 1AKO mice were born from a homozygote breeding of  1AKO SW 
mice. * indicates significant decrease in ΔT compared to vehicle condition, p<0.05. # indicates significant
interaction effect between the treatment groups, p<0.05.
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Figure 7: Effect of  diazepam (0/2/4/8 mg/kg) on number of  ultrasonic vocalizations in mouse pups at 
PND7 (figure 7a) and PND10 (figure 7b) in wildtype (closed circles) and 1AKO (open circles) in three genetic 
background strains (129S6, SW and B6). Data are presented as mean value ± SEM, * indicates significant
difference from vehicle control, p<0.05. ** indicates significant difference between genotypes of one strain,
p<0.05. # indicates significant interaction effect between  genotypes of one strain, p<0.05.

Seven

Figure 6: Effect of  acute treatment of  the 5-HT1A receptor antagonist WAY100635 (0/0.01/0.1/1 mg/kg, 
SC) on total number of  ultrasonic vocalizations during 5 minutes in wildtype mouse pups of  the SW strain at 
PND7.  No significant differences were observed. The data are presented as mean  value ± SEM.
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p<0.001). Notwithstanding, centre entry number was reduced in WT and WAY groups 
compared to the WT mice (F[2,32]=11.7, p<0.001). Significant reduction in WAY and
1AKO mice was also observed in % of  centre entries (F[2,32]=13.0, p<0.001) and in 
time spent in the centre (F[2,32]=6.2, p=0.005). Total distance was increased in WAY 
mice compared to WT and 1AKO mice (F[2,32]=5.0, p=0.013).
Results of  the SIH experiment with diazepam at 3 weeks and at adult age are shown 
in figure 4. In the SIH experiment with diazepam, a dose×treatment interaction
was observed both at 3 weeks and in adults (3 weeks: F[4,60]=4.3, p=0.004; adults: 
F[4,60]=4.1, p=0.005). At 3 weeks, WT mice showed decreases in ∆T after both doses 
of  diazepam (F[2,7]=29.9, p<0.001), while both the WAY and 1AKO groups were 
insensitive to these doses of  diazepam (WAY: F[2,10]=1.4, NS; 1AKO: F[2,10]=0.4, 
NS). In adult WT mice, diazepam decreased ∆T after both 3 and 6 mg/kg (F[2,7]=27.6, 
p<0.01). Adult WAY mice showed only a decrease in ∆T after 6 mg/kg (F[2,12]=4.9, 
p=0.027) and adult 1AKO mice remained insensitive to the effects of  diazepam on ∆T 
(F[2,9]= 0.1, NS). 
Sensitivity to flesinoxan was tested in the SIH paradigm in adult WT, WAY and 1AKO
mice, shown in figure 5. A dose×treatment interaction was found in ∆T (F[4,62]=3.5,
p=0.01). both WT and WAY mice showed a dose-dependent decrease in ∆T (WT: 
F[2,7]=19.9, p=0.001; WAY: F[2,12]=8.8, p=0.005), but no effects on ∆T were observed 
with increasing doses of  flesinoxan in 1AKO mice (F[2,11]<1, NS).

Acute WAY100635 in ultrasonic pup vocalization
The effects of  acute WAY100635 injection are shown in figure 6. No significant changes
in number of  vocalizations were observed after any of  the acuted doses of  WAY100635 
given at PND 7 (F[3,35]=1.0, NS).

Diazepam sensitivity in ultrasonic pup vocalization 
Data of  PND7 are shown in figure 7a: no differences between wildtype and 1AKO
were found (F[3,246]= 1.5, NS). Significant differences were observed between strains
(F[2,246]=100.5, p<0.001) with highest levels of  vocalization in the 129S6 mice and 
least vocalizations in the B6 strain. In all strains and genotypes, diazepam reduced the 
number of  vocalizations of  all doses (F[3,246]=58.9, p<0.001). 
Data of  PND 10 (figure 7b) show a strain×genotype interaction (F[2,221]=10.5,
p<0.001) and subsequently strains were analysed individually. 1AKO mice of  the 129S6 
strain vocalize significantly less compared to their wildtypes (F[1,80]=7.9, p=0.006),
while 1AKO mice on B6 and SW backgrounds significantly vocalized more compared to
their respective wildtypes (B6: F[1,72]=6.7, p=0.012; SW: F[1,69]=4.0, p=0.049). 
Effects of  diazepam were observed in both genotypes of  the 129S6 strain, with reduction 
in number of  vocalizations at 8 mg/kg of  diazepam (F[3,80]=3.7, p=0.014). 
In the SW strain a genotype×dose interaction was found (F[3,69]=3.5, p=0.019), 
reduction in number of  vocalizations was observed in wildtype mice (F[3,41]=4.8. 
p=0.006) while diazepam had no effect in the 1AKO mice (F[3,28]=1.3, NS. On the B6 
strain no significant reduction in number of vocalizations after diazepam was observed
in any genotype (F[3,72]=2.1, NS).
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Mean mRNA expression of  5-HT1A receptors, normalized against levels of  GAPDH ± SEM 
in the prefrontal cortex, hippocampus and amygdala of  WT and WAY mice. No differences 
between groups were observed in any brain area.

Quantitative PCR analysis
Results of  the qPCR analysis are summarized in table 1. No significant differences
between control and WAY100635 treated mice in expression levels of  5-HT1A receptor 
mRNA were found in any of  the brain areas tested. 

Table 1: mRNA levels of  5-HT1A receptors 

Prefrontal cortex Hippocampus Amygdala
WT 0.009 ± 0.002 0.0022 ± 0.001 0.0022 ± 0.0003

WAY 0.013 ±  0.002 0.0024 ± 0.001 0.0025 ± 0.0003
p-value 0.119 0.795 0.618

Discussion
In the present experiment we used a simple, pharmacological tool to investigate the 
role neurodevelopment has on the anxious phenotype of  1AKO mice. By blocking 5-
HT1A receptor functioning during a selected time-window, postnatal development, we 
were able to induce a behavioural phenotype which strongly resembles 1AKO mice on 
the SW background (Bailey and Toth, 2004; Parks et al., 1998; Toth, 2003). We found 
increased levels of  anxiety in WAY100635 treated (WAY) compared to vehicle treated 
(WT) mice, which continued into adulthood. Not only increased levels of  anxiety were 
observed in 1AKO mice on the SW background, but also reduced sensitivity to the 
anxiolytic effects of  benzodiazepines were found (Bailey and Toth, 2004; Sibille et al., 
2000). We showed that this reduced sensitivity occurs only in 1AKO mice on the SW 
strain and is established between PND7 and PND10. A reduction in benzodiazepine 
sensitivity at adult age was also observed in WAY mice, when 5-HT1A receptor sensitivity 
is restored.
In rodent CNS, serotonin and 5-HT1A receptors have been implicated in pre- and 
postnatal neurodevelopment (Azmitia, 2001; Daval et al., 1987; Whitaker-Azmitia and 
Azmitia, 1986). 5-HT1A receptors in mice are observed as early as embryonic day 17 
(Gross et al., 2002) and increase to adult levels between PND7 and PND14 (Miquel et 
al., 1994). Normal neurotransmitter release in the developing central nervous system 
is crucial for proper brain development (van Kesteren and Spencer, 2003). Postnatal 
development has been previously implied as the essential period for development of  
anxiety in 1AKO mice with the 3rd and 4th postnatal week being most important (Gross 
and Hen, 2004). We show that increased anxiety in WAY and 1AKO mice is already 
observed at PND7. This suggests that during the first postnatal week 5-HT1A receptors 
are involved in the development of  the anxious phenotype, since acute treatment with 
WAY100635 at PND7 had no effect on vocalization numbers. Development of  5-HT1A 
receptor over-expressing mice also indicated the first postnatal week as being important
in reduced anxiety levels at adult age (Kusserow et al., 2004). 
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We found that WAY mice showed increased anxiety at PND7 and at PND20, when 5-
HT1A receptors are most likely being blocked by WAY100635. The increased anxious 
phenotype could therefore directly result from this blockade of  5-HT1A receptors. 
However, acute WAY100635 injections at PND7 in wildtype mice did not affect number 
of  vocalizations in the USV test. Furthermore, anxiety levels of  WAY mice were still 
increased at adult age, a time point at which the mice had not received WAY100635 for 
two months. Finally, chronic treatment with WAY100635 at adult age did not increase 
anxiety in wildtype mice on the SW background (Cao and Rodgers, 1998). Normal 
sensitivity to the 5-HT1A receptor agonist flesinoxan was observed in WAY mice and 5-
HT1A receptor mRNA levels in the WAY100635 treated mice were similar to WT mice in 
amygdala, hippocampus and prefrontal cortex. These data show that increased anxiety in 
the WAY group indeed is caused by a postnatal disturbance of  5-HT1A receptors and not 
by a long lasting dysregulation of  this receptor at adult age. 
Adult 1AKO mice on the SW background, but not on other strains, display reduced 
sensitivity to the anxiolytic-like effects of  benzodiazepines (Bailey and Toth, 2004; Pattij 
et al., 2001; Sibille et al., 2000). Decreased levels of  GABAA receptor α2 subunits were 
measured in the amygdala and cortex of  the 1AKO mice on the SW background (Sibille 
et al., 2000) and this decrease is thought to be responsible for the reduced sensitivity to 
benzodiazepines. Using the USV test, sensitivity to anxiolytic drugs can be measured 
in mouse pups aged 4 to 12 days (Fish et al., 2000; Noirot, 1966; 1972). No effects of  
diazepam could be found in wildtype pups older than PND10, because the low total 
number of  vocalizations. Lack of  genotype differences in SW mice in this experiment 
at PND7 is most likely due to additional injection stress, as differences were observed in 
non-injected animals at PND7 (see also chapter 4). All strains and genotypes displayed 
a dose-dependent decrease after diazepam in number of  vocalizations at PND7. At 
PND10 both genotypes of  all three strains appeared to be less sensitive to diazepam 
compared to PND7, but only in the SW strain an interaction effect was observed between 
genotypes with no effects of  diazepam in 1AKO mice. These results are supported by 
the finding that normal GABAA receptor α2 subunit mRNA levels are present at birth 
in 1AKO mice on the SW strain, but decrease between PND7 and PND14 (Bailey and 
Toth, 2004). 
Involvement of  GABAA receptors in anxiety disorders is well established in both humans 
and rodents. In panic disorder patients, resistance to benzodiazepine treatment is found 
(Cowley et al., 1997) and in patients suffering from panic disorders and generalized 
anxiety disorders, GABAA benzodiazepine receptor binding is reduced (Malizia et al., 
1998; Tiihonen et al., 1997). 
We previously showed that the anxious phenotype in 1AKO mice strongly depends on the 
genetic background used. The most pronounced phenotype is observed in 1AKO mice 
on the SW background, in which also changes of  GABAA receptor subunit functioning 
are observed. Also, antagonizing 5-HT1A receptors during postnatal development in SW 
mice results in increased anxiety at adult age and induces a reduction of  benzodiazepine 
sensitivity, when normal 5-HT1A receptor function is restored. It is therefore likely that 
the increased anxious phenotype not directly results from absence of  5-HT1A receptors, 
but from the changes this receptor induces on GABAA receptor subunit functioning 
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during postnatal development. 
Furthermore, GABA and GABAA receptors are implicated in pre- and postnatal 
neurodevelopment (Barker et al., 1998; Ben-Ari et al., 1994; Fritschy et al., 1994; Lauder 
et al., 1986; Lauder et al., 1998; Paysan and Fritschy, 1998; Ugarte et al., 2001). Dynamic 
changes in GABAA receptor expression and diversity during development play an 
important role in inhibitory processes of  the CNS at adult age (Schousboe and Redburn, 
1995). In rats, chronic diazepam treatment in adults results in temporary changes in 
GABAA receptor subunit composition (Wu et al., 1994), while chronic diazepam 
treatment during postnatal development in rats permanently changes GABAA receptor 
subunit composition (Raol et al., 2005). Even though rats differ significantly from mice,
these lasting effects underline the importance of  GABA and GABAA receptors during 
postnatal development. In several brain areas, including the hypothalamus, the strong 
link between 5-HT1A and GABAA receptors is illustrated by the presence of  5-HT1A 
receptors on GABA-ergic interneurons (Kang et al., 2004). 
It should be noted that increased levels of  anxiety in 1AKO and WAY mice on the 
SW background are already observed at PND7, when 1AKO mice on the SW strain 
still show normal benzodiazepine sensitivity. This indicates that the increased anxiety 
is present earliest and in absence of  changes in GABAA receptor subunit composition. 
The role of  serotonin and 5-HT1A receptors during pre- and postnatal development, 
however, are very different from the role at adult age and increased levels of  anxiety at 
PND7 not necessarily are caused by the underlying mechanisms that are responsible for 
increased anxiety at adult age. 
Concluding, antagonizing 5-HT1A receptors during postnatal development in SW mice 
increased anxiety at adult age and reduced benzodiazepine sensitivity, while normal 5-
HT1A receptor functioning was restored. These data indicate postnatal development as 
the crucial period in development of  normal receptor functioning at adult age, at least 
on the SW background. Even though increased anxiety is observed prior to reduced 
benzodiazepine sensitivity, lack of  anxious phenotypes in 129S6 and B6 strains indicates 
involvement of  GABAA receptors in the anxious phenotype in 1AKO mice on the SW 
background. 
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General Discussion



You mistake me, my dear. I have a high respect for your nerves. They are 
my old friends. I have heard you mention them with consideration these 
twenty years at least.

- Jane Austen, Pride and Predjudice -
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This thesis focuses on the role of  5-HT1A receptors in stress and anxiety and the putative 
influence of genetic background. Involvement of 5-HT1A receptors in anxiety disorders 
was found by the anxiolytic effects of  the partial 5-HT1A receptor agonist buspirone 
(McMillen et al., 1983; Tunnicliff, 1991). To unravel underlying mechanisms, much 
research is performed using animal models. In rodents, basal anxiety levels are strongly 
dependent on genetic background, which also determines sensitivity to anxiolytic drugs 
(Bouwknecht and Paylor, 2004; Kopp et al., 1999; Rodgers et al., 2002a). It is likely 
that these genetic differences, like presence of  different modifier genes, will affect the
receptor knockout phenotype. In the first part of this thesis, differences and similarities
in stress response and pharmacological sensitivity between genetic backgrounds were 
investigated.
Most genetically manipulated mouse models are created on a single genetic background, 
excluding insights on the role of  background genes on the phenotype. This is not the 
case with the 5-HT1A receptor knockout (1AKO) mouse, which was created to investigate 
the role of  5-HT1A receptors in stress and anxiety. Three research groups independently 
created 1AKO mice on different genetic backgrounds and all groups found increased 
anxiety on approach-avoidance paradigms (Heisler et al., 1998; Parks et al., 1998; Ramboz 
et al., 1998). However, not all research uniformly confirmed these findings (Olivier et al.,
2001; Toth, 2003). We investigated the influence of genetic background on the anxious
phenotype and on sensitivity to anxiolytic drugs of  1AKO mice by measuring anxiety-
related behavioural paradigms, autonomic parameters and pharmacological sensitivity. 
Patients that suffer from affective disorders, show variability in clinical effectiveness of  
anxiolytic drug treatment. This variability is thought to be related to genetic differences 
including polymorphisms in the 5-HT1A receptor and/or serotonin transporter (5-HTT) 
genes (Arias et al., 2005; Strobel et al., 2003). 
Use of  different genetic backgrounds to investigate the role of  5-HT1A receptors in mice, 
provides information on the influence of genetic variation in anxiety. This variation of
genetic influence may affect emotional regulation of anxiety at adult age, but could also
be of  importance during neurodevelopment and for development of  compensational 
mechanisms. Normal neurodevelopment is essential in order to obtain normal anxiety 
levels at adult age (van Kesteren and Spencer, 2003). Serotonin and 5-HT1A receptors 
are involved both in pre- and postnatal development (Azmitia, 2001) and increased 
anxiety in 1AKO mice could result from absence of  5-HT1A receptors during postnatal 
development. 

Genetic background differences 
Chapter 2 and 3 engaged in identification of differences between genetic background
strains that were used to create 5-HT1A receptor knockout mice. With use of  radio-
telemetry, autonomic parameters (body temperature and heart rate) were measured in 
freely moving animals. Apart from autonomic parameters we also measured activity 
levels. Results are summarized in table 8.1. 
In chapter 2 we investigated differences between three strains on autonomic parameters 
and activity levels (129S6, B6 and SW), measuring undisturbed 24-h rhythms and 
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responses to stressful stimuli. All strains were comparable in that they show clear day-
night rhythm as well as a significant response to all stressors. The results of undisturbed
basal circadian rhythm measurements in the B6 and SW strains suggests that increased 
body temperature is, at least partly, related to increased activity levels, while the 129S6 
strain displays increase in autonomic parameters with no or little concomitant increase 
in activity. Responses to stressful stimuli between the strains also show that highest 
autonomic responses not necessarily coincides with highest activity levels. 
It is generally accepted that mice on a 129S6 background are low-active, while SW mice 
are high-activity and exploratory animals (Griebel et al., 2000; Rodgers et al., 2002a; van 
Gaalen and Steckler, 2000). From the results we conclude that 129S6 mice show high 
autonomic stress response with little increase in activity and therefore can be indicated 
as most anxious of  the three strains. It is clear that SW mice are the most active, but 
they do not show the highest autonomic activation, suggesting that this strain is the 
least anxious with high levels of  exploratory-related behaviour. Differences between 
genetic background strains in the response to drugs acting on GABAA-receptors and 5-
HT receptors were measured in chapter 3. Results in the SIH paradigm showed that the 
increase in temperature response is largely independent from activity levels. 
Differences between the genetic background strains in pharmacological sensitivity were 
observed in drug effects on basal autonomic parameters and on stress-induced autonomic 
response. We found that temperature measurements are most qualified to investigate
drug effects in the SIH paradigm, our conclusions on genetic background differences 
are therefore based on body temperature measurements. Strain differences in sensitivity 
to the anxiolytic effects were observed both in drugs acting on GABAA receptors and 
on 5-HT1A receptors (see table 8.1), however, not one strain was consistently more or 
less sensitive. Strain differences in GABAA receptor benzodiazepine sensitivity were 
not reflected in absolute GABAA receptor subunit mRNA levels in prefrontal cortex, 
amygdala and hippocampus. On the other hand, the high sensitivity in SW mice towards 
the effects of  flesinoxan did correlate with highest levels of 5-HT1A receptor mRNA in 
these brain areas.
Increasing molecular developments have resulted in many genetically manipulated animal 
models to obtain increased understanding on the role of  a single gene (Anagnostopoulos 
et al., 2001). This resulted not only in increased knowledge on specific receptors, but also
in increased realization of  the influence the chosen a background strain (Gerlai, 1996; 
Phillips et al., 1999; Rodgers et al., 2002a). It is essential to have knowledge on baseline 
features of  the genetic background strain used (Tarantino et al., 2000). The strains that 
were used as background for the different 1AKO models (129S6, B6 and SW), have also 
been compared on anxiety related behaviour by Rodgers et al (2002a; 2002b). 
Most prominent findings were high anxiety levels in 129S6 mice and increased activity in
the SW strain. Experiments in the first part of this thesis were performed to investigate
physiological and pharmacological characteristics of  these three background strains. 
We observed many differences between strains, both in autonomic stress response 
and pharmacological sensitivity and were interested to establish the impact of  these 
differences on the 1AKO phenotype. 
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Table 1: Behavioural, physiological and pharmacological parameters in mice and  
differences between three genetic backgrounds. 
Genetic strain differences 
Paradigm Parameter measured Strain differences chapter

Behaviour
EPM % open arm entries B6 = SW > 129S6 4

total activity B6 = SW > 129S6 4
Defensive Burying active coping SW > B6 > 129S6 4/5

passive coping 129S6 > B6 = SW 4/5
Pup vocalization vocalizations 129S6 > SW > B6 4/7

effect of  stress level SW > 129S6 = B6 4

SIH ∆T 129S6 > SW = B6 2/3

Physiology
Baseline levels Temperature SW > 129S6 > B6 2

Heart rate SW = 129S6 = B6 2

Activity SW > B6 > 129S6 2
Stressful stimuli ∆T B6 ≥ 129S6 > SW 2

∆HR B6 ≥ 129S6 = SW 2

∆LA SW ≥ B6 > 129S6 2

Pharmacological sensitivity
Anxiolytic effect GABAA (diazepam, ethanol) 129S6 > SW > B6 2/3

 5-HT1A (flesinoxan) SW > 129S6 > B6 3

5-HT7 (5-CT) SW = 129S6 = B6 3

Dopamine D2 (Quinpirole) SW = 129S6 = B6 3

Hypothermic effect GABAA (diazepam, ethanol) 129S > SW = B6 2/3

5-HT1A (flesinoxan) SW > B6 > 129S6 3

5-HT7 (5-CT) SW > B6 > 129S6 3

Dopamine D2 (Quinpirole) SW > B6 = 129S6 3
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Despite the strain differences shown by us and from literature, choosing one most 
appropriate strain for a receptor knockout mouse cannot be done exclusively by 
knowledge of  the genetic background. Confirming increased anxiety levels is more
difficult on a high anxiety background strain, like the 129S6. Pharmacologically, SW mice
appear to be more sensitive to the effects of  the 5-HT1A receptor agonist flesinoxan
and have increased levels of  5-HT1A receptor mRNA. This could implicate that in this 
background strain, 5-HT1A receptors are more important in normal functioning and 
knocking out this receptor might result in unique behavioural changes on this specific
background strain. Besides these more or less predictable variables, also unknown factors 
could be involved like modifier genes. These might affect the 1AKO phenotype in an
unexpected and unpredictable manner. 

5-HT1A receptors and anxiety
Initially, increased levels of  anxiety in 1AKO mice were found on all genetic backgrounds 
(Heisler et al., 1998; Parks et al., 1998; Ramboz et al., 1998). However, the anxious 
phenotype in 1AKO mice of  the 129S6 strain could earlier not be replicated by our group 
(Groenink et al., 2003). Other groups could only find increased anxiety in exploratory
based models on this strain (Klemenhagen et al., 2005). Apparently, the role of  5-HT1A 
receptors in anxiety is not as clear-cut as initially was suggested. If  increased anxiety is not 
observed in 1AKO on all genetic backgrounds, this might imply that 5-HT1A receptors 
are not a dominant factor in anxiety and that genetic background is essential for 5-HT1A 
receptors to be involved in anxiety disorders. If  genetic background is essential in the 
extent to which increased anxiety occurs in 1AKO mice, different genetic backgrounds 
might model human differences in vulnerability for developing anxiety disorders. It 
must be clear,  however, that absence of  behavioural changes in 1AKO mice cannot 
be explained by having chosen an inappropriate behavioural paradigm for the specific
strain. Therefore, anxiety-related behaviour in 1AKO mice will be investigated by using 
different behavioural paradigms.

5-HT1A receptor knockout mice
In the second part of  this thesis, we extensively reviewed the role of  5-HT1A receptors 
in anxiety related behaviours and the influence of genetic background by using 1AKO
mice. Wildtype and 1AKO mice on three background strains were compared at the same 
time and under similar circumstances. This unique setting makes it possible to measure 
pure background differences and the interaction with 1AKO mice, excluding differences 
in experimental set-up, experimenter and differences between labs. 
In chapter 4, we investigated anxiety-related behaviour on the elevated plus maze, 
defensive burying paradigm and ultrasonic pup vocalization. In chapter 5, autonomic 
parameters during undisturbed home-cage behaviour, stress response and defensive 
burying paradigm of  1AKO mice and wildtypes were measured. Results of  these 
experiments in 1AKO mice on behaviour and physiology are summarized in table 8.2. 
In all behavioural paradigms changes were observed in 1AKO mice on the SW strain, 
in B6 mice these changes in 1AKO mice were restricted to the approach-avoidance 
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paradigm, while under specific circumstances an increase of passive coping behaviour
was observed in 1AKO mice on the 129S6 background. 
Patients suffering from anxiety and affective disorders often display changes in their 
autonomic nervous system like increased autonomic stress response and decreased heart 
rate variability. If  5-HT1A receptors are involved in autonomic stress response, changes 
are expected in 1AKO mice. In chapter 2, we found that strain differences in autonomic 
parameters are not solely caused by differences in activity levels, but that autonomic stress 
response can be induced independently from activity. Highest increase of  autonomic 
parameters was observed in the 129S6 strain while activity response was highest in the 
SW strain with a relatively low autonomic response. In chapter 5 we found differences in 
autonomic parameters during undisturbed measurements in 1AKO mice in both SW and 
129S6 backgrounds and activity levels were only decreased in the SW strain. Autonomic 
changes after stress were observed in 1AKO mice of  the SW strain only and could be 
fully explained by changes in activity levels. These data showed that 5-HT1A receptors 
might be involved in modulating basal values of  autonomic parameters, but are not 
crucial in regulating autonomic stress response, indicated by absence of  exaggerated 
autonomic responses in 1AKO mice. In humans a dysregulation of  autonomic stress 
response is associated with increased anxiety and affective disorders. However, data on 
1AKO mice indicate that this dysregulation most likely is not caused by irregularities 
in 5-HT1A receptor functioning. Concomitant to increase of  anxiety levels and absence 
of  changes in autonomic stress response, 1AKO mice showed decreased activity levels, 
especially observed in the SW and 129S6 strains. Many paradigms that measure anxiety 
levels in mice, especially approach-avoidance paradigms, make use of  activity levels and 
exploratory behaviour. Therefore, conclusions about changes of  anxiety in 1AKO mice 
should be given with consideration of  these changes in activity levels. 
Our experiments using 1AKO mice indicate that 5-HT1A receptors are involved in 
processes underlying anxiety-related behaviour, but that the 1AKO mouse not necessarily 
reflects a model for anxiety disorders. The modest extent to which behaviour is changed
in 1AKO mice implies that 5-HT1A receptors not dominate but rather modulate these 
processes. No consistent and convincing anxious phenotype was observed in 1AKO 
mice on 129S6 and B6 strains, while all experiments showed changes in 1AKO mice 
on the SW strain. This emphasizes the influence of genetic background on the 1AKO
phenotype. Since 1AKO mice on the SW strain display increased levels of  anxiety-
related behaviour in all paradigms, the role of  5-HT1A receptors in anxiety might not be 
restricted to exploratory based models, as was recently suggested (Klemenhagen et al., 
2005).

Strain differences in 1AKO mice
Experiments with 1AKO mice on different background strains clearly displayed the 
influence genetic composition has on the phenotype. One possible explanation for the
differences between genetic strains is a different basal anxiety level. The 129S6 strain is 
considered high-anxiety, which will reduce the chance of  finding increased anxiety in the
1AKO mouse. However, this does not explain absence of  effect in most paradigms of
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Table 2: Changes in 5-HT1A receptor knockout (1AKO) mice compared to wildtype mice, 
measured on three genetic background strains.

Changes in 1AKO mice 129S6 B6 SW chapter
Behaviour

EPM % open arm entries = ↓ ↓ 4

total activity = = ↓ 4

Defensive Burying active coping = = ↑ 4/5

passive coping =/↑ = = 4/5

Pup vocalization vocalizations = =/↑ ↑ 4/7

effect of  stress level = = ↑ 4

SIH ∆T vehicle = = = 6

Physiology

Home cage
temperature ↓ = ↓ 5

heart rate ↓ = ↓ 5

activity = = ↓ 5

Stressful stimuli temperature, ∆T = = ↓ 5/6

heart rate, ∆HR = = =/↓ 5

activity, ∆LA = = ↓ 4/5

Defensive burying
temperature, ∆T = = ↑ 5

heart rate, ∆HR = = = 5

activity, ∆LA =/↓ = ↑ 4/5

Pharmacology
GABAA receptor α1

anxiolytic effect, ∆T = = = 6

GABAA receptor α2, 3, 5
anxiolytic effect, ∆T = = ↓ 6

5-HT1A receptor anxiolytic effect, ∆T ↓ ↓ ↓ 6

In behavioural paradigms, arrows indicate the direction of  change in 1AKO mice; in physiological 
measurements ↑ indicates increased and ↓ indicates decreased autonomic stress response in 1AKO mice; in 
pharmacological measurements ↓ indicates decreased sensitivity to the anxiolytic-like effects.
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1AKO mice on the B6 background. Lack of  increased anxiety related behaviour in 
1AKO mice on 129S6 and B6 backgrounds could furthermore be caused by absence 
of  specific coping behaviours of the genetic background, like burying behaviour or
ultrasonic vocalizations. However, saline injections in the ultrasonic pup vocalization test 
(see chapter 7) was able to increase number of  vocalizations both in wildtype and 1AKO 
mice on all genetic backgrounds. Thus these strains can display such behaviours, but are 
apparently not induced by knocking out 5-HT1A receptors.

5-HT1A receptors during postnatal development 
From experiments with inducible 5-HT1A receptor knockout mice (Gross et al., 2002) 
and with the 5-HT1A receptor over-expressing mouse (Kusserow et al., 2004), the 
importance of  postnatal 5-HT1A receptors in the development of  normal anxiety levels 
at adult age became clear. In chapter 7, we investigated the role of  5-HT1A receptors 
during postnatal development as the crucial period for the development of  anxiety at 
adult age. This was done by measuring behavioural and pharmacological effects after 
chronically blocking 5-HT1A receptors with the 5-HT1A receptor antagonist WAY100635 
during postnatal development (postnatal day 0-21) in SW wildtypemice. 
We found that chronic treatment with WAY100635 during postnatal development 
induces anxiety-related behaviour resembling that of  1AKO mice. Changes in these 
WAY100635 treated mice are already observed at postnatal day 7 (PND7). At PND20 
and at adult age, increase of  anxiety related behaviour is still observed. These results 
emphasize the importance of  5-HT1A receptors during postnatal development and the 
effects on anxiety when normal development is disturbed, the more as chronic treatment 
with WAY100635 in adult mice of  the SW strain did not result in increased anxiety 
levels (Cao and Rodgers, 1998). Hence, disturbed 5-HT1A receptor functioning during 
postnatal development most likely also initiates increas mice. 
We found that chronic treatment with WAY100635 during postnatal development 
induces anxiety-related behaviour resembling that of  1AKO mice. Changes in these 
WAY100635 treated mice are already observed at postnatal day 7 (PND7). At PND20 
and at adult age, increase of  anxiety related behaviour is still observed. These results 
emphasize the importance of  5-HT1A receptors during postnatal development and the 
effects on anxiety when normal development is disturbed, the more as chronic treatment 
with WAY100635 in adult mice of  the SW strain did not result in increased anxiety levels 
(Cao and Rodgers, 1998). Hence, disturbed 5-HT1A receptor functioning during postnatal 
development most likely also initiates increased levels of  anxiety in adult 1AKO mice. 

5-HT1A receptors and GABAA receptors 
Mouse strain differences not only influence behavioural effects in 1AKO mice, but were
also  found to influence pharmacological sensitivity. Only on the SW background, 1AKO
mice displayed reduced insensitivity to the anxiolytic-like effects of  benzodiazepines 
(Bailey and Toth, 2004; Sibille et al., 2000). Normal benzodiazepine sensitivity is found 
in 1AKO mice of  the other strains (Bailey and Toth, 2004; Pattij et al., 2001). 
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Pharmacological sensitivity of  1AKO and wildtype mice to drugs acting on GABAA–
benzodiazepine and 5-HT receptors were measured using the SIH paradigm as described 
in chapter 6. Interaction effects between strain and genotype of  serotonergic drugs 
were not only observed in sensitivity to drugs acting on 5-HT1A receptors, but also in 
sensitivity to drugs acting on 5-HT7 receptors. The reduced sensitivity to diazepam in 
1AKO mice on SW background was found to be restricted to anxiety-related parameters 
and was probably due to reduced GABAA benzodiazepine receptor α2 and/or α3 subunit 
functioning. Genetic background apparently modulates serotonergic and GABAA-ergic 
effects in anxiolytic-like and thermoregulatory processes and the effect of  absence 
of  5-HT1A receptors is determined by the background strain. One possibility through 
which genetic background influences the size of effect, is by involvement of modifier
genes. Since benzodiazepine insensitivity is observed only in 1AKO mice on the SW 
background strain, Bailey and Toth (2004) suggested involvement of  a modifier gene
in this strain which requires 5-HT1A receptors for optimal GABAA-receptor α2 subunit 
expression. 
In chapter 7, we further analysed changes in GABAA receptor sensitivity of  1AKO mice 
with focus on the postnatal development as the critical period. Normal benzodiazepine 
sensitivity is observed in 1AKO mice of  all genetic backgrounds at PND7, while at 
PND10 only in the SW strain an interaction effect was observed between genotypes, with 
reduced sensitivity in 1AKO mice on this background. Decreased GABAA receptor α2 
subunit mRNA levels in 1AKO mice on the SW background point in a similar direction, 
no changes are observed at PND7, but reduction is clearly shown at PND14 (Bailey and 
Toth, 2004). Wildtype mice treated with WAY100635 during postnatal development also 
showed decreased benzodiazepine sensitivity, both at three weeks and at adult age. This 
indicates that disturbance of  normal GABAA receptor sensitivity under the influence of
abnormal 5-HT1A receptor functioning is determined during postnatal development. 

GABAA receptors and anxiety 
Since GABAA receptors are often related to anxiety disorders and benzodiazepines 
are used in the treatment of  anxiety disorders, it has been suggested that the reduced 
benzodiazepine sensitivity in 1AKO mice on the SW background is involved in the 
anxious phenotype (Bailey and Toth, 2004; Sibille et al., 2000). However, the finding of
increased anxiety levels in 1AKO mice prior to changes in benzodiazepine sensitivity 
are not in line with this suggestion. Furthermore, although not as strong as in SW mice, 
increased levels of  anxiety are observed in 1AKO mice on the B6 strain, with normal 
benzodiazepine sensitivity. Nonetheless, the most pronounced 1AKO phenotype 
is observed in the SW strain, in which also changes in benzodiazepine sensitivity are 
observed. In 1AKO mice on 129S6 and B6 strains, 5-HT1A receptor absence results in 
minor anxiety-related behavioural changes. Absence of  5-HT1A receptors might therefore 
induce significantly increased levels of anxiety, but only if composition of the genetic
background is able to potentiate changes in GABAA receptor subunit functioning.
Results on 1AKO mice and WAY100635 treated mice show that 5-HT1A receptors 
are involved in postnatal development of  brain areas involved in anxiety at adult age. 
However, direct effects of  5-HT1A receptor dysfunctioning on anxiety related behaviour 
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appear to be limited, considering the phenotypes of  1AKO mice on the 129S6 and 
B6 backgrounds. It is likely that disturbance of  5-HT1A receptors during postnatal 
development subsequently disturb GABAA receptor development, significantly adding
to the 1AKO phenotype on the SW background. The exact role of  decreased GABAA-
receptor α2 subunit functioning in the anxious phenotype is not completely clarified,
although we show that also the reduced benzodiazepine sensitivity is a developmental 
disturbance. This indicates that decrease of  5-HT1A receptor levels only not necessarily 
results in anxiety disorders, but combined with genetic predisposition anxiety disorders 
might become apparent. 

Concluding remarks
The existence of  1AKO mice on three genetic backgrounds clearly shows the strong 
influence background strains display in the phenotype obtained. Although receptor
knockout mouse models enhanced understanding of  specific receptor functioning,
the effects of  genetic background as well as compensatory mechanisms should not 
be underestimated. Involvement of  5-HT1A receptors is often implicated in anxiety 
disorders and 1AKO mice were presented as a genetic model of  anxiety. The present 
thesis indicates that indeed some involvement of  5-HT1A receptors in anxiety-related 
behaviour is observed, but more clearly shows that this involvement is very limited and 
most likely due to its indirect effects during postnatal neurodevelopment. Limited efficacy
in clinical settings of  the 5-HT1A receptor agonist buspirone at adult age supports this 
hypothesis.
Mice on the SW background appear to be most susceptible to the effects of  disturbed 
5-HT1A receptor functioning during postnatal development. In particular long lasting 
changes in GABAA receptor functioning are induced. On the 129S6 and B6 strains, 
1AKO mice clearly displayed fewer changes, although occasionally differences were 
observed. Different genetic composition of  background strains could therefore 
represent differences in the human variability to develop anxiety disorders. Continuation 
of  research should initially be focussed on the specific involvement of the individual
receptors (5-HT1A and GABAA) in anxiety. It is questionable however, if  use of  1AKO 
mice will lead to increased understanding of  these receptors and their interaction.  
The role of  5-HT1A receptors in the development of  anxiety disorders might be 
investigated by instigating neurodevelopmental changes which, depending on genetic 
composition, subsequently affect the development of  other neurotransmitter systems, 
like that of  GABAA receptor subunit functioning. It would be important to investigate if  
changes in GABAA receptor α2 subunit levels can be obtained without interference with 
5-HT1A receptors and if  so, whether this leads to increased anxiety-related behaviour. 
Concluding, despite the limited role as a drug target in anxiety disorders, it seems that, 
depending on genetic composition, normal 5-HT1A receptor development is essential 
for GABAA receptor development. Furthermore, genetic predisposition for combined 
dysregulation of  both receptor systems could increase the chance to develop anxiety 
disorders at adult age. 
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Autonome zenuwstelsel
Wordt ook wel het onwillekeurige 
zenuwstelsel genoemd. Het 
stuurt processen in het lichaam 
aan waar we geen invloed op 
kunnen uitoefenen. Hieronder 
vallen onder meer de regulatie 
van de hartspier en de klieren. 
Hiermee worden bijvoorbeeld 
hartslag, temperatuur en het 
maagdarmkanaal gereguleerd. 
Het autonome zenuwstelsel kan 
worden onderverdeeld in 2 delen 
die een tegengesteld effect hebben 
op deze processen (bijvoorbeeld 
het versnellen of  het vertragen 
van de hartslag).  

Benzodiazepines
Hiermee wordt een groep 
geneesmiddelen omschreven die 
de GABAA receptor stimuleren 
(zie hieronder). Een van de meest 
bekende benzodiazepines is 
diazepam (Valium®). De effecten 
van deze stoffen zijn onder meer 
remming van angst, maar ook 
sedatie (zie hieronder). 

Sedatie
Een geneesmiddel dat sedatie 
geeft, vermindert de staat van 
bewustzijn, werkt versuffend en 
verlaagt alertheid.

Serotonine, 5-HT 
Serotonine is een neurotransmitter, 
een boodschapperstof  in het 
brein. Zenuwcellen communiceren 
door een neurotranmitter af  te 
scheiden die vervolgens wordt 
gebonden door een receptor 
(zie hieronder) van de volgende 
zenuwcel.

Receptoren
Receptoren zijn aangrijpings-
punten voor neurotransmitters, 
elke neurotransmitter heeft zijn 
eigen, specifieke receptoren. Na
binding aan een receptor wordt 
communicatie tussen zenuwcellen 
geremd of  gestimuleerd, dit 
is afhankelijk van het soort 
neurotransmitter

5-HT1A receptoren
Een van de 14 verschillende 
receptoren in het brein waar 
serotonine aan kan binden. Is 
onder meer gerelateerd aan angst. 

Hoofdstuk 1, inleiding
Iedereen kent het gevoel, de stress bij het geven van 
een presentatie of  dat plots alle aandacht op jou wordt 
gericht: Hartslag schiet omhoog, temperatuur stijgt 
en  het zweet staat in je handen. Dit is een normale 
reactie van het autonome zenuwstelsel, waarbij het reageert 
op emotionele stimuli. Bij mensen die lijden aan 
angststoornissen zijn naast psychische symptomen, 
veranderingen in autonome parameters vaak aanwezig.
Er zijn verschillende geneesmiddelen in gebruik voor de 
behandeling van angststoornissen. Het oudste en meest 
bekende middel is alcohol, wat vaak als zelfmedicatie 
wordt gebruikt. Van de door artsen voorgeschreven 
middelen zijn benzodiazepines het meest bekend. Ondanks 
goede werking zijn er ook nadelen aan het gebruik van 
benzodiazepines verbonden. Zo induceren ze sedatie, 
verslechteren het vermogen om te leren en worden vaak 
misbruikt. 
Ruim 20 jaar geleden werd voor het eerst een alternatief  
middel gepresenteerd dat op serotonine 1A receptoren 
werkt, buspirone. Helaas zijn de effecten van deze stof  
bij angst vaak minder  groot dan benzodiazepines. In 
het onderzoek naar nieuwe en betere geneesmiddelen 
is het van groot belang te weten welke mechanismen in 
het brein  actief  zijn bij angststoornissen en hoe deze 
mechanismen werken. 
In dit proefschrift wordt de rol van serotonine-1A 
receptoren (5-HT1A) en  GABAA receptoren bij stress en 
angst onderzocht en de interactie tussen beide systemen. 
Drie onderzoeksgroepen hebben een 5-HT1A receptor 
knockout muis (1AKO) gemaakt om de rol van 5-HT1A 
receptoren verder te onderzoeken. Hierbij zijn drie 
verschillende muizenstammen als achtergrond gebruikt 
en in alle stammen werd in de 1AKO muis een toename 
van angst gevonden. Ondanks deze gelijkgestemde 
bevindingen werden ook verschillen ontdekt tussen de 
1AKO muizen van de verschillende stammen. Zo werd 
bij het testen in ons lab bij een van de stammen, de 
129S6, geen toename in angst gevonden in de 1AKO 
muis. Ook bleek de 1AKO van de Swiss Webster (SW) 
stam ongevoelig te zijn voor benzodiazepines en was de 
concentratie serotonine alleen veranderd in het brein 
van de 1AKO muis van de B6 stam. Dat er verschillen 
werden gevonden tussen de 1AKO muizen van de drie 
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GABAA receptoren
Worden gestimuleerd door 
de neurotransmitter GABA 
en zijn overal in het brein te 
vinden.  Communicatie tussen 
zenuwcellen  wordt geremd 
door stimulatie van GABAA 
receptoren.

5-HT1A receptor knockout 
muis (1AKO)
In het genetisch materiaal (DNA) 
van een embryonale stamcellen 
wordt het DNA dat codeert voor 
de 5-HT1A receptor gewijzigd. 
Deze cellen worden ingespoten 
in een zich ontwikkelend embryo 
en geplaatst in de baarmoeder van 
een met hormonen behandeld 
vrouwtje. Nakomelingen van de 
hieruit geboren muizen missen 
dit specifieke stuk DNA in alle
cellen en kunnen geen 5-HT1A 
receptoren aanmaken. 

Anxiolytisch
Angst verminderend, een 
anxiolytische stof  is in staat het 
angst gevoel te remmen. 

Stress geinduceerde 
hyperthermie (SIH)
Het geven van een stressvolle 
stimulus, bijvoorbeeld het geven 
van een injectie, resulteert in een 
stijging van lichaamstemperatuur, 
hyperthermie. Een stof  met 
een anxiolytisch (zie onder) 
effect, kan deze hyperthermie 
blokkeren. Met deze methode 
kunnen snel en makkelijk stoffen 
getest worden op hun angst 
remmende werking. 

Radio-telemetrie
Het meten van temperatuur 
en hartslag in muizen wordt 
vereenvoudigd door het in-
brengen van een zender in de 
buikholte. Hiermee kunnen 
continu autonome parameters 
worden gemeten zonder dat de 
dieren worden gestoord door de 
onderzoeker. Deze zender meet 
temperatuur, hartslag en activiteit 
en geeft deze via een ontvanger 
door aan een computer. 

stammen is niet heel verwonderlijk, aangezien er veel 
verschillen zijn op genetisch niveau. Blijkbaar heeft de 
genetische achtergrond grote invloed op de effecten in 
de 1AKO muis. Door gebruik te maken van verschillende 
genetische muizenstammen en het wel of  niet aanwezig 
zijn van 5-HT1A receptoren, kan meer kennis verkregen 
worden over de exacte rol van deze receptoren bij angst 
en stress. Het meten van angst en stress bij muizen en 
dit vervolgens vertalen naar angst en stress bij mensen 
is niet simpel. Angstig gedrag is een universeel gedrag 
gedrag, maar uit zich bij muizen in een andere vorm 
dan bij mensen. Er kan bijvoorbeeld gebruik gemaakt 
worden van de aversie die muizen van zichzelf  hebben 
voor open en fel verlichte ruimtes. Verder kan worden 
geobserveerd welk gedrag muizen vertonen in een 
bedreigende situatie. 
Naast gedragsmatige metingen laten muizen, net 
als mensen, een toename in autonome parameters 
(temperatuur en hartslag) zien bij stress. Het meten 
van deze parameters geeft meer informatie over het 
niveau van angst in de muizen. Hiervan wordt gebruik 
gemaakt bij het testen van anxiolytische farmaca in de 
stress geinduceerde hyperthermie (SIH) test. 
In hoofdstuk 2 en 3 van dit proefschrift worden de  
drie muizenstammen die gebruikt zijn als genetische 
achtergrond voor de 1AKO muis met elkaar vergeleken. 
In hoofdstuk 4, 5 en 6 worden 1AKO muizen van de 
verschillende stammen met elkaar vergeleken en in 
hoofdstuk 7 wordt er ingegaan op de effecten die een 
verstoorde postnatale ontwikkeling van de 5-HT1A 
receptor heeft op angststoornissen op volwassen 
leeftijd.

Hoofdstuk 2
In dit eerste experimentele hoofdstuk worden drie 
muizenstammen met elkaar vergeleken, de 129S6, SW 
en B6 stammen. Dit gebeurt aan de hand van het meten 
van de autonome parameters hartslag en temperatuur,  
gebruikmakend van radio-telemetrie. Angststoornissen 
worden vaak gerelateerd aan een verstoord dag-nacht 
ritme. Als eerste is gekeken naar de dag-nacht ritmiek in 
de thuiskooi. Knaagdieren kennen een omgekeerd dag-
nacht ritme, ze zijn ‘s nachts actief  en op dat moment 
stijgen hartslag, temperatuur en activiteit. Muizen van 
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Hypothermie
Lage lichaamstemperatuur, welke 
door verschillende oorzaken kan 
ontstaan. Bijvoorbeeld langdurige 
blootstelling aan kou, maar ook 
geneesmiddelen kunnen de 
lichaamstemperatuur verlagen. 

mRNA, messenger RNA
RNA (ribonucleic acid) wordt  in 
het lichaam gemaakt op basis van 
DNA, maar is korter en bestaat 
slechts uit een enkele streng. 
mRNA bevat alle sequentie 
informatie waarmee een bepaald 
eiwit-product gevormd kan 
worden, bijvoorbeeld een 
receptor.

GABAA receptor subunits
De GABAA receptor is 
opgebouwd uit 5 onderdelen 
(subunits).  Deze subunits zijn 
ingedeeld in 6 families waarvan 
α, β en γ het meest belangrijk 
zijn. Deze families zijn op hun 
beurt onder te verdelen,  zo 
zijn er bijvoorbeeld van de α 
subunit zes varianten. Deze α 
subunits hebben verschillende 
functies na stimulatie door een 
benzodiazepine, de α1 wordt 
geassocieerd met sederende 
effecten en de α2 en α3 met 
angstremmende effecten. 

alle stammen lieten een normaal dag-nacht ritme zien, 
waarbij opviel dat de 129S6 stam ook ’s nachts weinig 
actief  is terwijl de SW stam ook overdag veel activiteit 
laat zien.
Vervolgens werd de reactie op verschillende milde 
stressoren vergeleken, zoals het oppakken, injecteren en 
het geven van een nieuwe thuiskooi. Hieruit blijkt dat 
de SW stam de laagste autonome stress response laat 
zien, terwijl ze heel actief  zijn. De 129S6 laat de minste 
activiteit zien en dit gaat gepaard met een relatief  grote 
autonome reactie. Hieruit blijkt dat autonome reactie na 
stress niet volledig kan worden verklaard door activiteit 
en dat de 129S6 stam het meest angstig is, terwijl de SW 
de minst angstige lijkt en de B6 stam er tussenin zit.

Hoofdstuk 3
In dit hoofdstuk zijn dezelfde muizen gebruikt als in 
hoofdstuk 2. Nu is de gevoeligheid voor verschillende 
farmaca vergeleken met behulp van de SIH test. Deze 
test kan niet alleen anxiolytische, angstremmende 
effecten meten, maar ook kunnen stofeffecten op 
de basale lichaamstemperatuur worden vergeleken 
(hypothermie).
Een verlaagde basale lichaamstemperatuur, onder 
meer als gevolg van sedatie, kan ervoor zorgen dat 
de de SIH procedure minder betrouwbaar wordt. 
Om hiervoor te controleren, werden verschillende 
standaard stoffen getest. Sommige hiervan geven 
sedatie, of  ze zijn anxiolytisch of   ze verlagen de basale 
lichaamstemperatuur. Door de resultaten van al deze 
stoffen te combineren is het mogelijk verschillende 
eigenschappen van elkaar te onderscheiden. Daarmee 
kunnen verschillen tussen muizenstammen in 
gevoeligheid voor bepaalde farmaca worden vastgelegd.
Stoffen die op de GABAA receptor aangrijpen, diazepam 
en alcohol zijn als eerste getest. Daarna zijn stoffen 
getest die op verschillende serotonerge receptoren 
werken, flesinoxan (5-HT1A receptor), 5-CT (5-HT7 
receptor) en mCPP (5-HT2 receptor). Uit de resultaten 
bleek er niet één muizenstam consistent het meest of  
minst gevoelig. De 129S6 stam is het meest gevoelig 
voor diazepam, maar er waren geen stamverschillen na 
de toediening van alcohol.
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Elevated plus maze (EPM)
Muizen zijn prooi-dieren en van 
nature bang voor open, lichte 
en bedreigende ruimtes. Aan de 
andere kant moeten ze ook op 
onderzoek uitgaan (exploreren) 
om te kunnen overleven. In 
deze test wordt gebruik gemaakt 
van het conflict tussen deze
eigenschappen. Op 75 cm boven 
de grond wordt de muis op een 
klein platvorm gezet waar 4 
armen op uitkomen. Twee van 
deze armen hebben zijwanden 
en zijn betrekkelijk veilig, terwijl 
de andere twee armen helemaal 
open zijn. Een bang dier zal 
minder rondlopen, maar zich 
met name minder bevinden in 
de open armen. De verhouding 
tussen de open en de gesloten 
armen geeft de maat van angst 
weer en kan tussen groepen 
worden vergeleken. 

Defensive burying
In deze test worden muizen in een 
kooi  geplaatst en geconfronteerd 
met een bedreigend voorwerp. 
Dit voorwerp is een staaf  waar 
een kleine stroom doorloopt. 
Exploratie zorgt dat ze deze 
staaf  gaan onderzoeken en 
op dat moment krijgen ze 
een schok. Het verwerken 
van deze informatie en het 
daaropvolgende gedrag van de 
muis geeft informatie over hoe 
angstig de muis is en of  ze op een 
actieve of  passieve manier met 
deze dreiging omgaan (coping). 
Een passieve coping strategie 
is het negeren van de staaf  en 
in een hoekje stil gaan zitten. 
Actieve coping kan bestaan uit 
het begraven of  aanvallen van 
de staaf.

De SW stam reageert het heftigst op flesinoxan, zowel
anxiolytisch als op basale temperatuurswaarden. Van de 
stof  5-CT werd niet verwacht dat het een anxiolytische 
werking zou hebben, maar wel sterk de temperatuur 
zou verlagen. Dit werd inderdaad bevestigd en hierdoor 
kan worden geconcludeerd dat een verlaging van de 
basale temperatuur niet noodzakelijk de meting van 
anxiolytische effecten verstoord. Een toename in angst 
werd verwacht na de toediening van mCPP, maar dit 
werd in geen enkele stam teruggevonden. 
Naast de farmacologische experimenten, zijn ook 
mRNA waarden van GABAA receptor subunits en 5-HT1A 
receptoren gemeten in drie hersengebieden (amygdala, 
prefrontale cortex en hippocampus). Hieruit bleek dat 
de stam die het meest gevoelig was voor de 5-HT1A 
receptor stoffen, de SW, ook de hoogste mRNA waarden 
voor deze receptor units had. Er kon geen relatie worden 
gevonden tussen de gevoeligheid voor GABAA receptor 
stoffen en de mRNA waarden.

Hoofdstuk 4
In dit hoofdstuk worden voor het eerst 1AKO muizen 
van verschillende stammen met elkaar vergeleken, in 
gedragsmatige experimenten. Het eerste experiment, 
de elevated plus maze, is eigenlijk een herhaling van eerder 
gepubliceerde resultaten, maar nu zijn alle stammen 
gelijkertijd getest in hetzelfde lab, op dezelfde opstelling 
en door dezelfde persoon. In dit experiment werden 
1AKO muizen van de SW en B6 stammen inderdaad 
angstiger bevonden ten opzichte van hun eigen wildtype.
 Er werd geen verschil gevonden tussen 1AKO en 
wildtype muizen van de 129S stam, waarvan wildtype 
muizen al veel angstiger waren dan die van de andere 
stammen. Testen zoals de elevated plus maze zijn sterk 
afhankelijk van het activiteitsniveau. Daarom werd 
vervolgens een experiment uitgevoerd waarbij muizen 
kunnen kiezen tussen een actieve of  passieve reactie, 
de defensive burying test. De SW muizen waren meer tijd 
bezig met het actief  begraven van de staaf, terwijl de 
129S6 muizen meer stil, passief  waren. Alleen in de SW 
stam werd een ander gedrag geobserveerd in de 1AKO 
muizen, deze brachten nog meer tijd door met het 
begraven van de staaf. 
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Tot slot zijn 1AKO en wildtype muizen van de 
verschillende stammen vergeleken in de ultrasone pup 
vocalisatie test (USV). Ook in deze test waren duidelijke 
verschillen tussen de drie muizenstammen, waarbij de 
129S6 stam de meeste en de B6 stam de minste piepjes 
lieten horen. Verschillen tussen wildtype en 1AKO 
muizen waren in deze test ook alleen aanwezig in de SW 
stam, zowel in een koude als in een warme omgeving 
piepten deze 1AKO muizen meer dan de wildtype 
muizen. 
Samengevat, de 129S6 wildtype muizen zijn uit zichzelf  
de meest angstige stam en toename van angst in 
1AKO muizen is voornamelijk terug te vinden in de 
SW stam. De conclusie uit deze resultaten is dat als 
5-HT1A receptoren al een rol spelen bij angst, deze rol 
modulerend is. Daarnaast is de rol van deze receptoren 
sterk afhankelijk is van de genetische achtergrondstam.

Hoofdstuk 5
Zoals eerder vermeld, worden veranderingen 
gemeten in autonome parameters bij patiënten met 
angststoornissen. Naast gedragsmatige veranderingen in 
1AKO muizen, zoals beschreven in hoofdstuk 4, kunnen 
metingen van autonome parameters een aanvulling 
geven in het verkrijgen van inzicht over de rol van 5-
HT1A receptoren bij angst. De temperatuur, hartslag en 
activiteit werd gemeten met radio-telemetrie, zoals ook 
in van hoofdstuk 2 en 3 gebruikt. Zowel 1AKO muizen 
als wildtype muizen van alle drie stammen lieten een 
normaal dag-nacht ritme zien. In eerste instantie leken 
de 1AKO muizen van de SW stam een andere reactie 
van autonome parameters zien na het toedienen van 
verschillende milde stressoren, maar verdere analyse van 
de resultaten liet zien dat dit volledig werd verklaard 
door een veranderde activiteit. In het laatste experiment 
zijn autonome- en gedragseffecten gecombineerd in 
de defensive burying test. Het verschil met deze test 
in hoofdstuk 4 is dat nu gemeten is in de donkere, 
actieve periode en dat de muizen al 24 uur hebben 
kunnen wennen aan de kooi waarin ze zitten voordat de 
(schok)staaf   in de kooi wordt gestoken. Opnieuw bleek 
dat de 1AKO muizen van de SW stam meer graven dan 
wildtype muizen. Verder werd in deze test gevonden 
dat 1AKO muizen van de 129S stam meer immobiel zijn. 

Ultrasone pup vocalisatie 
(USV)
Bij de geboorte zijn muizenpups 
blind, kaal, hulpeloos en 
afhankelijk van hun moeder. 
Stel dat ze zich opeens buiten 
het nest bevinden, dan moeten 
ze dit aan hun moeder kenbaar 
kunnen maken. Dit doen ze door 
ultrasoon te piepen. Hoe angstiger 
ze zijn, hoe meer ze piepen en 
stoffen als benzodiazepines 
verlagen het aantal piepjes. Door 
de pups weg te halen bij de 
moeder en te meten hoe vaak 
ze piepen, kan het angstniveau 
worden vastgesteld. Muizenpups 
piepen tot ze ongeveer 10-12 
dagen oud zijn.

Milde stressoren
Het binnenkomen van de 
onderzoeker in de testruimte 
is eigenlijk al een stressor voor 
muizen. Daarnaast worden milde 
stressoren gebruikt zoals het 
oppakken en injecteren van de 
muizen, maar ook het plaatsen in 
een nieuwe kooi is stressvol voor 
muizen.

Immobiel
Onbeweeglijk. Angst bij muizen 
kan zich vertalen in freezing 
(verstarren).

Ten
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Verschillen in autonome reactie werden alleen in de SW 
stam gevonden, maar deze konden opnieuw gerelateerd 
worden aan verschil in activiteit. De 1AKO muizen 
laten geen veranderingen zien in autonome parameters, 
terwijl afhankelijk van de achtergrondstam wel of  geen 
gedragsverandering wordt gevonden. Hieruit kan worden 
geconcludeerd dat 5-HT1A receptoren geen rol lijken 
te spelen bij de autonome veranderingen die worden 
geobserveerd bij patiënten met angststoornissen.  

Hoofdstuk 6
In verschillende artikelen is vermeld dat angststoornissen 
gerelateerd zijn aan de verandering van het aantal 
receptoren en verminderde gevoeligheid voor 
anxiolytische geneesmiddelen. Dit geldt zowel voor 5-
HT1A receptoren, maar ook voor GABAA receptoren. 
Bij het testen van diazepam in de 1AKO muizen van 
de SW stam bleken deze veel minder gevoelig te zijn, 
terwijl geen verschillen in de andere muizenstammen 
werd gevonden. In dit hoofdstuk worden resultaten 
beschreven van een experiment waarin met de SIH 
test gevoeligheid voor verschillende stoffen is getest in 
1AKO muizen. De stoffen die zijn getest, zijn agonisten 
en grijpen aan op GABAA receptoren of  op serotonine 
receptoren. Stoffen die werken op de GABAA receptoren 
zijn selectief  voor een of  meerdere α subunits van 
deze receptor. Er bestaan zes verschillende α subunits, 
benzodiazepines kunnen aangrijpen op α1, α2, α3 en α5 
en afhankelijk van de subunit die wordt gestimuleerd, 
wordt een ander effect verwacht. Zo geeft de α1 sedatie, 
terwijl de α2 en α3 zijn gerelateerd aan de anxiolytische 
effecten. De resultaten laten zien dat de ongevoeligheid 
van 1AKO muizen in de SW stam niet bestaat voor een 
stof  die vooral de α1 stimuleert. Buspirone, een stof  die 
5-HT1A receptoren stimuleert, heeft geen effect in de 
1AKO muizen, zeer logisch vanwege de afwezigheid van 
deze receptoren. Verder werd gevonden dat 5-CT, een 
stof  die de 5-HT7 receptor stimuleert, een verschillend 
effect heeft in 1AKO muizen van de B6 en de SW 
stammen. De resultaten van deze farmacologische 
experimenten geven aan dat er een interactie bestaat 
tussen 5-HT1A receptoren en de genetische achtergrond 
waarbij veranderingen optreden in andere receptor-
systemen. 

Agonist
Communicatie tussen zenuw-
cellen in het brein vindt met 
name plaats door middel van 
neurotransmitters en receptoren 
(zie boven). Neurotransmitters 
binden aan een receptor 
waardoor in de cel waar deze 
receptor op zit een reactie 
optreedt. Een agonist is een stof  
die, als hij bindt op een receptor, 
dezelfde werking heeft als de 
lichaamseigen neurotransmitter. 



144

Hoofdstuk 7
In de literatuur is veel aandacht besteed aan de rol die 
serotonine en 5-HT1A receptoren spelen tijdens de 
ontwikkeling van het brein, waarbij de groei van zenuwen 
en ontwikkeling van hersengebieden worden beïnvloed.  
Met behulp van een induceerbare 1AKO muis, werd 
aangetoond dat de postnatale ontwikkeling een essentiele 
periode is voor het angstige gedrag in 1AKO muizen. 
In dit hoofdstuk wordt de hypothese onderzocht of  
abnormaal functioneren van de 5-HT1A receptoren 
tijdens de postnatale ontwikkeling kan resulteren in 
een toename van angst op volwassen leeftijd. Dit is 
gedaan door in wildtype muizen (Swiss Webster) vanaf  
de geboorte de 5-HT1A receptor antagonist WAY100635 
(WAY) toe te dienen, eerst via de moedermelk en later 
ook door injectie. Om twee redenen is dit experiment 
uitgevoerd in de SW stam, als eerste omdat de 1AKO 
muis van deze stam het duidelijkst een toename in 
angst laat zien en tevens om te onderzoeken of  tijdens 
de postnatale ontwikkeling ook veranderingen in de 
GABAA receptor subunit samenstelling ontstaan. 
De resultaten laten zien dat op dag 7 na de geboorte 
al een toename van angst te meten is in deze WAY 
behandelde dieren. Op dag 21, de laatste dag dat WAY 
werd toegediend, waren deze dieren ook op de elevated 
plus maze angstiger dan wildtype muizen. Tot slot werd 
ook het gedrag in het open veld gemeten op volwassen 
leeftijd. Opnieuw bleken de WAY behandelde dieren 
angstiger dan wildtype muizen, terwijl ze normaal 
gevoelig zijn voor een 5-HT1A receptor agonist. Deze 
resultaten geven aan dat de toegenomen angst in 1AKO 
muizen waarschijnlijk het gevolg is van abnormaal 
functioneren van  5-HT1A receptoren tijdens de 
postnatale ontwikkeling. 
Bij WAY behandelde dieren is op dag 21 en op 
volwassen leeftijd ook gekeken naar de benzodiazepine 
gevoeligheid en deze was ook in de WAY behandelde 
dieren verminderd. Waarschijnlijk vindt, afhankelijk 
van de genetische samenstelling van de muizenstam, 
normale ontwikkeling van de GABAA receptor plaats 
onder invloed van 5-HT1A receptoren en ontstaat de 
veranderde benzodiazepine gevoeligheid tijdens de 
postnatale ontwikkeling.

Induceerbare 1AKO muis
In een “gewone” 1AKO muis, 
zijn vanaf  de conceptie geen 5-
HT1A receptoren aanwezig en 
deze kunnen ook nooit gemaakt 
worden door de muis. Bij een 
induceerbare 1AKO muis kunnen 
wel receptoren aangemaakt 
worden gebracht, op een door 
de onderzoeker zelf  te kiezen 
moment. Ook kunnen deze 
receptoren worden uitgeschakeld. 

Postnatale ontwikkeling
De ontwikkeling die plaatsvindt 
na de geboorte. Bij muizen en 
ratten vindt een groot deel van 
de ontwikkeling van onder meer 
zenuwen en het brein pas plaats 
na de geboorte. Hierin verschillen 
ze van mensen, die pas geboren 
worden als het brein al verder 
ontwikkeld is.

Antagonist
Net als een agonist (zie boven), 
kan een antagonist binden aan 
een receptor. Vervolgens doet 
een antagonist echter niets, 
maar door het bezetten van de 
receptor wordt de werking van de 
lichaamseigen neurotransmitter 
geblokkeerd. 

Open Veld
In een open veld wordt dezelfde 
maat van angst getest als op 
de elevated plus maze. Muizen 
blijven liever veilig langs de wand 
van een grote bak, maar zijn ook 
nieuwsgierig naar wat zich in het 
midden bevindt. Een angstige 
muis zal zich niet vaak en lang in 
het midden vertonen.

Ten
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Hoofdstuk 8, discussie
In dit proefschrift wordt de betrokkenheid van 5-HT1A 
receptoren bij angst onderzocht en de mogelijke invloed 
van  de genetische achtergrond op deze betrokkenheid. 
Het op de markt brengen van de 5-HT1A receptor 
agonist buspirone als anxiolytisch middel, heeft vanaf  
de jaren ’80 geleid tot veel onderzoek naar deze receptor 
bij angststoornissen. Later werd duidelijk dat buspirone 
niet het wondermiddel was dat zonder bijwerkingen 
angst vermindert. 
Het eerste deel van dit proefschrift laat zien dat 
verschillende muizenstammen sterk verschillen 
in autonome stress respons en farmacologische 
gevoeligheid. Er kan op basis van deze resultaten echter 
geen voorspelling worden gedaan of  een bepaalde stam 
meer geschikt is om een 1AKO muis in te creëren. 
Toch is het duidelijk dat er verschillen zijn tussen 1AKO 
muizen van verschillende stammen. Afhankelijk van de 
gebruikte stam kan worden geconcludeerd dat de 5-HT1A 
receptor niet (129S6), nauwelijks (B6) of  duidelijk (SW) 
betrokken is bij angst in muizen. Door de resultaten 
van de drie stammen te combineren, wordt duidelijk 
hoe sterk de genetische samenstelling van een muis de 
effecten in een 1AKO kan beinvloeden. 
In de SW stam is het fenotype van de 1AKO muis het 
duidelijkst en dit is ook de stam waarin veranderingen 
worden gevonden in de GABAA receptor samenstelling 
en gevoeligheid. Dit leidt tot de suggestie dat 
afwezigheid van 5-HT1A receptoren niet direct leidt tot 
een toename van angst, maar dat de GABAA receptor 
hierbij betrokken is. Dysfunctioneren van 5-HT1A 
receptoren tijdens de postnatale ontwikkeling heeft 
natuurlijk invloed op deze verstoring van GABAA 
receptoren en is daarmee wel degelijk betrokken bij 
het angstige fenotype. Alleen is het goed mogelijk dat 
deze betrokkenheid indirect is en dat daarmee 5-HT1A 
receptoren geen geschikt aangrijpingspunt zijn om op 
volwassen leeftijd angststoornissen te behandelen. 

Fenotype
De uiterlijke eigenschappen van 
een organisme. Een voorbeeld 
van fenotype is de kleur van de 
vacht van een muis, maar ook het 
soort gedrag maakt onderdeel 
uit van een fenotype. Bij de 
1AKO muis is het fenotype de 
toename van angst als gevolg 
van verwijdering van de 5-HT1A 
receptor. Tegenover het fenotype 
staat het genotype, de genetische 
informatie die ligt opgeslagen 
in de genen op het DNA. Dit 
komt bij de 1AKO muis neer op 
het afwezig zijn van het 5-HT1A 
receptorgen in de genen. 
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