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Preface 

Every individual who has experienced a stressful situation, whether it is being attacked by 
a wild animal, the moment right before an important presentation or just finding yourself 
in an awkward situation, is familiar with the warm and aroused feeling that one can 
experience at that moment. This change in body temperature in response to stress is 
referred to as stress-induced hyperthermia (SIH), and is the main subject of the research 
that has led to this thesis. This response is a consistent phenomenon that occurs in 
reaction to a stressful experience and is mediated by the autonomic nervous system. It is 
used throughout this thesis as a quantitative read-out parameter for the experience of 
stress. The principal aim of this thesis is to show diverse applications of the SIH paradigm, 
and we propose that it constitutes a robust and reproducible across-species phenomenon 
with translational potential that is very suitable for drug screening. Moreover, this 
paradigm can be used to investigate the neurobiological mechanisms underlying the 
stress response as well as to examine the impact of genetic modifications or naturally 
occurring genetic variation such as strain differences. To enhance the readability of this 
thesis, a schematic (Figure 1) will be displayed at the beginning of each experimental 
chapter with the relevant part of the figure highlighted. 

 
 

Figure 1: Schematic overview of the research described in this thesis. The numbers indicate the relevant thesis chapter. 

The different receptor systems (GABAA, glutamate, 5-HT, CRF) concern the CNS receptor systems and include ligands 

acting via these receptors.  
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This thesis consists of six parts. The first part (chapter 1 and 2) describes the background 
of the SIH paradigm, its neurobiological basis and the putative genetic and 
pharmacological applications. Specifically, the different drug classes that modify the SIH 
response are discussed. This introductory part also includes a chapter on the practical 
requirements to carry out SIH studies in mice.   

Part two focuses on a variety of pharmacological applications of the SIH response 
and consists of seven chapters. Chapter 3 describes the contribution of the different 
GABAA receptor subunits to the benzodiazepine-mediated reduction of the SIH response, 
whereas chapter 4 examines the role of the serotonergic (5-HT) system in these GABAA 
receptor mediated actions. Chapter 5 discusses the effects of chronic (subunit-selective) 
GABAA receptor activation and the consequences for the development of tolerance. The 
effects of early-life disruption of the serotonergic system on adult benzodiazepine 
sensitivity and anxiety-related behavior in mice are the main subject of chapter 6. 
Chapter 7 investigates whether the SIH response should be regarded as a form of fever or 
not, and chapter 8 studies the effects of injection stress on the SIH-reducing effects of 
various rapid-acting anxiolytic drugs. The importance of an in-depth pharmaceutical 
analysis during chronic drug studies is described in chapter 9. 

Part three of the thesis comprises two studies with a genetic approach. The 
effects of genetic CRF overactivation on the GABAA and metabotropic glutamate receptor 
systems are discussed in chapter 10. Chapter 11 investigates the genetic basis of drug 
sensitivity using chromosome substitution mice. In part four, the involvement of two 
brain structures in the SIH response is considered. Specifically, chapter 12 discusses the 
effects of bilateral medial amygdala lesions, whereas in chapter 13, the impact of 
olfactory bulbectomy on basal and stress-induced autonomic parameters is the central 
topic. Part five contains a study on the human SIH response in healthy male and female 
volunteers (chapter 14). The thesis will be concluded with a general discussion which also 
contains the future directions for SIH research (chapter 15.1). Moreover, three separate 
reviews discuss the body of SIH literature (also based on the research in this thesis) on the 
GABAA and GABAB receptor systems (chapter 15.2), the serotonin system (chapter 15.3) 
and the translational potential of SIH applications (chapter 15.4). 
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Abstract 

In anxiety research, the search for a model with sufficient clinical predictive validity to 
support the translation of animal studies on anxiolytic drugs to clinical research is often 
challenging. This review describes the stress-induced hyperthermia (SIH) paradigm, a 
model that studies the omnipresent activation of the autonomic nervous system by 
measuring body temperature in response to stress. The reproducible and robust SIH 
effects, combined with the relatively easy way of testing, make the SIH paradigm very 
suitable for drug screening. We will review the current knowledge on the neurobiology of 
the SIH response, and discuss the role of GABAA and serotonin (5-HT) pharmacology as 
well as how the SIH response relates to infectious fever. Furthermore, we will present 
novel data on the SIH response variance in different mice strains and their sensitivity to 
anxiolytic drugs. The SIH response is an autonomic stress response that can be 
successfully studied at the level of its physiology, pharmacology, neurobiology and 
genetics and possesses excellent animal-to-human translational properties. 
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1. Introduction 

Anxiety is characterized by typical cognitive, behavioral, somatic and emotional 
responses. Typically these include psychological symptoms like worrying, restlessness, 
fear, in addition to somatic symptoms like sweating, elevated heart rate, and trembling. 
As part of an immediate response to external stimuli, this is a functional response and falls 
within the range of normal physiological states. However, when chronically present or out 
of relevant context, these reactions become maladaptive. An inappropriate activation of 
the autonomic nervous system is critical in anxiety disorders, resulting in heightened 
physiological responses of heart rate, blood pressure and temperature (Stockmeier et al 
2009).  

 

Anxiety disorders are the most prevalent mental disorder with very high co-morbidity 
(Grant et al 2005; Kessler et al 2005; Merikangas et al 1996). Anxiety disorders are 
multifactorial with a complex etiology that is not fully known (Craske and Waters 2005; 
Hettema et al 2001; Schneiderman et al 2005). Under DSM-IV, anxiety disorders include 
generalized anxiety disorder, panic disorder, phobias and post-traumatic stress-disorder. 
These disorders have severe impact on quality of life and are generally underrecognized 
and, if diagnosed, remain undertreated (Lecrubier 2007; Merikangas et al 2007). Research 
on anxiety disorders has increased the understanding of their pathological basis and has 
resulted in proposed therapeutic approaches to their treatment. However, the complex 
central mechanisms underlying these disorders remain poorly understood. Besides, 
currently available drugs, although effective, were not specifically developed for treating 
anxiety disorders and possess unwanted side effects including sedation and dependence 
(Dias et al 2005).  

 

Animal models are helpful to study the biological basis of anxiety and stress disorders, 
especially to evaluate the effectiveness of drug candidates. Since higher cognitive 
functions cannot be fully explored in animals, it is not without difficulty to use animals to 
investigate anxiety. In the development of anxiolytic drugs, it is not unusual for promising 
preclinical results to fail in the following clinical phase. The question is whether such 
expensive failures can only be attributed to the limited predictive clinical validity of the 
applied animal models, or whether methodological setup of these preclinical studies 
leads to a biased and unbalanced selection of the candidates to proceed to clinical trials  

 

The extensive use of animal models has resulted in objective criteria for validity. In 
general, animal model validity can be assessed by three sets of criteria: whether the 
animal behavior is similar to the human condition (face validity), whether the animals 
respond to the drug treatments known to be effective in humans (predictive validity), and 
whether the model corresponds with the known disorder mechanisms (construct validity) 
(McKinney and Bunney 1969). A good animal-to-human translational model for the 
development of anxiolytic drugs would be able to provide early proof of concept of a 
drug’s effectiveness before expensive clinical trials are initiated. Many different 
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approaches to modelling anxiety are available that focus on different aspects of the 
disorder (Cryan and Holmes 2005). The majority of animal models currently exploited in 
anxiety research use explorative approach-avoidance behavior under more or less 
aversive circumstances to assess anxiety states, among which the light-dark exploration 
test, the open field test and the elevated-plus maze. This approach has proven to be of 
great value, although it is difficult to differentiate anxiety-related avoidance from novelty-
seeking or impulsivity-related approach behavior (Cryan and Holmes 2005), or to 
discriminate anxiolytic drug effects from sedation-induced locomotor changes. 
Furthermore, within-strain and between-strain locomotor variation can affect results 
(Carola et al 2002).  The predictive value of these exploratory animal models for classes of 
anxiolytic drugs other than the classic benzodiazepines has been questioned (Borsini et al 
2002). In addition, there are animal tests that use conditioned fear as another approach to 
model anxiety (Delgado et al 2006; Lissek et al 2005). 
 
Taken as a whole, currently used models have limitations. As a result, we propose that an 
alternative approach to modeling anxiety in animals would be of valuable in anxiety 
research and drug development. In particular, we review the stress-induced hyperthermia 
(SIH) model, which uses the stress-induced autonomic nervous system activation by 
measuring the body temperature increase after stress exposure. This SIH response has 
proven to be a very consistent physiological stress reaction comparable across all species 
with less variability than the stress-induced heart rate reaction (Van Bogaert et al 2006a). 
In this review, we will further explore the background of the SIH response and present 
novel data that shows that the SIH paradigm can be used as a valuable approach in 
anxiety research with excellent animal-to-human translational properties. 

 
 

2. The SIH paradigm 

2.1 The SIH response 

Previous studies have shown that exposure to both physiological and psychological stress 
affects core body temperature. In humans, activities such as watching movies, attending 
boxing contests and taking a test all result in an increase in body temperature (Briese 
1995; Kleitman and Jackson 1950; Marazziti et al 1992; Renbourn 1960), whereas in 
animals, exposure to noise, heat, novelty and pain have the same effect (Bouwknecht et al 
2007). This process is referred to as SIH, or emotional fever, and is a relative short lasting 
body temperature elevation in response to stress. Within 15 min, temperature rapidly 
rises ± 1.0-1.5 °C. This elevation in temperature is considered important for survival as it is 
a preparation for fight-or-flight. In support of this, the SIH amplitude positively correlates 
with test performance in students (Briese 1995). In fact, the choice of fight or flight in 
lizards is influenced by the degree of temperature change after the stressor (Herrel et al 
2007). However, the SIH response is not increased in mice with more anxious genotypes 
(Bouwknecht et al 2007) and a higher SIH amplitude is not always accompanied with a 
more anxious phenotype in several behavioral paradigms. The SIH response is ubiquitous, 
being present in virtually any mammal that has been tested so far, among which humans, 
baboons, silver foxes, pigs, ground squirrels, rabbits, rats and mice (Bouwknecht et al 



Pharmacological research into anxiety disorders: the SIH paradigm 

 

17 

 

2007). The SIH response  is accompanied with an increased hypothalamic-pituitary-
adrenal (HPA)-axis activity (Groenink et al 1994; Spooren et al 2002; Veening et al 2004), 
and habituation of a SIH  response to stress is correlated with a similar blunting of 
corticosterone responses (Barnum et al 2007) (for more on habituation: 3.4). However, 
anxiolytic drugs that attenuate the SIH response do not influence basal and stress-
induced levels of  these stress-related endocrine parameters in mice (Groenink et al 
1996b).  
 

2.2 SIH and anxiety: development of a model 

The first use of SIH in anxiety research occurred after it was noted that removing mice one 
by one from a group-housed cage increased body temperature of the last mouse 
compared to the first. This response, putatively anticipatory anxiety, was utilized for the 
screening of anxiolytic drugs (Borsini et al 1989). Later on, this model was refined to a 
singly-housed version in which the rectal temperature was measured twice with an 
interval of 10 min (Van der Heyden et al 1997). This dramatically reduced the number of 
animals needed per experiment. In the singly-housed SIH experimental setup, the first 
rectal temperature measurement (T1) represents the basal unstressed core temperature, 
and functions as an adequate stressor as well. Since SIH peaks within 10-15 min, the 
second rectal temperature measurement (T2) represents the peak temperature after stress 
and the SIH response is calculated by subtracting T1 from T2. The singly and group-housed 
versions correlate almost perfectly with each other, indicating that both approaches are 
valid (Spooren et al 2002). Telemetric systems measuring body temperature are 
increasingly employed and are more precise and accurate than labor-intensive manual 
rectal temperature measurements. Rectal measurements are fast, cheap and have been 
proven to be valid and easy to carry out. 
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Figure 1:  Telemetric measurement of the temperature course in a standard SIH test in 129Sv mice (n=7). At t=0 
min, vehicle is injected, causing a transient SIH response. At t=60, a rectal temperature measurement is applied 
as a second stressor, leading to the basal SIH response used to assess anxiolytic action. In the classic SIH test, a 
second rectal measurement is carried out at t=70 to assess the maximum temperature. Error bars represent the 
S.E.M.. 

 
Regardless, the use of telemetric equipment retains the general principle of increases in 
body temperature caused by a stressful situation. As illustrated in Fig. 1, SIH can easily be 
calculated by the difference of these temperatures (second peak in Fig. 1). Extensive 
experimenting has revealed that in mice, the SIH response remains intact when animals 
are repeatedly tested once a week (Bouwknecht and Paylor 2002; Bouwknecht et al 
2004b; Van der Heyden et al 1997) (for more on habituation see section 3.4). The SIH 
response is very robust, but it displays a consistent ceiling effect (see below, Fig. 2 and 5). 
Applying more stress will not lead to higher stress-induced temperatures, which makes 
the SIH paradigm less appropriate for elucidating anxiogenic drug properties. 
 

2.3 Drug testing in the SIH paradigm 

The reproducible and robust SIH effects, combined with the ease of testing, make the SIH 
paradigm very suitable for drug screening. Administration of drugs with anxiolytic 
properties, such as GABAA and 5-HT receptor agonists results in a reduction or even 
ablation of the SIH response, whereas non-anxiolytic dopaminergic or noradrenergic 
drugs generally do not affect the SIH response (for more pharmacological data see section 
5). However, many anxiolytic drugs also decrease basal body temperature even before 
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stress exposure occurs. Strong hypothermic effects of drugs reduce or even ablate the SIH 
amplitude without an anxiolytic mode of action (Olivier et al 2003). This is probably due to 
a disturbed homeostasis in which a SIH effect can no longer be present. It is therefore 
important not only to display temperature differences, but also to show the absolute 
temperature values to assess anxiolytic effects and effects on core body temperature.  
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Figure. 2: Pharmacological temperature reactions in C57BL/6J mice (n=10-12) in the classical SIH test. Drugs are 
injected 60 min before measuring the body temperature (BT) rectally twice within 10 min (T1 and T2, 
respectively). (A) basal SIH response (no drug) (B) SIH decrease, no effect on basal BT (chlordiazepoxide (CDP), 
10 mg/kg IP) (C) No SIH reduction, hypothermic effect on basal BT (5-CT, 5 mg/kg IP) (D) Decreased SIH due to 
ceiling effect, increased basal BT (bicuculline, 10 mg/kg IP) (E) Decreased SIH, decreased basal BT (ethanol, 3 
g/kg p.o.). Effects on SIH reduction (*, p<0.01) and basal BT (**: p<0.01). Error bars represent the S.E.M.. 

 
Unfortunately, the injection of a drug itself is a stressor that elevates body temperature. 
Therefore, drugs must be administered 60 min prior to the eventual stressor to assess SIH 
responses. This allows temperatures to return to approximately basal conditions. This 
period has been experimentally validated using various (genetically modified) strains and 
a wide variety of drugs (Olivier et al 2003). Because of a ceiling effect, it is not possible to 
superimpose two sequential stressors (injection plus rectal measurement). An interval of 
60 min is sufficient to ensure body temperature has sufficiently declined to approximately 
pre-stress baseline levels. In mice, injections 60 min before assessing the SIH response 
lead to an identical SIH response as compared to the mice that had received no injection 
at all (Fig. 3), supporting a 60 min period between injection and SIH assessment. 
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Drugs tested in the SIH paradigm need to possess sufficiently long half lives to be present 
in effective blood concentrations at the time of stress application 60 min later. It is 
especially important, when comparing the intrinsic potencies of a series of candidate 
drugs, to make the comparisons with respect to peak concentrations of drug. In fact, 
several CNS active drugs have peak plasma concentrations well before 60 min. One way to 
address these comparisons would utilize stress-free administration via intravenous 
catheters connected to flexible injection lines, in which handling and even disturbing the 
animal would no longer be necessary.   
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Figure 3: Similar SIH response in C57BL/6J mice (n=12) regardless of the vehicle used 60 min earlier. A: no 
injection (None). B 0.5% gelatin/ 5% mannitol solution (G-M)  C  0.5% methylcellulose solution  (M-C) D 0.9% 
saline (Saline).  

 
Extensive pharmacological testing has shown that the SIH paradigm is indeed suitable for 
predicting anxiolytic drug properties. Clinically effective anxiolytic drugs such as 
benzodiazepines and 5-HT1A receptor agonists such as buspirone all attenuate the SIH 
response (Olivier et al 2003). Most research has been carried out in rodents (for a review 
on the pharmacological SIH evidence (Bouwknecht et al 2007)), and a wide range of 
different drug classes has been tested so far. From this research, it has become evident 
that the GABAA and 5-HT systems are closely involved in the limbic stress response and 
the subsequent SIH reaction, whereas dopaminergic and noradrenergic drugs have little 
effect on the SIH response (Bouwknecht et al 2007). More importantly, acute effects of 
selective serotonin reuptake inhibitors (SSRIs) are absent (Olivier et al 2003). Chronic 
fluoxetine treatment is reported to have either no influence on SIH (Roche et al 2007) or 
to reduce SIH (Conley and Hutson 2007). All of these findings point to the fact that the SIH 
paradigm is sensitive to anxiolytic-like properties, contributing to its predictive validity. 
Before discussing a more detailed pharmacological background of drug classes and the 
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differences between and within animals, it is important to have a good understanding on 
the universality of the SIH response. 
 

3. Factors influencing the SIH response 

3.1 Strain differences  

The SIH response is robust, reproducible and reliable. However, the absolute temperature 
changes observed after a given stressor display significant variation, depending on 
various factors. First of all, animal strains differ in their ability to maintain homeostasis 
after stress in various anxiety animal models (Bouwknecht and Paylor 2002; Rodgers et al 
2002a; Van Bogaert et al 2006a), including the SIH paradigm. Testing revealed that 9 
mouse strains displayed a variable SIH response between 0.6 and 1.9 ˚C (Bouwknecht and 
Paylor 2002).  Differences in locomotor activity and body weight alone do not account for 
the differences in basal or stress-induced levels of temperature and heart rate (Pardon et 
al 2004; Van Bogaert et al 2006a) (for more: see section 6.1). Therefore, it is vital to assess 
the stress responsiveness of animals of a given strain before any experiment is initiated.  
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Figure 4: Entering the room of male Wistar rats (n=42) elicits a smaller SIH response than novel cage stress. At 
t=0 min, either the room was entered or rats were place in a novel cage. Insert: Bars represent the maximum SIH 
response and the AUC (area under the curve) of both interventions. One-way ANOVA, treatment as within-
subject factor: *: p<0.001. Error bars represent S.E.M.. 
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3.2 Type of stressor  

Stressors apparently can increase body temperature only up to certain levels, above 
which no further temperature rise is possible. This ceiling effect limits the maximum SIH 
response, but nevertheless several types of stressors evoke reliable SIH responses from 
basal temperature (Van der Heyden et al 1997). Minor stressors, such as entering the room 
where the animal is housed induce a smaller SIH compared to intermediate stressors as 
putting animals into a novel cage (Fig. 4). Intense stressors such as repeated social defeat 
lead to consistently higher SIH responses than placing animals in a novel cage, restraint or 
cage confinement  (Barnum et al 2007; Bhatnagar et al 2006; Pardon et al 2004). More 
subtle differences in stress intensity are generally not easily distinguished, although the 
duration of the stress effect – the time needed to return to baseline levels – correlates well 
with stressor intensity (Van Bogaert et al 2006a).  
 

3.3 Fever state: high and low environment temperature 

Fever states do not eliminate the SIH response, but influence SIH amplitude. Even in 
interleukin-induced fever, mice display a small but significant SIH reaction to novel cage 
stress (Fig. 5). This small amplitude is due to the fact that SIH responses cannot further 
increase in a high temperature state. A high basal body temperature therefore interferes 
with the SIH response (Bouwknecht and Paylor 2002; Dymond and Fewell 1999), and 
housing mice at 35 °C rather than 23 °C increases body core temperature from around 37 
˚C to around 39.5 °C (Jiang et al 2000) and this likely reduces the SIH amplitude. On the 
contrary, housing animals at 11° C instead of 24 °C does not interfere with SIH amplitude 
(Long et al 1990a). In general, environmental temperature has direct effects on body 
temperature homeostasis and resting body temperature (Jiang et al 2000), not only 
affecting SIH but also influencing lipopolysaccharide -induced fever (Buchanan et al 2006; 
Peloso et al 2003). In addition, body temperature displays circadian rhythmicity with a 1-2 
˚C temperature increase during the dark period. This influences SIH amplitude (Olivier 
2005; Peloso et al 2002), although no consistent studies have been carried out to test 
whether this affects drug testing. Generally, SIH testing is performed during the light 
period,  although one study showed a robust although smaller SIH response during the 
dark phase of the light-dark cycle (Caramaschi et al 2007). 
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Figure 5: The SIH response in C57BL/6J mice (n=8) is present in IL-1β-induced fever 
states, although the SIH response is smaller due to a ceiling effect. t=0: IL-1β or saline 
injection, t=120: Novel cage stress. *: p<0.01 (repeated measures ANOVA with IL-1β/saline 
as within subject factor, F1,7=15.90). Error bars represent S.E.M.. 

 

3.4 Habituation 
Habituation of stress responses are confounding factors when studying anxiety in animal 
models (Holmes et al 2001; McIlwain et al 2001). Generally, repeated daily stress exposure 
results in stress response habituation in the light-dark box (Onaivi and Martin 1989), the 
open field test (Cook et al 2002) and the SIH paradigm (Van der Heyden et al 1997). Daily 
testing with moderate stressors decreases SIH amplitude, although the SIH response 
remains robust (Barnum et al 2007; Bhatnagar et al 2006; Thompson et al 2003; Van der 
Heyden et al 1997). Similarly, daily injection stress in rats reduces the amplitude of SIH 
response (unpublished data). However, if the interval between two tests is long enough as 
in the SIH paradigm, no habituation occurs. In the SIH paradigm, testing once a week with 
moderate stressors does not interfere with the SIH response for over a year (Bouwknecht 
and Paylor 2002; Bouwknecht et al 2004b; Olivier et al 2003; Van der Heyden et al 1997). 
Surprisingly, exposure to a more severe stressor like repeated social defeat does not lead 
to SIH habituation (Barnum et al 2007; Bhatnagar et al 2006; Pardon et al 2004). Generally, 
chronic stress needs to be unpredictable in order to maintain full SIH capacity (Van der 
Heyden et al 1997).  
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4. Underlying thermoregulatory pathways: is SIH a fever? 

4.1 Relationship between stress and infectious fever 
The construct validity of the SIH paradigm depends on the neuronal mechanisms 
subserved by this response. The debate whether SIH is an entirely passive response that is 
unrelated to the underlying neuronal correlates in brain circuits that are active during 
pathological states of anxiety is ongoing (Oka et al 2001) and focuses on how exactly 
stress exposure ultimately leads to changes in body temperature, and how this 
temperature increase compares to other changes in body temperature such as infectious 
fever. 
 
Both stress and infectious fever result in the similar clinical signs: higher body 
temperature accompanied by shivering and cutaneous vasoconstriction (Briese and 
Cabanac 1991). Stress and infectious fever involve related systems. Stress activates the 
HPA axis and the sympathetic nervous system, and as a consequence acute and chronic 
stress affect the immune system (Connor and Leonard 1998; Croiset et al 1987; Leonard 
and Song 1999). Fever induces sickness behavior, reminiscent of depressive-like behavior 
(Frenois et al 2007), although this is only partially valid as an animal model (Dunn et al 
2005). The central amygdala modulates HPA axis responses following systemic 
Interleukin-1β (IL-1β) administration (Xu et al 1999). More specifically, the 
thermoregulatory preoptic area of the hypothalamus reacts to both aversive and 
rewarding stimuli, implying preoptic area involvement in stress responses (Hori et al 
1986). Adrenalectomy and glucocorticoid antagonists result in both increased IL-6 levels 
and an increased stress response (McClellan et al 1994; Morrow et al 1993), and nitric 
oxide synthase inhibition suppresses both lipopolysaccharide induced-fever and SIH in 
rats indicating a common mediator in temperature effects (Soszynski 2001). 
Lipopolysaccharide induced fever can be inhibited by behavioral conditioning, making a 
limbic input to fever plausible (Bull et al 1994; Bull et al 1990), and the C5a receptor 
antagonist PMX53 produced a significant increase in the number of c-fos-positive 
neurons in the medial amygdala, possibly through the ventrolateral medulla (Crane and 
Buller 2007). The central amygdala is known to modulate HPA axis responses following 
systemic IL-1β (Weidenfeld et al 2005; Xu et al 1999), possibly via prostaglandin-mediated 
lipopolysaccharide-responsive ascending pathways from the nucleus tractus solitarius 
and the ventrolateral medulla (Gaykema et al 2007; Xu et al 1999). Furthermore, 
paroxetine treatment can prevent pro-inflammatory action of interferon-alpha in rats 
(Myint et al 2007). 
 

Remarkable differences exist in the initiation, location and the neurotransmitters 
subserving the SIH response. While GABAA receptor agonists robustly abolish SIH (for 
review see (Bouwknecht et al 2007)), they have little effect on infectious fever (Olivier 
2005). On the other hand, 5-HT1A receptor agonists reduce SIH, but since they also reduce 
infectious fever, their anxiolytic efficacies are not as specific as anxiolytic GABAA receptor 
agonists (Blessing 2004). On the other hand, prostaglandin blocking drugs (e.g. non-
steroidal anti inflammatory drugs (NSAIDS)) have impressive effects on 
lipopolysaccharide-induced fever, whilst the effects of NSAIDS on SIH seem to be small or 
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even absent, although contradictory reports exist (Kluger et al 1987; Morimoto et al 1991; 
Singer et al 1986; Vellucci and Parrott 1995). Even when fever is present, SIH can be 
induced by stress exposure (Fig. 5). Also, SIH remains present in prostaglandin receptor 
null mutation (KO) mice (Oka et al 2003; Saha et al 2005) and in lipopolysaccharide 
tolerant animals (Soszynski et al 1998), in which fever states can no longer be evoked. 
Antiserum against IL-1α and IL-1β does not affect the SIH response (Long et al 1990b), and 
direct corticosterone injection into the anterior hypothalamus attenuates 
lipopolysaccharide-induced fever but not the SIH response (Morrow et al 1996). The vagal 
nerve known to influence the lipopolysaccharide-induced fever response has no effect on 
the SIH response (Cabanac and Dardashti 1999). 
 
Therefore, stress and infection are not independent, yet they display remarkable 
differences. In the next sections, we will present a short overview of the evidence for the 
central pathways subserving stress response vs. infectious fever. We will argue that both 
find their origins in anatomically distinct brain parts, but that both eventually connect to 
common pathways located in the dorsomedial hypothalamus to increase body 
temperature. 
 

4.2 Stress and the medial amygdala 
A typical flight-or-fight response is mediated by limbic brain areas, including various 
amygdala nuclei and central gray (Carrasco and Van de Kar 2003). SIH is initiated by extra-
hypothalamic mechanisms that modulate stress and anxiety (Olivier et al 2002; Veening et 
al 2004). Since all central body temperature effects are eventually regulated in the 
hypothalamus, a connection between the anxiety-involved limbic system and the 
hypothalamic temperature execution areas is assumed.  
 

The medial amygdala nucleus is involved in the stress reaction (Davis 1997), and has 
connections to various brain areas, including the striatum, bed nuclei of the stria 
terminalis and many parts of the hypothalamus (among which the paraventricular 
nucleus, medial preoptic area and anterior hypothalamus) (Canteras et al 1995) (Herman 
et al 2005). In addition, the medial amygdala displays c-fos activation after different kinds 
of acute stress (Cullinan et al 1995; Dayas et al 2001; Dayas et al 1999; Emmert and 
Herman 1999; Figueiredo et al 2003a; Kollack-Walker et al 1997; Pezzone et al 1992), but 
SIH has not been specifically evaluated for c-fos immunoreactivity in the medial amygdala 
(Veening et al 2004). Other treatments such as IL-1β injection, hypoxia or hemorrhage 
elicited no medial amygdala response (Figueiredo et al 2003b; Sawchenko et al 1996; 
Thrivikraman et al 1997). There is ample evidence for amygdaloid GABAergic projecting 
pathways (Swanson and Petrovich 1998), and medial amygdala-receptive regions like the 
hypothalamic paraventricular nucleus projecting neurons such as the dorsomedial 
hypothalamic nucleus and the preoptic area are largely GABAergic (Cullinan 2000; 
Cullinan et al 1996; Roland and Sawchenko 1993). The SIH response is known to be 
accompanied by a HPA response, and increases of adrenocorticotropic hormone (ACTH) 
levels after stress through paraventricular nucleus activation (Dunn and Whitener 1986; 
Feldman et al 1994; Gray 1993). Lesioning the medial amygdala (but not the central 
amygdala) reduced restraint-induced paraventricular nucleus activation (Dayas et al 
1999), and local administration of muscimol into the medial amygdala attenuated 
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restraint stress-induced responses (Kubo et al 2004). Amygdala-lesioned rats had less 
blood pressure increase after environmental stress (Folkow et al 1982), and social isolation 
influenced the medial amygdala-mediated  activation HPA-axis response (Sanchez et al 
1995). The medial amygdala proved critical for the activation of medullary noradrenergic 
cells after psychological stress, while the central amygdala had an inhibitory effect (Dayas 
and Day 2002). Noradrenergic release in the medial amygdala facilitated HPA-axis 
activation in response to acute stress (Ma and Morilak 2005). The posteromedial cortical 
amygdala shows increased c-fos expression in response to hot and cold environmental 
temperatures, although the medial amygdala was not assessed separately. The central 
amygdala, basolateral amygdala and lateral amygdala did not show a response (Bachtell 
et al 2003). 
 

In contrast to medial amygdala involvement in acute responses to stress, there is less 
evidence for other limbic structures involved in stress. The central amygdala did not 
express c-fos after SIH (Veening et al 2004) or other stress-inducing procedures (Cullinan 
et al 1995; Herman et al 2005), but immune challenge does affect central amygdala c-fos 
expression (Buller and Day 2002; Dayas et al 2001; Ericsson et al 1994). The basolateral 
amygdala extensively innervates the central and medial amygdala (Davis 2006), and is 
thought to be involved in conditioned fear responses (e.g. fear potentiated startle) 
(Cardinal et al 2002; LeDoux 2000), but lesions of the basolateral amygdala do not 
modulate ACTH, corticosterone or CRH release (Feldman et al 1994; McGregor and 
Herbert 1992; Seggie 1987). In summary, these findings support the involvement of 
medial amygdala in the response to an acute stress, including the SIH procedure. 
Connections from the medial amygdala to hypothalamic neuroendocrine nuclei are thus 
involved in the stress-induced temperature effects. 
 

4.3 Infection and the hypothalamic preoptic area 
The central area involved in infectious fever is the hypothalamic pre-optic area, 
containing warm and cold sensitive neurons (Blatteis and Sehic 1998; Boulant 2000). 
Exogenous pyrogens or parts thereof such as lipopolysaccharide lead to the activation of 
the immune system with subsequent release of pyrogenic cytokines, among which tumor 
necrosis Factor-α, IL-1 and IL-6 (Kakizaki et al 1999; Kluger 1991; Mastorakos and Ilias 
2006). Through prostaglandin E2 (PGE2), these cytokines inhibit – directly or indirectly - 
the warm-sensitive neurons in the preoptic area, suppressing heat loss responses and 
activating cold-sensitive neurons to increase heat production. Together, these processes 
effectively elevate the set point for body temperature (Boulant 2000). This elevated set 
point persists as long as these pyrogen levels are elevated. PGE2 is also reported to 
activate the bed nuclei of the stria terminalis and central amygdala (Lacroix et al 1996; 
Zhang and Rivest 2000). 
 
There is evidence that cytokines activate the preoptic area through PGE2 synthesis and 
release in the organum vasculosum laminae terminalis (the circumventricular organ 
system), surrounding the preoptic area but located outside of the blood-brain barrier 
(Rotondo et al 1988; Stitt 1986). In any case, PGE2 mediated effects through prostanoid 
EP3 receptors in the hypothalamus play a pivotal role in fever (Nakamura et al 1999). The 
vagal nerve (Blatteis et al 2000; Romanovsky et al 2000) and the anteroventral third 
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ventricular region are also known to influence lipopolysaccharide-induced fever (Elmquist 
et al 1996; Hunter 1997; Scammell et al 1996; Whyte and Johnson 2007), although their 
exact role remains to be elucidated. Ultimately, preoptic area activation by cytokines is 
necessary for an infectious fever to manifest itself.  
 

4.4 Thermoregulatory execution and the dorsomedial hypothalamus 
The medial amygdala and the preoptic area thus play a role in stress and infectious fever, 
respectively. Now, we focus on the assumption that a common neural pathway ultimately 
causes the actual temperature increases for both fever and SIH. From aforementioned 
literature, we hypothesize the dorsomedial hypothalamus to be the central projection 
area of both the medial amygdala and the preoptic area.  
 
Generally, dorsomedial hypothalamus activation results in both vasoconstriction and 
shivering, via neurons in the dorsal dorsomedial hypothalamus that project directly to the 
rostral raphe pallidus. Neuronal disinhibition in the dorsomedial hypothalamus results in 
an increased body temperature through neuronal activity of premotor sympathetic 
neurons (vasoconstriction) in the rostral raphe pallidus and sympathetically mediated 
activation of brown adipose tissue (for reviews: (DiMicco et al 2006; Dimicco and Zaretsky 
2007)). The rostral raphe pallidus directly controls sympathetic preganglionic neurons 
(SPNs) in the intermediolateral cell column of the thoracic spinal cord (Nakamura et al 
2004; Nakamura et al 2005a). The dorsomedial hypothalamus also projects to the 
paraventricular nucleus, the principal location of neurons that contain corticotropin-
releasing factor (Sawchenko et al 2000; ter Horst and Luiten 1986; Thompson et al 1996); 
disinhibition of the dorsomedial hypothalamus also results in increased c-fos expression 
in the paraventricular nucleus and elevated plasma ACTH (Zaretskaia et al 2002). 
Paraventricular nucleus neurons also project to the rostral ventrolateral medulla, and the 
intermediolateral cell column, and sacral preganglionic parasympathetic nuclei 
(Benarroch 2005), and thus the paraventricular nucleus could contribute to autonomic 
temperature effects. 
 

It has been shown that lipopolysaccharide-induced fever increases c-fos expression in the 
dorsomedial hypothalamus (Elmquist and Saper 1996; Lacroix and Rivest 1997; Rivest and 
Laflamme 1995; Zhang et al 2000) and that direct projections of EP3 receptor-expressing 
preoptic area neurons to the dorsomedial hypothalamus region exist, mediating 
temperature effects of infection (Nakamura et al 2005b). The preoptic area activates 
pathways that include neurons in the dorsomedial hypothalamus and the rostral raphe 
pallidus (Cerri and Morrison 2006). Muscimol microinjection (a GABAA receptor agonist) in 
the rostral raphe pallidus blocked increased body temperature, brown adipose tissue 
temperature, and sympathetic nerve activity caused by PGE2 microinjection into the 
preoptic area (Madden and Morrison 2003; Madden and Morrison 2004; Nakamura et al 
2002). Thus, infectious fever is the result of dorsomedial hypothalamus activation by the 
hypothalamic preoptic area. In the SIH response, sympathetic brown adipose tissue 
activation is involved (Shibata and Nagasaka 1982). Furthermore, the effector route from 
the dorsomedial hypothalamus to the rostral raphe pallidus seems to be likely in SIH as 
well, since saline microinjection into the dorsomedial hypothalamus or paraventricular 
nucleus results in an adequate SIH response, but muscimol microinjection in the 
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dorsomedial hypothalamus entirely ablates this temperature increase (Dimicco and 
Zaretsky 2007), making a role of the dorsomedial hypothalamus in the SIH response very 
likely. 
 

4.5 Is SIH a fever? 
All in all, a complete distinction between infectious fever and SIH cannot be made, yet 
both processes are quite different. The facts that SIH is similar in warm and cool 
environments and that SIH results in peripheral vasoconstriction (Briese and Cabanac 
1991; Frank et al 2000 ; Long et al 1990a) indicates an active temperature increase and not 
a passive hyperthermia, and support the evidence that SIH (partially) uses the same 
thermoregulatory effector pathways as infectious fever. However, if fever is caused by 
continuous preoptic area activation of the dorsomedial hypothalamus, one could think of 
SIH as a short lasting medial amygdala-mediated activation of the dorsomedial 
hypothalamus. The SIH response generally does not last as long as fever since stress by 
nature does not last as long as an infection. Chronic unpredictable stress influences the 5-
HT neurotransmitter system (Davis et al 1995), and also influences temperature stress 
responses (Matuszewich and Yamamoto 2003). Therefore, we hypothesize that chronic 
unpredictable stress would lead to persisting SIH responses. In contrast, repeating the 
same stressor for a longer period will lead to a smaller SIH response (see section 3.4). 

  

5. SIH pharmacology 

5.1 The GABAA system and anxiety  
GABAA receptors likely modulate anxiety responses (Broocks et al 2003). These receptors 
are a family of pentameric ligand-gated chloride channels made up of five subunits 
(Barnard et al 1998), of which different isoforms exist. The most common subtype is a 
pentamer with 2 α, 2 β and 1 γ subunit (Sibille et al 2000), GABAA receptor subunit 
composition ultimately determines receptor properties and modulatory sites (Rudolph et 
al 1999). GABAA receptor subtypes have characteristic central distributions, indicative of 
distinct roles for each subtype (Pirker et al 2000; Sieghart and Sperk 2002). 
Pharmacological and genetic evidence from mice with diazepam insensitive point 
mutations has led to specific hypotheses regarding the contributions of each subtype to 
diazepam pharmacology (Rudolph and Mohler 2006).  
 

The benzodiazepine class of clinically efficacious anxiolytics such as diazepam 
allosterically potentiates GABA-induced currents. Of the α subunits, only α1, α2, α3, and α5 
form a benzodiazepine binding site, representing around 75% of the total brain GABAA 
receptor population (McKernan and Whiting 1996). These α-subunits thus mediate 
benzodiazepine effects such as anxiolysis, muscle-relaxant and anticonvulsant properties 
as well as unwanted benzodiazepine side effects as amnesia, tolerance, dependence, and 
alcohol potentiation. Since the advent of benzodiazepines, the search for novel anxiolytic 
drugs with reduced side-effects has a long history in drug development. In the 1980’s this 
effort focused on compounds with reduced intrinsic efficacies (Haefely et al 1990), and 
more recently on compounds with selectivity away from α1-containing subtypes  
(Rudolph and Mohler 2006). It is remarkable that while many benzodiazepine anxiolytics 
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have been introduced to clinical practice until 1983, no non- benzodiazepine anxiolytics 
acting via GABAA receptors have been successfully developed and marketed since. 

 

Positive modulation of α1 subtypes appears to mediate sedative effects of 
benzodiazepines (Atack et al 2006; Rudolph et al 1999). In fact, zolpidem has ~10-fold 
selective affinity for α1-subunits and has indeed sedative effects in animals as well as 
humans (Griebel et al 2000a). The anxiolytic effect of benzodiazepines is ascribed to α2 
and/or α3 subunit agonist activity (Atack et al 2006; Broocks et al 2003; Dias et al 2005). 
The α2 and α3 subunits are expressed in both the amygdala and the bed nuclei of the stria 
terminalis (Marowsky et al 2004; Pirker et al 2000) which are closely involved in anxiety 
responses. On a more detailed level, the medial amygdala expresses α1, α2 and α3 GABAA 
subunits (Pirker et al 2000). Conflicting evidence exists on the presence of  α1 subunits in 
the central amygdala (Marowsky et al 2004; Pirker et al 2000). As a result, drug candidates 
selectively modulating α2 and/or α3 subtypes are sought after based on the premise of 
subtype selectivity potentially reducing the side effects of classical benzodiazepines 
(Atack et al 2006; Rowlett et al 2005).  

 

5.2 SIH and GABAA receptor agonists  
Since GABAA receptors play an important role in the autonomic stress and anxiety 
reponses, it is not surprising that non-selective, as well as selective, GABAA receptor 
agonists are consistently effective in the SIH paradigm across species and strains 
(Bouwknecht et al 2007; Olivier et al 2002). A dose-dependent ablation of the SIH 
response is usually the result (Fig. 9), reflecting dose-dependent anxiolytic effects of 
classic benzodiazepines. Hypothermic effects on core body temperature are visualized by 
a reduced non stressed body temperature (T1, Fig. 8 and 9-11). However, in rats, 
homeostasis is more tightly regulated, so that these efffects are not always apparent. A 
way of measuring sedative effects of benzodiazepines in rodents is by looking at a dose-
dependent reduction of locomotor activity (Fig. 6). Benzodiazepines are known to reduce 
locomotor activity (Gonzalez-Pardo et al 2006; McNamara and Skelton 1997; 
Siemiatkowski et al 2000). In general, GABAA drugs that modulate α1-containing subtypes 
affect basal body temperature as well as locomotor activity, whereas drugs selectively 
modulating α2- or α3-containing subtypes will reduce the SIH response with less effects on 
the basal body temperature or locomotor activity (Fig. 7). Such subunit-selective 
compounds are increasingly being developed and show promising results in the SIH 
paradigm. TP003, an α3 subtype receptor agonist  does not influence stress-induced 
activity levels, but reduces the SIH response (Dias et al 2005). Also, the effects of alcohol 
are at least partially mediated via GABAA receptors (Follesa et al 2006; Graham et al 1990; 
Kumar et al 2003). As such, alcohol reduces SIH but it is hypothermic at high doses (Fig. 
11) (Olivier et al 2003). GABAA receptor modulators such as bretazenil are not effective in 
the SIH paradigm, and GABAA receptor antagonists such as flumazenil do not affect the 
SIH response, although they can block the SIH reducing effect of diazepam (Olivier et al 
2002; Olivier et al 2003).  
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Figure 6: Dose-dependent reduction of locomotor activity with diazepam (0-1-2-4 mg/kg) in C57BL/6J mice 
(n=11), reflecting sedation. At t= -60 min, vehicle or diazepam is injected. At t= 0 min, a novel cage is applied as a 
stressor. Repeated measures ANOVA, treatment as within-subject factor: * p<0.01 for injection stress at t=-60 
(F3,30=6.5),, ** p<0.05 for novel cage stress at t=0 (F3,30=4.45). 
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Figure 7: Effects of zolpidem (5-30 mg/kg, IP) and diazepam (2-4 mg/kg, IP) on the SIH response and basal body 
temperature in the classical SIH test in C57/BL6J mice (n=12). All doses of zolpidem reduce core temperature (**: 
p<0.001) and reduce SIH (*, p<0.001). Diazepam reduces the SIH response at 2 mg/kg (p=0.07) and 4 mg/kg (*, 
p<0.001), and also reduces basal body temperature at all doses (**, p<0.001). Error bars represent S.E.M.. 

 

5.3 Serotonergic system and anxiety 
Serotonergic neurons are known to be extensively involved in anxiety responses (Millan 
2003). Of the wide range of serotonin receptors known, the complex effects of 5-HT1A 
receptors in anxiety have been extensively studied (Olivier et al 2001). 5-HT1A receptors 
are mainly located in the raphe nuclei as somatodendritic autoreceptors and in limbic 
structures including the amygdala as postsynaptic receptors (Burnet et al 1995; Chalmers 
and Watson 1991; Cowen 2000; Hoyer et al 1986; Kung et al 1994; Pompeiano et al 1992; 
Verge et al 1986). Differential c-fos immunoreactivity after 5-HT1A receptor agonist 
flesinoxan administration has been described (Compaan et al 1996; Compaan et al 1997). 
5-HT1A somatodentritic autoreceptors generally inhibit the amygdala through 
serotonergic projections from the dorsal raphe nucleus (Cervo et al 2000), which are 
known to be activated in acute stress states (Den Boer et al 2000). Generally, 5-HT1A 
receptor agonists like buspirone have been shown to exert consistent anxiolytic actions in 
rodents and humans (Bouwknecht et al 2004a; Millan 2003). SSRIs are clinically effective in 
treating anxiety disorders (Vaswani et al 2003), decreasing the inhibitory action of 5-HT1A 
autoreceptor in firing rates of the 5-HT neurons (Gartside et al 1995; Sharp et al 1997). 
Besides the pharmacological evidence indicating a role for the 5-HT1A receptors in anxiety, 
the use of gene knock-out models has led to helpful information on the role of these 
receptors in anxiety. 5-HT1A receptor KO mice (5-HT1AKO) display increased anxiety in 
various behavioral tests (Gingrich and Hen 2001; Holmes et al 2003c; Scearce-Levie et al 
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1999), including autonomic changes (Gingrich and Hen 2001; Groenink et al 2003b; Pattij 
et al 2002a). 
 
The role of 5-HT1A receptors in anxiety is complex (Gingrich and Hen 2001; Pucadyil et al 
2005). GABA can modulate 5-HT receptors (Forchetti and Meek 1981; Roberts et al 2004b), 
and vice versa, 5-HT1A receptors can modify GABAergic pathways (Fernandez-Guasti and 
Lopez-Rubalcava 1998; Sakaue et al 2001; Sibille et al 2000; Siemiatkowski et al 2000) and 
can also suppress the limbic release of GABA (Kishimoto et al 2000; Sakaue et al 2001). 
However, a complicating factor is that such interactions appear to be strain-dependent 
(Pattij et al 2002b).   
 
Apart from 5-HT1A receptors, several other 5-HT receptors are implicated in anxiety. The 
role of 5-HT2 receptors in anxiety states is less clear, and is postulated to be mediated via 
GABAergic neurons (Millan 2003). 5-HT7 receptor antagonists could have an anxiolytic 
effect (Wesolowska et al 2006), but 5-HT7 receptor KO mice do not display altered anxiety-
like behavior (Guscott et al 2005; Roberts et al 2004a). 
 

5.4 Serotonergic receptors and basal body temperature 
Serotonin receptors influence basal body temperature. 5-HT1A receptor agonists are 
known to induce a hypothermic response in both animals (Bouwknecht et al 2000; Cryan 
et al 1999) and humans (Pitchot et al 2002; Pitchot et al 2004). This effect is induced 
through presynaptic 5-HT1A autoreceptors (Cowen 2000). Chronic treatment with SSRIs 
attenuates 5-HT1A agonist-induced hypothermia in healthy subjects (Lerer et al 1999; 
Sargent et al 1997) as well as in patients diagnosed with anxiety disorders and depression 
(Broocks et al 2003; Lesch et al 1991; Navines et al 2007), suggesting desensitization of the 
somatodendritic 5-HT1A receptor. The hypothermic effect of 5-HT1A receptor agonists 
originates in the medullary rostral raphe pallidus, leading to cutaneous vasodilatation and 
decreased brown adipose tissue thermogenesis (Ootsuka and Blessing 2003; Ootsuka and 
Blessing 2006a; Ootsuka and Blessing 2006b). A hypothermic effect of 5-HT1A receptor 
agonists in lipopolysaccharide-induced fever states can be explained by the common role 
of the rostral raphe pallidus in descending thermoregulatory pathways as we discussed in 
section 4.3  (Blessing 2004; Nalivaiko et al 2005).  

Stimulation of the 5-HT7 receptors with the non-selective 5-HT7 receptor agonist 5-
carboxytryptamine (5-CT) results in hypothermia in mice (Fig. 8), an effect absent in  5-HT7 
receptor knockout mice (Guscott et al 2003). 5-HT2 receptor agonists increase basal 
temperature, whereas 5-HT2 receptor antagonists decrease basal temperature and can 
prevent the development of hyperthermia (Nisijima et al 2001; Yamada et al 2001; Zethof 
et al 1995). 5-HT2 antagonistic effects are implicated in hypothermia during antipsychotic 
use (van Marum et al 2007). The effects of serotonin activation on basal body temperature 
makes interpretation of SIH results not always straightforward, even more since severe 
hypothermia can interfere with thermoregulatory homeostatic processes essential to SIH 
responses. The development of a more selective 5-HT1A receptor agonist with a 
postsynaptic preference could aid in distinguishing anxiolytic from hypothermic 
processes (Maurel et al 2007).  
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5.5 SIH and serotonergic drugs 
The search for serotonergic anxiolytic drugs in the SIH paradigm has focused on 5-HT1A 
receptor agonists. Especially flesinoxan has received ample attention as an anxiolytic 
attenuating the SIH response (Bouwknecht et al 2004a). Flesinoxan reduces the SIH 
repsonse at lower doses, but at higher doses, a severe hypothermia develops, making 
higher doses less readily interpretable (Fig. 10). Also, buspirone, which has been 
registered as an anxiolytic in humans, decreases the SIH response, an effect absent in 5-
HT1A KO mice (Van Bogaert et al 2006a).  
 
Radio telemetry testing in 5-HT1A KO mice has revealed an increased SIH response in KO 
mice after novel cage stress but not after rectally induced hyperthermia (Pattij et al 
2002a), so that the classical SIH test using rectal temperature measurements did not 
reveal an increased SIH response in these KO mice (Pattij et al 2001). In addition, 
GABAergic drugs decrease the SIH response in 5-HT1A KO (Pattij et al 2001; Van Bogaert et 
al 2006a), suggesting that the 5-HT1A KO mice do not display changed GABAA receptor 
function. This effect however seems to be strain-dependent (Sibille et al 2000; Van 
Bogaert et al 2006a). Interestingly, effects of glutamate receptor antagonists on SIH can 
be antagonized with the 5-HT1A receptor antagonist WAY100,635 (Iijima et al 2007). All in 
all, the exact role of 5-HT1A receptors in anxiety including the SIH paradigm is complex. 
 
Besides the consistent effects of 5-HT1A receptor agonists, other serotonergic drugs do not 
influence the SIH response, including 5-HT2A/C receptor  agonists and antagonists, and 5-
HT3 receptor antagonists (Bouwknecht et al 2007). Also, 5-HT1B receptor agonists do not 
influence the SIH response, and 5HT1B KO mice do not display alterered SIH response and 
drug sensitivity (Groenink et al 2003b). In addition, there are no acute effects of SSRI 
administration (Olivier et al 2003) (Fig. 8). Chronic SSRI treatment however, can decrease 
the SIH response in rats (Conley and Hutson 2007), although another study could not find 
such effects (Roche et al 2007).  
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Figure 8:  No reduction of the SIH response with 5-HT7 receptor agonist 5-CT (1-5 mg/kg, IP) and SSRI 
escitalopram (2-5 mg/kg, IP), but basal body temperature effects in the classical SIH test in C57BL/6J mice (n=12). 
All doses of 5-CT and escitalopram reduce core temperature (repeated measures ANOVA, **, p<0.001) but do not 
influence the SIH response (Escitalopram: p=0.42, NS, 5CT: p=0.62, NS). Error bars represent S.E.M.. 
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6. Variance in stress/SIH response 

6.1 Species and strain differences 
There are considerable differences in anxiety-like and depression-like behaviors between 
species and strains (Crabbe et al 1999; Cryan and Holmes 2005; Wahlsten et al 2003). 
These are attributable to genetic background (Turri et al 2001), but also epigenetic factors 
play a role (Francis et al 2003). Besides the variation in anxiety-like behavior, sensitivity to 
various anxiolytic drugs also depends on strain (Griebel et al 2000a; Lepicard et al 2000; 
Lucki et al 2001; Rodgers et al 2002b; Shanks and Anisman 1989; Tang et al 2005). 5-HT1A 
receptor responses are dependent on genetic background as well as the anxiety model 
used (Bouwknecht et al 2004a). In the SIH paradigm, mouse strain differences exist in 
basal as well as stress-induced autonomic responses to stress. The C57BL/6J (B6) mice 
showed the largest autonomic response compared  to  Swiss-Webster (SW) and 129Sv/Ev 
(129Sv) mice (Bouwknecht and Paylor 2002; van Bogaert et al 2006b). Between-strain SIH 
variance was however smaller than light-dark box test variance (Bouwknecht and Paylor 
2002).  
 
We tested diazepam (0-4 mg/kg, IP, Fig. 9), the 5-HT1A receptor agonist flesinoxan (0-3 
mg/kg, IP, Fig. 10) and ethanol (0-4 g/kg, PO, Fig. 11) in mice on three different genetic 
backgrounds (129Sv, B6 and SW) using radio-telemetry to determine whether anxiolytic 
drug effects are strain dependent in the SIH paradigm. The strains used are frequently 
used as genetic backgrounds for gene-targeting experiments and animal behavioral and 
pharmacological studies.   
 
As expected, diazepam, flesinoxan and ethanol all dose-dependently reduced the SIH 
response. Even though the 129Sv strain shows highest SIH response after vehicle 
injection, none of the three strains was consistently more sensitive to anxiolytic-like (SIH) 
or intrinsic drug effects on basal body temperature. Depending on the specific receptor 
system investigated, a different strain was most sensitive and therefore no strain is more 
qualified to measure anxiolytic-like effects of drugs in the SIH paradigm compared to the 
others. Except for ethanol, all drugs were able to reduce T1 with different sensitivities 
between the strains. After injection of diazepam, hypothermia was observed only in the 
129Sv strain (Fig. 9). All mouse strains showed reductions after flesinoxan with the B6 and 
SW mice being most sensitive (Fig. 10). Ethanol decreased the basal body temperature 
(Fig. 11). Flesinoxan displayed anxiolytic-like effects in all strains, reducing SIH with the SW 
strain being most sensitive (Fig. 10). Interestingly, the B6 strain was only modestly 
sensitive to the effects of flesinoxan on SIH, but at the same time this strain was very 
sensitive to the effects of flesinoxan on the basal body temperature.  These data clearly 
show that all drugs are robustly anxiolytic independent of strain, and this contributes to 
the predictive validity of the SIH paradigm. Furthermore, these data support that the SIH 
response can be determined independently from interfering drug effects on the basal 
body temperature.  
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Figure 9: Effects of non-selective GABAA agonist diazepam (0-4 mg/kg, IP) on the SIH response and basal body 

temperature) in three mouse strains (n=10-12): 129Sv/Ev (129Sv) (A), C57BL/6J (B6) (B), Swiss Webster (SW) (C). 

Diazepam reduced SIH in all strains (F3,30=5.48, p=0.004). The 129Sv strain was most sensitive to the effects of 

diazepam, and reduced SIH was observed at all doses (F3,8=11.73, p=0.003). In the SW strain SIH was reduced at 2 and 

4 mg/kg (F3,8=5.43, p=0.026), whereas the B6 strain was least sensitive and only showed reduced SIH after 4 mg/kg of 

diazepam (F3,9=4.32, p=0.038). Also, diazepam reduced the basal body temperature in all strains (F3,30=7.29, p=0.001). 

In the 129Sv strain, the basal body temperature was reduced at 2 and 4 mg/kg of diazepam (F3,8=7.52, p=0.001). The 

SW strain showed a basal body temperature reduction at 4 mg/kg compared to the vehicle condition (F3,8=8.71, 

p=0.007) and a trend on basal body temperature was observed in the B6 strain, although this was not significant 

(F3,9=3.32, p=0.07). 
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Figure  10: Effects of 5-HT1A agonist flesinoxan (0-3 mg/kg, i.p.) on the SIH response and basal body temperature 
in three mouse strains (n=10-12): 129Sv/Ev (129) (A), C57BL/6J (B6) (B), Swiss Webster (SW) (C). Overall, flesinoxan 
reduced the SIH response (F3,27=5.3, p=0.006). 129 mice showed anxiolytic-like effects after 1 and 3 mg/kg of 
flesinoxan, B6 mice only at 3 mg/kg flesinoxan and SW mice at all doses (129Sv: F3,7=31.6, p=0.003; B6: F[3,8]=5.4, 
p=0.03; SW: F3,8=26.4, p<0.001). Flesinoxan also reduced the basal body temperature (F3,27=5.0, p=0.04). 
Compared to vehicle, both B6 and SW mice showed a hypothermia after all doses of flesinoxan, whereas the 
129Sv strain showed reduction only after 3 mg/kg of flesinoxan (129Sv: F3,7=3.30, NS; B6: F3,8=17.51, p=0.001; SW: 
F3,8=17.72, p=0.001). 
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Figure 11: Effects of ethanol (0-4 g/kg, p.o.) on the SIH response and basal body temperature in three mouse 
strains (n=10-12) 129Sv/Ev (129) (A), C57BL/6J (B6) (B), Swiss Webster (SW) (C). All strains showed qualitatively 
comparable responses upon ethanol. Effects on both the SIH response as well as the basal body temperature 
were similar for all strains and were therefore analyzed together. In all strains SIH 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).  
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6.2 Sex differences 
Women are more vulnerable to develop depression and anxiety disorders (Joffe and 
Cohen 1998), possibly due to fluctuating levels of estrogen. Females also exhibit larger 
stress-induced cortisol response as well as higher basal cortisol levels. However, estrogen 
has a complex role in modulating autonomic responsiveness after stress (Kajantie and 
Phillips 2006; Saleh et al 2000; Saleh and Connell 2003). In general, estrogen inhibits the 
sympathetic nervous system and enhances the parasympathethic system (Kajantie and 
Phillips 2006). Estradiol is known to decrease anxious behavior in ovariectomized rats 
(Petroski et al 2006), as well as attenuate HPA-axis reaction after stress (Puder et al 2001). 
Also in humans, estradiol can decrease stress-induced autonomic activity (Del Rio et al 
1994; Komesaroff et al 1999; Lindheim et al 1992). Conflicting data on the effects of 
estrogen in tests of fear and anxiety exist (Walker et al 2003). In the SIH paradigm, female 
mice display a reliable but lower SIH response compared to male mice (Olivier et al 2003). 
Another study reported a higher SIH response of female rats compared to males 
(Thompson et al 2003). Also, effects of maternal deprivation on SIH are sex-dependent 
(Esposito 2006).  
 
Hot flashes in the first menopausal years are ascribed to autonomic dysregulation which 
can be attenuated with SSRI treatment (Freedman 2005; Joffe et al 2007). Since stress can 
increase the number of hot flashes (Swartzman et al 1990), they can be regarded as a 
dysregulated SIH response. Postmenopausal women display altered levels of 5-HT (Duffy 
et al 2006). Stress responsiveness in females is also dependent on estrous cycle 
(Marcondes et al 2001; Mora et al 1996). In addition, estrous cyclicity alters 
benzodiazepine sensitivity (Fernandez-Guasti et al 2001; Fernandez-Guasti and Picazo 
1990; Reddy and Kulkarni 1999), although 5-HT1A receptor agonist sensitivity was not 
altered (Fernandez-Guasti et al 2001; Fernandez-Guasti and Picazo 1990; Reddy and 
Kulkarni 1999). GABAA receptor subunit expression in the female medial amygdala 
depends on reproductive experience and state of estrous cyclicity, with increased 
proestrous α1 and α2 subunit expression in nulliparous females (Byrnes et al 2007). Sex 
steroid hormone levels also influence infectious fever responses (Avitsur et al 1995). After 
lipopolysaccharide administration, men showed a greater increase in core temperature 
than women (Coyle et al 2006).  
 
How estradiol exactly modulates the stress response remains to be elucidated. There is 
evidence for a link between estradiol and the GABAA and 5-HT receptor systems. (Bethea 
et al 2002; McEwen and Alves 1999; Rybaczyk et al 2005), In rats, a high estrogen receptor 
density is present in the medial amygdala, bed nuclei of the stria terminalis and preoptic 
area (Canteras et al 1995; Rivest and Laflamme 1995; Shughrue et al 1997), as well as 
raphe pallidus (Hamson et al 2004). Furthermore, a GABAA receptor antagonist is able to 
block the estrogen-induced sympathetic effects, indicating that estrogen effects are at 
least partially mediated through the GABAA system (Saleh and Connell 2003). Estradiol 
also increases serotonin transporter mRNA levels (McQueen et al 1997).  
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6.3 Individual differences 
Individuals differ in their susceptibility to develop an anxiety disorder due to genetic and 
environmental variation (Fyer et al 2006; Hettema et al 2001). A natural distribution in 
individual stress response is always present, and this also goes for the SIH response, where 
the SIH amplitude has a certain distribution as shown in male rats (Fig. 12). It is to be 
expected that the SIH amplitude correlates with perceived stress levels in humans, 
although this has never been investigated. In rats, maternal deprivation leads to 
longlasting behavioral influences, and this causes a higher SIH response to be present 
(Esposito 2006). Also, maternal behavior directly influences GABAA receptor expression 
(Caldji et al 2004). A history of stress induces a larger SIH response (Bhatnagar et al 2006). 
This supports the notion that individual life experiences directly affect the SIH amplitude.  
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Figure 12: Individual SIH distribution in Wistar rats (n=43) undergoing 3 novel cage procedures inducing a 
robust SIH response. Data of one rat is the mean ±S.E.M. of 3 novel cage responses over time. 
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7. Conclusion 

The evidence supporting the SIH response as a valid paradigm to assess anxiety states has 
been consistent. All available anxiolytic drugs so far have been shown to reduce the SIH 
response in rodents. The possible potential of measuring body temperature to assess 
anxiety can be illustrated by the fact that peri-operative stress caused an increased 
temperature after surgery (Frank et al 2000). The relative ease to measure body 
temperature without extensive or intrusive procedures makes the SIH procedure a very 
attractive measurement to study stress and anxiety in humans. New applications like 
human telemetry make easy experimentation under non-intrusive circumstances 
possible. The fact that the SIH procedure is identical in humans as well as animals makes 
direct comparison possible, providing excellent animal-to-human translational 
possibilities. Surprisingly, little structural research has been carried out to characterize the 
SIH response in humans. Human pharmacological studies are needed to further validate 
the translational value of all the data gathered thus far in animals. We conclude that the 
SIH paradigm provides an enormous potential to study stress and anxiety in rodents as 
well as humans, and that it can be used to study the efficacy of new therapeutic anxiolytic 
agents 



 

 



 

 

Chapter 2 

 

The basic protocol to conduct  

SIH research 

 
 

 

Christiaan H. Vinkers 

Ruud van Oorschot  

Berend Olivier  

Lucianne Groenink 

 

 

 

 

 

Stress-Induced Hyperthermia in the Mouse. Mood and 

Anxiety Related Phenotypes in Mice: characterization using 

behavioral tests; Neuromethods (TD Gould, Ed) Vol. 42 

(2009). 



Chapter 2 

 

44 
 

Abstract 

The stress-induced hyperthermia (SIH) model studies the increase in body temperature in 
response to acute stress which is mediated by the autonomic nervous system. SIH is a 
simple and attractive paradigm to study putative anxiolytic drug properties as well as the 
effects of genetic or brain manipulations. In the SIH procedure, drugs are injected 60 min 
before the actual stressor, consisting of a manual rectal temperature measurement (T1). 
After 10 minutes, a second manual rectal temperature measurement is taken (T2), which 
represents the stress-induced body temperature. The SIH (ΔT) response is the difference 
between T2 and T1 (ΔT=T2-T1). As drugs might exert intrinsic effects on the basal body 
temperature (measured via T1), the SIH response has to be interpreted in the context of 
absolute body temperatures. Mice can be repeatedly used (up to a year) if tested once a 
week because the SIH response remains very stable over such long periods. Animals can 
be socially housed except for the actual testing day (starting the day before until 
immediately after the procedure) when mice have to be singly housed.  
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1. Background and historical overview 

1.1 Introduction  
The SIH paradigm uses the stress-induced activation of the autonomic nervous system by 
measuring the body temperature before and after stress exposure. The stress-induced 
increase in body temperature (SIH response, also called emotional or psychogenic fever) 
is a very consistent and stable physiological stress response with excellent translational 
properties. In mice, the SIH response remains intact for over a year when animals are used 
once a week (Bouwknecht and Paylor 2002; Bouwknecht et al 2004b; Van der Heyden et al 
1997). Furthermore, anxiolytic drugs have been shown to selectively and dose-
dependently reduce the SIH response (Bouwknecht et al 2007). Besides, the SIH test is 
optimally suited to test the effects of various brain and genetic manipulations, e.g. null 
mutations or overexpression of genes (Groenink et al 2003b; Pattij et al 2001). Altogether, 
the SIH procedure is simple and robust, does not require time-consuming training, and 
drug effects on motor behavior, feeding, drinking, and nociception do not affect test 
outcome.  

 

1.2 The SIH response 
Exposure to both physiological and psychological stress increases body temperature in 
order to prepare for a fight-or-flight reaction. In humans, perceived stressful activities 
among which attending movies, boxing contests and taking an exam all increase body 
temperature (Briese 1995; Kleitman and Jackson 1950; Marazziti et al 1992; Renbourn 
1960). In rats and mice, exposure to any stressor (including novelty, heat or pain) also 
induces an increase in body temperature (Figure 1). Within 15 minutes after stress 
exposure, body temperature rapidly rises up to 1.5 °C which usually returns to basal levels 
in two hours (Adriaan Bouwknecht et al 2007). Besides humans and rodents, the SIH 
response has been found to be present in any mammal that has been tested so far, 
including impalas, silver foxes, sheep, pigs, rabbits and even cold-blooded animals as 
turtles (Adriaan Bouwknecht et al 2007). The SIH curve parallels HPA-axis activity 
(Groenink et al 1994; Spooren et al 2002; Veening et al 2004). Moreover, the SIH response 
appears relatively independent of locomotor activity (Pardon et al 2004; Van Bogaert et al 
2006a) which is a unique characteristic of an anxiety paradigm because it enables 
determination of anxiolytic activity of a drug independent from the often associated 
sedative properties that interfere with the primary parameter measured in the anxiety 
paradigm (e.g. movements on an elevated plus maze or in a light-dark box). Generally, the 
SIH procedure is not able to detect anxiogenic effects of drugs, probably due to a ceiling 
effect in the stress-induced temperature rise.     
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Figure 1:  Telemetric measurement of the temperature course in a standard SIH test in 129Sv mice (n=7). At t=60 
min, a vehicle is injected, causing a transient SIH response peaking at around 10-15 min post-injection and 
returning to baseline 45 minutes later. At t=120 min. a rectal temperature measurement (T1) is applied as a 
stressor and measures basal body temperature, and leads to an SIH response. In the SIH procedure in singly-
housed mice, a second rectal measurement is carried out at t=130 min. to assess the stress-induced temperature 
(T2). The SIH response (T2-T1) is around 1.4 °C.  The error bar represents the SEM. 

 

1.3 SIH and anxiety: development of a model 
The first notice of a temperature effect in response to stress was when a gradual 
temperature increase was noted after removing mice one by one from a group-housed 
cage and measuring their rectal body temperature. This SIH response was thought to 
represent anticipatory anxiety (Borsini et al 1989). Later on, the SIH paradigm was refined 
to a singly-housed version in which the rectal temperature of a single mouse was 
measured twice with an interval of 10 minutes (Van der Heyden et al 1997). This reduced 
the number of animals needed per experiment. In this experimental setup, the first rectal 
temperature measurement (T1) represents the basal unstressed core temperature, but 
also functions as an adequate stressor. The second rectal temperature measurement (T2) 
measured 10 minutes later represents the peak temperature after stress. The SIH response 
is calculated by subtracting T1 from T2 (SIH=ΔT=T2-T1). The singly and group-housed 
versions correlate very well with each other, indicating that both approaches are 
measuring the same neural processes (Spooren et al 2002). Telemetric systems measuring 
body temperature and locomotor activity are increasingly used in the SIH paradigm, 
although the general principle of measuring an increase in body temperature in response 
to stress remains identical. However, because telemetric systems are able to measure 
locomotor activity, simultaneous application and comparison of body temperature and 
locomotor activity levels in response to stress is possible. As far as pharmacological 
studies have been performed in these SIH studies using telemetry equipment in rat and 
mice, results are very similar to those obtained in the standard SIH test in mice (van 
Bogaert et al 2006b; Vinkers et al 2008).  
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1.4 Drug testing in the SIH paradigm 
The reproducible and robust SIH response combined with the ease of testing make the 
SIH paradigm ideal for detecting anxiolytic properties of drugs. The general principle is 
that anxiolytic drugs are able to reduce or even ablate the SIH response. Anxiolytic drugs 
including various GABAA receptor agonists, 5-HT receptor agonists and CRF receptor 
antagonists have been shown to indeed reduce the SIH response, whereas non-anxiolytic 
drugs including dopaminergic and noradrenergic compounds do not influence the SIH 
response (Bouwknecht et al 2007). However, anxiolytics can also exert hypothermic 
effects and decrease basal core body temperature even before stress exposure occurs 
(Olivier et al 2003). This is probably due to an activation of the GABAA receptor α1 subunit, 
leading to a disturbed homeostatic regulation of the basal core body temperature  
(Vinkers et al 2009f). It is therefore important not only to regard temperature differences, 
but rather to study the absolute temperature values when assessing the effects of a 
compound (Figure 2). 

 
The SIH paradigm possesses good predictive validity for anxiolytic drug properties. 
Clinically effective anxiolytic compounds such as benzodiazepines (including alprazolam, 
oxazepam, diazepam and chlordiazepoxide) and 5-HT1A receptor agonists such as 
buspirone decrease the SIH response (Olivier et al 2003). Most research has been carried 
out in rodents (for a review on the pharmacological SIH evidence (Adriaan Bouwknecht et 
al 2007)) and a wide range of different drug classes has been tested thus far (Vinkers et al 
2008). Acute effects of SSRIs are absent in the SIH (Olivier et al 2003) whereas chronic SSRI 
treatment generates inconsistent findings: chronic fluoxetine treatment had either no 
influence (Roche et al 2007) or reduced the acute SIH response (Conley and Hutson 2007). 
Although there is a linear relationship between stressor intensity and magnitude of the 
SIH response (van Bogaert et al 2006b), so far no anxiogenic effects have been observed 
in the SIH test (Bouwknecht et al 2007; Vinkers et al 2008). Anxiogenic compounds such 
as FG7142 and mCPP did not alter basal body temperature or the SIH response, whereas a 
high dose of pentylenetetrazol significantly reduced basal body temperature but was 
also without effect on the SIH response (Olivier et al 2003). 
  
In the standard manual SIH procedure, drugs are administered 60 minutes before stress is 
applied. This period has been experimentally validated (Olivier et al 2003), since drug 
administration in itself is a stressful event involving handling and manipulating the 
animal, causing an interfering SIH response. Because the maximum body temperature is 
limited up to certain levels, a newly applied stressor within the first 15 minutes does not 
cause any additional SIH response, although it prolongs the SIH response (Van der 
Heyden et al 1997). Thus, an injection-stressor interval of 60 minutes ensures that body 
temperature has sufficiently declined to approximately pre-stress baseline levels. In 
support, injections 60 minutes before assessing the SIH response in mice leads to an 
identical SIH response as compared to the mice that had received no injection at all 
(Figure 3C). 
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2. Factors influencing the SIH response 

2.1 Strain differences  
The SIH response has proven to be robust and reproducible between various labs. The 
absolute temperature increase after stress exposure depends on various factors. First of 
all, mouse strains generally differ in magnitude regarding their stress response which can 
be attributed to their genetic background as well as epigenetic factors (Bouwknecht and 
Paylor 2002; Rodgers et al 2002a; Van Bogaert et al 2006a). Nine different mouse strains 
(including Swiss, NMRI, C57BL6, 129Sv, FVB, and DBA/2)  showed SIH responses between 
0.6 and 1.9 0C (Bouwknecht and Paylor 2002). Differences in locomotor activity and body 
weight alone cannot account for the differences in SIH responses between strains, 
indicating the necessity to assess animal and strain stress responsiveness before any 
experiment is initiated (Van Bogaert et al 2006a). However, when comparing three 
different mouse strains (C57BL/6J, Swiss-Webster and 129Sv/Ev mice), none of the three 
strains was consistently more sensitive to anxiolytic-like (SIH) or intrinsic drug effects on 
basal body temperature (Vinkers et al 2008). 

2.2 Type of stressor  

An increase in body temperature in response to stress can be induced up to certain levels 
above which no further temperature rise is possible. This ceiling effect limits the 
maximum SIH response, and any stressor seems to induce sufficient stress to reach a 
reliable SIH response (Van der Heyden et al 1997). However, minor stressors such as 
entering the room where the animal is housed induce smaller SIH amplitudes compared 
to placing animals in a novel cage, which is in turn exceeded by intense stressors such as 
repeated social defeat (Barnum et al 2007; Bhatnagar et al 2006; Pardon et al 2004). More 
subtle differences in stress intensity are generally not easily distinguishable, although the 
duration of the stress effect – the time needed to return to baseline level – correlates well 
with stress intensity (Van Bogaert et al 2006a).  

 

2.3 Fever state, high and low environment temperature 

In infection-induced fever, the core body temperature is drastically enhanced by 
prostaglandins, lasting from hours to days long as prostaglandins activate the 
hypothalamic preoptic area. In contrast, the duration of a typical SIH response is 
maximally 2-3 hours. Furthermore, fever states do not eliminate the SIH response, 
although the SIH amplitude is decreased due to ceiling effects (Vinkers et al 2008). In 
addition, the SIH response is not sensitive to prostaglandin-blocking drugs, whereas 
infection-induced fever is hardly responsive to the effect of benzodiazepines (Vinkers et al 
2009d). This indicates that, even though infection and stress both increase body 
temperature, they are mediated by different neurotransmitters and brain mechanisms 
and areas. 
 
In general, environmental temperature has direct effects on body temperature 
homeostasis and resting body temperature (Jiang et al 2000), not only affecting SIH but 
also influencing infection-induced fever (Buchanan et al 2006; Peloso et al 2003). A high 
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basal body temperature interferes with the SIH response (Bouwknecht and Paylor 2002; 
Dymond and Fewell 1999), and housing mice at 35 °C rather than 23 °C increases body 
core temperature from around 37° C to around 39.5 °C, and thus likely decreases the SIH 
response (Jiang et al 2000). Oppositely, housing animals at 11° C instead of 24 °C does not 
interfere with SIH amplitude (Long et al 1990a). Body temperature displays circadian 
rhythmicity with a 1-2 0C temperature increase during the dark period. This can influence 
the SIH amplitude (Olivier 2005; Peloso et al 2002), although no consistent studies have 
been carried out to test whether this affects drug sensitivity. Generally, SIH testing is 
performed during the light period when basal body temperature is lower. In support, one 
study showed that the SIH amplitude was indeed smaller during the dark phase of the 
light-dark cycle (Caramaschi et al 2007). 
 

2.4 Habituation 
Repeated daily stress exposure results in habituation in many anxiety paradigms 
including the light-dark box (Onaivi and Martin 1989), the open field (Cook et al 2002) and 
to some - but very limited - degree in the SIH paradigm (Van der Heyden et al 1997). 
Because the SIH response partially depends on perceived stress intensity, repeated daily 
testing with moderate stressors results in a decreasing SIH amplitude, even though a 
robust SIH response is discernable (Barnum et al 2007; Bhatnagar et al 2006; Thompson et 
al 2003; Van der Heyden et al 1997). Similarly, daily injection stress for 6 consecutive days 
decreases the SIH response in rats (own unpublished data). Surprisingly, exposure to a 
very severe stressor like repeated social defeat does not lead to a habituated SIH response 
(Barnum et al 2007; Bhatnagar et al 2006; Pardon et al 2004). Generally, a one-week 
interval is sufficient to prevent any habituation in mice, and testing once weekly with 
moderate stressors has been shown not to interfere with the SIH response for over a year 
(Bouwknecht and Paylor 2002; Bouwknecht et al 2004b; Olivier et al 2003; Van der Heyden 
et al 1997).  

 

 
3. Equipment, Materials & Setup  

• Male mice, weighing 18-20 g upon arrival in the lab (e.g. NMRI mice, Charles River, 
strain and body weight are not critical). In general 10 to 12 animals per dose group 
are used. Mice are group-housed between experiments.  

• Experimental cages for the animals: 27x16x12.5 cm cages with sawdust for group 
housing between experiments, and 12x18x13cm cages with sawdust, for individual 
housing. 

• Balances with accuracy of 0.5 g (e.g., Mettler PG5000). 
• Test compound solutions: prepare all suspensions and solutions fresh daily. For 

solutions, prepare compounds in physiological saline or in a 1% (w/v) 
methylcellulose/5% (w/v) mannitol mixture. For suspensions, prepare test 
compounds in 1% (w/v) tragacanth, 1% (w/v) methylcellulose or gelatin/mannitol. 
Other vehicles might also be used but have to be tested in advance to exclude 
intrinsic temperature effects or worse, act as a stressor (e.g. high concentrations of 
DMSO). 
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• 1-ml syringes, sterile, nontoxic, and pyrogen free; sterile 25-G x 5/8-in. (16-mm) 
needles. 

• Silicon oil, peanut oil, or K-Y jelly, at room temperature. 
• Digital thermometer, NiCr-NiAl thermocoupled with accuracy of 0.1 °C (e.g., Keithley 

871A, Cleveland, OH, USA). 
• Data analysis software for statistical analysis (e.g. SAS, SPSS). 

 

4. Procedure 

4.1 Acclimatization of mice 
Mice should be ordered in time so that they can acclimatize to constant laboratory 
conditions at least one week before starting the experiment. Group-house the animals (5 
per cage) at constant room temperature (21 ± 2 °C) and relative humidity (60 ± 10%) 
under non-reversed 12 hr light/12 hr dark cycle (light on at 06:00). Provide cages with 
sawdust and free access to standard rodent diet and water. 
 

4.2 Set up and run experiment 
In the afternoon before the test, house each mouse individually in an experimental cage 
in the experimental room. While isolating the mice, weigh and tail mark each animal and 
write down its weight on a run sheet. Make sure the housing conditions in the 
experimental room (day/night rhythm, temperature, and humidity) are identical to those 
in the acclimatization room, and that water and food are freely available. On the 
experimental day, prepare a balance, a digital thermometer, a tray with silicon oil (peanut 
oil or K-Y jelly), and sufficient cleaning tissues, 1-ml syringes, and 25-G x 5/8-inch needles. 
Prepare test compound solutions such that all substances are administered at 10 ml/kg. 
Use a coding system (A, B, C, etc) so that treatments are administered blindly. Ensure an 
even distribution of the different treatments over time (e.g. by using a Latin-square 
design). 
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4.3 Time Schedule 
The time schedule below is used for testing 80 mice on one day, (40 mice in the morning, 
40 mice in the afternoon, taking  approximately 5 hours in total), with an injection test 
interval of 60 min. We assume starting in the morning at 9:00 AM, but adjustments can 
easily be made if starting at a different time. 
 
• At 09:00, inject the first mouse (10 ml/kg body weight) with the test compound 

solution indicated by a previously prepared run sheet and return the mouse to its 
own cage. Then inject 9 other mice, using a 1-min interval between successive 
injections.  

• Between 09:20 and 09:30 inject the second cohort of 10 mice, as described above.  
• Between 09:40 and 9:55 inject the third and fourth cohort of 10 mice, as described 

above. 
• Injections of the last 10 mice are performed a bit early so that they do not conflict 

with temperature measurements to be taken at 10:00.  
• From 10:00 to 10:10 (i.e., 60 min after the injection), measure the rectal temperature 

(T1) of the first 10 mice using a 1-min interval between successive measurements.  
• For temperature measurements fixate the mouse horizontally. While also fixating its 

tail at the base, dip the probe into silicon oil, insert it ~2 cm into the rectum, and 
hold until a stable rectal temperature is measured for approximately 20 sec. Write 
down the temperature read-out with 0.1 °C accuracy, and return the mouse to its 
individual cage. 

• From 10:10-10:20 measure the rectal temperature (T2) of the first 10 mice again, 
using a 1-min interval between successive measurements. 

• At 10:20, start rectal temperature measurement (T1) of the second cohort of 10 mice 
(injected between 09:20 and 09:30), with 1-min intervals as described before. 

• From 10:30-10:40 measure the rectal temperature (T2) of the second cohort of 10 
mice again using a 1-min interval between successive measurements as described 
previously. 

• At 10:40, start rectal temperature measurement (T1) of the third and fourth cohort of 
10 mice (injected between 09:40 and 09:55), with 1-min intervals. 

• From 10:55-11:05 measure the rectal temperature (T2) of the third and fourth cohort 
of 10 mice again using a 1-min interval between successive measurements as 
described previously. 

• Repeat injections and measurements for another 40 mice, with another compound 
in the afternoon. 

• Return the mice to their group cages (keep always the same animals per cage) after 
completion of the whole test. 

 

4.4 Perform statistical analysis 
Use standard software packages to perform graphical presentations (e.g. Excel or 
Sigmaplot), and statistical analyses (e.g. SAS or SPSS). Enter the raw data (2 temperature 
measurements per mouse) in an empty raw data file. Calculate ΔT (the SIH response) for 
each mouse as the difference between T2 and T1. Then calculate mean T1, mean T2, and 

mean ΔT for each treatment condition. Also calculate the standard error of the mean. 
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Check homogeneity of variance for T1, T2, and ΔT between treatments, and evaluate the 

effects of treatment by a two-way analysis of variance (ANOVA) with treatment (4 levels if 
vehicle plus three doses of a drug are tested) as between subject’s factor and stress level 
(T1, T2) as within subject factor. For analyzing drug effects on ΔT perform a one-way 

ANOVA with treatment condition as between subject’s factor (4 levels). Subsequently, use 
a post-hoc analysis (Dunnett’s multiple comparison test) to determine which treatment 
dose significantly alters SIH (ΔT) and/or basal core temperature (T1) relative to vehicle 
treatment.  
 

4.5 Experimental variables and troubleshooting 
This SIH procedure is based on measuring stress-induced changes in rectal temperature. 
Therefore it is important that the environmental noise in the experimental room is stable 
during the test day and over days (Bouwknecht et al 2007). Furthermore, room climate 
conditions should be kept constant to eliminate variation in results to prevent possibly 
interfering effects of environmental temperature on the SIH response (Long et al 1990a; 
Peloso et al 2003). Most SIH studies have been performed during the inactive light period 
(3-9 hr after lights on) when body temperature is 1-2 °C lower compared to the dark 
period, and relatively stable (Bouwknecht et al 2007). 
 
In the standard SIH set-up, mice are group-housed and isolated in the afternoon before 
the test day and returned to their original group cage after the test. It is not absolutely 
necessary however to group-house the mice first. Several studies have shown that also 
prolonged individual housing does not necessarily influence the SIH response or the 
pharmacological sensitivity (Van Bogaert et al 2006a). From an ethical point of view 
however, it is advised to group-house the mice, especially if they are tested several times 
in the SIH procedure. 
 

Drugs may be administered orally, subcutaneously, or intraperitoneally. However, the 
injection-test interval should always be at least 45, but preferably 60 minutes. Drug 
administration injection itself induces a SIH response, and it takes approximately 60 min 
for the body temperature to return to basal levels (Van der Heyden et al 1997). Using a 
shorter injection-test interval, the resulting SIH response may be too small to detect 
significant drug effects in mice (Van der Heyden et al 1997). A drawback of this rather 
long injection-stress interval is that drugs need to possess sufficient long half-lives to be 
present in effective blood concentrations at the time of stress application 60 minutes 
later (e.g. nicotine:(Bouwknecht et al 2007)). Stress-free administration involving 
subcutaneous drug administration connected to flexible injection lines, in which 
handling and even disturbing the animal is no longer be necessary are used in our 
laboratory to overcome the troubles associated with rapidly metabolized drugs with very 
short half-lives. In contrast to the results in mice, we have found that in rats, a 10 minute 
injection-test interval did not lead to an immediate increase in body temperature (Vinkers 
et al 2009c). This indicates that, at least in rats, a shorter injection-stressor interval may be 
applied. 
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It is also important to control for inter-experimenter effects on the SIH response. Different 
experimenters may obtain different mean temperature measurements, due to variations 
in the fixation techniques applied by investigators (e.g., head of the mouse up or down) 
(Zethof et al 1994). Although these inter-experimenter differences in mean temperature 
measurements not necessarily affect the SIH response (Zethof et al 1994), investigators 
should be trained in the technique holding the mice horizontally.  
 

5. Anticipated results 

Theoretically, a compound can either influence basal body temperature, the SIH 
response, both or none. Figure 2 graphically shows these possible drug effects on basal 
temperature (T1), the stress-induced temperature (T2) and the SIH response (ΔT). 
Statistically, an effect on basal body temperature is indicated by a main treatment drug 
effect in a two-way ANOVA, whereas an anxiolytic effect is indicated by a significant 
interaction of stress level (T1/T2) x treatment in the two-way ANOVA. 
 

0 1 2

0 1 2

B
o

d
y
 t

e
m

p
e
ra

tu
re

 (
°C

)

0 1 2

Dose (mg/kg)

0 1 2

B
o

d
y
 t
e
m

p
e
ra

tu
re

 (
°C

)

Dose (mg/kg)

0 1 2

B
o
d
y
 t

e
m

p
e
ra

tu
re

 (
°C

)

Dose (mg/kg)

0 1 2

B
o
d
y
 t

e
m

p
e
ra

tu
re

 (
°C

)

T1 

T2

Unchanged

Decreased

Increased

0 1 2

B
o
d

y
 t

e
m

p
e
ra

tu
re

 (
°C

)

0 1 2

T1 

T2

0 1 2

T1 

T2

Basal body temperature (T1):

Unchanged IncreasedDecreased

SIH response (T2-T1):

 
Figure 2:  Theoretical outcome of the effects of a psychoactive drug (dose 0-1-2 on the x axis) in the SIH 
paradigm. Depending on whether a drug decreases (left column), has no effect on (middle column), or 
enhances (right column) the basal temperature (T1) the effects on SIH (∆T) can be interpreted as either no effect 
(top row), anxiolytic effect (middle row), or anxiogenic effect (bottom row). The difference between the rectal 
temperatures measured with a 10-min interval (T2-T1) is the SIH response (∆T). 
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A compound that does not influence basal body temperature (T1) (middle column), has 

three theoretical effects: no influence on SIH (no anxiolytic activity), a decrease in SIH 
(anxiolytic effect), or an increase in SIH (anxiogenic effect).  
A compound that decreases basal body temperature (T1) (left column) results in 

hypothermia.  Subsequently, the hypothermia leads to no influence on SIH (no anxiolytic 
activity), a decreased SIH response (with a steeper decline in T2 compared to T1, indicating 
an anxiolytic effect), or an increased SIH response (anxiogenic effect). Similar effects can 
be found with compounds that increase basal body temperature (right column). 
 
Notes: 

- Anxiogenic effects have not been reported in the SIH test because of an 
apparent ceiling effect of the stress-induced temperature. 

- Increased basal body temperature with unaltered stress-induced temperature 
levels results in a decreased SIH response (and a significant stress level x 
treatment interaction). This is however not an anxiolytic drug effect. It is 
therefore vital to assess both the absolute temperature values as well as the SIH 
response.  
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Figure 3: Typical output from a stress-induced hyperthermia test in singly-housed male mice. The effects of a 
dose range of (A) the benzodiazepine receptor agonist chlordiazepoxide (a standard anxiolytic drug) and (B) 
the 5-HT1A receptor agonist flesinoxan and (C) different types of vehicles (none (N) , gelatine-mannitol (G-M), 
methylcellulose (M-C) and saline (S)) on SIH (∆T), basal temperature (T1) and stress-induced temperature (T2). 
Drugs (or vehicle) were administered 60 min before the first rectal temperature measurement (T

1
). T2  was 

measured 10 min later. The difference between T2 and T1 , ∆T, is indicated at each dose (insert; *, ∆T significantly 
different from vehicle treatment, indicating an anxiolytic effect). An asterisk (*) indicates a significant difference 
(P < 0.05) from the corresponding vehicle treatment (0 mg/kg). 

 
 
Figure 3A shows the results of a typical SIH experiment using three doses of 
chlordiazepoxide, an anxiolytic GABAA receptor agonist. In drug-treated mice, the SIH 
response is significantly decreased compared to ΔT in vehicle-treated animals (one-way 
ANOVA F3,46= 4.96, p=0.005, with Dunnett’s multiple comparison as post-hoc test).  
Moreover, the stronger reduction in T2 than in T1 following treatment with 
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chlordiazepoxide is reflected in a significant stress x treatment interaction (F1,43= 5.62, 
p<0.01). Together these data indicate an anxiolytic-like effect of chlordiazepoxide.  

Figure 3B shows the effects of flesinoxan, a 5-HT1A receptor agonist in the 
standard SIH test. In drug-treated mice, ΔT is significantly decreased compared to ΔT in 
vehicle-treated animals (one-way ANOVA F3,43= 15.32, p<0.001, with Dunnett’s multiple 
comparison as post-hoc test). Moreover, the stronger reduction in T2 than in T1 following 
treatment with flesinoxan is reflected in a significant stress x treatment interaction (F3,43= 
15.18, p<0.001). Together, these data indicate an anxiolytic-like effect of flesinoxan.  

Figure 3C shows that different vehicle types (gelatin-mannitol, methylcellulose, 
saline) administered 60 minutes before measuring the rectal temperature leads to similar 
subsequent SIH responses, even compared when no vehicle at all is administered. 
Together these data indicate that a 60 minute injection-stressor interval is sufficiently 
long, ensuring that injection stress itself does not longer interfere with the stress 
procedure. 

 
6. Conclusion 

Altogether, the SIH procedure is relatively easy to perform without relying on the use of 
extensive or intrusive procedures. Moreover, the stress-induced increase in rectal 
temperature is a robust and reproducible parameter found in all mammals, including all 
strains of mice tested thus far (Bouwknecht and Paylor 2002; Rodgers et al 2002a). So far, 
many anxiolytic drugs have been shown to reduce the SIH response in rodents. The SIH 
response is therefore an autonomic stress response that can be successfully studied at 
the level of its physiology, pharmacology, neurobiology and genetics and possesses 
excellent animal-to-human translational properties. 
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Abstract 
 

 
  

Background: The stress-induced hyperthermia (SIH) model is an anxiety model that uses the 
transient rise in body temperature in response to acute stress. Benzodiazepines produce anxiolytic 
as well as sedative effects through non-selective binding to GABAA receptor subunits. The GABAA 
receptor α1 subunit is associated with sedation, whereas the GABAA receptor α2 and α3 subunits are 
involved in anxiolytic effects.  
 

Aims:  We therefore examined the effects of (non-)subunit selective GABAA receptor agonists on 
temperature and locomotor responses to novel cage stress.  
 

Results: Using telemetric monitoring of temperature and locomotor activity, we found that non-
subunit selective GABAA receptor agonist diazepam as well as the α3 subunit-selective receptor 
agonist TP003 dose-dependently attenuated SIH and locomotor responses. Administration of 
GABAA receptor α1-selective agonist zolpidem resulted in profound hypothermia and locomotor 
sedation. The GABAA receptor α1-selective antagonist βCCt antagonized the hypothermia, but did 
not attenuate the SIH response caused by diazepam and zolpidem. These results suggest an 
important regulating role for the α1 subunit in thermoregulation and sedation. Ligands of 
extrasynaptic GABAA receptors such as alcohol and non-benzodiazepine THIP attenuated the SIH 
response only at high doses.  
 

Conclusions: The present study confirms a putative role for the GABAA receptor α1 subunit in 
hypothermia and sedation and supports a role for α2/3 subunit GABAA receptor agonists in anxiety 
processes. In conclusion, we show that home cage temperature and locomotor responses to novel 
home cage stress provide an excellent tool to assess both anxiolytic and sedative effects of various 
(subunit selective) GABAAergic compounds.  
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1. Introduction  

The involvement of the GABAA receptor in anxiety has been extensively studied and 
confirmed (Nemeroff 2003). The pentameric GABAA receptor consists of five subunits (α1-6, 
β1-3, γ1-3, δ, ε, θ and π), and the assembly of different combinations of subunits allows 
construction of different types of GABAA receptors, each having specific functional and 
pharmacological properties (Korpi et al 2002). The majority of GABAA receptors is 
composed of 2 α -, 2 β-, and 1 γ-subunit (Mihalek et al 1999). Classical benzodiazepines 
bind to GABAA-receptor containing α1, α2, α3 and/or α5 subunits, while binding affinity to 
α4- and α6-containing subunits is extremely weak (Rudolph and Mohler 2004). Besides the 
preferred anxiolytic action, the use of benzodiazepines is associated with dependence, 
anticonvulsant activity, sedation, amnesia and daytime drowsiness (Stewart and Westra 
2002). These different benzodiazepine effects are thought to be mediated through 
different GABAA receptor subtypes. Therefore, the search for new anxiolytics focuses on 
subunit-selective GABAA receptor agonists. Both genetic and pharmacological studies 
suggest a major role of the α2 and the α3 GABAA receptor subunit in mediating anxiolysis 
(Atack et al 2005; Dias et al 2005; Low et al 2000; Rudolph and Mohler 2004). Consistent 
with this role, the α2 and the α3 GABAA receptor subunit are expressed in anxiety-involved 
areas like the amygdala and bed nucleus of the stria terminalis (Pirker et al 2000). The 
GABAA receptor α1 subunit is associated with sedative and amnesic effects, while it is not 
involved in anxiolysis (McKernan et al 2000; Rowlett et al 2005; Rudolph et al 1999). 
Compounds lacking activity at the α1-containing GABAA receptor while modulating the α2 
and/or α3 GABAA receptor subunit appear to be prime candidates for non-sedating 
anxiolytic drugs (de Haas et al 2007; Huang et al 2000).  
 
The research for novel anxiolytics has focused on compounds with selective efficacy at 
different subunits (while binding to all subunits) rather than compounds with different 
affinities for the subunits (Atack 2005).We therefore aimed to characterize the effects of 
different GABAA ligands on temperature and locomotor responses to novel cage stress in 
rats, using home cage telemetry, in order to deduce the relative contributions of α 
subunits of the GABAA receptor.  Somatic stress symptoms are mediated by the 
autonomic nervous system and constitute a functional response in both humans and 
animals. The stress-induced hyperthermia (SIH) paradigm uses the physiological transient 
rise in body temperature in response to stress as a new and translational alternative in 
anxiety research (Bouwknecht et al 2007; Vinkers et al 2008). Using this paradigm, 
anxiolytic drugs including most benzodiazepines have been shown to dose-dependently 
attenuate the stress-induced hyperthermia response (Bouwknecht et al 2007; Olivier et al 
2002; Van Bogaert et al 2006a). Using telemetry, stress-induced home cage temperature 
and locomotor activity responses can be simultaneously recorded, thus facilitating the 
comparison of effects on body temperature and locomotor activity caused by various 
GABA-ergic drugs. We hypothesized that anxiolytic effects would cause the SIH response 
to decrease without influencing basal body temperature and stress-induced locomotor 
activity responses. GABA-ergic sedative effects on the other hand would be characterized 
by a decrease in locomotor activity as well as general hypothermic state. 
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In the present study, we investigated the non-subunit selective GABAA receptor agonist 
diazepam (Pritchett et al 1989), the intermediate selective α1 subunit GABAA receptor 
agonist zolpidem as well as the selective α3 subunit GABAA receptor agonist TP003 (Dias et 
al 2005). Zolpidem is approximately 5- to 10-fold more selective for α1 subunit-containing 
GABAA receptors than α2 and α3 subunit-containing receptors (Ebert et al 2006; Petroski et 
al 2006). However, zolpidem may demonstrate less selectivity in vivo compared to studies 
using recombinant receptors (Atack et al 1999). TP003 has lower efficacies at the different 
α subtypes, with less than 15% potentiation at the α2 and α5 subunit compared to 
diazepam (Dias et al 2005). Exposure to higher drug doses may lead to loss of selectivity. 
We combined these compounds with the selective α1 subunit GABAA receptor antagonist 
βCCt (Tietz et al 1999).  
 
Less abundant populations of a δ-subunit containing GABAA receptors are often located 
extra- and perisynaptically and are thought to be involved in a continuous active 
inhibitory tone instead of the phasic inhibitory tone caused by intrasynaptic agonists (Jia 
et al 2005; Nusser et al 1998). Alcohol is anxiolytic at low doses and has been shown to 
bind to extrasynaptic GABAA receptors containing α4 or α6 and δ subunits (Wallner et al 
2003),. However, at higher doses, ethanol can modulate excitatory NMDA and non-NMDA 
glutamate receptors, serotonin and glycine receptors, as well as potassium and calcium 
channels (Crews et al 1996; Davies 2003; Harris 1999). Also, the fact that δ-deficient mice 
demonstrated a normal anxiolytic and hypothermic response to ethanol and that the 
alcohol sensitivity of α4β3δ GABAA receptors could not be replicated (Borghese et al 2006), 
indicates that the discussion on the mechanism by which ethanol activates the GABAA 
receptor is ongoing (Mihalek et al 1999). Generally, the sedative and anxiolytic effects of 
alcohol were not altered after deletion of the α1 subunit, suggesting that other yet 
unexplained factors may play a role (Kumar et al 2003).  Moreover, we studied the non-
benzodiazepine hypnotic drug THIP (gaboxadol) that also binds to extrasynaptic GABAA 
receptor δ-subunits with putative anxiolytic effects (Elfline et al 2004; Wafford and Ebert 
2006).  

 
2. Materials and Methods  

2.1 Animals 
Male Wistar rats (Harlan Zeist, the Netherlands) were used in the current study. Rats were 
housed socially in a controlled environment with a non-reversed 12 hour light/dark cycle 
(white lights on from 7am-7pm). Animals had unlimited access to food (standard lab 
chow) and water. One week after arrival, telemetry transmitters were implanted. After 
recovery from surgery, rats were housed in groups of four in type IV macrolon® cages with 
a plastic tube as cage enrichment. Food (standard lab chow) and tap water were available 
ad libitum. Once a week, an experimental procedure was carried out. All experiments 
were carried out with approval of the ethical committee on animal experiments of the 
Faculties of Sciences, Utrecht University, the Netherlands, and in accordance with the 
Declaration of Helsinki. 
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2.2 Surgery 
A telemetric device (type ETA-F20, Data Sciences International, St Paul, MN, USA) was 
implanted in the abdominal cavity as described earlier (Pattij et al 2001). Prior to surgery, 
rats received a subcutaneous (s.c.) injection (2ml/kg) of the antibiotic Baytrill® (2.5% 
enrofloxacin). Rats were anaesthetized using O2/NO2/Isoflurane gas anesthesia. Carprofen 
(5 mg/kg, s.c.) was given as an analgetic immediately after surgery and twice daily for two 
days after surgery. After surgery, animals were housed individually for one week and 
recovery from surgery was monitored (weight, heart rate, temperature). Also, all rats had 
access to wet food and solid drinks (gel formula as a water replacement) for two days after 
surgery. Wound recovery was regularly checked. One animal repeatedly opened the 
abdomen wound and therefore had to be sacrificed and replaced. During the 
experiments, one rat was removed from the experiments due to an inflammation 
surrounding the telemetry device.  

2.3 Experimental procedure 

On the afternoon before an experimental day, rats were weighed and housed individually 
in a type III Macrolon® cage, located on a telemetric receiver. The telemetric transmitters 
were activated using a magnet. Data collection was subsequently started. The day after, 
the SIH procedure was initiated, consisting of an injection (intraperitoneal (i.p.) or oral 
(p.o.)) with vehicle or a certain drug dose. Immediately after injection, rats were placed 
back into their individual cage. Rats were placed in a novel cage (clean cage with fresh 
bedding and a paper tissue) 60 minutes later and left undisturbed for approximately two 
hours afterwards. At the end of the experimental day, rats were group-housed again and 
transmitters were turned off. To prevent habituation to the novel cage procedure, the 
interval between two experiments was set to be at least one week. A within subject 
design was used, and all animals received all (combined) doses of the drugs. 
 

2.4 Drugs 

Diazepam, zolpidem, alcohol and THIP HCl (gaboxadol) were obtained from Sigma 
Aldrich. βCCt (Beta-carboline-carboxy-tert-butyl ester) was synthesized by the laboratory 
of Dr. J.M.Cook, University of Wisconsin-Milwaukee. TP003 was synthesized according to 
published methods (Dias et al 2005; Humphries et al 2006). An injection volume of 2 
ml/kg was used for intraperitoneal injections of all drugs, except THIP HCl (5 ml/kg, i.p.) 
and alcohol (5 ml/kg p.o.). Diazepam, zolpidem, βCCt, TP003 and gaboxadol were 
suspended in gelatin-mannitol 0.5% / 5%. When βCCt was combined with diazepam or 
zolpidem, βCCt at a dose of 10 mg/kg was injected 10 minutes prior to 
diazepam/zolpidem injection. Fresh solutions and suspensions were prepared each 
testing day.  

  



Chapter 3  

62 

 

2.5 Data analysis 

All data were collected in 5-minute blocks and are displayed ± SEM. All experiments were 
carried out with a within-subject design. Body temperature and locomotor activity were 
analyzed during the first hour after novel cage using a univariate repeated measures 
analysis of variance (ANOVA) with manipulations time and treatment as within-subject 
factors. Simple contrast tests were used to compare drug with vehicle conditions 
whenever a significant main effect for drug (indicating an effect on the basal body 
temperature) or a significant drug x time interaction effect (indicating an effect on the SIH 
response) was observed. Also, the SIH response was calculated from the telemetry data 
for each individual rat by subtracting the body temperature at t=0 from the maximum 
temperature reached within the first 30 minutes after the novel cage procedure and 
compared using a repeated measures ANOVA with drug as within subject factor and 
simple contrasts to compare drug with vehicle conditions. In addition, cumulative 
locomotor activity after the first 60 minutes after injection and cumulative locomotor 
activity after the first 60 minutes after the novel cage procedure were calculated and 
compared using repeated measures ANOVA. A probability level of p<0.05 was set as 
statistically significant, probability levels between p=0.05 and p=0.1 were regarded as 
trends. 
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Figure 1:  The effects of diazepam with and without βCCt on the novel cage-induced temperature and 
locomotor responses (t=-60 injection, t=0 novel cage stress). *: p<0.05; **: p<0.01; ***: p<0.001.  Inset: Calculated 
SIH response from the telemetry data.  A: Diazepam (0-4 mg/kg) dose-dependently reduced the SIH response. 
Inset: Calculated SIH response from the telemetry data.  B: Diazepam at a dose of 4 mg/kg reduced core body 
temperature and the SIH response. Prior injection with βCCt (10 mg/kg) prevented basal core body temperature 
reduction without affecting the diazepam-induced reduction of the SIH response *: p<0.05: diazepam effect and 
diazepam x βCCt interaction. Inset: calculated SIH response from the telemetry data.  C: Diazepam (4 mg/kg) 
reduced stress-induced locomotor activity responses.  D: Diazepam (4 mg/kg) reduced stress-induced locomotor 
activity responses with no effect of βCCt. E: βCCt (0-20 mg/kg) did not affect stress-induced hyperthermia 
responses. Inset: calculated SIH response from the telemetry data.  Inset 1C-D: white bar: cumulative locomotor 
activity t=-60 to t=0 (after injection); grey bar: cumulative locomotor activity t=0 to t=60 (after novel cage).  
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3. Results 

3.1 Diazepam (Figure 1A-C, n=11) 

Summary: Diazepam dose-dependently attenuated the SIH response to novel cage stress 
without affecting basal body temperature, and reduced locomotor activity levels before 
and after the novel cage procedure only at higher doses. 
Body temperature: The novel cage stress-induced hyperthermia response (F(12,120)=22.0, 
p<0.001) was reduced by diazepam (diazepam x time interaction: F(36,360)=4.31, 
p<0.001). Diazepam did not influence basal body temperature (diazepam effect: 
F(3,30)=1.04, p=0.39, NS) (figure 1A). The calculated SIH response revealed a diazepam 
effect on the SIH response (F3,30=12.74, p<0.001). Simple contrasts revealed SIH 
attenuation at higher doses (1mg/kg-veh: F1,10=3.85, p=0.08, trend; 2 mg/kg-veh 
F1,10=6.03, p<0.05; 4 mgkg-veh F1,10=33.51, p<0.001) (Figure 1A, inset). 
Locomotor activity: The novel cage stress-induced locomotor activity response 
(F(12,120)=20.55, p<0.001) was overall diminished by diazepam (diazepam effect 
F(3,30)=4.98, p<0.01), although not dependent upon time (diazepam x time interaction 
F(3,30)=1.33, p=0.11, NS). Only the higher doses of diazepam influenced locomotor 
activity (planned comparisons: vehicle-1 mg/kg (F(1,10)=1.68, p=0.22, NS), vehicle-2 
mg/kg (F(1,10)=8.18, p<0.05) and vehicle-4 mg/kg (F(1,10)=7.03, p<0.05). When 
cumulating locomotor activity levels after injection and after stress (figure 1C, inset), 
diazepam reduced locomotor activity levels at higher doses (main diazepam effect 
F(3,30)=3.03, p<0.05; Simple contrasts:  2 mg/kg vs vehicle F(1,10)=3.85, p=0.08, NS; 4 
mg/kg vs vehicle F(1,10)=5.19, p<0.05). Activity levels were larger after the novel cage 
procedure than after injection stress (Stress effect F(1,10)=8.55, p<0.05).  
 

3.2 βCCt (Figure 1E, n=11) 
Body temperature: βCCt alone did not affect the SIH response (time effect F(12,120)=53.00, 
p<0.001) (βCCt effect F(3,30)=0.70, p=0.56, NS; βCCt x time interaction F(36,360)=1.17, 
p=0.24, NS) (Figure 1E). The calculated SIH response revealed no βCCt effect on the SIH 
response (F3,30=0.33, p=0.80, NS). Simple contrasts revealed that there was no attenuation 
of the SIH response at any dose (3mg/kg-veh: F1,10=0.06, p=0.83, NS; 10 mg/kg-veh 
F1,10=0.29, p=0.61, NS; 20 mg/kg-veh F1,10=0.13, p=0.72, NS) (Figure 1E, inset). 
Locomotor activity: βCCt did not influence the stress-induced locomotor activity responses 
(time effect F(12,120)=13.72, p<0.001; βCCt effect F(3,30)=0.23, p=0.88, NS; βCCt x time 
interaction F(36,360)=1.02, p=0.45, NS) (data not shown). 
 

3.3 Diazepam and βCCt (Figure 1B and D, n=8) 

Summary: βCCt was able to partially reverse the diazepam-induced hypothermia without 
affecting diazepam’s ability to reduce the SIH response. βCCt was not able to reverse the 
diazepam-induced locomotor reduction. 
Body temperature: When combined with βCCt, the SIH response (time effect 
(F(12,84)=9.85, p<0.001) was overall reduced by diazepam (diazepam x time interaction 
F(12,84)=5.17, p<0.001). βCCt did not influence the SIH response (βCCt x  time interaction 
F(12,84)=1.38, p=0.19, NS). Diazepam reduced basal body temperature (diazepam effect 
F(1,7)=6.96, p<0.05), and βCCt influenced the diazepam-induced hypothermia (diazepam 
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x βCCt interaction F(1,7)=6.18, p<0.05) without altering the body temperature itself (βCCt 
effect F(1,7)=1.24, p=0.30, NS). The calculated SIH response revealed that diazepam 
reduced the SIH response (diazepam effect F1,7=16.94, p<0.01). βCCt itself did not affect 
the SIH response (βCCt effect F1,7=1.86, p=0.22, NS), nor did βCCt affect the attenation of 
the SIH response by diazepam (diazepam x βCCt interaction F1,7=0.68, p=0.44, NS).  (Figure 
1B, inset).  
Locomotor activity; When diazepam was injected after βCCt, the stress-induced locomotor 
activity response (time effect F(12,84)=7.65, p<0.001) was generally and time-
dependently reduced by diazepam (diazepam effect F(1,7)=9.48, p<0.05; diazepam x time 
interaction F(12,84)=3.45, p<0.001)  with no effect of βCCt (βCCt effect F(1,7)=0.20, 
p=0.68, NS; βCCt x time interaction F(12,84)=0.32, p=98, NS; βCCt x diazepam interaction 
F(1,7)=0.02,. p=0.88, NS). When cumulating locomotor activity levels after injection and 
after stress (figure 1D, inset), diazepam generally reduced locomotor activity levels (main 
diazepam effect F(1,7)=10.86, p=0.01; stress effect F(1,7)=2.47, p=0.16, NS) without effect 
of βCCt (βCCt effect F(1,7)=0.05, p=0.82, NS; βCCt x diazepam interaction F(1,7)=0.21, 
p=0.66, NS). 

 

3.4 Zolpidem (Figure 2A and C, n=12) 

Summary: Zolpidem dose-dependently reduced basal body temperature and the SIH 
response, and attenuated stress-induced and basal locomotor activity levels.  
Body temperature: Zolpidem reduced basal body temperature (main zolpidem effect: 
F(3,33)=9.85, p<0.001). Basal body temperature was found to be reduced in all three 
dosages (planned comparisons: vehicle-3 mg/kg (F(1,11)=8.89, p<0.05), vehicle-10 mg/kg 
(F(1,11)=27.98, p<0.001) and vehicle-30 mg/kg (F(1,11)=26.73, p<0.001). The SIH response 
(time effect: F(12,132)=15.70, p<0.001) was reduced by zolpidem (zolpidem x time 
interaction: F(36,396)=10.12, p<0.001). The calculated SIH response revealed that 
zolpidem reduced the SIH response (F3,33=12.71, p<0.001). Simple contrasts revealed SIH 
attenuation at all doses (3 mg/kg-veh: F1,11=18.17, p<0.001; 10 mg/kg-veh F1,11=100.61, 
p<0.001; 30 mg/kg-veh F1,11=24.10, p<0.001) (Figure 2A, inset). 
Locomotor activity: The stress-induced locomotor response (main time effect: 
F(12,132)=12.48, p<0.001) was reduced  by zolpidem (main zolpidem effect: F(3,33)=7.41, 
p<0.001; zolpidem x time interaction F(36,396)=1.98, p<0.001).  Locomotor activity was 
found to be reduced in all three dosages (planned comparisons: vehicle-3 mg/kg 
(F(1,11)=8.27, p<0.05), vehicle-10 mg/kg (F(1,11)=12.25, p<0.01) and vehicle-30 mg/kg 
(F(1,11)=13.34, p<0.01)). When cumulating locomotor activity levels after injection and 
after novel cage stress (figure 2C, inset), zolpidem was found to reduce overall locomotor 
activity (main zolpidem effect F(3,33)=12.21, p<0.001; zolpidem x stress interaction 
F(3,33)=0.31, p=0.69, NS). Simple contrasts showed that all doses of zolpidem reduced 
cumulative locomotor activity (veh-3mg/kg: F(1,11)=12.28, p<0.01; veh-10mg/kg: 
F(1,11)=12.37, p<0.01; veh-30 mg/kg: F(1,11)=25.11, p<0.001). Novel cage-induced 
locomotor levels were larger than injection-induced locomotor levels (stress effect 
F(3,33)=17.18, p<0.01). 
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Figure 2:  The effects of zolpidem with and without βCCt on the novel cage-induced temperature and 
locomotor responses (t=-60 injection, t=0 novel cage stress). *: p<0.05; **: p<0.01; ***: p<0.001.  A: Zolpidem (0-
30 mg/kg) dose-dependently reduced the SIH response and basal body temperature. Inset: calculated SIH 
response from the telemetry data.  B: Zolpidem at a dose of 10 mg/kg reduced core body temperature and the 
SIH response. Prior injection with βCCt (10 mg/kg) reversed basal core body temperature reduction without 
affecting the zolpidem-induced reduction of the SIH response **: p<0.01, zolpidem effect; *: p<0.05, zolpidem x 
βCCt interaction. Inset: calculated SIH response from the telemetry data.  C: Zolpidem (0-30 mg/kg) dose-
dependently reduced stress-induced locomotor activity responses. D: Zolpidem (10 mg/kg) reduced stress-
induced locomotor activity responses. βCCt partially reversed zolpidem-induced locomotor sedation. (*: p<0.05: 
zolpidem*βCCt interaction). Inset 2C-D: white bar: cumulative locomotor activity t=-60 to t=0 (after injection); 
grey bar: cumulative locomotor activity t=0 to t=60 (after novel cage).  
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3.5 Zolpidem and βCCt (Figure 2B and D, n=8) 

Summary: βCCt was able to partially reverse the overall zolpidem-induced hypothermia as 
well as time-dependently partially reverse the zolpidem-induced locomotor sedation. 
Body temperature: When combined with βCCt, zolpidem did not significantly reduce the 
SIH response (main time effect (F(12,84)=9.75, p<0.001; zolpidem x time interaction 
F(12,84)=0.93, p=0.54, NS). Also, βCCt did not influence the SIH response (βCCt x  time 
interaction F(12,84)=0.92, p=0.53, NS). Zolpidem reduced basal body temperature (main 
zolpidem effect F(1,7)=11.12, p<0.01), and ΒCCt influenced the zolpidem-induced 
hypothermia (zolpidem x βCCt interaction F(1,7)=6.31, p<0.05) without altering the body 
temperature itself (βCCt effect F(1,7)=2.54, p=0.16, NS). The calculated SIH response 
revealed that zolpidem reduced the SIH response (zolpidem effect F1,7=11.31, p=0.01). 
βCCt itself did not affect the SIH response (βCCt effect F1,7=0.01, p=0.97, NS), nor did βCCt 
affect the attenation of the SIH response by zolpidem (zolpidem x βCCt interaction 
F1,7=0.25, p=0.63, NS)  (Figure 2B, inset). 
Locomotor activity: When combined with βCCt, zolpidem overall reduced locomotor 
responses (main zolpidem effect F(1,7)=7.80, p<0.05; zolpidem x time interaction 
F(1,7)=1.99, p<0.05). βCCt had no overall effect on locomotor responses (βCCt effect 
F(1,7)=1.94, p=0.21, NS). However, βCCt reversed locomotor activity in the zolpidem 
group dependent upon time (zolpidem x βCCt x time interaction F(12,84)=1.91, p<0.05; 
zolpidem x βCCt interaction F(1,7)=0.18, p=0.69, NS). When cumulating locomotor activity 
levels after injection and after novel cage stress (figure 2D, inset), zolpidem reduced basal 
and stress-induced locomotor activity (zolpidem effect F(1,7)=16.73, p<0.01; stress effect 
F(1,7)=1.61, p=0.25, NS) without overall effect of βCCt (βCCt effect F(1,7)=2.09, p=0.19, NS; 
βCCt x zolpidem interaction F(1,7)=1.47, p=0.26, NS). 
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Figure 3:  The effects of TP003 (0-3 mg/kg, figures 3A-B), alcohol (0-3 g/kg, figures 3C-D) and THIP (0-10 mg/kg, 
figure 3E-F) on the novel cage-induced temperature and locomotor responses (t=-60 injection, t=0 novel cage 
stress). *: p<0.05; **: p<0.01; ***: p<0.001.  
A: TP003 reduced the SIH response at higher doses.  Inset: calculated SIH response from the telemetry data.  B: 
TP003 dose-dependently reduced stress-induced locomotor responses (***).  Inset: calculated SIH response. C: 
Alcohol at the highest dose reduced the SIH response (***) and basal body temperature (**). Inset: calculated SIH 
response from the telemetry data.  D: Alcohol did not affect stress-induced locomotor activity responses.  E: THIP 
at the highest dose reduced the SIH response (***) and basal body temperature (**). F: THIP at the highest dose 
reduced stress-induced locomotor activity responses.  Inset graphs: white bar: cumulative locomotor activity 
t=-60 to t=0 (after injection stress); grey bar: cumulative locomotor activity t=0 to t=60 (after novel cage stress). 
Inset 3B: TP003 reduced overall locomotor activity (TP003 effect: *: p<0.001), but more so after the novel cage 
procedure (TP003*stress effect, *: p<0.001). Inset 3D: Alcohol did not influence locomotor activity responses. 
Inset 3F: THIP did not reduce overall locomotor activity, but did reduce locomotor activity after the novel cage 
procedure (gaboxadol*stress effect, ***: p<0.05). 
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3.6 TP003 (Figure 3A-B, n=10) 

Summary: TP003 reduced the SIH response at higher doses as well as reduced basal body 
temperature, and attenuated novel cage-induced activity more than injection-induced 
activity. 
Body temperature: The SIH response (main time effect: F(12,108)=19.27, p<0.001) was 
attenuated by TP003 (TP003 x time interaction: F(36,324)=1.93, p<0.01). TP003 did 
influence basal core body temperature (F(3,27)=2.96, p=0.050). Planned comparisons 
revealed a significant difference between the vehicle and 1 mg/kg condition (F(1,9)=6.26, 
p<0.05), a trend for a difference between vehicle and 3 mg/kg (F(1,9)=3.65, p=0.09, NS), 
and no difference between vehicle and the 0.3 mg/kg condition (F(1,9)=0.27, p=0.62,NS). 
The calculated SIH response revealed TP003 reduced the SIH response (F3,27=12.57, 
p<0.001). Simple contrasts revealed SIH attenuation at all doses (0.3 mg/kg-veh: 
F1,9=22.25, p<0.001; 1 mg/kg-veh F1,9=25.50, p<0.001; 3 mg/kg-veh F1,9=27.79, p<0.001) 
(Figure 3A, inset). 
Locomotor activity: Stress-induced locomotor responses (main time effect 
(F(12,108)=22.43, p<0.001) were reduced by TP003 (TP003 effect F(3,27)=14.43, p<0.001; 
TP003 x time interaction: F(36,324)=1.42, p=0.06). All three TP003 doses resulted in 
significant activity reduction after novel cage stress as compared to the vehicle group 
(F(1,9)=23.94, p<0.001 for vehicle–0.3 mg/kg, F(1,9)=25.56, p<0.001 for vehicle–1 mg/kg 
and F(1,9)=14.09, p<0.01 for vehicle–3 mg/kg, simple contrasts).  When cumulating 
locomotor activity levels after injection and after novel cage stress (figure 3B, inset), TP003 
reduced locomotor activity levels after novel cage stress more than after injection (TP003 
effect F(3,27)=9.34, p<0.001; TP003 x prepost interaction F(1,9)=9.81, p<0.001), although 
activity levels were comparable after both injection and novel cage (stress effect 
F(1,9)=1.63, p=0.23, NS). 
 

3.7 Alcohol (Figure 3C-D, n=11) 

Summary: Alcohol reduced the SIH response and basal body temperature only at higher 
doses. Alcohol did not affect locomotor activity levels after injection and after novel cage 
stress. 
Body temperature: Novel cage stress led to a significant increase in temperature (time 
effect F(12,120)=15.68, p<0.001) and alcohol reduced the SIH response (time x alcohol 
interaction F(36,360)=2.56, p<0.001). Alcohol decreased basal body temperature (main 
alcohol effect F(3,30)=4.82, p<0.01). Simple contrasts revealed differences only between 
vehicle-3 g/kg regarding basal body temperature (dose contrasts: veh-0.3 g/kg: 
F(1,10)=0.79, NS; veh-1g/kg: F(1,10)=0.01, p=0.98,NS; veh-3g/kg: F(1,10)=5.71, p<0.05). 
The calculated SIH response showed a trend for alcohol to reduce the SIH response 
(F3,30=2.30, p=0.09, NS). Simple contrasts revealed that SIH attenuation at higher doses (1 
g/kg-veh: F1,10=1.32, p=0.28, NS; 2 g/kg-veh F1,10=5.19, p<0.05; 4 g/kg-veh F1,10=5.12, 
p<0.05) (Figure 3C, inset). 
Locomotor activity: The locomotor reaction in response to novel cage stress (time effect 
F(12,120)=16.87, p<0.001) was not affected by alcohol (main alcohol effect F(3,30)=0.62, 
p=0.61, NS; alcohol x time interaction F(36,360)=1.23, p=0.18, NS). When cumulating 
locomotor activity levels after injection and after novel cage stress (figure 3D, inset), 
alcohol did not affect locomotor activity levels after injection and after novel cage stress 
(alcohol effect F(3,30)=1.67, p=0.20, NS; alcohol x stress F(3,30)=0.90, p=0.45, NS). 



Chapter 3  

70 

 

 

3.8 THIP (Figure 3E-F, n=10) 

Summary: THIP reduced the SIH response and basal body temperature at its highest dose. 
THIP reduced locomotor activity after novel cage stress. 
Body temperature: Basal body temperature was overall reduced by THIP (THIP effect  
F(3,27)=5.44, p<0.01). Also, the SIH response (time effect: F(12,108)=12.59, p<0.001) was 
reduced by THIP (THIP  x time interaction: F(36,324)=4.25, p<0.001). Simple contrasts 
revealed a significant difference in basal body temperature between the vehicle and 10 
mg/kg condition (F(1,9)=15.40, p<0.01), whereas the other doses did not affect basal body 
temperature (vehicle-0.3 mg/kg condition F(1,9)=1.11, p=0.32, NS; vehicle-3 mg/kg 
condition F(1,9)=0.11, p=0.75, NS). The calculated SIH response revealed that THIP 
reduced the SIH response (F3,27=4.64, p=0.01). Simple contrasts revealed that only the 
highest dose reduced the SIH response (0.3 mg/kg-veh: F1,9=0.31, p=0.59, NS; 3 mg/kg-veh 
F1,9=0.25p=0.63; 10 mg/kg-veh F1,10=6.15, p<0.05) (Figure 3E, inset). 
Locomotor activity: The stress-induced locomotor response (time effect: F(12,108)=12.35, 
p<0.001) was reduced by THIP (THIP x time interaction F(36,324)=1.96, p<0.001; THIP  
effect F(3,27)=2.43, p=0.09, trend).  When cumulating locomotor activity levels after 
injection and after novel cage stress (figure 3F, inset), THIP reduced locomotor activity 
levels only after the novel cage procedure (THIP x stress interaction F(1,9)=3.37, p<0.05), 
although overall locomotor activity was not reduced (THIP effect F(3,27)=1.18, p=0.34, NS) 
and overall locomotor activity levels after injection and novel cage stress were not 
different (stress effect F(1,9)=0.18, p=0.68, NS). 
 

4. Discussion 

In the present study, we examined the effects of various GABAAergic compounds on 
temperature and locomotor responses to acute stress. The stress-induced hyperthermia 
model uses the rise in body temperature in response to stress to assess anxiolytic drug 
effects, and provides a translational approach to anxiety research (Vinkers et al 2008). We 
found that the administration of the non-selective GABAA receptor agonist diazepam 
resulted in a dose-dependent attenuation of the stress-induced hyperthermia and basal 
and stress-induced locomotor activity responses, indicating that diazepam induces both 
anxiolytic and sedative effects. These findings support and extend previous studies on 
diazepam in the stress-induced hyperthermia paradigm in mice (Olivier et al 2002).  
Zolpidem, an intermediate selective GABAA receptor α1 subunit agonist, decreased basal 
core body temperature and attenuated basal and stress-induced locomotor and 
temperature responses in a dose-dependent fashion. The sedative effect of zolpidem in 
vivo is mediated by the α1 subunit (Crestani et al 2000), and zolpidem does not possess 
any anxiolytic properties (Kumar et al 2003; Mirza et al 2008). However, we cannot exclude 
that the results of the higher doses of zolpidem may be the result of non-specific GABAA 
receptor activation. Also, the reduction of the SIH response by zolpidem is most likely the 
result of strong hypothermic effects on basal body temperature, disturbing physiological 
homeostatic mechanisms (Olivier et al 2003).  
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βCCt shows a high affinity for the GABAA receptor α1 subunit with considerably lower 
affinity for GABAA receptor α2, α3 and α4 subunits, and has comparable low efficacy at all α 
subunits. (Huang et al 2000; Popik et al 2006). Administration of ΒCCt alone had no effect 
on either basal body temperature or novel cage-induced temperature and locomotor 
activity responses. However, prior injection with ΒCCt antagonized hypothermic effects of 
both diazepam and zolpidem, and reversed zolpidem-induced locomotor sedation 
(figures 1 and 2). In contrast, ΒCCt did not antagonize the diazepam-induced locomotor 
sedation, which may be attributed to the fact that diazepam exerts a broader 
pharmacological GABAA agonistic profile while zolpidem action is restricted to the GABAA 
receptor α1 subunit. Basal body temperature reduction after diazepam administration was 
only observed in the combination βCCt/diazepam experiment and not when solely 
diazepam was injected. We do not have an explanation for this puzzling observation; the 
only experimental difference was the presence of a double injection within 10 minutes. 
Mice do consistently show a reduction in basal body temperature after administration of 
diazepam (Olivier et al 2002; Van Bogaert et al 2006a), and better regulated homeostasis 
in the rat may account for an absent hypothermia when diazepam was administered. Our 
results suggest a role for the GABAA receptor α1 subunit in hypothermic and locomotor 
sedative actions of GABAAergic drugs. Some studies have suggested that anxiolytic effects 
of benzodiazepines can be reversed with βCCt (Griebel et al 2000a; Griebel et al 1999). 
However, this may be the result of decreased sedation rather than a reversal of anxiolytic 
effects, since sedation caused by diazepam and zolpidem has been shown to be 
reversible with high doses of βCCt (Griebel et al 1999; Popik et al 2006). The hypothermic 
effects after activation of the GABAA receptor α1 subunit has been extensively studied in 
mice (Van Bogaert et al 2006a). The α1 subunit is abundantly expressed throughout the 
brain, and a higher expression of the α1 subunit is present in the hypothalamic preoptic 
area and dorsomedial hypothalamus as compared to the the α2 and α3 subunits (Pirker et 
al 2000). These areas are thought to play a major role in thermoregulation (Boulant 2000; 
Dimicco and Zaretsky 2007; Nagashima et al 2000) and  may account for the α1 
involvement in the regulation of basal body temperature.  
 
A putative role for the GABAA receptor α3 subunit in anxiety was confirmed with GABAA 
receptor α3 subunit agonist TP003 that attenuated the SIH response without affecting 
basal body temperature levels (figure 3A). Also, when combined with GABAA receptor α1 
subunit antagonist βCCt, diazepam reduced the SIH response, possibly through activation 
of the α2/3 subunit. Although transgenic mice lacking benzodiazepine sensitivity in the α3 
subunit did not show altered anxiolytic actions of diazepam (Low et al 2000; Rudolph and 
Mohler 2004), pharmacological studies have pointed to a role for this subunit in anxiolysis 
(Atack et al 2005; Carling et al 2005; Dias et al 2005) as might be expected from high α3 
subunit expression in brain areas involved in acute stress responses (Pirker et al 2000). 
Anxiolytic effects of TP003 were found in the elevated plus maze (rats) and in a 
conditioned emotional response test (squirrel monkeys) (Dias et al 2005). Our findings 
support and extend previous experiments suggesting GABAA receptor α2 and α3 subunits 
as the main regulatory subunits mediating anxiolytic effects (Atack et al 2005; Dias et al 
2005).  Stress-induced locomotor responses after novel cage stress were reduced at all 
TP003 doses, but only after novel cage stress and not immediately after injection like in 
the case of diazepam and zolpidem (figure 3B). This contrasts with another study in mice 
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that did not show any sedative locomotor effects of TP003 (Dias et al 2005). Although 
being α3 subunit selective, TP003 also has low modulation via α1-, α2-, and α5-containing 
subtypes (Dias et al 2005). Also, differences in metabolizing enzymes exist between 
animal species, resulting in different clearance rates which are frequently thought to be 
responsible for differences in behavioral responses. For GABAA receptor agonists, one 
study of nitrazepam found much higher plasma levels in rats than in mice after a dose 
nitrazepam (Takeno et al 1993), whereas another study found that the oral bioavailability 
of L-838417, a α1 antagonist and α2/α3 partial agonist, in mice was very poor compared to 
bioavailability in rats (Scott-Stevens et al 2005). Therefore, a lack of sedative action of 
TP003 in mice compared to rats can possibly be ascribed to lower plasma levels of TP003 
caused by a more rapid metabolism of TP003 in mice. 
 
Locomotor activity responses to stress are used as an output parameter in various anxiety 
paradigms such as the elevated plus maze, the open field test and the light-dark test. 
Open-arm entries, a lit box or centre of a field all putatively lead to an anxiety state, but 
also cage exchange as used in the current experiments leads to similar increases in 
distances travelled and velocities (de Visser et al 2006). In general, stress-induced behavior 
in rodents consists of exploration on one hand, and anxiety-driven avoidance behavior on 
the other hand, and there is no easy way of establishing the relationship between 
exploration and anxiety. Anxiolytic drugs increase explorative behavior and locomotor 
activity (Belzung and Berton 1997), but in higher doses cause general locomotor sedation, 
interfering with a good test interpretation (Dawson et al 1995). Therefore, sedative effects 
of both diazepam and zolpidem cause a decrease in locomotor activity (Davies et al 1994; 
Elliot and White 2001). However, the sedative effects of benzodiazepines in the elevated 
plus maze are no longer present after a point mutation of the α1 subunit (McKernan et al 
2000; Rudolph et al 1999), indicating that the α1 subunit is closely involved in 
benzodiazepine-induced locomotor activity reduction. McKernan et al. showed that 
diazepam (3 mg/kg) even increased locomotor activity in α1 point mutated mice 
compared to wild-type controls. In contrast, myorelaxant effects of diazepam in the 
rotarod assay remain present in the α1 subunit KO mice, suggesting that the locomotor 
activity attenuation is not the mere result of muscle relaxation. Other studies showed that 
βCCt antagonized the locomotor depressant effects of zolpidem and diazepam on open 
field locomotor activity in mice (Griebel et al 1999) as well as the elevated plus maze 
(Savic et al 2004). All in all, there is ample evidence that locomotor depressant actions of 
zolpidem and the benzodiazepines are mediated via the α1 subunit of the GABAA 
receptor. Anxiolytic drugs completely devoid of sedative side effects would therefore 
either increase or not affect locomotor activity parameters after novelty-induced stress.  
 
Ethanol reduced basal body temperature at higher doses without affecting stress-induced 
locomotor responses (figure 3C). Only the highest dose reduced the SIH response, an 
effect that was already earlier observed in mice (Olivier et al 2003). Although acute 
administration of alcohol is known to possess an anxiolytic profile, the effects are known 
to be different from benzodiazepines (Langen et al 2002) as alcohol binds to extrasynaptic 
GABAA receptors containing α4 or α6 and δ subunits (Wallner et al 2003). However, we 
used higher doses that could have lost extrasynaptic binding selectivity. Also, alcohol at 
higher doses may act on NMDA, serotonin and glycine receptors, (Crews et al 1996; Davies 
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2003; Harris 1999). THIP reduced basal body temperature and stress-induced 
hyperthermia and locomotor activity responses only at the highest dose tested (10 
mg/kg), whereas lower doses did not have any effect (figure 3E). THIP has been shown to 
enhance sleep episodes (Lancel and Langebartels 2000) with little affinity for 
benzodiazepine receptors. Rather, THIP binds to extrasynaptic GABAA receptors 
containing a δ-subunit (Wafford and Ebert 2006), and a role for the GABAA receptor δ 
subunit in neurosteroid-mediated anxiolytic effects has been proposed (Mihalek et al 
1999). However, it seems more likely that the strong hypothermic effects of the highest 
dose of THIP are due to interference with physiological thermoregulation (Olivier et al 
2003). Interaction between effects on sleep and thermoregulation are possible because of 
common neural pathways within the preoptic area and anterior hypothalamus (Frosini et 
al 2004). Indeed, THIP synchronized hypothermic and EEG effects in rabbits (Frosini et al 
2004). Interestingly, alcohol did not affect locomotor activity at all doses and THIP 
affected locomotor activity only at high doses (figures 3D and 3F), whereas the other 
synaptic compounds all reduced locomotor activity to some extent. Other studies have 
found that alcohol impaired rotarod performance at lower dosis (Zaleski et al 2001). 
Although our high doses may have lost extrasynaptic selectivity, this indicates that 
locomotor activity may be differentially controlled by extrasynaptic and synaptic receptor 
populations. This is supported by a lack of cross-tolerance in the rotarod test between 
zolpidem and THIP (Voss et al 2003).  
 
The SIH amplitude decreased over the course of the experiments from 0.7 °C at the start of 
the experiments to 0.2-0.3 °C in the final experiments, as did locomotor activity levels after 
novel cage stress. Habituation to the experimental procedure may account for a 
decreased SIH response, although previous methodological testing has not revealed any 
habituation using a one week interval, even when testing occurred for over a year 
(Bouwknecht et al 2007; Olivier et al 2003; Van der Heyden et al 1997).  Also, the manually 
calculated SIH response from the time graphs is generally in complete agreement with 
the time graphs. Only when drugs are tested at doses that markedly decrease body 
temperature, there appears to be a small difference between the calculated SIH response 
and the time graphs. This difference is attributable to the fact that the calculated SIH 
response is based on the maximum temperature during the first thirty minutes after 
stress. In those cases in which body temperature is decreasing after stress induction, the 
maximum is likely to be close to the start of that 30-minute period. In this way, the 
calculated SIH response in these cases is likely to yield a result close to 0 °C, whereas a 
decreasing basal body temperature seems to indicate a negative SIH response. The 
differences however are small and do not change the interpretation of our data. 
 
The most important finding in the present study is that the GABAA receptor modulates 
temperature and locomotor stress responses as well as basal body temperature processes 
through different GABAA receptor subunits. More specifically, the GABAA α1 receptor 
subunit was found to be essential for basal body temperature regulation and for inducing 
locomotor sedation, whereas the GABAA receptor α2 and α3 subunit exerted anxiolytic 
effects by attenuating the SIH response. Non-benzodiazepine GABAA activity is less 
involved in thermoregulation and locomotor sedation, as suggested by the effects of 
alcohol and THIP.  In conclusion, we show that the use of home cage temperature and 
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locomotor stress responses provides a successful approach to anxiety research and 
possesses an enormous potential to pharmacologically study the effects of GABAA-ergic 
drugs.  The stress-induced hyperthermia model uses a simultaneously collected 
independent parameter and may possess additional value over locomotor activity 
parameters only. 
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Abstract 
 

 
 
Rationale: Stress-related disorders are associated with dysfunction of both serotonergic and 
GABAergic pathways and clinically effective anxiolytics act via both neurotransmitter systems. As 
there is evidence that the GABAA and the serotonin receptor system directly interact, a serotonergic 
component in the anxiolytic actions of benzodiazepines could be present.  
 

Objectives: The aim of the present study was to investigate whether the anxiolytic effects of (non-
)selective α subunit GABAA receptor agonists could be reversed with 5-HT1A receptor blockade using 
the stress-induced hyperthermia (SIH) paradigm. 
 

Results: The 5-HT1A receptor antagonist WAY-100635 (0.1-1 mg/kg) reversed the SIH-reducing 
effects of the non α-subunit selective GABAA receptor agonist diazepam (1-4 mg/kg) and the GABAA 
receptor α3-subunit selective agonist TP003 (1 mg/kg), whereas WAY-100635 alone was without 
effect on SIH or basal body temperature. At the same time, co-administration of WAY-100635 with 
diazepam or TP003 reduced basal body temperature. WAY-100635 did not affect the SIH response 
when combined with the preferential α1 subunit GABAA receptor agonist zolpidem (10 mg/kg). 
Zolpidem did not affect the SIH response, but markedly reduced basal body temperature when 
administered alone. 
 

Conclusions: The present study suggests a direct interaction between GABAA receptor α3 subunits 
and 5-HT1A receptors on stress-induced hyperhermia. Specifically, our data indicate that 
benzodiazepines affect serotonergic signalling via GABAA-ergic α3 subunits. Further understanding 
of the interactions between the GABAA and serotonin system in reaction to stress may be valuable 
in the search for novel anxiolytic drugs. 
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1. Introduction 

Stress-related disorders are associated with dysfunction of both serotonergic and 
GABAergic pathways (Akimova et al 2009; Kalueff and Nutt 2007; Nemeroff 2003). The 
clinical anxiolytic effects of selective serotonin reuptake inhibitors, 5-HT1A receptor 
agonists and GABAAR agonists indicate that both the GABAAergic as well as the 
serotonergic system may be involved in the pathological basis underlying anxiety 
disorders (Nutt 2005; Zohar and Westenberg 2000). There is evidence that the GABA and 
the serotonergic system directly interact (Fernandez-Guasti and Lopez-Rubalcava 1998; 
Gao et al 1993; Lista et al 1989), although the evidence is inconsistent (Shephard et al 
1982; Thiebot 1986). Specifically, a serotonergic component in the anxiolytic actions of 
benzodiazepines has been suggested (Harandi et al 1987; Stein et al 1977; Thiebot et al 
1984). Hence, studying the interactions of the GABAA and serotonin system in stress and 
anxiety could be valuable in the search for novel anxiolytic drugs. 
 
Here, we investigate whether the anxiolytic effects of GABAA receptor agonists are 
dependent on 5-HT1A receptor activation using the stress-induced hyperthermia (SIH) 
paradigm. The SIH response is the transient rise in body temperature in response to acute 
stress that is mediated by the autonomic nervous system (Bouwknecht et al 2007; Vinkers 
et al 2008). Both classical benzodiazepines and 5-HT1A receptor agonists consistently 
reduce the SIH response (as well as basal body temperature at higher doses), whereas 
dopaminergic and noradrenergic systems are generally ineffective (Olivier et al 2003). 
Classical (non-subunit selective) benzodiazepines bind to GABAA receptor α1, α2, α3 or α5 
subunits, and the various benzodiazepine effects are thought to be mediated through 
different GABAA receptor subtypes (Rudolph and Mohler 2006). Interactions with the 
serotonergic system may thus depend on the GABAA receptor composition. In the present 
study, we investigated whether the silent 5-HT1A receptor antagonist WAY-100635 (WAY) 
could reverse the anxiolytic effects of the non-subunit selective GABAA receptor agonist 
diazepam, the selective GABAA receptor α3 subunit agonist TP003 (Dias et al 2005) and the 
preferential GABAA receptor α1 subunit agonist zolpidem.  

 
2. Materials and methods 

2.1 Animals 
Male NMRI mice (Charles River, The Netherlands) were housed in Macrolon type 3 cages 
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 (22±2 °C) and relative humidity (40–60%) 
with free access to standard food pellets and tap water. Experiments were carried out 
with approval of the ethical committee on animal experiments of the Faculties of 
Sciences, Utrecht University, the Netherlands, and in accordance with the Declaration of 
Helsinki. 
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2.2 The stress-induced hyperthermia (SIH) procedure 
The SIH tests were carried out according to standard procedures (Groenink et al 2009).  A 
between-subject design was used. Cages were randomly and evenly allocated over 
daytimes (morning–afternoon). The temperature of mice was measured by rectally 
inserting a thermistor probe by a length of 2 cm. Digital temperature recordings were 
obtained with an accuracy of 0.1 °C using a Keithley 871A digital thermometer (NiCr– NiAl 
thermocouple). The probe, dipped into silicon oil before inserting, was held in the rectum 
until a stable rectal temperature had been obtained for 20 s. Animals were injected 
intraperitoneally with vehicle or WAY-100635 on the left flank and with vehicle, diazepam, 
zolpidem or TP003 on the right flank. All drugs were injected 60 min before the first 
temperature measurement (T1). The temperature was again measured 10 min later (T2), 
representing the stress-induced body temperature. The stress-induced hyperthermia 
response was calculated by subtracting T1 from T2. 
 

2.3 Drugs  
Diazepam (base), zolpidem (tartaric acid) and WAY-100635 (maleate) (N-2-[4-(2-
methoxyl)-1-piperazinyl]ethyl}-N-(2-pyridinyl) cyclohexanecarboxamide tri-chloride) were 
obtained from Sigma Aldrich. TP003 was synthesized according to published methods 
(Dias et al 2005; Humphries et al 2006). An injection volume of 10 ml/kg was used for 
intraperitoneal injections of all drugs. WAY-100635 was dissolved in saline. Diazepam, 
zolpidem and TP003 were suspended in gelatin-mannitol 0.5% / 5%. Fresh solutions and 
suspensions were prepared each testing day.  
 

2.4 Data analysis  
For each individual mouse, a basal temperature (T1), an end temperature (T2) and the 
difference (SIH response = T2-T1) was determined. Treatment effects were evaluated using 
a two -way analysis of variance with explanatory factors drug1 (WAY-100635 or vehicle) 
and drug2 (diazepam/zolpidem/TP003 or vehicle). A probability level of p<0.05 was set as 
statistically significant, probability levels between p=0.05 and p=0.1 were regarded as 
trends.  
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3. Results 

3.1 Diazepam 1 mg/kg and WAY-100635  

SIH response (Figure 1A, C, E) 

As shown in figure 1, WAY significantly altered the diazepam effect at all three doses 
tested (WAY 0.1 mg/kg: WAY x diazepam interaction F1,31=5.02, p<0.05; WAY 0.3 mg/kg: 
WAY x diazepam interaction F1,31=4.71, p<0.05; WAY 1.0 mg/kg: WAY x diazepam 
interaction F1,32=5.76, p<0.05). Post-hoc analysis showed that in vehicle-treated mice, 
diazepam at a dose of 1 mg/kg reduced the SIH response relative to the vehicle-vehicle 
treated animals in all three experiments (WAY 0.1 mg/kg: diazepam effect: F1,16=6.14, 
p<0.05; WAY 0.3 mg/kg: diazepam effect: F1,16=5.70, p<0.05; WAY 1 mg/kg: diazepam effect: 
F1,17=6.91, p<0.05). In contrast, diazepam did not reduce the SIH response in WAY-treated 
animals in any of the three experiments (WAY 0.1 mg/kg: diazepam effect: F1,17=0.10, 
p=0.76, NS; WAY 0.3 mg/kg: diazepam effect: F1,17=1.79, p=0.20, NS; WAY 1 mg/kg: 
diazepam effect:: F1,17=0.18, p=0.68, NS). 

 

Basal body temperature (Figure 1B, D, F) 

In the experiment with the 0.1 mg/kg WAY dose, WAY did not alter the effect of diazepam 
(WAY x diazepam interaction, F1,31=0.23, p=0.63, NS), but diazepam tended to reduce 
basal body temperature (diazepam effect, F1,31=3.86, p=0.06, trend). In the experiments 
with the higher WAY doses, WAY appeared to enhance the temperature reducing effects 
of diazepam (WAY 0.3 mg/kg: WAY x diazepam interaction, F1,31=4.40, p<0.05; WAY 1.0 

mg/kg: WAY x diazepam interaction, F1,32=3.43, p=0.07, trend). Post-hoc analysis showed 
that combined administration of diazepam with the two higher WAY doses resulted in 
hypothermic effects relative to the WAY-vehicle treated animals (WAY 0.3 mg/kg: 
diazepam effect F1,17=8.07, p=0.01; WAY 1 mg/kg: diazepam effect: F1,17=14.57, p<0.01).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Chapter 4 

80 

 

 
 
 

Veh WAY 0.1

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

0,0

0,5

1,0

1,5

2,0

Vehicle
Diazepam 1 mg/kg

Veh WAY 0.1
B

a
s
a

l 
b

o
d

y
 t

e
m

p
e

ra
tu

re
 (

°C
)

34

35

36

37

38

A B

Veh WAY 0.3

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

0,0

0,5

1,0

1,5

2,0

Vehicle
Diazepam 1 mg/kg

Veh WAY 0.3

B
a

s
a

l 
b

o
d

y
 t

e
m

p
e

ra
tu

re
 (

°C
)

34

35

36

37

38

C D

Veh WAY 1

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

0,0

0,5

1,0

1,5

2,0

Vehicle
Diazepam 1 mg/kg

Veh WAY 1

B
a

s
a

l 
b

o
d

y
 t

e
m

p
e

ra
tu

re
 (

°C
)

34

35

36

37

38

E F

*

*

*

*

*

*

 
 
Figure 1: Effects of WAY-100635 (0.1-1 mg/kg, IP) on stress-induced hyperthermia and basal body temperature 
response after vehicle or diazepam (1 mg/kg, IP) administration. *: p<0.05. 
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Figure 2: Effects of WAY-100635 (0.1-1 mg/kg, IP) on stress-induced hyperthermia and basal body temperature 
response after vehicle or diazepam (4 mg/kg, IP) administration. *: p<0.05. 
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3.2 Diazepam 4 mg/kg and WAY-100635  

SIH response (Figure 2A,C,E) 

At the lowest dose, WAY did not alter the effect of diazepam (WAY 0.1 mg/kg: WAY x 
diazepam interaction F1,35=1.20, p=0.28, NS), nor did it have an intrinsic effect on the SIH 
response (WAY effect, F1,35=2.04, p=0.16, NS;). Overall, diazepam (4 mg/kg) reduced the 
SIH response (WAY 0.1 mg/kg: diazepam effect, F1,35=24,37, p<0.001). At higher doses, WAY 
significantly reversed the diazepam effects on the SIH response (WAY 0.3 mg/kg: WAY x 
diazepam interaction F1,32=3.88, p=0.05; WAY 1.0 mg/kg: WAY x diazepam interaction 
F1,36=4.74, p<0.05). Post-hoc analysis showed that in vehicle-treated mice, diazepam 
reduced the SIH response relative to the vehicle-vehicle treated animals in all experiments 
(WAY 0.3 mg/kg: diazepam effect: F1,17=9.07, p<0.01; WAY 1 mg/kg: diazepam effect: 
F1,19=20.40, p<0.001). In contrast, in WAY-treated animals (0.3 and 1.0 mg/kg) diazepam 
did not reduce the SIH response (WAY 0.3 mg/kg: diazepam effect: F1,17=0.19, p=0.67, NS ; 
WAY 1 mg/kg: diazepam effect: F1,19=1.01, p=0.33, NS).] 

 

Basal body temperature (Figure 2B,D,F) 

The lowest dose of WAY-100635 did not alter the effect of diazepam (WAY 0.1 mg/kg: WAY 
x diazepam interaction, F1,35=0.91, p=0.35, NS and WAY effect, F1,35=3.50, p=0.07, trend), 
whereas diazepam (4 mg/kg) reduced basal body temperature (WAY 0.1 mg/kg: diazepam 
effect, F1,35=48.87, p<0.001). The higher WAY doses enhanced the effect of diazepam on 
basal body temperature (WAY 0.3 mg/kg: WAY x diazepam interaction, F1,32=4.86, p<0.05; 
WAY 1 mg/kg: WAY x diazepam interaction, F1,36=18.47, p<0.001). Post-hoc analysis 
showed that diazepam combined with the higher WAY doses resulted in hypothermic 
effects in combination relative to the WAY-vehicle treated animals (WAY 0.3 mg/kg: 
diazepam effect F1,17=67.79, p<0.001; WAY 1 mg/kg: diazepam effect: F1,19=49.40, p<0.001). 
In contrast, diazepam alone did not reduce the basal body temperature compared to 
vehicle-vehicle treated animals (WAY 0.3 mg/kg: diazepam effect: F1,17= 1.64, p=0.22, NS; 
WAY 1 mg/kg: diazepam effect: F1,19= 1.44, p=0.25, NS). 

 

3.3 TP003 1 mg/kg and WAY-100635  

SIH response (Figure 3A,C,E) 

As shown in figure 3A, C and E, WAY influenced the TP003 effect at all three WAY doses 
tested (WAY 0.1 mg/kg: WAY x TP003 interaction, F1,30=4.56, p<0.05; WAY 0.3 mg/kg: WAY x 
TP003 interaction, F1,30=4.87, p<0.05; WAY 1.0 mg/kg: WAY x TP003 interaction, F1,31=3.38, 
p=0.06, trend; WAY effect F1,31=6.11, p<0.05). Post-hoc analysis showed that in vehicle-
treated mice, TP003 reduced the SIH response compared to vehicle-vehicle treated 
animals in two of the three experiments (WAY 0.1 mg/kg: TP003 effect: F1,16=4.56, p<0.05; 
WAY 0.3 mg/kg: TP003 effect: F1,15=4.94 p<0.05; WAY 1 mg/kg: TP003 effect: F1,16=2.87, 
p=0.11, NS). In contrast, TP003 did not reduce the SIH response in WAY-treated animals 
compared to vehicle-WAY treated animals in any experiment (WAY 0.1 mg/kg: TP003 
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effect: F1,16=1.54, p=0.23, NS; WAY 0.3 mg/kg: TP003 effect: F1,17=1.11, p=0.31, NS; WAY 1 

mg/kg: TP003 effect: F1,17=0.65, p=0.43, NS). 

 

Basal body temperature (Figure 3B,D,F) 

The effect of TP003 on basal body temperature was influenced by WAY treatment (0.1, 0.3 
and 1 mg/kg) (WAY 0.1 mg/kg: WAY x TP003 interaction, F1,30=4.54, p<0.05; WAY 0.3 mg/kg: 
WAY x TP003 interaction, F1,30=9.01, p<0.01; WAY 1 mg/kg: WAY x TP003 interaction, 
F1,31=4.28, p<0.05). Post-hoc analysis showed that combined treatment of TP003 with 
WAY (0.1, 0.3 and 1 mg/kg) resulted in significant hypothermic effects relative to the WAY-
vehicle treated animals (WAY 0.1 mg/kg: TP003 effect F1,16=5.55, p<0.05; WAY 0.3 mg/kg: 
TP003 effect F1,17=6.27, p<0.05; WAY 1 mg/kg: TP003 effect: F1,17=7.96, p=0.01). In contrast, 
TP003 alone did not reduce the basal body temperature compared to vehicle-vehicle 
treated animals (WAY 0.1 mg/kg: TP003 effect F1,16= 0.52, p=0.48, NS; WAY 0.3 mg/kg: TP003 
effect F1,15= 3.56, p=0.08, trend; WAY 1 mg/kg: TP003 effect: F1,16=0.32, p=0.58, NS). 
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Figure 3: Effects of WAY-100635 (0.1-1 mg/kg, IP) on stress-induced hyperthermia and basal body temperature 
response after vehicle or TP003 (1 mg/kg, IP) administration. *: p<0.05. 
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Figure 4: Effects of WAY-100635 (0.1-1 mg/kg, IP) on stress-induced hyperthermia and basal body temperature 
response after vehicle or zolpidem (10 mg/kg, IP) administration. *: p<0.05. 
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3.4 Zolpidem 10 mg/kg and WAY-100635  

SIH response (Figure 4A,C,E) 

Zolpidem did not affect the SIH response in all three experiments (WAY 0.1 mg/kg: 
zolpidem effect, F1,32=0.77, p=0.39, NS; WAY 0.3 mg/kg: zolpidem effect, F1,31=0.30, p=0.87, 
NS; WAY 1 mg/kg: zolpidem effect, F1,32=0.72, p=0.40, NS). WAY did not have any effect on 
the SIH response nor changed the zolpidem effects (WAY 0.1 mg/kg: WAY effect, F1,32=0.09, 
p=0.77, NS; WAY x zolpidem interaction F1,32=0.001, p=0.94, NS; WAY 0.3 mg/kg: WAY 
effect, F1,31=0.32, p=0.86, NS; WAY x zolpidem interaction F1,31=1.63, p=0.21, NS; WAY 1 

mg/kg: WAY effect, F1,32=1.93, p=0.17, NS; WAY x zolpidem interaction F1,32=0.29, p=0.59, 
NS). 

 

Basal body temperature (Figure 4B,D,F) 

Zolpidem reduced basal body temperature in all three experiments (WAY 0.1 mg/kg: 
zolpidem effect, F1,32=25.07, p<0.001; WAY 0.3 mg/kg: zolpidem effect, F1,31=136.20, 
p<0.001; WAY 1 mg/kg: zolpidem effect, F1,32=41.39, p<0.001). WAY did not alter zolpidem-
induced hypothermia (WAY 0.1 mg/kg:  WAY x zolpidem interaction, F1,32=0.01, p=0.98, NS; 
WAY 0.3 mg/kg: WAY x zolpidem interaction, F1,31=0.38, p=0.54, NS; WAY 1 mg/kg: WAY x 
zolpidem interaction, F1,32=2.28, p=0.14, NS). WAY had no significant effect on basal body 
temperature, except for the highest dose tested (WAY 0.1 mg/kg:  WAY effect, F1,32=3.76, 
p=0.11, NS; WAY 0.3 mg/kg: WAY effect, F1,31=1.37, p=0.25, NS; WAY 1 mg/kg: WAY effect, 
F1,32=4.48, p<0.05).  

 

4. Discussion 

The present study investigated the putative GABA-serotonin interactions using the stress-
induced hyperthermia (SIH) paradigm. Using a pharmacological approach, we show that 
the 5-HT1A receptor antagonist WAY-100635 reversed the SIH-reducing effects of the non-
selective GABAA receptor agonist diazepam and the GABAA receptor α3-selective agonist 
TP003. In contrast, WAY-100635 did not affect the SIH response when it was combined 
with the preferential α1 subunit GABAA receptor agonist zolpidem, which was ineffective 
itself in reducing the SIH response. Moreover, co-administration of WAY-100635 with 
diazepam or TP003 resulted in augmented hypothermia. As WAY-100635 has no affinity 
for GABAA receptors (Fletcher et al 1996), our data indicate that in the SIH paradigm, 
anxiolytic effects of GABAA receptor agonists may be mediated via the serotonin system. 
The 5-HT1A receptor antagonist WAY-100635 is generally assumed to act as silent 
antagonist but has also been reported to exert anxiolytic or even anxiogenic effects (Cao 
and Rodgers 1997; Fletcher et al 1996; Forster et al 1995; Griebel et al 2000b; Groenink et 
al 1996a; Stanhope and Dourish 1996). In the present study, WAY-100635 never affected 
the SIH response when it was administered alone, which is in line with earlier studies 
(Olivier et al 2003; Olivier et al 2008a). Moreover, WAY-100635 has been shown to reverse 
the SIH-reducing effects of 5-HT1A receptor agonists such as buspirone and flesinoxan, 
confirming that WAY-100635 targets 5-HT1A receptors (Iijima et al 2007; Olivier et al 1998).  
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The main finding of the present study is that the non-selective GABAA receptor agonist 
diazepam and the α3 subunit selective GABAA receptor agonist TP003 no longer reduced 
the SIH response in the presence of the 5-HT1A receptor antagonist WAY-100635, 
suggesting a direct interaction between GABAA receptor α3 subunits and 5-HT1A receptors. 
Some studies have found decreased serotonin activity and turnover after benzodiazepine 
administration (Chase et al 1970; Pratt et al 1979; Stein et al 1977; Trulson et al 1982; 
Wright et al 1992), although others have not found such effects  (Shephard et al 1982; 
Thiebot 1986; Thiebot et al 1984). Also, a reduction in serotonin turnover has been linked 
to the anxiolytic effects of the classical benzodiazepine chlordiazepoxide on social 
interaction (Vellucci and File 1979). Our data may indicate that benzodiazepines affect 
serotonergic signaling via α3 subunits on a distinct and selective group of serotonergic 
neurons. In support, the vast majority of serotonergic neurons express GABAA receptor α3-
subunit immunoreactivity but not GABAA receptor α1-subunit staining (Gao et al 1993). 
This is remarkable as the α1 subunit is highly prevalent in the central nervous system. 
Thus, benzodiazepines could at least partially produce their anxiolytic effects by 
activating α3 subunits located on serotonergic neurons. Presynaptically, 5-HT1A receptors 
are located as somatodendritic receptors on serotonergic neurons in the dorsal and 
median raphe nuclei with ascending projecting throughout the brain. Postsynaptic 5-HT1A 
receptors are present at high density in central cortical and limbic areas. Activation of 
both receptor types inhibits the firing rate of serotonergic neurons. Blockade of 
presynaptic 5-HT1A receptors using WAY-100635 may disinhibit serotonin release and 
turnover at synaptic levels (Wesolowska et al 2003), which may then activate postsynaptic 
5-HT receptors. This way, WAY-100635 could reverse or block the α3-induced inhibitory 
effects on serotonergic neurons. Electrophysiological studies also show that WAY-100635 
increases serotonergic neuronal activity probably by blocking 5-HT1A autoreceptors 
(Corradetti et al 1996; Fornal et al 1996; Mundey et al 1996). Thus, a presynaptical location 
of α3 subunits on serotonergic cell with 5-HT autoreceptors seems to be plausible. In 
support, serotonergic raphe nuclei receive a prominent GABAergic input via distant 
sources as well as interneurons (Bagdy et al 2000; Gervasoni et al 2000; Harandi et al 1987; 
Varga et al 2001). However, this can only provide a partial explanation as WAY-100635 
also augmented the benzodiazepine-induced hypothermia, putatively via an activation of 
α1 subunits (Vinkers et al 2009f). Furthermore, it is striking that WAY-100635 reverses the 
SIH response while it augments the hypothermia. It may be hypothesized that specialized 
thermoregulatory GABAA –serotonin interactions exist in the hypothalamus, or, 
alternatively, that dorsal and median raphe projections differentially affect basal and 
stress-induced body temperature levels. Also, we cannot exclude the possibility that 
downstream activation of hypothalamic 5-HT1A receptors, subsequent to the direct 
activation of GABAA receptors, is needed to maintain the core body temperature. Thus, 
detailed hypotheses on the potential interactive sites of GABAA receptors and 5-HT1A 
receptors and their functional relevance must await further experimental analysis. 
 

The effects of diazepam, TP003 and zolpidem on the SIH response and basal body 
temperature from our experiments are in line with earlier studies from our group (Olivier 
et al 2002; Vinkers et al 2009f; Vinkers et al 2008). Classical (non-subunit selective) 
benzodiazepines all reduce the SIH response and may induce hypothermia (at higher 
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doses). Classical (non-selective) benzodiazepines allosterically enhance the inhibitory 
actions of GABA by binding to GABAA receptors that contain α1, α2, α3 or α5 subunits in 
combination with a β and a γ2 subunit (Rudolph and Mohler 2006). Recently, genetic and 
pharmacological evidence has indicated that α subunits may differentially contribute to 
the various classical benzodiazepine induced effects such as anxiolysis, dependence, 
anticonvulsant activity, sedation and amnesia (Crestani et al 2001; Rudolph et al 1999). 
More specifically, we have shown a putative role for the GABAA receptor α1 subunit in 
hypothermia and a role for GABAA receptor α2/3 subunit agonists in anxiety processes 
(Vinkers et al 2009f). Zolpidem is approximately five- to tenfold more selective for α1 
subunit-containing GABAA receptors than α2/α3 subunit-containing receptors (Petroski et 
al 2006), wheras TP003 is α3 subunit selective with low modulation via α1-, α2-, and α5-
containing subtypes (Dias et al 2005). In the present study, we confirm and extend the 
earlier findings that the GABAA receptor α1 subunit leads to hypothermia, whereas GABAA 
receptor α3 subunits attenuated the SIH response without affecting basal body 
temperature levels. 
 

Interestingly, WAY-100635 has also been able to reverse the SIH reduction caused by the 
mGluR2/3 receptor antagonist MGS0039, suggesting that the 5-HT1A receptors may also be 
involved in the effects of glutamate receptor antagonists (Iijima et al 2007). In support, 
MGS0039 increased serotonin release in the medial prefrontal cortex (Kawashima et al 
2005). Moreover, 5-HT1A receptor antagonists WAY-100635 and NAD-299 attenuated the 
passive avoidance impairment caused by the muscarinic receptor antagonist 
scopolamine and the noncompetitive N-methyl-D-aspartate receptor antagonist MK-801 
in rats, indicating that 5-HT1A receptor-muscarinic receptor and 5-HT1A receptor-NMDA 
receptor interactions may also exist, possibly on the level of hippocampal pyramidal cells 
(Carli et al 1997; Madjid et al 2006; Misane and Ogren 2003). Altogether, these results 
suggest that functional interactions with the serotonin system are not limited to the 
GABAA system, but may also include glutamatergic, muscarinergic and NMDAergic 
receptor systems. 

 
In conclusion, the present study shows that 5-HT1A receptor blockade reversed the 
anxiolytic effects of the non-selective GABAA receptor agonist diazepam and the α3-
selective GABAA receptor agonist TP003 on the autonomic SIH response and enhanced 
TP003- and diazepam-induced hypothermia. In contrast, these effects were not present in 
combination with the selective GABAA receptor α1 subunit agonist zolpidem. Our data 
suggest that the GABAAergic system functionally interacts with the serotonergic system to 
cause its anxiolytic effects.  
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Abstract 
 

 
 
 
Background: A major disadvantage of chronic benzodiazepine treatment is the development of 
tolerance to their effects. The mechanisms underlying this loss of efficacy are little understood. The 
GABAA receptor α5 subunit has already been shown to be pivotal in the development of tolerance to 
the sedative effects of diazepam. An important issue is whether α-subtype selectivity curtails 
tolerance development. As distinct GABAA receptor α subtypes generate the different 
benzodiazepine effects, the question also remains whether tolerance to acute benzodiazepine 
effects is mediated by the same GABAA receptor subtype that is involved in the acute effect or 
whether more or specific α subunits are involved in the development of tolerance. Therefore, the 
present study aimed to investigate the effects of chronic treatment with non-subunit selective 
(classical) benzodiazepines as well as subunit-selective GABAergic drugs on the development of 
tolerance to the acute anxiolytic and hypothermic effects of diazepam. 
 
 
Methods: Chronic 28-day treatment was initiated with osmotic minipumps containing the non-
selective GABAA receptor agonist diazepam, the preferential α1 subunit selective GABAA receptor 
agonist zolpidem, the α2/3 subunit selective agonist TPA023 and the α5 subunit selective GABAA 
receptor agonist SH-053-2F’-R-CH3. Each week, acute diazepam (5 mg/kg, IP) or vehicle were 
administered using the stress-induced hyperthermia paradigm. Also, body weight was monitored 
and locomotor behavior was tested after 28 days. 
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Results: During chronic 28-day treatment with the classical benzodiazepine diazepam, rapid 
tolerance to the acute hypothermic and anxiolytic effects of acutely administered diazepam 
developed. Such tolerance also developed after chronic treatment with the preferential α1 subunit 
selective GABAA receptor agonist zolpidem although at a much slower pace compared to the 
chronic effects of diazepam. In contrast, no tolerance developed to the acute diazepam effects after 
chronic treatment with the α2/3 subunit selective TPA023 or the α5 subunit selective GABAA receptor 
agonist SH-053-2F’-R-CH3. In support, tolerance to the acute motor-depressant effects of diazepam 
was only present after chronic diazepam treatment but not after chronic treatment with zolpidem, 
TPA023 and SH-053-2F’-R-CH3. Moreover, body weight increases were associated with the chronic 
use of diazepam and SH-053-2F’-R-CH3. 

 
Conclusions: Our results suggest that a rapidly developing tolerance depends on a combined 
activation of α1, α2, α3 and α5 subunits, whereas chronic excitation of the α1 subunit may result in 
slowly developing tolerance. In contrast, chronic selective activation of either GABAA receptor α2/3 or 
α5 subunits does not produce any tolerance. Thus, a combined activation of α subunits over a 
prolonged period may give rise to rapid tolerance to the anxiolytic and hypothermic effects of 
classical benzodiazepines. If the chronic activation of α2/3 subunits does not result in any tolerance, 
this indicates that α2/3-subtype selective GABAergic compounds constitute a promising class of 
anxiolytic drugs which may possess a more favourable side effect profile.  
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1. Introduction 

Anxiety disorders are disabling disorders that are commonly treated with selective 
serotonin reuptake inhibitors or benzodiazepines (Nutt 2005). Although classical 
benzodiazepines have proven to be of great value in acute anxiety states, their use is 
associated with a variety of side effects that include physical dependence, tolerance, 
sedation, cognitive and motor impairment and severe withdrawal symptoms (Cloos and 
Ferreira 2009). Classical (non-selective) benzodiazepines allosterically enhance the 
inhibitory actions of GABA by binding to GABAA receptors that contain α1, α2, α3 or α5 
subunits in combination with a β and a γ2 subunit (Sieghart and Sperk 2002). Recently, 
genetic and pharmacological evidence has indicated that α subunits may differentially 
contribute to the effects of benzodiazepines (Crestani et al 2001; Rudolph et al 1999). 
More specifically, the α1 subunit is thought to mediate the sedative, hypnotic, amnesic 
and partly anticonvulsant actions of benzodiazepines (McKernan et al 2000; Rudolph et al 
1999), whereas α2 and α3 subunits probably mediate the anxiolytic and myorelaxant 
action of benzodiazepines (Atack et al 2005; Crestani et al 2001; Dias et al 2005; Low et al 
2000). There is evidence that activation of the α5 subunit is involved in benzodiazepine-
induced cognitive side effects (Collinson et al 2002; Dawson et al 2006), sedation (Savic et 
al 2008) and tolerance (van Rijnsoever et al 2004). Despite its complexity, the concept that 
distinct GABAA receptor α subtypes generate the various benzodiazepine effects is 
valuable from the perspective of developing novel therapeutic agents. In line with a 
specific function for each GABAA receptor α subunit, the search for a drug that separates 
the anxiolytic effects from the other side effects has focused on α2/3 subunit-selective 
GABAA receptor agonists (Crawforth et al 2004; Dias et al 2005; Mirza et al 2008).  
 
A major disadvantage of chronic benzodiazepine treatment is the development of 
tolerance to their effects. The mechanisms underlying this loss of efficacy are poorly 
understood, but have been ascribed to the development of adaptation at the level of the 
GABAA receptor. Using α point-mutation mice, the GABAA receptor α5 subunit has already 
been shown to be pivotal in the development of tolerance to the sedative effects of 
diazepam (van Rijnsoever et al 2004). However, studies on putative changes in GABAA 
receptor subunit mRNA levels in response to chronic treatment are heterogeneous and 
suggested to be both treatment- and region-specific (Wafford 2005). A reduction of the 
allosteric coupling between the GABA and benzodiazepine binding site may also occur, 
providing an alternative explanation for the development of tolerance (Ali and Olsen 
2001).  
 
An important question is whether α-subtype selectivity curtails tolerance development. 
For example, even though sedation is mediated through the α1 subunit, α5 subunits play a 
role in the development of tolerance to α1-mediated sedative effects (van Rijnsoever et al 
2004). Also, as distinct GABAA receptor α subtypes mediate the different benzodiazepine 
effects, the question remains whether tolerance to acute benzodiazepine effects is 
mediated by the same GABAA receptor subtype that is involved in the acute effect or 
whether more or specific α subunits are involved in the development of tolerance. 
Therefore, the present study aimed to investigate the contributions of different GABAA 
receptor α subunits on the development of tolerance to the acute anxiolytic and 
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hypothermic effects of diazepam. The tools in this study include the non-selective GABAA 
receptor agonist diazepam, the preferential α1 subunit selective GABAA receptor agonist 
zolpidem (Petroski et al 2006), the α2/3 subunit selective TPA023 (Atack et al 2006) as well 
as the α5 subunit selective GABAA receptor agonist SH-053-2F’-R-CH3 (Savic et al 2008). To 
repeatedly measure the acute anxiolytic and hypothermic potential of diazepam during 
the different chronic treatments, the stress-induced hyperthermia (SIH) paradigm was 
used (Vinkers et al 2008). The SIH response is the transient rise in body temperature in 
response to a stressor that is mediated by the autonomic nervous system which can be 
reduced using clinically effective anxiolytics including benzodiazepines (Bouwknecht et al 
2007). The SIH response is robust and can be repeatedly reduced with anxiolytic drugs 
using a 1-week interval, and this makes the SIH paradigm very suitable to monitor 
developing tolerance to acute benzodiazepine effects.  
 

2. Material and methods 

2.1 Animals  
Male 129Sv/EvTac mice (Taconic, M and B, Denmark) were group-housed at constant 
room temperature (21 ± 2°C) and relative humidity (50%–60%) with PVC tubing as cage 
enrichment. Standard rodent food pellets (Special Diet Services, Witham, Essex, United 
Kingdom) and water were freely available. Mice were maintained on a 12-hour light–dark 
cycle (lights on at 6 AM). One week after arrival, osmotic minipumps were implanted. 
After recovery from surgery, mice were group-housed. All experiments were performed in 
accordance with the governmental guidelines for care and use of laboratory animals and 
approved by the Ethical Committee for Animal research of the Faculties of Sciences, 
Utrecht University, The Netherlands. 
 

2.2 Drugs 
Diazepam (base) and zolpidem (tartaric acid) were obtained from Sigma Aldrich. SH-053-
2’F-R-CH3 (the (R) stereoisomer of 8-ethynyl-4-methyl-6-phenyl-4H-2,5,10b-triaza-
benzo[e]azulene-3-carboxylic acid ethyl ester) was synthesized by the laboratory of Dr. 
J.M. Cook (University of Wisconsin-Milwaukee, USA). TPA023 (7-(1,1-dimethylethyl)-6-(2-
ethyl-2H-1,2,4-triazol-3-ylmethoxy)-3-(2-fluorophenyl)-1,2,4-triazolo[4,3-b]pyridazine) was 
synthesized according to published methods (Carling et al 2005). An injection volume of 
10 ml/kg was used for acute intraperitoneal injections of diazepam. A fresh diazepam 
suspension in gelatin-mannitol 0.5%/5% was prepared on each testing day.  
 

2.3 Surgery  
Mice were anaesthetized, and osmotic minipumps (Type 2004, Alzet, USA) delivering 
either vehicle or drug (in 95% PEG-400, 2.5% alcohol 100% and 2.5% alcohol 70%; Sigma) 
were subcutaneously (SC) implanted in the dorsal thoracic area. Minipumps were weekly 
checked. 
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Table 1: Overview of chronic and acute treatments in Experiment I. SC: subcutaneous. IP: intraperitoneal. 
 

Chronic  
(10 mg/kg.day, osmotic minipump, SC) 

Acute 
(day 1,7,14,21,28) 

Vehicle Vehicle 

Vehicle Diazepam (5 mg/kg, IP) 

Diazepam Vehicle 

Diazepam Diazepam (5 mg/kg, IP) 

 
2.4 Experiment I: establishing tolerance after chronic diazepam exposure 
(Table 1) 
Mice were implanted with osmotic minipumps containing either vehicle (n=20) or 
diazepam (10 mg/kg/day, n=20) (day 0). Starting the day after implantation (day 1), mice 
acutely received either vehicle or diazepam (5 mg/kg, IP) and were tested once per week 
in the stress-induced hyperthermia (SIH) paradigm. Tolerance was defined as the inability 
of acutely administered diazepam to affect either the SIH response or basal body 
temperature over time. Body weight was measured each week which was adjusted for the 
presence of the osmotic minipump. After the last testing day (day 28), mice that had 
received acute vehicle throughout the weeks (n=20) were decapitated; brains were 
removed and stored at -80°C until further use. 
 
Table 2: Chronic and acute treatments in Experiment II. SC : subcutaneous. IP: intraperitoneal. 
 

Chronic 
(15 mg/kg/day, osmotic minipump, SC) 

Acts on 
GABAA receptor 

Acute 
(day 1,7,14,21,28) 

Vehicle - Vehicle 

Vehicle - Diazepam (5 mg/kg, IP) 

Diazepam α1/2/3/5 Vehicle 

Diazepam α1/2/3/5 Diazepam (5 mg/kg, IP) 

Zolpidem α1 Vehicle 

Zolpidem α1 Diazepam (5 mg/kg, IP) 

TPA023 α2/3 Vehicle 

TPA023 α2/3 Diazepam (5 mg/kg, IP) 

SH-053-2'F-R-CH3 α5 Vehicle 

SH-053-2'F-R-CH3 α5 Diazepam (5 mg/kg, IP) 
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2.5 Experiment II: contributions of GABAA receptor α subunits on tolerance 
after chronic treatment (Table 2) 
Mice were implanted with osmotic minipumps containing vehicle, diazepam, zolpidem, 
TPA023 or SH-053-2F-R-CH3 (15 mg/kg/day, n=20/drug) (day 0). A higher chronic dose 
was chosen to study the putative increased tolerance onset, and identical doses for the 
different chronic treatments were used. Starting the day after implantation (day 1), mice 
acutely received either vehicle or diazepam and were tested once per week in the stress-
induced hyperthermia (SIH) paradigm. Tolerance was defined as the inability of acutely 
administered diazepam to affect either the SIH response or basal body temperature over 
time. Body weight was measured each week which was adjusted for the presence of the 
osmotic minipump. After the last SIH testing day (day 28), mice that had received acute 
vehicle throughout the weeks, n=60) were decapitated; brains were removed and stored 
at -80°C until further use. The other mice that had received acute injections of diazepam 
each week (n=57) were tested in the open field.  
 

2.6 Behavioral procedures 

Stress-induced hyperthermia (SIH) procedure 
The SIH procedure was carried out according to standard procedures (Groenink et al 
2009).  Briefly, animals (n=10-13) were injected with vehicle or diazepam (5 mg/kg, IP) 60 
min before the first temperature measurement (T1). The temperature was again measured 
10 min later (T2), representing the stress-induced body temperature. The SIH response 
was calculated by subtracting T1 from T2. A within-subject design was used, and cages 
were randomly and evenly allocated over daytimes (morning–afternoon). The body 
temperature of mice was measured by rectally inserting a thermistor probe by a length of 
2 cm. Digital temperature recordings were obtained with an accuracy of 0.1 °C using a 
Keithley 871A digital thermometer (NiCr– NiAl thermocouple). The probe, dipped into 
silicon oil before inserting, was held in the rectum until a stable rectal temperature was 
obtained.  
 
Open field test 
Animals receiving different chronic treatments (n=7-10) were tested in the open field 
during day 29-31 after osmotic minipump surgery. Animals received a diazepam (5 
mg/kg, IP) or vehicle injection 60 minutes prior to the open field test. Each animal was 
placed in the center of the open field and allowed to explore for 5 min. The open field was 
dimly lit (5 lux) at the bottom of the box (Ø 20 cm). Animals were tracked using an 
automatic tracking system (TSE ActiMot V7.01 (TSE systems GmbH, Bad Homburg, 
Germany). Animals were tested using a within-subject design (latin-square design), with 
at least 1 day in between the subsequent open field tests. 
 

2.7 Data analysis  
For SIH experiments, a basal temperature (T1), an end temperature (T2) and the difference 
(SIH response = T2-T1) was determined for each individual mouse. Treatment effects on 
the SIH response, basal body temperature (T1) and body weight were evaluated using a 
repeated-measures analysis of variance with explanatory factors time (week) as within-
subject factor, and acute treatment and chronic treatment as between-subject factors. If 
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indicated, post-hoc comparisons (Bonferroni t-test) were made. Chronic treatment effects 
were subsequently separately analyzed using a one-way ANOVA with acute treatment as 
between-subject factor and time as within-subject factor and compared to vehicle. Acute 
treatment effects were separately analyzed using a one-way ANOVA with chronic 
treatment as between-subject factor and time as within-subject factor. Time effects were 
subsequently separately analyzed using a two-way ANOVA with post-hoc comparisons for 
each week. The open field test was analyzed using a two-way ANOVA with chronic and 
acute treatment as between-subject factors. A probability level of p<0.05 was set as 
statistically significant, probability levels between p=0.05 and p=0.1 were regarded as 
trends. All data are displayed as mean ± S.E.M.. 
 
 

3. Results 

3.1 Experiment I: establishing tolerance after chronic diazepam exposure  
SIH response (Figure 1) 
Acute diazepam administration overall reduced the SIH response (F1,36=144.04, p<0.001) 
which was not different over the weeks (acute treatment x time interaction F4,144=0.42, 
p=0.79, NS). Chronic diazepam treatment increased the SIH response over time (chronic 
treatment x time interaction F4,144=3.61, p<0.01) regardless of acute treatment (acute 
treatment x chronic treatment x time interaction F4,144=0.84, p=0.84, NS; acute treatment x 
chronic treatment interaction F1,36=0.70, p=0.41, NS). Separate analysis of the different 
days showed that from day 7 on, acute diazepam treatment had significantly less effect in 
mice chronically treated with diazepam than in vehicle treated mice (day 1 (F1,39=0.23, 
p=0.63, NS); day 7 (F1,39=4.59, p<0.05); day 14 (F1,39=5.17, p<0.05); day 21 (F1,39=10.36, 
p<0.01) and day 28 (F1,39=15.08, p<0.001)). 
 
Basal body temperature (Figure 2) 
Chronic diazepam altered the hypothermic effects of acute diazepam (acute treatment x 
chronic treatment F1,36=9.68, p=0.004). This effect was overall not different over the 
different weeks (time x acute treatment x chronic treatment F4,144=1.60, p=0.18, NS). 
Separate analysis of the acute treatments showed that after acute vehicle administration, 
chronic diazepam treatment decreased basal body temperature (chronic treatment x time 
interaction F4,72=4.78, p<0.01), whereas after acute diazepam administration, basal body 
temperature increased (chronic treatment F1,18=6.40, p<0.05). 
 

Body weight (Figure 6A) 
Body weight increased over the weeks (time effect F4,152=44.25, p<0.001) and was larger in 
the chronic diazepam group (time x chronic treatment interaction F4,152=4.60, p<0.01). 
Separate analysis of the different weeks revealed a chronic diazepam treatment effect at 
day 14 (F1,39=3.98, p<0.05), day 21 (F1,39=3.98, p=0.07, trend) and day 28 (F1,39=5.96, 
p=0.02). 
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Figure 1: Effect of acute vehicle or diazepam (5 mg/kg, IP) administration on the SIH response 60 minutes later 
during chronic treatment with diazepam (10 mg/kg/day) or vehicle. *: p<0.05. DZP: diazepam; Veh: vehicle. 
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Figure 2: Effect of acute vehicle or diazepam (5 mg/kg, IP) administration on basal body temperature 60 minutes 
later during chronic treatment with diazepam (10 mg/kg/day) or vehicle. *: p<0.05. DZP: diazepam; Veh: vehicle. 
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3.2 Experiment II: contributions of GABAA receptor α subunits on tolerance 
after chronic treatment  
SIH response (Figure 3) 
Tolerance to acute diazepam-induced reduction in the SIH response was clearly 
dependent on the chronic treatment mice were receiving via osmotic minipumps (chronic 
treatment x acute treatment interaction F4,81=8.15, p<0.001). Further, this differential 
tolerance was also dependent upon time (time x chronic treatment x acute treatment 
interaction F16,324=2.65, p<0.001). Separate analysis of the different chronic treatments 
indicated that compared to vehicle, tolerance occurred in the chronic diazepam (time x 
chronic x acute interaction F4,124=7.66, p<0.001) and chronic zolpidem groups (chronic x 
acute interaction F1,34=4.66, p<0.05; time x chronic x acute F4,136=1.63, p=0.17). In contrast, 
compared to vehicle, no tolerance occurred after chronic TPA023 treatment (time x 
chronic x acute interaction F4,144=0.69, p=0.60; chronic x acute interaction F1,36=0.78, 
p=0.38) or chronic SH-053-2F’-R-CH3 treatment (time x chronic x acute F4,136=0.91, p=0.46; 
chronic x acute F1,34=3.81, p=0.08). 

Separate analysis of the different days showed that acute diazepam effects were 
present in all weeks, but that chronic treatment affected the SIH response at day 7 
(chronic x acute F4,90=3.78, p<0.05), day 14 (chronic x acute F4,90=7.16, p<0.01), day 21 
(chronic x acute F4,90=6.52, p<0.01) and day 28 (chronic x acute F4,90=3.64, p<0.01). In 
contrast, no effects of chronic treatment were present during day 1 (chronic x acute 
F4,90=0.39, p=0.82, NS).  

Separate analysis of the acute treatments revealed that chronic treatment did not 
affect the SIH response in acutely vehicle-treated animals (time x chronic treatment 
interaction F16,156=1.31, p=0.21, NS; chronic treatment effect F4,39=1.89, p=0.13, NS), 
whereas chronic treatment did alter the acute diazepam effects (time x chronic treatment 
interaction F16,168=2.59, p<0.001; chronic treatment F4,42=11.25, p<0.001). Separate analysis 
of the different chronic treatments in the acute diazepam-treated groups showed that 
chronic diazepam (time x chronic treatment interaction F4,64=7.21, p<0.001) and zolpidem 
treatment (chronic treatment effect F1,17=5.62, p<0.05; time x chronic treatment 
interaction F4.68=1.52, p=0.21), but not chronic TPA023 (time x chronic treatment 
interaction F4,72=1.46 , p=0.22; chronic treatment effect F1,18=0.04, 0.84) nor chronic SH-
053-2F’-R-CH3 treatment (time x chronic treatment interaction F4,72=1.51, p=0.21; chronic 
treatment effect F1,18=0.34, p=0.57) induced tolerance to the acute SIH-reducing effects of 
diazepam.  
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Figure 3: Effect of acute vehicle or diazepam (5 mg/kg, IP) administration on the SIH response 60 minutes later during 

different chronic benzodiazepine treatments (vehicle or 15 mg/kg/day). *: p<0.05 compared to the chronic vehicle 

treatment. VEH: vehicle; DZP: diazepam; ZOL: zolpidem; TPA: TPA023; RCh3: SH-053-2F’-R-CH3. 
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Figure 4: Effect of acute vehicle or diazepam (5 mg/kg, IP) administration on basal body temperature 60 minutes 
later during different chronic benzodiazepine treatments. *: p<0.05 compared to the chronic vehicle treatment. 
VEH: vehicle; DZP: diazepam; ZOL: zolpidem; TPA: TPA023; RCh3: SH-053-2F’-R-CH3. 
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Basal body temperature (Figure 4) 
The different chronic treatments affected the acute effects of diazepam on basal body 
temperature (chronic treatment x acute treatment interaction F4,81=7.01, p<0.001), 
although these did not develop over time (time x chronic treatment x acute treatment 
interaction F16,324=0.57, p=0.88, NS). Separate analysis of the chronic treatments showed 
that, compared to vehicle, chronic diazepam (chronic x acute treatment interaction 
F1,31=12.09, p<0.01), chronic zolpidem (chronic x acute treatment interaction F1,34=5.15, 
p<0.05), chronic TPA023 (chronic x acute treatment interaction F1,36=4.48, p<0.05) but not 
chronic SH-053-2F’-R-CH3 (chronic x acute treatment interaction F1,34=0.04, p=0.84, NS) 
induced tolerance to the acute diazepam effects on basal body temperature. 

The acute hypothermic effects of diazepam differed over the days (acute 
treatment x time interaction F4,324=28.64, p<0.001). Separate analysis revealed that acute 
vehicle treatment altered basal body temperature levels dependent on chronic treatment 
(chronic treatment effect F4,39=2.75, p<0.05), although this effect was not different over 
the weeks (time x chronic treatment interaction F16,156=0.74, p=0.75, NS). Post-hoc analysis 
showed that only chronic SH-053-2F’-R-CH3 treatment (chronic treatment F1,16=4.25, 
p=0.05) increased basal body temperature levels. In contrast, no effects on basal body 
temperature were present after chronic diazepam (chronic treatment F1,15=0.15, p=0.70), 
zolpidem (chronic treatment F1,17=0.99, p=0.33) or TPA023 (chronic treatment F1,17=0.11, 
p=0.74).  

Chronic treatment did affect acute diazepam-induced hypothermia (chronic 
treatment F4,42=7.09, p<0.001). Separate analysis of the chronic treatment groups showed 
that chronic diazepam (chronic treatment F1,16=14.69, p=0.001), chronic zolpidem (chronic 
treatment F1,17=9.34, p<0.01), chronic TPA023 (chronic treatment F1,18=6.23, p<0.05)  but 
not chronic SH-053-2F’-R-CH3 (chronic treatment F1,18=0.77, p=0.39) resulted in tolerance 
to the acute hypothermic effects of diazepam. 
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Figure 5: Effects of acute diazepam administration (5 mg/kg, IP) after 28 days of different chronic GABAA 
receptor treatments on total distance travelled (A) and percentage of time moved (B) in the open field. VEH: 
vehicle; DZP: diazepam; ZOL: zolpidem; TPA: TPA023; RCh3: SH-053-2F’-R-CH3. 
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Open field test (Figure 5) 
The acute effects of diazepam were dependent on the chronic treatment (total distance 
travelled: acute diazepam effect x chronic treatment interaction F4,40=4.12, p<0.01; 
distance moved in center: acute diazepam effect x chronic treatment interaction 
F4,40=3.64, p=0.01; percentage of time moved: acute diazepam effect x chronic treatment 
interaction F4,40=4.48, p<0.01). Post-hoc analysis of the different chronic treatment groups 
showed tolerance to the acute locomotor sedative effects of diazepam in the chronic 
diazepam treatment group (acute x chronic treatment interaction F1,15=10.80, p<0.01), but 
not in any other chronic treatment groups (zolpidem: acute x chronic treatment 
interaction F1,17=0.06, p=0.82; TPA023: acute x chronic treatment interaction F1,17=0.85, 
p=0.37; SH-053-2F’-R-CH3: acute x chronic treatment interaction F1,18=0.13, p=0.72). 
 
Body weight (Figure 6B) 
Body weight increased over the weeks (time effect F4,344=123.58, p<0.001), which was 
dependent on chronic benzodiazepine treatment (time x chronic treatment interaction 
F16,344=4.00, p<0.001). Post-hoc comparisons showed that this effect was attributable to 
differences between the vehicle and SH-053-2F’-R-CH3group (p<0.01) as well as between 
the vehicle and diazepam group (p=0.07, trend).  
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Figure 6: Body weight during chronic diazepam (Experiment I, A) and different chronic benzodiazepine 
treatments (Experiment II, B) . *: p<0.05 compared to vehicle; #: p<0.1 compared to vehicle. VEH: vehicle; DZP: 
diazepam; ZOL: zolpidem; TPA: TPA023; RCh3: SH-053-2F’-R-CH3. 
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4. Discussion 

The mechanisms underlying the development of tolerance after chronic benzodiazepine 
exposure are little understood.  Therefore, the present study aimed to investigate the 
effects of chronic treatment on the development of tolerance to the acute anxiolytic and 
hypothermic effects of diazepam using a non-subunit selective (classical) benzodiazepine 
as well as α-subunit selective GABAA receptor agonists. Here, we report that during 
chronic 28-day treatment with the classical benzodiazepine diazepam, rapid tolerance to 
the acute hypothermic and anxiolytic effects of acutely administered diazepam 
developed. Such tolerance also developed after chronic treatment with the preferential α1 
subunit selective GABAA receptor agonist zolpidem (Petroski et al 2006) although at a 
much slower pace compared to the chronic effects of diazepam. In contrast, no tolerance 
developed to the acute diazepam effects after chronic treatment with the α2/3 subunit 
selective TPA023 (Atack et al 2006) or the α5 subunit selective GABAA receptor agonist SH-
053-2F’-R-CH3 (Savic et al 2008). In support, tolerance to the acute motor-depressant 
effects of diazepam was only present after chronic diazepam treatment but not after 
chronic treatment with zolpidem, TPA023 and SH-053-2F’-R-CH3. Our results thus suggest 
that a rapidly developing tolerance depends on a combined activation of α1, α2, α3 and α5 
subunits, whereas chronic excitation of the α1 subunit may result in slowly developing 
tolerance. In contrast, chronic stimulation of either GABAA receptor α2/3 or α5 subunits 
does not produce any tolerance.   
 
GABAA receptors are inhibitory ligand-gated ion channels which are localized throughout 
the central nervous system. Classical benzodiazepines bind to GABAA-receptor containing 
α1, α2, α3 and/or α5 subunits while binding affinity to α4- and α6-containing subunits is 
extremely weak (Rudolph and Mohler 2004). Besides the preferred anxiolytic or 
anticonvulsant action, the use of benzodiazepines is associated with physical 
dependence, tolerance, sedation, amnesia, motor impairment and withdrawal symptoms 
(Cloos and Ferreira 2009). The GABAA receptor consists of five subunits that can assemble 
in different combinations of subunits (α1-6, β1-3, γ1-3, δ, ε, θ and π) to form GABAA receptors 
with specific functional and pharmacological properties (Rudolph and Mohler 2006). The 
distinct regional and neuronal expression of GABAA receptor subtypes indicates a 
differentiated neuronal functionality. The contributions of the separate GABAA receptor 
subunits have been extensively analyzed in knock-in mice containing point-mutated 
subunits (Rudolph and Mohler 2004). Also, the development of subtype-specific ligands 
has resulted in increasing insight into the role of the various GABAA receptor subunits 
(Whiting 2006). These genetic and pharmacological tools have indicated that α subunits 
differentially contribute to the various classical benzodiazepine effects with sedative, 
hypnotic, amnesic and partly anticonvulsant actions of the α1 subunit (McKernan et al 
2000; Rudolph et al 1999), anxiolytic effects of α2 and/or α3 subunits (Atack et al 2005; Dias 
et al 2005; Low et al 2000) and α5 subunit involvement in cognition and memory 
(Collinson et al 2002; Dawson et al 2006) and sedation (Savic et al 2008).  Recently, we 
found that GABAA receptor α2/3 subunit activation reduced the stress-induced 
hyperthermia (SIH) response, whereas the α1 subunit activation produced hypothermia 
(Vinkers et al 2009f). The fact that in the present study, diazepam rapidly lost both its SIH-
reducing and hypothermic effects after chronic treatment with diazepam but not TPA023 
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and zolpidem suggests that the development of tolerance is not mediated by the same 
GABAA receptor subtype that is involved in the acute effect. Moreover, higher diazepam 
doses during chronic treatment in experiment II resulted in more rapid and higher 
tolerance compared to experiment I, indicating that the choice of the benzodiazepine 
dose may greatly affect the development of possible tolerance. 
 
Our results confirm and extend the important earlier finding that a concurrent activation 
of the α5 subunit is pivotal for the manifestation of tolerance to the sedative diazepam 
effects, even though this effect is mediated by α1 subunits (van Rijnsoever et al 2004). In 
support, decreased α5 subunit binding in the dentate gyrus depended on the chronic 
activation of α1 subunits. Also, our data are in line with earlier evidence that ligands which 
do not bind to the GABAA receptor α5 subunit such as zolpidem have less but not absent 
propensity to result in tolerance (Ravishankar and Carnwath 1998; Zammit 2009). 
Importantly, these compounds fail to alter α5 subunit levels (Holt et al 1997). 
 
An important question is whether developing tolerance leads to adaptations in the 
expression and functionality of the GABAA receptor system. A variety of preclinical studies 
has assessed the effects of chronic benzodiazepine treatment on GABAA receptor subunit 
mRNA levels, yielding inconsistent results. For example, there are studies that report no 
changes in α1 subunit mRNA expression after chronic benzodiazepine treatment (Fahey et 
al 1999; Fahey et al 2006; Ramsey-Williams and Carter 1996), whereas others report 
decreases (Heninger et al 1990; Impagnatiello et al 1996; Kang and Miller 1991; Tietz et al 
1993). Similar heterogeneity exists in reports on other GABAA receptor subunits (Auta et al 
2008; Pesold et al 1997; Tietz et al 1999; Wu et al 1994; Zhao et al 1994). Thus, putative 
changes in GABAA receptor subunit mRNA levels are both treatment- and region-specific 
and may also depend on the method to quantify mRNA levels. Moreover, the length and 
procedure of chronic treatment seems pivotal as differences in GABAA receptor subunit 
mRNA levels after chronic diazepam treatment in rats depended on the choice for either 
manual daily injections or osmotic minipumps (Arnot et al 2001). In support, tolerance to 
the acute anxiolytic diazepam effects in the elevated plus maze was dependent on the 
treatment regimen, even though both treatments resulted in tolerance to diazepam's 
sedative effects (Fernandes et al 1999). Overall, a definitive conclusion regarding the 
effects of chronic benzodiazepine exposure on GABAA receptor subunit levels is complex 
as heterogeneous results have been obtained. Alternatively, a reduced allosteric 
interaction between the benzodiazepine and GABA binding site may play a role in 
tolerance development (Ali and Olsen 2001; Hutchinson et al 1996; Primus et al 1996). This 
way, chronic benzodiazepine treatment reduces the acute benzodiazepine-induced GABA 
potentiation. Chronic exposure to benzodiazepines may also lead to compensatory 
changes distal to the GABAA receptor such as second messenger systems. Using point-
mutated mice, chronic activation of the α1 subunit was found to alter downstream signal 
transduction pathways, including persistent changes in calcium/calmodulin-dependent 
protein kinase II (Huopaniemi et al 2004). 
 
Interestingly, we report that the non-subunit selective agonist diazepam as well as the α5 
subunit-selective agonist SH-053-2F’-R-CH3 both resulted in increases in body weight. This 
suggests that the GABAA receptor α5 subunit may be closely involved in body weight 
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regulation. The GABA system is important in the modulation of feeding behavior and 
energy balance within the central nervous system (Cooper and Estall 1985). Specifically, 
the ventromedial hypothalamus (Kimura and Kuriyama 1975) and amygdala (Minano et al 
1992) may be involved. Our data are supported by earlier studies in which 
benzodiazepines increase food intake (Cooper and Estall 1985; Haney et al 1997) although 
the evidence is inconsistent (Blasi 2000; Grimm and Jancourt 1983; Oswald and Adam 
1980). The reasons for these discrepancies are unclear but may be ascribed to the route of 
administration, the treatment duration, the applied doses and the animal species.   
 
In conclusion, the present study shows that rapid benzodiazepine tolerance develops 
during the chronic combined activation of α1, α2, α3 and α5 GABAA receptor subunits, 
whereas chronic α1 subunit stimulation results in a slowly developing tolerance. In 
contrast, chronic activation of the GABAA receptor α2/3 or α5 subunit does not cause any 
tolerance. Thus, a combined activation of α subunits over a prolonged period may give 
rise to rapid tolerance to the anxiolytic, hypothermic and sedative effects of classical 
benzodiazepines. If the chronic activation of α2/3 subunits does not result in any tolerance, 
this indicates that α2/3-subtype selective GABAergic compounds constitute a promising 
class of anxiolytic drugs which may possess a more favourable side effect profile.  
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Abstract 
 

 

 
Background: Early-life stress may affect 5-HT1A receptor circuitry which could result in increased 
anxiety in later life. An increased anxiety phenotype in 5-HT1A receptor KO mice (1AKO) mice has 
been ascribed to 5-HT1A receptor absence during the early postnatal period. Thus, subtle and 
transient serotonergic changes during the early postnatal period may lead to an increased risk to 
develop stress-related disorders during adulthood.  

Methods: Wildtype and 1AKO mice on a Swiss-Webster (SW) background were treated during the 
early postnatal period with vehicle or the 5-HT1A receptor antagonist WAY-100635. 

Results: Pharmacological 5-HT1A receptor blockade during the early postnatal period induced long-
lasting effects on anxiety and benzodiazepine sensitivity in adolescent and adult mice on a Swiss-
Webster background and resembles the SW 1AKO phenotype. Furthermore, WAY-100635-treated 
mice had increased cortical GABAA receptor α1 and α3 subunit levels and increased hippocampal 
GABAA receptor α2 subunit levels. 

Conclusion: Absence of 5-HT1A receptor signalling during early stages of brain maturation 
predisposes an organism to affective dysfunction later in life. Because early-life treatment with 
WAY-100635 in Swiss-Webster mice reduced diazepam sensitivity and increased GABAA receptor α 
subunit levels in the prefrontal cortex and hippocampus, our data suggest a putative link between 
early-life disruption of the serotonergic system and the emergence of increased anxiety and 
decreased benzodiazepine responsivity at adult age. Moreover, early-life 5-HT1A receptor 
functionality appears to be essential for the development of normal GABAA receptor functionality. 
The present study could therefore have clinical implications for psychoactive drug use during 
pregnancy as well as for the pharmacogenetic background of benzodiazepine sensitivity.  
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1. Introduction  

Early life adversity is associated with an increased risk to develop abnormal emotional 
behavior later in life, including major depressive disorder and anxiety (Heim and Nemeroff 
2001). Therefore, stress exposure during the postnatal period may have long-term 
consequences in terms of stress responsivity and emotionality (Mirescu et al 2004). As 
early-life stress affects 5-HT1A receptor circuitry and postnatal 5-HT1A receptor expression, 
postnatal disruption of the serotonergic system and increased risk to develop stress-
related disorders later in life may be linked (Borella et al 1997; Gaspar et al 2003; Vazquez 
et al 2002). 5-HT1A receptor knockout mice (1AKO) indeed display increased anxiety levels 
(Heisler et al 1998; Parks et al 1998; Ramboz et al 1998). This increased anxious phenotype 
in 1AKO mice has been ascribed to 5-HT1A receptor absence during the early postnatal 
period (Gross et al 2002; Tsetsenis et al 2007). Using pharmacological 5-HT1A receptor 
blockade, the early postnatal period was also shown to be critical for anxiety behavior at 
adult age in serotonin-transporter knockout mice (Alexandre et al 2006). Thus, subtle and 
transient serotonergic changes during the postnatal period may be sufficient to disrupt 
neuronal development and cause dysfunctional emotional brain pathways at adult age. 
Here, we hypothesize that pharmacological 5-HT1A receptor blockade during early 
postnatal development will result in increased emotional behavior at adult age. In the 
present study, we thus inhibited the 5-HT1A receptor from P0 until P21 with the 5-HT1A 
receptor antagonist WAY-100635, and we compared the effects over time with vehicle-
treated wildtype and vehicle-treated 1AKO mice.  

 

The anxious phenotype and reduced benzodiazepine sensitivity of 1AKO mice on a Swiss-
Webster background may result from altered GABAA receptor α subunit expression (Sibille 
et al 2000). However, the fact that benzodiazepine insensitivity of 1AKO mice depends on 
the genetic background of the mouse strain (being absent in 1AKO mice on the 129Sv 
and C57Bl6/J genetic background), complicates the hypothesis that a postnatal disruption 
of 5-HT1A receptor function may influence GABAergic pathways in later life and cause 
reduced benzodiazepine sensitivity (Bailey and Toth 2004; Toth 2003; Van Bogaert et al 
2006a).  Therefore, the present study aimed to investigate the putative link between early-
life 5-HT1A receptor disruption and increased anxiety levels as well as decreased 
benzodiazepine responsivity at adult age which are also present in various stress-related 
psychiatric disorders. 

 

2. Materials and Methods 

2.1 Animals 
Groups of male homozygote 1AKO and wildtype mice on a Swiss-Webster (SW) 
background were bred within the animal facilities (GDL, Utrecht, The Netherlands). Swiss 
Webster mice were used in all experiments as 1AKO mice on the SW genetic background 
have consistently shown to be less sensitive to the anxiolytic effects of classical 
benzodiazepines (Bailey and Toth 2004; Pattij et al 2002b; Sibille et al 2000; Van Bogaert et 
al 2006a). Breeding founders were obtained from M. Toth (Cornell University, NY, USA) 
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and were crossbred with commercially available SW mice (Taconic, M and B, Denmark). 
This crossbreeding resulted in heterozygote F1 generations, which were used to breed 
homozygote 5-HT1A receptor knockout and wildtype generations (F2). These F2 
generations were then used to breed the homozygote mice for this experiment. Male 
wildtype (WAY-100635 and vehicle treated) and 1AKO mice were used for measuring the 
effects of chronic WAY-100635 treatment during postnatal development (10-12 mice per 
group). Animals were housed under a 12-light/12-dark cycle (lights on from 0600-1800h) 
at controlled room temperature (20±2°C) and relative humidity (40-60%). Testing was 
done during the light phase and all experiments were approved by the ethical committee 
of the Faculty of Science, Utrecht University, The Netherlands (DEC).  
 

2.2 Drugs 

The 5-HT1A receptor antagonist WAY-100635 (N-{2-[4-(2-methoxyl)-1-piperazinyl]ethyl}-N-
(2-pyridinyl) cyclohexanecarboxamide tri-chloride; Wyeth Research, Taplow, UK) was 
dissolved in 0.9% saline (vehicle). Diazepam base (Brunschwig Chemie B.V., Amsterdam, 
The Netherlands) was suspended in 0.5% gelatin/5% mannitol (vehicle). Flesinoxan 
hydrochloride (Solvay Pharmaceuticals, Weesp, Netherlands) was dissolved in 0.9% saline. 
All drugs were injected subcutaneously except for flesinoxan (intraperitoneally). Drugs 
were prepared freshly every day and injected in a volume of 10 ml/kg. 

 

2.3 General procedure  

Nursing females were injected twice daily with WAY-100635 (3 mg/kg, 4 wildtype 
females) or 0.9% saline (4 wildtype females and 4 1AKO females). These injections started 
on the day the pups were born (P0) and continued until P21. Injections were given at 9:00 
AM and 5:00 PM. Starting on P7, additional WAY-100635 (1 mg/kg) or saline injections 
were given to the mouse pups at 9:00 AM. This resulted in three groups of 10-12 male 
mouse pups: wildtype control mice (WT), wildtype WAY-100635-treated mice and 1AKO 
control mice (1AKO).  

 

Establishing sufficient WAY-100635 levels in pups. To determine whether WAY-100635 
was passed on into mother milk in quantities high enough to block 5-HT1A receptors in 
pups, a separate group of WAY-100635 treated mouse pups was tested with 5-HT1AR 
agonist flesinoxan between 1:00 and 2:00 PM in the USV paradigm at P7.  

 

Acute effects of WAY-100635 on USV. To examine if WAY-100635 had any acute effects 
on USV, WAY-100635 (0-1 mg/kg) was administered to a separate group of 7-day-old 
wildtype mouse pups (n=10 per dose) in the ultrasonic pup vocalization test. 
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2.4 Behavioral procedures 

Determination of the effects of chronic WAY-100635 on anxiety behavior. The groups of 
WT-vehicle, WT-WAY-100635 and 1AKO-vehicle mice were tested in the ultrasonic pup 
vocalization test at P7. At P21, they were tested in the elevated plus maze. 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.  

 

Ultrasonic pup vocalization (USV) test. USV testing was carried out as described 
(Groenink 2009). Briefly, the USV apparatus consisted of an aluminium plate (Ø 19 cm)  
kept at a temperature of 19°C, a round transparent Plexiglas chamber (Ø 20 cm, 25 cm 
high) that was placed on the plate and covered with a Plexiglas top on which a 
microphone (SM2, Ultra Sound Advice, UK) was mounted. The microphone was 
connected to a bat detector (S-25, Ultra Sound Advice, UK), set at 80 kHz, which was 
consequently connected to an audiofilter (Noldus Inc), which translated the analogue 
signals into digital block pulses (Ultravox 2.0, Noldus Inc., Wageningen, The Netherlands). 
Total number, total duration and mean duration of ultrasounds during a 5 min test were 
registered. 

 

Elevated Plus Maze (EPM). The EPM (black Plexiglas floor and walls) was elevated 100 cm 
and consisted of two open and two closed arms (30×5 cm). All arms radiated from a 
common centre platform (5×5 cm). Measurements started by placing a mouse on the 
centre platform, facing an open arm (Groenink et al 2003a). The animals were tested 
during between 9:00 and 14:00 under red light (5 lux). Behavior was scored using a fully 
automated custom-made tracking system (Ethovision®, Noldus, Wageningen, The 
Netherlands). 
 

Open field test. The test started by placing the mice in the centre of the open field (Ø 75 
cm, grey Perspex floor, height 35 cm) as described earlier (Groenink et al 2003a). The open 
field was divided into three regions, outer ring, inner ring and centre (Ø 25 cm). The 
experimental room was dimly lit by a red light. Five-minute sessions were recorded and 
subsequently analyzed by a blinded observer (Observer system; Noldus Inc., 
Wageningen, The Netherlands).  

 

Determination of the effects of chronic WAY-100635 on benzodiazepine sensitivity. The 
effects of diazepam (0-6 mg/kg) on the SIH response were measured using a within-
subject design when animals were 3-4 weeks old. At adult age, sensitivity to diazepam (0-
6 mg/kg) and flesinoxan (0-2 mg/kg) in the SIH paradigm was tested. All drug doses were 
counterbalanced using a Latin square design. Adolescent diazepam sensitivity was tested 
after the EPM test during weeks 3 and 4, and adult diazepam and flesinoxan sensitivity 
was tested after the open field test during weeks 13-15 of age. Consecutive SIH 
procedures were carried out with at least 5 days in between, as repeated daily SIH 
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measurements have shown to increase basal body temperature (Van der Heyden et al 
1997). 

 

Stress-induced Hyperthermia (SIH) test. The SIH test was carried out as previously 
described (Van der Heyden et al 1997). Briefly, animals were housed individually on the 
afternoon before the testing day. On the experimental day, mice were injected with either 
drug or vehicle 60 minutes before a first rectal temperature measurement (T1¸ basal body 
temperature) and a second rectal temperature measurement 10 minutes later (T2, stress-
induced body temperature). The stress-induced hyperthermia (SIH) response was 
calculated (∆T = T2 – T1). All animals received all drug doses using a randomised within 
animal design. Body temperature was measured by manual fixation and insertion a 
thermistor probe of 2 cm in length into the rectum (Digital Thermometer, Type 971A, 
Tegam Inc., Geneva Ohio, USA) 

 

Quantitative PCR analysis. Levels of GABAAR subunits and 5-HT1A receptor mRNA were 
obtained 2 weeks after the final experiments. 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 checked by agarose electrophoresis. Primers were developed 
using the Primer Express software (Applied Biosystems). The following sequences were 
used (FP, RP): GAPDH (GCACCCTGCATTATTTTGTCA, CTTCCAGGAGCGAGACCCCA), 
GABAAR α1 (CCACACCCCATCAATAGGTTCT, AATTCTCGGTGCAGAGGACTGAA), GABAAR α2 
(GGGACGGGAAGAGTGTAGTCAA, CCGCATAGGCGTTGTTCTGT), GABAAR α3 
(GCCCACTGAAGTTTGGAAGCTAT, CATCCTGTGCTACTTCCACAGATT) and the 5-HT1A 
receptor (CCTCTATGGGCGCATCTTCA, GTGCCCGCTCCCTTCTTT). 
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Statistics. USV, EPM, open field experiments and mRNA levels were analysed by a 
Univariate Analysis of Variance with experimental group (WT/WAY-100635/1AKO) as fixed 
factor. In the EPM and open field experiments, activity levels were used as covariate 
factor. Drug effects in the SIH paradigm were analysed using repeated measures ANOVA 
with dose as ‘within-subject’ factor and experimental group as ‘between-subject’ factor. 
Post-hoc comparisons were made using the Bonferroni correction. The level of 
significance was set at p<0.05. All statistical analyses were performed using the Statistical 
Package for Social Sciences, version 14.0 (SPSS, Chicago, IL, USA).  

 

3. Results 

3.1 Establishing sufficient WAY-100635 levels in pups 

Flesinoxan reduced the number of vocalizations in chronically vehicle-treated mouse 
pups (99±33; 23±7) (F[1,10]=14, p<0.01), but not in chronically WAY-100635-treated 
mouse pups (179±60; 153±62) (F[1,12]<1, NS) (Fig. 1C). 
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Figure 1: Total number of ultrasonic vocalizations (USV) at P7 in mouse pups. (A) USV after chronic WAY-100635 
treatment (WAY) or vehicle treatment (WT) and in 1AKO mice at P7; (B) Effects of acute WAY-100635 treatment 
(SC) in wildtype mice at P7.(C) Effect of 5-HT1AR agonist flesinoxan (0.3 mg/kg, IP) on USV after chronic WAY-
100635 treatment (WAY) or vehicle treatment (WT) at P7. Data are presented as mean value ± SEM, * indicates 
significant difference from WT (control), p<0.05. 

 
3.2 Acute effects of WAY-100635 on USV 

No significant changes in number of vocalizations at P7 were observed after any of the 
acute doses of WAY-100635 (F[3,35]=1.0, NS) (Fig. 1B). 
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Figure 2: Behavior in the elevated plus maze in wildtype mouse pups at P20 receiving chronic WAY-100635 
treatment (WAY) or vehicle treatment (WT), and in 1AKO mice. Percentage of open arm entries (A) and total 
entry number (B) in the elevated plus maze are presented. Data are presented as mean value ± SEM, * indicates 
significant difference from WT (control), p<0.05. 
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Figure 3: Behavior in the open field in adult wildtype mice receiving chronic WAY-100635 treatment (WAY) or 
vehicle treatment (WT), and in 1AKO mice. Number of centre entries (A), percentage distance in center (B) and 
percentage time spent in the centre (C) in the open field are presented. Data are presented as mean value ± 
SEM, * indicates significant difference from WT (control), p<0.05. 

 

3.3 Determination of the effects of chronic WAY-100635 on anxiety behavior   

The number of vocalizations at P7 was significantly increased in chronically WAY-100635 
treated pups (213 ± 27) and in 1AKO mice (241 ± 30) compared to WT pups (65 ± 25) 
(F[2,33]=10.0, p<0.001)  (Fig. 1A). The same animals were tested in the elevated plus maze 
at P21 (Fig. 2) and in the open field at adult age (Fig. 3). In the elevated plus maze, a 
decrease in open arm entries was observed in WAY-100635 and 1AKO mice compared to 
vehicle-treated WT mice (F[2,37]=82.6, p=0.002). Significant decreases in the WAY-100635 
and 1AKO groups were also observed in the percentage 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). In the open field, total entry number was different between groups 
(F[1,32]=16.8, p<0.001). Nevertheless, using the total entry number as covariate, WAY-
100635 and 1AKO mice showed a significant reduction in the number of centre entries 
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(F[2,32]=11.7, p<0.001) as well as in the distance moved in the centre (F[2,32]=4.4, 
p=0.021). The percentage time spent in centre was also decreased in WAY-100635-treated 
and 1AKO mice compared to vehicle-treated WT mice (F[2,32]=6.2, p=0.005). Thus, WAY-
100635 treatment increased the number of USVs at P7 and increased anxiety behavior in 
the elevated-plus maze (adolescence) and in the open field test (adult age).  
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Figure 4: Anxiolytic-like effects (∆T) of diazepam at 3 weeks of age (A), diazepam at adult age (B) and flesinoxan 
(C) in the stress-induced hyperthermia paradigm in three treatment groups (WT-vehicle, closed circles; WT-
WAY-100635, open circles; 1AKO-vehicle, open triangles). * indicates significant decrease in ∆T compared to 
vehicle condition, p<0.05. # indicates significant interaction effect between the treatment groups, p<0.05. 

 

3.4 Determination of the effects of chronic WAY-100635 on benzodiazepine 
sensitivity 

Both at three weeks and at adult age, the effect of diazepam on ΔT depended on the 
experimental group (dose × treatment interaction after 3 weeks: F[4,60]=4.3, p=0.004; 
adults: F[4,60]=4.1, p=0.005). At 3 weeks of age, vehicle-treated WT mice showed 
decreases in ∆T after both doses of diazepam (F[2,7]=29.9, p<0.001), while both the WAY-
100635-treated WT and vehicle-treated 1AKO groups were insensitive to these doses 
(WAY-100635: F[2,10]=1.4, NS; 1AKO: F[2,10]=0.4, NS). In adult vehicle-treated WT mice, 
diazepam decreased ∆T after both 3 and 6 mg/kg (F[2,7]=27.6, p<0.01). Adult WAY-
100635-treated WT 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). Flesinoxan sensitivity was different between groups (dose × treatment 
interaction: F[4,62]=3.5, p=0.01). Both vehicle-treated and WAY-100635-treated WT mice 
showed a dose-dependent decrease in ∆T (WT: F[2,7]=19.9, p=0.001; WAY-100635: 
F[2,12]=8.8, p=0.005), but 1AKO mice were insensitive to the effects of flesinoxan on ΔT 
(F[2,11]<1, NS). Thus, WAY-100635 treatment decreased diazepam sensitivity at 3 weeks 
and at adult age. 
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Figure 5: mRNA levels of 5-HT1A receptors and GABAA receptor subunits (mean ± SEM) in the amygdala, 
prefrontal cortex and hippocampus of vehicle-treated wildtype (WT) and WAY-100635-treated (WAY) mice at 
adult age. The mRNA expression was normalized against GAPDH level. *: p<0.05. 

 
3.5 Quantitative PCR analysis 
Results of the PCR analysis on 5-HT1AR mRNA levels showed no differences between the 
WT and WAY-100635 group in any brain area tested (prefrontal cortex, amygdala and 
hippocampus) when normalized against levels of GAPDH (Fig.5A). GABAAR α1 and α3 
subunit levels were increased in the prefrontal cortex but not in the hippocampus and 
amygdala. In contrast, GABAAR α2 subunit levels were increased in the hippocampus but 
not in the prefrontal cortex and the amygdala of WAY-100635-treated mice (Fig. 5B-D).  

 

4. Discussion  

Stressful early life experiences are major risk factors to develop anxiety and mood 
disorders (Heim and Nemeroff 2001). Therefore, stress exposure in the early postnatal 
period may result in persistent changes that render subjects more vulnerable to develop 
these disorders later in life (Leventopoulos et al 2009; Rosenfeld et al 1992). Early maternal 
separation was shown to directly alter 5-HT1A receptor (5-HT1AR) expression in pups 
(Vazquez et al 2002; Ziabreva et al 2003a; Ziabreva et al 2003b). Early-life stress may thus 
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affect 5-HT1A receptor circuitry, resulting in increased anxiety behavior at adult age 
(Borella et al 1997; Gaspar et al 2003). Thus, a causal link between early-life alterations in 
the serotonergic system and an increased risk to develop stress-related disorders in 
adulthood seems plausible. 5-HT1A receptor dysfunction has been implicated in major 
depressive disorder and other stress-related disorders (Savitz et al 2009). 5-HT1A receptor 
knockout mice (1AKO) indeed display increased anxiety levels (Heisler et al 1998; Parks et 
al 1998; Ramboz et al 1998), and it was shown that 5-HT1A receptor functionality during 
the early postnatal period may be crucial to develop normal anxiety-like behavior (Gross 
et al 2002; Tsetsenis et al 2007). Here, we show that pharmacological 5-HT1A receptor 
blockade during early postnatal development augments anxiety-like behavior in 
adolescent and adult mice mimicking the behavioral phenotype of Swiss-Webster mice 
lacking the 5-HT1A receptor (1AKO mice). Our pharmacological data confirm and extend 
the results obtained using conditional 5-HT1A receptor knockout mice, in which 5-HT1A 
receptor absence during the embryonic period up until postnatal day 21 (P21), but not at 
adult age, was pivotal in the development of increased adult anxiety levels (Gross et al 
2002). In contrast to that study, we pharmacologically blocked the 5-HT1AR during the first 
three postnatal weeks (corresponding to the human fetal period during the second/third 
trimester), resulting in a physiologically more realistic, reduction in 5HT1A receptor 
function. 

 

In another study, WAY-100635 treatment (3.6 mg/kg/day) during P13-P34 (but not P60-
P81) was indeed sufficient to reproduce the increased anxiety-like phenotype of 1AKO 
mice in the open field test and the novelty-suppressed feeding test (Lo Iacono and Gross 
2008). Together, our results confirm that transient serotonergic changes during the 
postnatal period (P15-P21) may disrupt stress-related behavior at adult age and that 
normal stress-related behavior at adult age is dependent on normal 5-HT1A receptor 
development during the early postnatal period (Gross et al 2002; Tsetsenis et al 2007). 
Thus, disruption of serotonergic neurotransmission during early life may predispose an 
organism to affective dysfunction later in life. 

 

We also show that WAY-100635-treated mice are less sensitive to the effects of the 
classical non-subunit selective benzodiazepine diazepam at P21 (Fig. 4A) and at adult age 
(Fig. 4B). Thus, transient physiological blockade of the 5-HT1A receptor in early life not only 
increases emotional behavior, but also renders adult SW mice less sensitive to the 
anxiolytic effects of classical benzodiazepines, a pattern which has also been reported in 
1AKO mice on the SW genetic background (Bailey and Toth 2004; Sibille et al 2000; Van 
Bogaert et al 2006a). The stress-induced hyperthermia (SIH) model was used to establish 
benzodiazepine sensitivity over time as this test can be repeatedly used without any 
habituation (Van der Heyden et al 1997).  Using this test, we previously demonstrated that 
only 1AKO mice on a SW background were insensitive to the effects of diazepam and the 
α2/3 selective GABAA receptor agonist L838,417 (Van Bogaert et al 2006a). Thus, the 
present study may offer pharmacogenetic evidence that benzodiazepine insensitivity in 
SW mice may depend on early-life modulation of genes involved in 5-HT1A receptor 
signalling.  
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Because WAY-100635-treated mice have similar 5-HT1A receptor mRNA levels compared to 
WT mice at adult age in the amygdala, prefrontal cortex and the hippocampus (Fig. 5A) 
and display normal sensitivity to the 5-HT1A receptor agonist flesinoxan (Fig. 4C), 
increased emotional behavior and reduced benzodiazepine sensitivity at adult age in 
WAY-100635-treated mice is more likely to be the result of strictly developmental 5-HT1A 
receptor disturbances rather than altered expression levels at adult age. However, we 
cannot exclude the possibility that WAY-100635-treated animals have different 5-HT1A 
receptor levels in other brain areas. Although adult 5-HT1A receptor mRNA levels are 
generally not altered after early life maternal separation, altered functionality may be 
present (Arborelius et al 2004; Gartside et al 2003; Neumaier et al 2002). Brief maternal 
separation may increase 5-HT1A receptor densities in adult rats (Vicentic et al 2006). Also, 
WAY-100635 treatment during early life (P13-P34, 0.3 mg/kg/day) as well as complete 
absence of the 5-HT1A receptor increased fear-conditioning after ambiguous-cues 
(Tsetsenis et al 2007). As the hippocampus plays an essential role in the regulation of  
these  anxiety-related behavior, the increased anxiety phenotype in 1AKO mice and WAY-
100635-treated mice could be consistent with an altered 5-HT1A receptor function in the 
hippocampus (Gross et al 2000).  

 

Although 5-HT1A receptor mRNA levels and sensitivity were unchanged in WAY-100635-
treated mice, long-lasting 5-HT1A receptor changes cannot completely be ruled out. 
Analysis of postmortem 5-HT1AR levels in humans after suicide have yielded inconclusive 
results ranging from an increase in 5-HT1A receptor binding (Arango et al 1995; Matsubara 
et al 1991; Meltzer 1990) to no differences (Arranz et al 1994; Dillon et al 1991; Lowther et 
al 1997a; Stockmeier et al 1997). A recent postmortem study found decreased WAY-
100635 binding in the orbitofrontal cortex in major depressive disorder patients 
(Stockmeier et al 2009). Imaging studies confirm that the WAY-100635 binding potential 
is significantly decreased in depressed patients (for review, see (Drevets et al 2007)), 
although the evidence is inconsistent (Parsey et al 2006). Persistent changes in 5-HT1A 
receptor function in response to early life stress may also lead to compensatory changes 
distal to the receptor such as second messenger systems. 5HT1A receptors activate a 
variety of cellular processes that directly hyperpolarize the membrane. Blunted 
cytoplasmic protein kinase C and adenylate cyclase systems have been found in 
depressed patients, indicating that impaired 5-HT1A receptor function may be present 
without changes in receptor densities (Coull et al 2000a; Coupland et al 2005; Valdizan et 
al 2003). However, such altered second messenger functionality has not been consistently 
found, for example in phosphatidylinositol  (Coull et al 2000b) or cAMP systems (Lowther 
et al 1997b). In mice, changes in α-Ca2+/Calmoduline-dependent protein kinase-II 
phosphorylation were found in the hippocampus after WAY-100635 during postnatal 
week 3-5, which correlated with anxiety-related measures in the open field (Lo Iacono and 
Gross 2008). 5-HT1A receptors also directly couple to tetrameric G-protein-regulated 
inwardly rectifying potassium (GIRK) ion channels of which three channel subunits (GIRK1-
3) are widely distributed in the CNS (Colino and Halliwell 1987; Penington et al 1993). A 
close relationship between 5-HT1A receptor mRNA and GIRK1-3 channel mRNAs on 
GABAergic neurons has been found and may provide an alternative explanation for the 
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effects of 5-HT1A receptor blockade on GABAA receptor expression and functionality 
(Saenz del Burgo et al 2008). Therefore, it may be speculated that second messenger 
systems have changed in WAY-100635-treated mice.  

 

Surprisingly, early life treatment with WAY-100635 (P5-19) normalized the depression-like 
phenotype of serotonin transporter knockout mice (5-HTTKO) (Alexandre et al 2006). In 
this study, WAY-100635 treatment did not modify genotype differences of mRNA 5-HT1A 
receptor levels in the raphe nuclei and hippocampus at adult age, even though WAY-
100635 reversed depression-like behavior in 5-HTTKO mice. Combined together with the 
fact that 5-HTT inhibition during early development alters emotional behavior in adult 
mice (Ansorge et al 2004), these studies confirm our observation that modifying the early 
postnatal serotonergic neurotransmission may result in long lasting changes in behavior 
and receptor expression, putatively via other neurotransmitter systems including the 
GABAA receptor complex. 

 

WAY-100635-induced postnatal disturbances could affect the GABAergic system to cause 
increased anxiety-like behavior and reduced benzodiazepine sensitivity. A direct 
serotonergic modulation of GABAA receptor is present in the amygdala which is affected 
by stress (Jiang et al 2009; Rainnie 1999), and genetic variations of the serotonin 
transporter expression influence the GABA-driven stress responsivity in the amygdala 
(Hariri et al 2005; Hariri et al 2002). Although the monoamine theory has dominated 
research on stress-related psychiatric disorders, a large body of preclinical and clinical 
literature supports the idea that GABA neurotransmission is actually involved in the 
pathophysiology of anxiety and mood disorders (Brambilla et al 2003; Kalueff and Nutt 
2007). A dysfunctional GABAergic system is recognized in different stress-related 
psychiatric disorders among which anxiety disorders (Nutt and Malizia 2001), and reduced 
sensitivity to benzodiazepines and altered GABAA receptor expression has been found in 
patients suffering from panic disorder and posttraumatic stress disorder (Bremner et al 
2000a; Bremner et al 2000b; Cameron et al 2007; Kaschka et al 1995; Roy-Byrne et al 1996). 
The GABAA receptor α1 subunit (present in over 50% of all GABAA receptors) is thought to 
mediate the sedative and amnestic actions of benzodiazepines, whereas α2/α3 subunits 
(present in 10–20% of all GABAA receptors) probably mediate the anxiolytic action of 
benzodiazepines (Dias et al 2005; Low et al 2000; McKernan et al 2000). In 1AKO mice, a 
decrease in GABAA receptor α1 and α2 subunits but not the γ2 subunit expression in 1AKO 
mice emerges from P14 to P28, suggesting specific α subunit deficits in 1AKO mice during 
early development (Bailey and Toth 2004). In the present study, GABAA receptor α1, α3 but 
not α2 subunit mRNA levels were increased in the prefrontal cortex of WAY-100635-
treated mice, whereas chronic WAY100635 treatment increased GABAA receptor α2 
subunit but not α1 and α3 mRNA levels in the hippocampus (Fig. 5B). In the amygdala, 
GABAAR subunit levels were generally unchanged compared to vehicle-treated mice. 
Thus, altered GABAA receptor composition and α subunit levels in the hippocampus and 
prefrontal cortex of WAY-100635-treated mice may be related to the reduced 
benzodiazepine sensitivity. Our results are in line with increased α1 subunit levels in the 
prefrontal cortex in 1AKO mice (Sibille et al 2000), although a later study in these mice 
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found decreased α1 subunit levels (Bailey and Toth 2004). In contrast, both studies found 
decreased amounts of α2 subunit expression. Different 5-HT1A receptor blocking strategies 
(constitutional absence vs. physiological blockade) may at least partially explain these 
differences in mRNA expression levels. An increased level of α subunit mRNA could be 
attributable to a transcriptional and/or posttranscriptional mechanism, in which increased 
transcription and/or increased decay would lead to increased mRNA levels. The stability of 
α1 and α2 subunit mRNA appeared to be comparable between 1AKO and WT mice on the 
SW background, suggesting that a transcriptional mechanism is more likely even though 
no compensatory increase in translational capacity was observed in 1AKO SW mice (Bailey 
and Toth 2004). Increased α subunit levels may reflect altered GABAA receptor 
composition, and this changed receptor composition may be related to the anxious 
phenotype and benzodiazepine insensitivity. To our knowledge, no studies have been 
carried out investigating WAY-100635-induced effects on maternal care. Reduced 
maternal care leads to increased expression of GABAA receptor α3 subunit mRNA in the 
amygdala and the locus coeruleus, and we cannot exclude the possibility that WAY-
100635 directly or indirectly altered maternal behavior (Caldji et al 2004).  

 

Caution should be taken to directly relate mRNA GABAA receptor findings to 
benzodiazepine sensitivity or anxiety phenotype in WAY-100635-treated mice. The fact 
that the anxious 1AKO phenotype but not benzodiazepine insensitivity is present on 
three different genetic backgrounds indicates that GABAA receptor levels alone cannot 
account for increased anxiety levels. In different 1AKO strains, no correlation was found 
between benzodiazepine sensitivity and α2 subunit expression in the amygdala (Bailey 
and Toth 2004). More complex mechanisms are likely to play a role, and WAY-100635-
treatment may remodel the developing brain or alter central pathways to cause reduced 
benzodiazepine responsiveness.  

 

WAY-100635 has a relatively short half-life, and systemic levels will be phasic, even after 
administration of multiple relatively high doses. Both pups (1 mg/kg WAY-100635/day 
starting from P7) as well as the nursing mothers (3 mg/kg WAY-100635, b.i.d.) were 
injected with WAY-100635 to ensure complete 5-HT1A receptor blockade. However, we 
cannot exclude the possibility that 5-HT1A receptor occupancy was not completely 
maintained throughout the entire period. However, from our data it appears that the 
WAY-100635 dosing produced sufficient 5-HT1A receptor occupancy to prevent 
flesinoxan-induced reduction of ultrasonic vocalizations 4 hours after the WAY 
administration (Fig. 1C). In support, Alexandre and co-workers found effects of early life 5-
HT1A receptor blockade after WAY-100635 administration at a dose of 1 mg/kg twice daily 
(Alexandre et al 2006). Moreover, there are studies in which even phasic WAY-100635 at 
lower doses compared to the present study produced sufficient plasma levels to prevent 
any detectable fluoxetine effects (which possesses a long half-life). Therefore, complete 5-
HT1A receptor antagonism for a limited period each day, or, alternatively, a longer lasting 
partial occupancy may be sufficient to block the 5-HT1A receptor. An in vivo microdialysis 
study shows that WAY-100635 already blocks 5-HT1A receptor autoreceptors at doses 
between 0.01 and 0.3 mg/kg (Hjorth et al 1997). Chronic administration of WAY-100635 
alone does not change in the functional status of the 5-HT1A receptor (Dawson et al 2002). 
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In support, chronic WAY-100635 treatment at adult age generally does not modify anxiety 
levels in wildtype mice (Cao and Rodgers 1997). Our studies cannot distinguish between 
pre- vs. postsynaptic alterations in 5-HT1A receptors, as WAY-100635 blocks both receptor 
types. At P7, increased anxiety in WAY-100635-treated mice is unlikely to be the direct 
result of WAY-100635 treatment as acute WAY-100635 administration does not affect 
USVs in WT mice (Fig. 1B). However, USVs in WT mice seem to increase at higher WAY-
100635 dose, and we cannot completely exclude the possibility that increased anxiety 
behavior during chronic WAY-100635 treatment is the result of acute 5-HT1A receptor 
antagonism. The difference in USV levels between chronically and acutely vehicle-treated 
pups may be explained by the fact that postnatal handling affects the serotonergic 
system and increases the ability of handled animals to cope with stressful stimuli 
(Panagiotaropoulos et al 2004). Such a coping strategy may be absent in 1AKO or WAY-
100635-treated animals, which underlines the idea that the 5-HT1A receptor may be 
closely involved in early life stress management.  
 

The main finding from the present studies is that transient postnatal pharmacological 
blockade of the 5-HT1A receptor results in consistent and life-long increased anxiety, 
reduced benzodiazepine sensitivity and increased GABAA receptor α subunit levels in the 
prefrontal cortex and hippocampus. This suggests a putative link between early life 
modification of the serotonin system and adult changes in the GABAergic system in Swiss-
Webster mice. The increased anxious phenotype after WAY-100635 treatment closely 
resembles the 1AKO phenotype, and, as a result, this phenotype may stem from specific 
developmental 5-HT1A receptor disruption that continues into adult age. Our findings may 
thus suggest and confirm a link between early-life disruption of the serotonergic system 
and the emergence of increased adult anxiety levels and decreased benzodiazepine 
responsivity that are also present in various stress-related psychiatric disorders. If chronic 
drug exposure during developmental periods produces changes in adult anxiety levels, 
this could have clinical implications for psychoactive drug use during pregnancy.  
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Abstract  

 
 

 
 
Stress exposure activates the autonomic nervous system and leads to an increase in body 
temperature (stress-induced hyperthermia, SIH). On the other hand, an activation of the immune 
system in response to an infection leads to fever. Both processes increase body temperature, and 
the relation between SIH and infection-induced fever has been subject to debate. It is not clear 
whether SIH is a form of fever, or whether both processes are more or less distinct. We therefore 
examined the relation between SIH and infection-induced fever by looking at the effects of a GABAA 
receptor agonist (diazepam) and a prostaglandin-synthesis blocking drug (acetylsalicylic acid, 
Aspirin®) on both the SIH response and fever in rats and mice. The present study shows that the 
benzodiazepine diazepam but not the prostaglandin-synthesis blocking drug aspirin dose-
dependently attenuated the SIH response in both rats and mice. In contrast, aspirin reduced both 
LPS-induced and IL-1β-induced fever, whereas diazepam had little effect on these fever states. 
Altogether, our findings support the hypothesis that stress-induced hyperthermia and infection-
induced fever are two distinct processes mediated largely by different neurobiological mechanisms. 
 



Stress-induced hyperthermia and infection-induced fever: two of a kind? 

125 

 

1. Introduction 
Stress exposure causes an activation of the autonomic nervous system which leads to a 
consistent increase in body temperature. This stress-induced hyperthermia (SIH), also 
referred to as “psychogenic fever” (Oka et al 2001), is a transient stress response 
comparable across all species (Vinkers et al 2008). In the SIH paradigm, anxiolytic drugs 
such as GABAA receptor agonists and 5-HT1A receptor agonists result in a reduction of the 
SIH response, whereas peripheral administration of non-anxiolytic dopaminergic or 
noradrenergic drugs, as well as acute administration of SSRIs and TCAs generally do not 
affect the SIH response (Olivier et al 2003).  
 
The exact neuronal pathways subserving the SIH response have not been elucidated yet 
(Vinkers et al 2008).  Specifically, the relation between SIH and other changes in body 
temperature such as fever caused by immune system activation (“fever”) has been subject 
to debate (Oka et al 2001). Some argue that SIH is a passive rise in body temperature 
above set point in contrast to fever which is generally thought to be an active raise in 
body temperature set point (Oka et al 2001). However, both SIH and fever result in a 
higher body temperature accompanied by shivering and cutaneous vasoconstriction 
(Briese and Cabanac 1991), are identical in warm and cool environments (Long et al 
1990a) and come along with activation of both HPA axis and sympathetic nervous system 
(Connor and Leonard 1998; Croiset et al 1987; Leonard and Song 1999). In contrast, 
differences exist between SIH and infection-induced fever. Infection-induced fever is 
initiated by exogenous pyrogens like bacteria which in turn induce endogenous 
cytokines, but any form of physical or psychological stress can cause SIH (Bouwknecht et 
al 2007). Moreover, the hypothalamic pre-optic area plays a major role in fever (Blatteis 
and Sehic 1998; Boulant 2000), whereas the amygdala is involved in the acute stress 
response (Davis 1997). As a SIH response only occurs after exposure to acute stress, a role 
for the amygdala in the initiation of autonomic stress responses including the SIH 
response seems plausible. Also, differences exist regarding the pharmacological 
substrates involved in SIH and fever. There is ample evidence for a role of the GABAA 
receptor in the SIH response (Vinkers et al 2008), while evidence points to a role for 
prostanoid EP3 receptors in fever (Nakamura et al 1999). Indeed, fever can be effectively 
reversed by prostaglandin-blocking drugs such as non-steroidal anti-inflammatory drugs 
(NSAIDS) which block the synthesis of prostaglandins (Stitt 1986). However, conflicting 
reports exist on the effects of NSAIDS on the SIH response. While some studies report no 
anxiolytic effects of NSAIDS in the SIH paradigm in mice and ducks (Gray et al 2008; Lecci 
et al 1990b; Olivier et al 2003; Zethof et al 1994), contradictory reports exist in which 
administration of salicylate or indomethacin was to at least partially attenuate the SIH 
response in rats and pigs (Kluger et al 1987; Morimoto et al 1991; Parrott and DM 1995; 
Singer et al 1986; Vellucci and Parrott 1995).  
 
Altogether, it is not clear whether SIH is a form of fever, or whether both processes are 
more or less distinct. If prostaglandin-blocking drugs such as NSAIDS and GABAA receptor 
agonists such as benzodiazepines have similar effects on both the SIH response and fever 
induced by the immune system, this indicates that pharmacologically, the SIH response 
could be regarded as a specific form of fever. Therefore, the present study aimed to 
investigate the relation between SIH and infection-induced fever by looking at the effects 
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of a GABAA receptor agonist (diazepam) and a prostaglandin-synthesis blocking drug 
(acetylsalicylic acid, Aspirin®) on both the SIH response and fever in rats and mice.  
 
 

2. Methods and materials 

2.1 Animals 
General 

Mouse and rat experiments were carried out in different rooms at different times and 
days. All experiments were carried out with approval of the ethical committee on animal 
experiments of the Faculties of Sciences, Utrecht University, the Netherlands, and in 
accordance with the Declaration of Helsinki. 
 

Mice 

Male mice of different genetic backgrounds (SW and C57BL/6J, Taconic M&B, Ry, 
Denmark) were used in the experiments as they have been extensively used in the SIH 
paradigm (Olivier et al 2003; Van Bogaert et al 2006a; van Bogaert et al 2006b). Mice were 
housed socially in a controlled environment 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. One week after arrival, 
telemetry transmitters were implanted. After surgery, mice were singly housed in 
Macrolon® Type 2 cages (22x16x14 cm) enriched with bedding and nesting material. Food 
(standard lab chow) and tap water were available ad libitum. Once a week, an 
experimental procedure was carried out. 
 
Rats 

Male Wistar rats (Harlan Zeist, the Netherlands) were housed socially in a controlled 
environment 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.  One week after arrival, telemetry transmitters were 
implanted. After recovery from surgery, rats were housed in groups of four in type IV 
Macrolon® cages with a plastic tube as cage enrichment. Food (standard lab chow) and 
tap water were available ad libitum. Once a week, an experimental procedure was carried 
out. 
 

2.2 Telemetry transmitter surgery 
Radio telemetry transmitters (Data Sciences International (DSI), type ETA-F20, St. Paul, MN, 
USA) were implanted in the abdominal cavity as earlier described (Olivier et al 2002). 
Animals received Rimadyl, (5 mg/kg, subcutaneously) post-surgically twice a day for 2 
days, as well as a solid energy drink (Triple A Trading, The Netherlands) and soaked food 
pellets. Animals were allowed to recover during a period of 2 weeks. 
 

2.3 Radiotelemetry system 
The radio telemetry system consisted of an implanted transmitter with two flexible leads 
(DSI, type ETA-F20), a receiver placed under the cage (DSI model RPC-1) and a data 
exchange matrix collecting receiver signals and subsequently sending them to a 
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computer where all raw data was stored. Data were collected using Dataquest Gold A.R.T. 
software (DSI, version 2.2). Raw data consisted of temperature responses collected for 10 
seconds every 5 minutes. 
 

2.4 Drugs 
All drug solutions were freshly prepared each testing day and injected intraperitoneally 
(IP) or orally (PO) in a volume of 10 ml/kg (mice) or 2 ml/kg (rats). Aspirin (acetylsalicylic 
acid) and diazepam base (Sigma Aldrich) were suspended in a 0.5% gelatine/ 5% mannitol 
solution.  Lipopolysaccharide (LPS, serotype 01111:B4, Sigma Aldrich) and mouse IL-1β 
(Sigma Aldrich) were dissolved in saline and injected intraperitoneally. 
 

2.5 Experimental procedures 
General 

On the afternoon before an experimental day, animals were weighed and put in a type II 
(mice) or type III (rats) Macrolon® cage, located on a telemetric receiver. Cage transfer the 
day before the experimental day was carried out in accordance with the standardized SIH 
procedure (Van der Heyden et al 1997). The telemetric transmitters were activated by a 
magnet. Data collection of body temperature was subsequently started. The day after, an 
experimental procedure was carried out. At the end of the experimental day, subjects 
were either singly (mice) or group-housed (rats) and transmitters were turned off. All 
stress and fever induction procedures were initiated between 9-12 AM. 
 
Table 1: Time table for for stress and fever induction  

 

A. Stress induction in C57/BL6, SW mice and Wistar rats 

Time (min) Treatment 

t= -60 Aspirin 0-300 mg/kg PO 
Diazepam 0-4 mg/kg IP 

t= 0 Novel cage 

B. Fever induction in C57/BL6 mice 

Time (min) Treatment 

t= -120 IL-1β 10 μg/kg or vehicle IP 

t= 0 Aspirin 300 mg/kg IP 
Diazepam 4 mg/kg IP 
Rectal temperature measurement  
No stress 

C. Fever and stress induction in Wistar rats 

Time (min) Treatment 

t= -240 LPS 50 μg/kg or vehicle IP 

t= 0 Vehicle 
Aspirin 300 mg/kg IP 
Diazepam 4 mg/kg IP 

t= 60 Novel cage 
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Stress induction (Table 1) 

The standardized SIH procedure (Van der Heyden et al 1997) consisted of an 
intraperitoneal (IP) injection or oral (PO) administration with vehicle or a different dose of 
either diazepam or aspirin. Aspirin was administerd orally in mice in accordance with 
earlier studies (Lecci et al 1990b; Olivier et al 2003; Zethof et al 1995). Immediately after 
injection, animals were placed back into their individual cage. One hour after injection, 
animals were placed in a novel cage (clean cage with fresh bedding and a paper tissue) 
and left undisturbed for approximately two hours afterwards. To prevent habituation to 
the novel cage procedure, the interval between two experiments was set to be at least 
one week. For stress induction, a within subject design was used, and all animals received 
all (combined) doses of the drugs. 
 

Fever induction (Table 1) 

General 

Aspirin or diazepam was administered 2 hours (mice) or 4 hours (rats) after LPS/IL-1β 
administration to enable a standard SIH procedure to be carried out under stable (normal 
or febrile) body temperatures, and to quantify the effects of both aspirin and diazepam on 
(a)febrile body temperatures. 
 

Mice  

C57BL/6J mice were used for fever induction. Animals received an injection of IL-1β (10 
μg/kg, IP) or vehicle. Two hours later, animals received an injection (IP or PO) with vehicle 
or either diazepam (4 mg/kg, IP), aspirin (300 mg/kg, PO), a rectal temperature 
measurement (stress) or “no stress”. A within subject design was used, and all animals 
received all treatments with a one-week interval. 
 

Rats 

Animals received an injection of LPS (50 μg/kg, IP) or vehicle. Four hours later, animals 
received an injection (IP) with vehicle, diazepam (4 mg/kg) or aspirin (300 mg/kg). After 
one hour, animals were placed in a novel cage (clean cage with fresh bedding and a paper 
tissue). A between subject design was used, and animals were evenly distributed over all 
treatment groups. 
 

2.6 Data analysis  
All data were collected in 5-minute blocks and are displayed as means ± SEM. 
Experiments were carried out with a between-subject (fever induction in rats) or a within-
subject design (fever induction in mice and all SIH experiments). For all experiments, body 
temperature data during the first 60 minutes after injection or novel cage were analyzed. 
As planned for all fever experiments, fever and non-fever states were also separately 
analyzed. All data were analyzed using a univariate repeated measures analysis of 
variance (ANOVA) with manipulation time as within-subject factor. Treatment (aspirin or 
diazepam at three doses) was a within-subject factor in the experiments on the effects of 
aspirin and diazepam on the SIH response (Figure 1-3). Treatment (stress/no stress, 
aspirin/vehicle, diazepam/vehicle) was a between-subject factor in the fever experiments 
(Figure 4-5). The SIH response was also calculated as ΔT, by subtracting the maximum 
temperature in the first 30 minutes after stress from the basal temperature 5 minutes 
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before stress. For the dose-response experiments, simple contrast tests were used to 
compare drug with vehicle conditions whenever a significant main effect for drug was 
observed. A probability level of p<0.05 was set as statistically significant. All reported 
results were corrected by the Greenhouse Geisser procedure where appropriate, which is 
indicated by an adjustment of the degree of freedom.  
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Figure 1: Effects of (A) diazepam (0-4 mg/kg, IP) and (B) aspirin (0-300 mg/kg, PO) on the SIH response in C57 
mice (n=11). **: p<0.01; ***: p<0.001. At the 2 hour timepoint, the animals were placed in a new cage. 
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3. Results 

3.1 Effects of aspirin and diazepam on the SIH response  
Mice  
Diazepam dose-dependently reduced the SIH response in C57 mice (n=11) (diazepam x 
time interaction F33,330=2.72, p<0.001) and in SW mice (n=10) (diazepam x time interaction 
F33,297=2.19, p<0.001) (Figure 1A and 2A). Also, diazepam reduced the injection and novel 
cage-induced body temperature in C57 mice (diazepam effect F3,30=11.50, p<0.001) and 
SW mice (diazepam effect F3,27=7.14, p<0.001). Analysis of the SIH response confirmed 
that diazepam reduced the SIH response in C57 mice (diazepam effect F3,30=9.59, p<0.001) 
and in SW mice (diazepam effect F3,27=10.65, p<0.001) (Figure 1A and 2A, inset). Simple 
contrasts revealed that all diazepam doses reduced the SIH response in C57 mice (simple 
contrasts: veh-1mg/kg: F1,10=11.18, p<0.01; veh-2mg/kg: F1,10=56.29, p<0.01; veh-4mg/kg: 
F1,10=12.07, p<0.01). Comparatively, all diazepam doses reduced the SIH response in SW 
mice (simple contrasts: veh-1mg/kg: F1,9=10.72, p=0.01; veh-2mg/kg: F1,9=23.90, p<0.01; 
veh-4mg/kg: F1,9=17.38, p<0.01). 

Aspirin did neither influence the SIH response in C57 mice (n=12) (aspirin x time 
interaction F33,363=1.84, p=0.11, NS) nor in SW mice (n=10) (aspirin x time interaction 
F33,297=1.07, p=0.37, NS) (Figure 1B and 2B). Also, aspirin did not influence the injection 
and novel cage-induced body temperature in C57 mice (aspirin effect F3,33=0.31, p=0.82, 
NS) or in SW mice (aspirin effect F3,27=0.94, p=0.44, NS). Analysis of the SIH response 
confirmed that aspirin did not influence the SIH response in C57 mice (aspirin effect 
F3,33=0.68, p=0.57, NS) or in SW mice (aspirin effect F3,27=0.11, p=0.96, NS) (Figure 1B and 
2B, inset).   
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Figure 2: Effects of (A) diazepam (0-4 mg/kg, IP) and (B) aspirin (0-300 mg/kg, PO) on the SIH response in SW 
mice (n=10). **: p<0.01; ***: p<0.001. At the 2 hour timepoint, the animals were placed in a new cage. 
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Figure 3: Effects of (A) diazepam (0-4 mg/kg, IP, n=11) and (B) aspirin (0-300 mg/kg, PO, n=12) in the SIH test in 
Wistar rats. **: p<0.01; ***: p<0.001; #: p=0.06. At the 1 hour timepoint, the animals were placed in a new cage. 
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Rats  
Diazepam dose-dependently reduced the SIH response in rats (n=11) (diazepam x time 
interaction F33,330=4.42, p<0.001) (figure 3A). Diazepam did not influence the injection and 
novel cage-induced body temperature (diazepam effect: F3,30=1.34, p=0.28, NS). Reduction 
of the SIH response was confirmed by separate SIH response analysis (Diazepam effect 
F2,20=18.18, p<0.001) (figure 3A, inset). Simple contrasts revealed that diazepam doses of 2 
and 4 mg/kg reduced the SIH response, while the 1 mg/kg almost did so (Simple 
contrasts: veh-1mg/kg: F1,10=4.62, p=0.06, trend; veh-2mg/kg: F1,10=11.01, p<0.01; veh-
4mg/kg: F1,10=40.68, p<0.001). 

Aspirin had neither effect on the SIH response in rats (n=12) (aspirin x time 
interaction F6,65=0.41, p=0.87, NS), nor affected injection and novel cage-induced body 
temperature (aspirin effect F3,33=0.07, p=0.97, NS) (figure 3B). Separate SIH response 
analysis confirmed that aspirin did not influence the SIH response (aspirin effect F3,33=0.11, 
p=0.95, NS) (figure 3B, inset). Simple contrasts revealed that none of the aspirin doses 
used affected the SIH response (simple contrasts: veh-75mg/kg: F1,11=0.21, p=0.66, NS; 
veh-150mg/kg: F1,11=0.02, p=0.89 NS; veh-300mg/kg: F1,11=0.004, p=0.95, NS). 

 

3.2 Effects of stress, aspirin and diazepam in fever states 
IL-1β-induced fever in C57 mice (n=8) 
SIH in fever and non-fever states (Figure 4A, t=240-300 min): 

IL-1β increased body temperature (IL-1β   effect F1,7=6.01, p<0.05), and stress increased 
body temperature (stress effect F1,7=9.37, p<0.05; stress x time interaction F11,77=8.76, 
p<0.001). This SIH response was independent of fever state (IL-1β  x stress interaction 
F1,7=3.44, p=0.11, NS; IL-1β  x stress x time interaction F11,77=1.58, p=0.12, NS). When 
analyzing fever and non-fever state separately, stress increased body temperature in the 
non-fever state (stress effect F1,7=21.04, p<0.01; stress x time interaction F11,77=5.94, 
p<0.001) and the IL-1β-induced fever state (stress x time interaction F11,77=3.23, p<0.01). 
However, when comparing the SIH response in fever and non-fever state, the SIH 
response was significantly larger in the non-fever state (stress x time interaction 
F11,77=3.31, p<0.01), probably due to a ceiling effect. Analysis of the calculated SIH 
response confirmed that stress increased the SIH response compared to no stress (stress 
effect F1,7=25.24, p<0.01) and that the SIH response was different in the fever state (IL-1 
effect F1,7= 5.71, p<0.05).  (Figure 4A, inset). Stress did increase the SIH response regardless 
of fever state (IL-1 x stress interaction, F1,7=3.89, p=0.1, NS). 
 

Effects of aspirin on IL-1β -induced fever (Figure 4B, t=240-300 min): 

Aspirin had profound effects on body temperature (aspirin effect F1,7=16.58, p<0.001; 
aspirin x time interaction F11,77=2.99, p<0.01), but this effect was limited to the IL-1β -
induced fever state (IL-1β x aspirin interaction F1,7=16.60, p<0.01; IL-1β  x aspirin x time 
interaction F11,77=7.98, p<0.001). This aspirin effect in the fever state made that IL-1β 
almost not had no overall fever effect anymore (IL-1β  effect F1,7=5.02, p=0.06). Planned 
separate analysis of the fever state and non-fever state confirmed that aspirin effects were 
limited to the fever state (aspirin effect F1,7=24.10, p<0.001; IL-1β  x aspirin interaction 
F11,77=8.65, p<0.001), while aspirin effects in the non-fever state were absent (aspirin effect 
F1,7=1.66, p=0.24, NS; aspirin x time interaction F11,77=0.49, p=0.90, NS). Analysis of the 
calculated SIH response confirmed that acute aspirin administration affected the SIH 
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response (aspirin effect F1,7=20.03, p<0.001) and that the SIH response was different in the 
fever state (IL-1 effect F1,7 =57.82, p<0.001).  Aspirin affected the SIH response only in the 
fever states (IL-1 x aspirin interaction, F1,7=5,14, p<0.05). (Figure 4B, inset). 
 

Effects of diazepam on IL-1β-induced fever (Figure 4C, t=240-300 min): 

Diazepam had no overall effect on body temperature (diazepam effect F1,7=0.19, p=0.68, 
NS), although it influenced temperature over time (diazepam x time interaction 
F11,77=2.22, p<0.05). Diazepam showed a trend to affect body temperature differently in 
fever states (IL-1β x diazepam interaction F1,7=5.08, p=0.06, trend). When analyzing the 
fever and non-fever states separately, diazepam overall reduced body temperature in the 
fever state (diazepam effect F1,7=6.53, p<0.05), while diazepam increased body 
temperature due to injection stress in the non-fever state (diazepam x time interaction 
F11,77=1.91, p=0.05) without overall affecting body temperature (diazepam effect F1,7=0.80, 
p=0.40, NS). Analysis of the calculated SIH response confirmed that acute diazepam 
administration did not have effects on the SIH response (diazepam effect F1,7=0.09, 
p=0.78, NS) and that the SIH response was different in the fever state (IL-1 effect F1,7 

=10.27, p<0.05).  Acute diazepam administration did not affect the SIH response in any of 
the fever states (IL-1 x diazepam interaction, F1,7=0.25, p=0.64, NS). (Figure 4C, inset). 
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Figure 4: Effects of aspirin (300 mg/kg, PO) and diazepam (4 mg/kg, IP) on IL-induced fever in C57 mice. A: The SIH response is 
present in IL-induced fever, although smaller. Inset: the calculated SIH response is increased after stress and is smaller in fever 
states. B: Aspirin has profound effects only in IL-induced fever states. Inset: the calculated SIH response is smaller in fever states 
and decreased after aspirin administration as aspirin decreases the body temperature in fever states C: Diazepam has almost no 
effect on IL-induced fever states. Inset: the calculated SIH response is smaller in fever states. ***: p<0.001;**: p<0.01; * p<0.05.  
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LPS-induced fever in Wistar rats  
Effects of aspirin on LPS-induced fever (Figure 5A, t=390-450 min): 

LPS increased body temperature (LPS effect F1,24=11.27, p<0.001; LPS x time interaction 
F2,58=9.36, p<0.001). Aspirin decreased body temperature (aspirin effect F1,24=5.95, p<0.05; 
aspirin x time interaction F2,58=6.45, p<0.01), but only did so in the fever state (LPS x 
aspirin interaction F1,24=7.68, p=0.01; LPS x aspirin x time interaction F2,58=8.78, p<0.001). 
The fever state was separately analyzed, and effects of aspirin on fever states were 
confirmed (aspirin effect F1,13=8.77, p=0.01; aspirin x time interaction F2,22=12.94, p<0.001), 
while there were no aspirin effects in the non-fever state (aspirin effect F1,11=0.32, p=0.58, 
NS; aspirin x time interaction F3,34=0.55, p=0.66, NS). Analysis of the calculated SIH 
response showed that aspirin administration did not affect the SIH response (aspirin effect 
F1,24=1.66, p=0.20, NS) but that the SIH response was different in the fever state (LPS effect 
F1,24=6.86, p<0.05).  Aspirin did not affect the SIH response in the fever as well as the non-
fever state (LPS x aspirin interaction, F1,24=0.11, p=0.75, NS). (Figure 5A, inset). 
 

Effects of diazepam on LPS-induced fever (Figure 5B, t=390-450 min): 

LPS induced fever (LPS effect F1,24=26.98, p<0.001), and diazepam did not affect overall 
body temperature (diazepam effect F1,24=1.51, p=0.23, NS; diazepam x time interaction 
F3,62=0.75, p=0.51, NS), nor specifically in fever and non-fever states (LPS x diazepam 
interaction F1,24=0.11, p=0.75, NS; LPS x diazepam x time interaction F3,62=0.45, p=0.69, 
NS). Separate analysis of fever and non fever states confirmed that diazepam did not 
affect body temperature in fever (diazepam effect F1,12=0.77, p=0.40, NS; diazepam x time 
interaction F2,28=0.30, p=0.77, NS) and non-fever states (diazepam effect F1,12=0.92, p=0.36, 
NS; diazepam x time interaction F2,29=0.86, p=0.46, NS). Analysis of the calculated SIH 
response showed that diazepam administration did reduce the SIH response (diazepam 
effect F1,24=4.62, p<0.05) but that the SIH response was different in the fever state (LPS 
effect F1,24=12.39, p<0.01).  Diazepam effects were present regardless of the fever/non-
fever state (LPS x diazepam interaction, F1,24=2.00, p=0.17, NS). (Figure 5B, inset). 
 

Effects of aspirin and diazepam on the SIH response in the non-fever state (separate analysis of 

the non-fever state, figure 5A-B, t=450-510 min): 

Aspirin did not have effects on the SIH response (aspirin effect F1,11`=0.10, p=0.76, NS; time 
x aspirin interaction F12,24=0.38, p=0.71, NS). However, diazepam reduced the SIH response 
(time x diazepam interaction F3,37=3.33, p<0.05) in the absence of effects on basal body 
temperature (diazepam effect F1,12=0.31, p=0.59, NS). 
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Figure 5: Effects of aspirin (300 mg/kg, PO) and diazepam (4 mg/kg, IP) on LPS-induced fever and subsequent 
stress in Wistar rats. A: Aspirin has profound effects only in LPS-induced fever states, but has no effect on stress-
induced hyperthermia response. Inset: the calculated SIH response is smaller in fever states, and diazepam 
decreases the SIH response.  B: Diazepam has no effect on LPS-induced fever states, but reduced the stress-
induced hyperthermia response. Inset: the calculated SIH response is smaller in fever states.  ***: p<0.01; *: 
p<0.05.  
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4. Discussion 

The main finding of this study is that the peripheral administration of prostaglandin 
synthesis-blocking drug aspirin reduced body temperature in infection-induced (IL-1β 
and LPS) fever, but did not influence the SIH response in rats and mice. While the 
anxiolytic drug diazepam robustly blocked the SIH response, it had no or minimal effects 
on infection-induced fever. Therefore, we conclude that prostaglandins are essential in 
maintaining the fever state after activation of the immune system in rodents, but that 
peripheral administration of prostaglandin synthesis-blocking drug aspirin does not or 
minimally influence the stress-induced rise in body temperature. This is in line with known 
antipyretic effects of NSAIDs (Rotondo et al 1988).  
 
Oppositely, we show that the GABAA receptor is closely involved in the SIH response, but 
plays no or a minimal role in fever states, confirming the anxiolytic effects of diazepam 
(Korte et al 1990; Olivier et al 2002). To our knowledge, this is the first study to 
complementary confirm the differential effects of aspirin and diazepam on SIH and 
infection-induced fever. Rats as well as mice were studied to confirm that both species 
responded similarly to all interventions. Body temperature increased before injection 
stress in mice (Figure 1 and 2) and in rats (Figure 3), which is a known phenomenon (van 
Bogaert et al 2006b) and may be attributed to early animal disturbance prior to the actual 
injection stress. The manually calculated SIH response from the time graphs is generally in 
complete agreement with the time graphs (figure 1-3). Only in fever states or when drugs 
markedly decrease body temperature, there appears to be a small difference between the 
calculated SIH response and the time graphs. This difference is attributable to the fact that 
the calculated SIH response is based on the maximum temperature during the first 30 min 
after stress. In this way, the calculated SIH response in these cases is likely to yield a 
positive value. The differences, however, are small and do not change the interpretation 
of our data. The fact that in figure 4A and B, the “no stress” procedure leads to an 
apparent SIH response can be explained by the fact that even in the absence of novel 
cage stress, all animals are exposed to minor disturbance stress, consisting of the 
investigator entering the room (van Bogaert et al 2006b). 
 
Stress exposure also led to a superimposed SIH response in fever states in mice (figure 
4A), indicating that a SIH response can be initiated regardless of the fever state. However, 
the SIH amplitude is smaller in the fever state which may be attributed to a ceiling effect 
above which no further temperature rise is possible. Such ceiling effects could be stress-
specific, and typically lie around 2-2.5 °C above baseline temperature in non-fever states. 
Nonetheless, we cannot totally exclude the possibility that higher temperature values can 
be reached after novel cage stress. In rats, such a superimposed SIH response in fever 
states is not discernable, indicating that either such a response is not present or not 
visible due to a ceiling effect. Febrile responses were observed after administration of 
both LPS and IL-1β, both depending on microsomal prostaglandin E synthase 1 (mPGES-
1), the inducible terminal PGE2 synthesizing enzyme to induce a febrile response 
(Engblom et al 2003; Saha et al 2005). A febrile response was present in both rats and mice 
even though the ambient temperature was below the thermoneutral zone (20±2 °C). 
Some studies have increased the ambient temperature in order to ensure fever 
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production (Soszynski et al 1998), although others have been able to produce fever in 
similar ambient temperatures (Soszynski and Chelminiak 2007). This might depend on 
animal age, as older rats developed significantly lower LPS and IL-1β-induced fever at 20 
°C compared to younger rats (Buchanan et al 2006; Peloso et al 2003).  
 
The different effects of peripheral aspirin and diazepam administration on fever and SIH 
states, respectively, indicate that although SIH and fever both increase body temperature 
in rats and mice, they have distinct physiological mediators. The notion of SIH and 
infection-induced fever as two independent centrally mediated phenomena is supported 
by studies in which SIH remains present in animals in which fever states can no longer be 
evoked, such as prostaglandin EP3 receptor null mutation mice (Oka et al 2003; Saha et al 
2005) and in lipopolysaccharide tolerant animals (Soszynski et al 1998). Also, antiserum 
against IL-1α and IL-1β does not affect the SIH response (Long et al 1990b), and direct 
corticosterone injection into the anterior hypothalamus attenuates LPS-induced fever but 
not the SIH response (Morrow et al 1996). Moreover, intracerebroventricular 
administration of a corticotropin-releasing factor receptor antagonist is able to reduce the 
SIH response without influencing IL-1β-induced fever (Nakamori et al 1993).  
 
Some studies reported that NSAIDs were able to at least partially attenuate the SIH 
response (Kluger et al 1987; Morimoto et al 1991; Parrott and DM 1995; Singer et al 1986).  
The reasons for differences among NSAIDS in modifying the SIH response are unclear. It 
has been shown that salicylates can decrease normal body temperatures (Satinoff 1972), 
and in forementioned studies, peripheral administration of NSAIDs only partially reversed 
the SIH response, allowing other factors to play role in the SIH response. Furthermore, the 
fact that prostaglandin E2 also attenuates the SIH response complicates interpretation 
(Long et al 1991). Oka and colleagues suggest that SIH responses caused by conventional 
psychological stressors such as an open field test respond to NSAID treatment (e.g. 
(Morimoto et al 1991; Singer et al 1986)) , whereas SIH induced by anticipatory anxiety 
stress is immune to such interventions (Oka et al 2001). This is an interesting suggestion, 
although the question remains whether conventional stress tests completely lack an 
anticipatory stress component, and whether cage switch stress can be truly be 
distinguished from open field stress. Such issues need further investigation. The choice of 
species may also account for different NSAID sensitivity to SIH. However, this can only 
offer a partial explanation, as we show that rats do not respond to NSAID treatment in 
response to stress-induced changes in temperature, and another study did not find 
effects of NSAIDs on the SIH response in ducks (Gray et al 2008).  Moreover, the fact that 
restraint stress in rats can also lead to hypothermia which is insensitive to NSAIDs shows 
that stress does not always lead to an increased body temperatures and is a complex 
phenomenon (Chen and Herbert 1995). However, we cannot exclude the possibility that 
mice are less sensitive to NSAID-attenuating effects on the SIH response, or that NSAID 
sensitivity is species-dependent. A final explanation for the apparent differences in NSAID 
effectiveness in reducing the SIH response may be attributed to differences in 
administration route. NSAIDS were able to completely reduce the SIH response when they 
were administered either intravenously or intracerebroventricularly, whereas other 
studies that administered drugs orally, subcutaneously or intraperitoneally did find no or 
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at the most partial effectiveness of NSAIDS on the SIH response (Gray et al 2008; Lecci et al 
1990b; Olivier et al 2003; Zethof et al 1994).  
 
Even though our data point to different pharmacological mechanisms in SIH and 
infection-induced fever, both temperature-increasing processes are not completely 
independent. Chronic stress directly influences the immune system (Leonard and Song 
1999), and stress states diminish the duration and magnitude of LPS-induced fever (Gray 
et al 2008). Also, stress can seriously compromise the effectiveness of the adrenocortical 
response in containing some immunological defense (Carobrez et al 2002), and the 
adrenocortical glucocorticoid response itself directly affects LPS-induced fever (Cabrera et 
al 2000). LPS-induced fever can be influenced by behavioral conditioning, making a limbic 
input to fever plausible (Ader 2003). Also, IL-1β augments the effects of GABA at GABAA 
receptors by promoting chloride transport (Kang and Miller 1991).   
 
The hypothalamic preoptic area induces fever by activating pathways that include 
neurons in the dorsomedial hypothalamus (DMH) and the rostral raphe pallidus (Boulant 
2000; Cerri and Morrison 2006; Nakamura et al 2005b). DMH activation results in both 
vasoconstriction and shivering via neurons that project directly to the rostral raphe 
pallidus (for reviews: (DiMicco et al 2006; Dimicco and Zaretsky 2007)). The rostral raphe 
pallidus directly controls sympathetic preganglionic neurons in the intermediolateral cell 
column of the thoracic spinal cord (Nakamura et al 2004; Nakamura et al 2005a). Thus, 
infectious fever is the result of DMH activation by the hypothalamic preoptic area. The SIH 
response is an acute stress response and is mediated by limbic brain areas, including 
various amygdala nuclei (Carrasco and Van de Kar 2003). Especially, the medial amygdala 
nucleus is involved in the stress reaction (Davis 1997). Local administration of muscimol 
into the medial amygdala attenuates restraint stress-induced responses (Kubo et al 2004), 
and the medial amygdala displays c-fos activation after different kinds of acute stressors 
(Cullinan et al 1995; Dayas et al 2001; Dayas et al 1999; Emmert and Herman 1999; 
Figueiredo et al 2003a; Kollack-Walker et al 1997; Pezzone et al 1992).  A connection 
between the amygdala and the DMH to cause a SIH response is plausible. Microinjection 
of bicuculline, a GABAA receptor antagonist, into the DMH results in a SIH response, 
whereas microinjection with muscimol, a GABAA receptor agonist into the DMH seems to 
entirely ablate this temperature increase (unpublished observations in the reference) 
(Dimicco and Zaretsky 2007). Altogether, a common activation of the DMH by both stress 
and infection to increase body temperature seems present and might explain overlapping 
properties and interdependence. 
 
In conclusion, the present study shows that the benzodiazepine diazepam but not the 
prostaglandin-blocking aspirin attenuated the SIH response in rodents. In contrast, aspirin 
reduced LPS- and IL-1β induced fever, whereas diazepam had little effect on these fever 
states. Altogether, our findings support the hypothesis that stress-induced hyperthermia 
and infection-induced fever are two distinct processes mediated largely by different 
physiological mechanisms. 
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Abstract  

 

 
 

Background: Stress-induced hyperthermia (SIH) is the transient rise in body temperature after 
encountering a stressor. The SIH response can be blocked by administration of various anxiolytic 
drugs prior to inducing stress. However, a drug injection involves handling and injection stress and 
therefore induces a SIH response itself. In the standard SIH test, drugs are therefore injected 60 
minutes before stress induction to allow injection-induced hyperthermia to decline. This makes it 
difficult to study putative anxiolytic compounds with a short half-life. The present study therefore 
aimed to compare the effects of standard (stressful) and stress-free anxiolytic drug administration 
on the subsequent SIH response with a 10 minute injection-stressor interval. 
 
Methods: Anxiolytic drugs with short half-lifes (midazolam, 8-OH-DPAT, nicotine) were injected 
subcutaneously in rats using either a stressful (manual injection) or stress-free injection 
(subcutaneous cannula) method 10 minutes before novel cage stress. Body temperature and 
locomotor activity were measured using telemetric transmitters.  
 
Results: Stressful and stress-free drug administration resulted in comparable drug effects on the 
stress-induced hyperthermia and locomotor responses in rats. 
 
Conclusion: The present study shows that both stressful and stress-free drug injection shortly 
before a stressor results in reproducible attenuation of the SIH response in rats. In rats, a short 
injection-stressor interval can therefore be applied using the SIH paradigm, enabling the study of 
putative anxiolytic drugs with short half-lifes.  
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1. Introduction 

Stress-induced hyperthermia (SIH) is a transient rise in body temperature in response to 
stress and is comparable across all species (Vinkers et al 2008). Anxiolytic drugs including 
benzodiazepines and 5-HT1A receptor agonists block the SIH response (Olivier et al 2002; 
Olivier et al 2003). In contrast, non-anxiolytic drugs including dopaminergic and 
noradrenergic drugs  do not affect the response, and the SIH paradigm therefore 
possesses excellent predictive validity (Bouwknecht et al 2007). 
 

Administration of a drug involves handling and injection of animals and therefore induces 
a SIH response itself (Van der Heyden et al 1997). In the classic SIH test using rectal 
temperature measurements, drugs are therefore injected 60 minutes before a stressor 
when injection-induced hyperthermia has sufficiently declined (Van der Heyden et al 
1997). In mice, an injection-stressor interval shorter than 60 minutes leads to a smaller SIH 
response because body temperature is   increased after injection stress (Van der Heyden 
et al 1997). This makes it difficult to study putative anxiolytic compounds with a short 
half-life. For example, injection of nicotine (t1/2=6 min (Petersen et al 1984)) 10 minutes 
prior to stress  led to false-positive results in the SIH test due to an elevated ‘basal’ 
temperature in vehicle-treated mice (Bouwknecht et al 2007). In the same experiment, 
nicotine had no effects on the SIH response after an injection-stressor interval of 30 
minutes, indicating that such an interval extension is not always possible (Bouwknecht et 
al 2007).  
 

It is therefore of interest to study the effects of injection stress on anxiolytic drug outcome 
in the SIH paradigm. Also, the effects of injection stress on the subsequent stress response 
are unknown. We therefore aimed to compare the effects of standard (stressful) and 
stress-free administration of various anxiolytic drugs with short half-lifes on the SIH and 
locomotor responses in rats using a 10 minute injection-stressor interval. Locomotor 
activity was measured to compare the temperature effects of injection stress to locomotor 
responses. Relatively stress-free drug injection was achieved using a tether-swivel 
combination connected to a subcutaneous catheter, minimizing handling and injection 
stress. The anxiolytic midazolam is a benzodiazepine with rapid onset of action and a high 
metabolic clearance (t1/2=27 min) (Mandema et al 1991; Reves et al 1985). The 5-HT1A 
receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) also possesses 
anxiolytic effects (Shields and King 2008), and has a half-life of around 30 minutes (Yu and 
Lewander 1997). Nicotine acts swiftly (t1/2=6 min) on nicotinic receptors known to be 
involved in anxiety processes (Petersen et al 1984; Picciotto et al 2002).  
 

2. Methods and materials 
2.1 Animals 
Male Wistar rats (Harlan Zeist, the Netherlands) were housed socially (four rats per cage) in 
a controlled environment with a non-reversed 12 hour light/dark cycle (white lights on 
from 7am-7pm). Animals had unlimited access to food (standard lab chow) and water. 
One week after arrival, telemetry transmitters were implanted and a subcutaneous 
cannula was implanted. The implantation of a telemetric transmitter and a subcutaneous 
cannula were combined into one surgical procedure. After recovery from surgery, rats 
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were singly housed in type III Macrolon® cages with a plastic tube as cage enrichment. 
Food (standard lab chow) and tap water were available ad libitum. Once a week, an 
experimental procedure was carried out. All experiments were carried out with approval 
of the ethical committee on animal experiments of the Academic Biomedical Center, 
Utrecht University, the Netherlands, and in accordance with the Declaration of Helsinki 
(6th revision, 2008).  
 

2.2 Surgeries  
Telemetry transmitter surgery 

Telemetric devices (type ETA-F20, Data Sciences International, St Paul, MN, USA) were 
implanted in the abdominal cavity as described earlier (Pattij et al 2001). Prior to surgery, 
rats received a subcutaneous (s.c.) injection (2ml/kg) of the antibiotic Baytrill® (2.5% 
enrofloxacin). Rats were anaesthetized using O2/NO2/Isoflurane gas anesthesia. 
Carprofen (5 mg/kg, s.c.) was given as an analgetic immediately after surgery and twice 
daily for two days after surgery. After surgery, animals were housed individually and 
recovery from surgery was monitored (body weight). Also, all rats had access to wet food 
and solid drinks for two days after surgery. Wound recovery was regularly checked.  
 
Subcutaneous cannula surgery 

Rats were equipped with a subcutaneous cannula that was placed subcutaneously 
approximately 9 centimeters along the right flank of the animal. Cannulas were made of 
polyurethane tubing (Instech Laboratories, Plymouth Meeting, PA, USA), and the last 3 
centimeters of each cannula were perforated with a needle at every 2 millimeters to allow 
fluid to spread evenly and to prevent cannula obstruction. The subcutaneous cannula was 
connected to a Vascular Access Harness (Instech Laboratories, Plymouth Meeting, PA, 
USA).  
 

 

2.3 Radiotelemetry system 
The radiotelemetry system consisted of an implantable transmitter with two flexible leads 
(type ETA-F20, Data Sciences International, St Paul, MN, USA), a telemetric receiver (model 
RPC-1) and a Data Exchange Matrix collecting input from the receivers, all purchased from 
Data Sciences International (St. Paul, MN, USA). The matrix was connected to a Compaq 
computer. Signals from the transmitters were passed on via a radio signal to the receiver, 
localized under the animal cage, transforming it into a digital signal. Digital information 
from the telemetry receivers was collected by the data matrix and provided to the 
computer where all raw data were stored. Data were collected using Dataquest Gold 
A.R.T. software (DSI, version 2.2). Raw data consisted of locomotor activity and body 
temperature responses collected for 10 seconds every 2 minutes. 
 

2.4 Experimental procedure 
General  

Rats received a stressful or stress-free subcutaneous injection with vehicle or a certain 
drug dose 10 minutes before novel cage stress. 10 minutes later, rats were placed in a 
novel cage (clean cage with fresh bedding) and left undisturbed. To prevent habituation 
to the novel cage procedure, the interval between two experiments was set to be at least 
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one week. Overall, rats generally received two different treatment with a testing interval 
of at least one week, in accordance with a one week testing interval in the SIH paradigm 
to wash out acute drug effects (Vinkers et al 2008). Stress-free vehicle (n=10), midazolam 
(n=8), nicotine (n=6) and 8-OH-DPAT were administered, as well as stressful vehicle (n=6), 
midazolam (n=8), nicotine (n=3) and 8-OH-DPAT (n=5). 
 
Stress-free injection method 

The vascular access harness of each rat was connected to a tether (Instech Laboratories, 
Plymouth Meeting, PA, USA) which was connected to a lever arm with a swivel that was 
mounted on top of the cage. This setup made it possible to inject drugs via the tubing 
extending from the swivel at some distance from the cage without any animal handling. 
All tethers were filled with physiological saline at room temperature before connecting. 
Rats were connected to the tethers at least 2 hours before the SIH test.  
 

Stressful injection method 

Drugs were injected using a standard subcutaneous injection method on the flank with a 
needle and syringe.  
 

2.5 Drugs 
Midazolam HCl, ±-8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) and nicotine-di-
tartrate were obtained from Sigma Aldrich (Zwijndrecht, The Netherlands) and dissolved 
in saline. The amount of nicotine-di-tartrate was adjusted to obtain the concentration of 
free base nicotine as indicated in the literature (Matta et al 2007). An injection volume of 1 
ml/kg was used and all drugs were injected subcutaneously. Fresh solutions and 
suspensions were prepared each testing day, and all drugs were injected at room 
temperature.   
 

2.6 Data analysis 
All data were collected in 2-minute blocks and are displayed as mean ± SEM. All 
experiments were carried out with a between-subject design. Drug effects on body 
temperature and locomotor activity were analyzed during the first 60 minutes after novel 
cage stress using a univariate repeated measures analysis of variance (ANOVA) with time 
as within-subject factor and drug as between-subject factor.  In the vehicle conditions, 
stressful and stress-free injection methods were compared using a univariate repeated 
measures analysis of variance (ANOVA) with time as within-subject factor and injection 
method as between-subject factor. Cumulative activity levels were obtained by 
summation of locomotor activity either during the 10 minute period after injection 
(reflecting locomotor responses to injection stress) or during the first 60 minutes after the 
novel cage procedure (reflecting stress-induced lomcomotor responses), and were 
compared using a one way ANOVA. A probability level of p<0.05 was set as statistically 
significant, probability levels between p=0.05 and p=0.1 were regarded as trends.  To 
ensure sufficient power of drug effects on the SIH response, a repeated measures power 
analysis was conducted based on literature (D'Amico et al 2001). Using a standard 
deviation of 0.35 (based on our current results), the power during the first 60 minutes 
after the novel cage stress was over 95%, independent of correlation between the time 
points (data not shown). 
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3. Results 
3.1 Midazolam (3 mg/kg) 
Body temperature  

Midazolam did not influence basal body temperature (stressful: drug effect F1,12=1.05, 
p=0.33, NS; stress-free: drug effect F1,16=2.07, p=0.17, NS). Stressful injection of midazolam 
did not significantly reduce the SIH response (drug x time interaction F29,348=1.07, p=0.37, 
NS), whereas stress-free injection did reduce the SIH response (drug x time interaction 
F29,464=4.51, p<0.001) (Figure 1).  
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Figure 1: Effects of stressful (A) and 
stress-free (B) subcutaneous injection of 
midazolam (3 mg/kg), 8-OH-DPAT (0.4 
mg/kg) and nicotine (1 mg/kg) on the 
novel cage–induced stress-induced 
hyperthermia (SIH) response.  *:  time x 
drug interaction compared to vehicle 
(***: p<0.001). +: overall drug effect on 
body temperature compared to vehicle 
(+++: p<0.001) 
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Locomotor activity 

Midazolam reduced stress-induced locomotor activity after both stressful and stress-free 
injection (stressful: drug x time interaction F29,348=2.92, p<0.001; drug effect F1,12=20.64, 
p<0.001; stress-free: drug x time interaction F29,464=0.68, p=0.90, NS; drug effect 
F1,16=5.92, p<0.05). Midazolam also decreased cumulative locomotor levels after novel 
cage stress (stressful: F1,13=20.64, p<0.001; stress-free: F1,17=5.92, p<0.05), but not directly 
after injection (stressful: F1,13=0.11, p=0.74, NS; stress-free: F1,17=2.30, p=0.15, NS). (Figure 2, 
right panel). 

 
3.2 8-OH-DPAT (0.4 mg/kg) 
Body temperature  

8-OH-DPAT reduced the SIH response and basal body temperature after both the stressful 
and the stress –free injection method (stressful: drug x time interaction F29,319=32.20, 
p<0.001; drug effect F1,11=97.64, p<0.001. Stress-free: drug x time interaction F29,377=18.11, 
p<0.001; drug effect F1,13=21.09, p=0.001) (Figure 1).  
 
Locomotor activity 

8-OH-DPAT increased stress-induced and overall locomotor activity after both injection 
methods (stressful: drug x time interaction F29,319=2.99, p<0.001; drug effect F1,11=20.35, 
p=0.001. Stress-free: drug x time interaction F29,377=4.23, p<0.001; drug effect F1,13=6.39, 
p<0.05). 8-OH-DPAT also increased the calculated cumulative locomotor levels under 
both conditions after injection (stressful: F1,12=54.17, p<0.001; stress-free: F1,14=19.78, 
p<0.001) and after novel cage stress ( stressful: F1,12=20.354, p<0.001; stress-free: F1,14=6.39, 
p<0.001) (Figure 2, right panel). 
 

3.3 Nicotine (1 mg/kg) 
Body temperature  

Nicotine reduced the SIH response and basal body temperature after stressful and stress-
free injection (stressful: drug x time interaction F29,290=16.70, p<0.001; drug effect 
F1,1040.87, p<0.001. Stress-free: drug x time interaction F29,390=4.56, p<0.001; drug effect 
F1,11=38.55, p<0.001) (Figure 1).  
 

Locomotor activity 

Nicotine reduced stress-induced locomotor levels after stressful injection (drug x time 
interaction F29,290=5.35, p<0.001) but not after stress-free injection (drug x time interaction 
F29,319=0.21, p=0.97, NS). Overall locomotor activity levels after novel cage stress were 
however not affected by nicotine (stressful: F1,10=1.00, p=0.34, NS; stress-free: drug effect 
F1,11=0.36, p=0.56, NS). Nicotine did also not affect the calculated cumulative activity after 
novel cage stress relative to vehicle (stressful: NC: F1,11=1.00, p=0.34, NS; stress-free:  
F1,12=0.36, p=0.56, NS) (Figure 2, inset). In contrast, cumulative locomotor activity levels 
were increased immediately after nicotine injection independent of injection method 
(stressful: F1,11=3.11, p=0.09, trend; stress-free: F1,12=53.60, p<0.001) (Figure 2, inset). 
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Figure 2: Effects of stressful (A) and stress-free (B) subcutaneous injection of midazolam (3 mg/kg), 8-OH-DPAT 
(0.4 mg/kg) and nicotine (1 mg/kg) on the novel cage–induced locomotor response.  *:  time x drug interaction 
compared to vehicle (***: 8-OH-DPAT, p<0.001) +: overall drug effect on body temperature compared to vehicle 
(+: midazolam, p<0.05) . Inset Figure 2 A and B: Cumulative activity response after injection and after novel 
cage stress. ***: p<0.001; *: p<0.05; #: p=0.09 compared to vehicle. 

 

3.4 Stressful and stress-free vehicle injection compared  
Stressful and stress-free vehicle injection did not differ in basal body temperature during 
the 10 minutes after injection (method effect F1,14=0.92, p=0.35, NS; time x method 
interaction F1,19=0.02, p=0.23, NS), whereas locomotor activity levels were increased only 
after stressful injection (method effect F1,14=44.26, p<0.001; time x method interaction 
F2,26=3.38 p=0.05). Cumulative activity levels confirmed that stressful injection led to 
increases locomotor activity after injection (method effect F1,15=44.26, p<0.001). Although 
the SIH response in the stressful injection group was larger after novel cage stress (time x 
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method interaction F29,406=1.77, p=0.01), both groups had a similar basal body 
temperature (method effect F1,14=0.01, p=0.98, NS). Stressful vehicle injection led to 
higher locomotor activity levels after novel cage stress relative to the stress-free vehicle 
injection (method x time interaction F29,406=3.39, p<0.01), although overall locomotor 
levels were not different (method effect F1,14=0.63, p=0.44, NS). Cumulative activity levels 
confirmed that overall activity was similar after novel cage stress (method effect F1,15=0.63, 
p=0.44, NS). 
 
 

4. Discussion 

The present study compared standard (stressful) and stress-free drug injection shortly 
before novel cage stress in the stress-induced hyperthermia (SIH) model. The SIH 
paradigm uses the transient body temperature increase in response to stress that can be 
blocked by various anxiolytic drugs. However, administration of a drug involves handling 
and injection of animals and thus induces a autonomic stress response itself in both rats 
and mice (Van der Heyden et al 1997). This makes it difficult to study the autonomic stress 
response when putative anxiolytic drugs are injected shortly before a stressor 
(Bouwknecht et al 2007). Using a swivel-tether combination connected to a subcutaneous 
catheter, we were able to reduce the stress associated with manual (stressful) drug 
injections as stress-free injections did not increase locomotor responses and led to no 
apparent behavioral responses in the rat (Figure 2B).  
 
Both stressful and stress-free injection of anxiolytic drugs with a short half-life (8-OH-DPAT 
and nicotine) resulted in a robust attenuation of the SIH response in rats (Figure 1). This 
indicates that a short injection-stressor interval can be used to study the effects of 
anxiolytic drugs on the autonomic stress response. In this way, compounds with a short 
half-life or lower doses of a compound can be assessed.  In contrast, midazolam did not 
reduce the SIH response in the stressful injection method, although comparison by the 
eye might suggest otherwise (Figure 1). This suggests that the stress-free injection 
method may be more sensitive to register anxiolytic effects on the SIH response. The 
GABAA receptor agonist midazolam, the nicotine receptor agonist nicotine and the 5-HT1A 
receptor agonist 8-OH-DPAT all led to a robust decrease in stress-induced and basal body 
temperature. The effects of both 8-OH-DPAT and nicotine on body temperature are in line 
with known hypothermic and stress-induced hyperthermia reducing effects at similar 
doses in rats (Gordon et al 2002; Rusyniak et al 2007). Furthermore, we found that nicotine 
at a dose of 0.25 mg/kg reduced the SIH response without causing hypothermia 
independent of injection method (data not shown), which is again in line with nicotine 
effects on body temperature at lower doses (Gordon et al 2002). 
 
In general, anxiolytic drugs that attenuate the SIH response also lead to hypothermia and 
disturb thermoregulatory processes (Vinkers et al 2008). Therefore, in the current study, a 
complete distinction between an attenuation of the SIH response and a general reduction 
of the basal body temperature cannot be made. Stressful drug injection led to an overall 
less variable response, probably due to a better and more consistent drug delivery after 
manual injection (figure 1 and 2).  In contrast to our study, injection stress in mice results 
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in an almost maximal hyperthermia after 10 minutes (Van der Heyden et al 1997). This 
difference may be attributed to a more controlled thermoregulation in rats, leading to a 
less reactive and less pronounced SIH response in reaction to injection stress. In support, 
we earlier found that handling stress in three different mouse strains led to a consistent 
SIH response of around 2 °C (van Bogaert et al 2006b), whereas handling stress in a rat 
leads to a SIH response of maximally 1°C (Vinkers et al 2008). The fact that stress does not 
immediately increase body temperature cannot be ascribed to physical transmitter delay 
as in the aforementioned study, various stressors increased body temperature in three 
different mouse strains within 2 minutes using identical telemetry transmitters (van 
Bogaert et al 2006b). 
 
To our knowledge, this is the first study in which nicotine reduced the SIH response. In an 
earlier study in mice that used a similar injection-stressor interval, nicotine did not 
attenuate the SIH response (Bouwknecht et al 2007). In this study, injection stress itself 
increased baseline temperature in mice and, as body temperature had not returned to 
baseline values, consequently reduced the SIH amplitude after vehicle treatment. 8-OH-
DPAT was also able to reduce the SIH response, an effect that was already earlier found in 
mice using 6- to 25-fold higher doses which were injected 30 minutes before a stressor 
(Borsini et al 1989). The effects of the benzodiazepine midazolam and the 5-HT1A receptor 
agonist 8-OH-DPAT in the present study are in general agreement with known SIH-
attenuating effects of similar acting drugs with longer half-lifes, such as diazepam and 
flesinoxan (Vinkers et al 2009f; Vinkers et al 2008). Midazolam led to overall sedation 
regardless of injection method (Figure 2), which is in line with known sedative effects (Lau 
et al 1996). Also, both stressful and stress-free injection of 5-HT1A receptor agonist 8-OH-
DPAT resulted in direct locomotor stimulant effects (Figure 2), which is attributed to 
presynaptic 5-HT1A receptor activation (Chen and Reith 1995; Karamanakos et al 2004).  
 
Interestingly, stressful vehicle injection subsequently led to a larger SIH and locomotor 
response to novel cage stress compared to stress-free vehicle injection (Figures 1 and 2). 
This is an interesting phenomenon, which may be explained by the fact that a stressful 
event (manual injection) is followed by another (relative) stressful event (novel cage 
stress). In animals, stress exacerbates subsequent anxiety-like responses in a number of 
anxiety models even immediately after an acute stressor (File et al 1992; MacNeil et al 
1997; Vinkers et al 2008), and also in humans, unconditioned anxiety is enhanced by prior 
stress (Lissek et al 2005). In addition, there is a link in rodents between prior stress and 
increased subsequent locomotor responses to psychostimulants (Veening et al 2005).  
 
In conclusion, the present study shows that both stressful (manual) and stress-free 
administration of anxiolytic drugs with short half-lives shortly before novel cage stress 
lead to a reduced SIH response. Thus, manual drug administration combined with a short 
injection-stressor interval can be applied to study in the SIH paradigm in rats. This opens 
up possibilities to study lower doses of anxiolytic drugs or to assess putative anxiolytic 
drugs with short half-lifes in the SIH paradigm. 
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Abstract  
 

 
 

Background: When designing chronic studies using benzodiazepines, chlordiazepoxide (CDP) is 
often the preferred drug of choice because, in contrast to most other classical benzodiazepines, it is 
soluble in water. However, the rapid hydrolysis of CDP in aqueous solution to the active ketone 
product demoxepam has been described. This would diminish CDP plasma levels in minipump 
studies over time and introduce one or more active compounds that would be co-released from the 
minipump.  

Methods: Therefore, the present study aimed to explore the putative hydrolysis of the classical 
benzodiazepine CDP in aqueous solution and in minipumps over time and to identify the hydrolysis 
products using mass spectrometry. Moreover, we aimed to characterize the hydrolysis products for 
their in vitro (3H-flunitrazepam binding and oocyte electrophysiology) and in vivo (stress-induced 
hyperthermia paradigm) GABAA receptor potency.  

Results: Chlordiazepoxide (CDP) in solution rapidly hydrolyzed to the ketone structure demoxepam 
with a half-time of around 9 days at 37 °C. Using mass spectrometry, we confirmed that the single 
hydrolysis product is demoxepam which is the result of oxidative deamination of CDP. The CDP 
hydrolysis was concentration dependent (following first-order kinetics) as well as temperature 
dependent. In osmotic minipumps, hydrolysis to demoxepam was again apparent. Using the mouse 
stress-induced hyperthermia paradigm, our in vivo data suggest that CDP may exert greater acute 
potency compared to demoxepam. In support, CDP showed increased efficacy and affinity for 
GABAA receptors containing α1 (but not α3) subunits. In vitro 3H-flunitrazepam binding was not 
different between CDP and demoxepam. 

Conclusions: The present study shows that the classical benzodiazepine CDP is rapidly hydrolyzed 
in solution to the active compound demoxepam with a reduced activity at the GABAA receptor. The 
fact that CDP is readily soluble in water makes it an attractive choice for minipump applications, but 
the separate effects of CDP and its active hydrolysis product demoxepam are hard to dissect. Thus, 
chronic studies that use dissolved CDP should be interpreted with caution. In chronic studies, drug 
stability and release should always be considered and, when needed, carefully investigated.  
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1. Introduction 

The GABAA receptor is the main inhibitory receptor in the central nervous system known 
to be closely involved in stress and anxiety processes. Classical (non-selective) 
benzodiazepines are clinically relevant anxiolytic drugs that act on GABAA receptors, 
allosterically enhancing the inhibitory GABA actions by binding to α1, α2, α3 or α5 subunits 
(Rudolph and Mohler 2006). Besides the preferred anxiolytic action, benzodiazepines 
possess a wide variety of adverse effects, including dependence, tolerance, withdrawal, 
sedation and cognitive impairing effects. Recently, the concept that distinct GABAA 
receptor α subtypes generate specific (side) effects has led to an increasing body of 
research studying the acute and chronic effects of classical benzodiazepines (Crestani et 
al 2001; Rudolph et al 1999).  
 
In clinical practice, benzodiazepines are usually prescribed for a longer period (ranging 
from weeks, months to even years). Animal studies that aim to elucidate the largely 
unknown mechanisms underlying the chronic benzodiazepine (side) effects either 
administer drugs manually or use osmotic minipumps (hereafter referred to as 
“minipumps”). The main advantage of osmotic minipumps is a continuous drug release 
for a longer period whereas no animal handling is needed during the entire delivery 
period. However, when loaded into a minipump, a drug needs to be dissolved in order to 
reach the desired controlled delivery. If a compound cannot be dissolved or is unstable in 
solution, this may have enormous consequences for the interpretation of minipump 
studies (van der Zwaal et al 2008).  
 
When designing chronic minipump studies using classical benzodiazepines, 
chlordiazepoxide (CDP) is often the preferred drug of choice (e.g. (Kas et al 2008; West and 
Weiss 2005)), because it - in contrast to most other classical benzodiazepines - is soluble in 
water (1:10) (Moffat et al 2004). However, the rapid hydrolysis of CDP in aqueous solution 
to the active ketone product demoxepam has been described (Han et al 1976). This would 
diminish CDP plasma levels in minipump studies over time and introduce an active 
second compound that would be co-released from the minipump. Therefore, the present 
study aimed to explore the putative hydrolysis of the classical benzodiazepine CDP in 
aqueous solution and in minipumps over time and to identify the hydrolysis products 
using mass spectrometry. Moreover, we characterized the hydrolysis products for their in 
vitro (3H-flunitrazepam binding and oocyte electrophysiology) and in vivo (stress-induced 
hyperthermia paradigm) GABAA receptor potency.  

 
2. Materials and methods 
2.1 Drugs  
Chlordiazepoxide HCl (Pharbita, Zaandam, the Netherlands) was freshly dissolved at each 
testing day. Demoxepam was obtained by keeping CDP at a concentration of 2 mg/ml at 
a temperature of 37 °C for 40 days. Subsequently, it was filtered through a 0.2 µm filter 
and stored at -80 °C. Frozen demoxepam aliquots were defrosted shortly before 
experiments.  
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2.2 Identification of the chlordiazepoxide hydrolysis products using LC-
MS/MS 
To confirm the identity of the CDP hydrolysis products, a LC-MS/MS setup was used. 
Chlordiazepoxide HCl  (throughout the present study, CDP in the salt form was used) at a 
concentration of 2 mg/ml was kept for 40 days at a temperature of 37 °C and 
subsequently stored at -80 °C. The solution was then analyzed using a liquid 
chromatography system and an Agilent 1100 Series LC/MSD SL ion-trap mass 
spectrometer equipped with an electrospray ionization source (MS, Agilent Technologies). 
The mobile phase consisted of 100mM ammonium formate (pH 4.5)-methanol (1:1, v/v) 
and the flow rate was 0.5 ml/min. The MS was operated in positive ion mode, the 
electrospray voltage was optimized and set to +3.5 kV and lens voltages were optimized 
for maximal signal intensity. The nebulizing gas pressure was adjusted to 50 psi (345kPa) 
and the flow of the drying gas to 10 L/min with a drying temperature of 350 °C. The scan 
range was 140–310 m/z and 5 scans were averaged for one spectrum.  Collision-induced 
dissociation (CID) with helium as collision gas was performed on the protonated 
molecular ion ([M+H]+) of the degradation product. The m/z-values of the precursor ion 
was manually selected, and the collision energy was set to the instrument default value of 
100% (1.00 V), resulting in significant presence of fragmentation ions.  
 

2.3 Stability of chlordiazepoxide in solution  
To investigate the hydrolysis kinetics under various concentrations and environmental 
temperature conditions, the stability of a standard CDP solution was studied using a 10 
μg/ml CDP solution that was stored in a thermostated autosampler at a temperature of 
37°C.  These samples were analyzed over time in the next 45 days. Furthermore, the 
influence of environmental temperature on CDP hydrolysis was studied by storing a 2 
mg/ml CDP solution at various temperatures with subsequent analysis over time. 
Concentration-dependent hydrolysis was studied by storing CDP solutions at three 
different concentrations (0.02, 0.2 and 2 mg/ml) at 37°C during 35 days which were 
subsequently analyzed. For all samples, CDP and putative hydrolysis products were 
detected simultaneously by HPLC with UV detection at a wavelength of 254 nm 
(Spectroflow 757 Kratos Analytical). The system consisted of a pump (SpectraSeries P100 
Thermo Separation products), a vacuumdegasser (ERC-3113 Erma CR Inc., Tokyo), an 
autosampler (SpectraSeries AS300 Thermo Separation products), a column (Hypersil BDS 
150 mm x 4.6 mm x 5µm) and a detector. The mobile phase consisted of 50 mM 
Phosphoric acid (pH 6.5) in 50 % methanol and was pumped at 0.5 ml/min. From each 
sample, 100 µl was injected onto the column. The chromatograms were recorded and 
analyzed using the Atlast 2003 chromatography data handling system (Thermo Election 
Corporation, Altrincham, UK). For degradation plots, the peak area of demoxepam after 35 
days was set at 100 – (% CDP). 
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2.4 Chlordiazepoxide delivery rates from osmotic minipumps 
To confirm that chlordiazepoxide delivery would indeed decline over time, three osmotic 
minipumps (Alzet, 2004 model, pumping rate 0.25 μg/h during 28 days) were filled with a 
CDP solution (2 mg/ml). Osmotic minipumps were put into separate tubes containing 7.0 
ml of saline and were kept at 37°C. Minipumps were transferred regularly to novel saline 
tubes for 5 weeks. The concentrations CDP and demoxepam were determined using an 
identical HPLC with UV setup as above.  

 
2.5 In vitro 3H-flunitrazepam binding and oocyte electrophysiology  
To assess the in vitro affinity and efficacy of CDP and demoxepam for the GABAA receptor, 
in vitro 3H-flunitrazepam and oocyte electrophysiology experiments were carried out. In 
vitro 3H-flunitrazepam binding was done as described previously (Mirza et al 2008). 
Shortly, aliquots of 500 µl of rat cortical membranes were added to 25 µl of test 
compound, and 25 µl (1 nM, final concentration) of [3H]flunitrazepam (88 Ci/mmol; GE 
Healthcare) were mixed and incubated for 40 min at 2°C. Binding was terminated by rapid 
filtration, and the amount of radioactivity on the filters was determined by conventional 
liquid scinuntilation counting.  Electrophysiological responses from X. laevis oocytes were 
measured using the two-electrode-voltage clamp technique as described previously 
(Mirza et al 2008). Briefly, GABA was freshly dissolved in OR2 in a concentration known to 
elicit EC5-EC25 currents for a given GABAAR subtype combination (0.5-5 µM) and this 
solution was used for controls as well as a stock solution for dissolving demoxepam. 
Modulatory effects of demoxepam were calculated by comparing demoxepam traces to a 
prior GABA control trace. To enable comparison of effects between individual oocytes, 
demoxepam potentiations were normalized to a control 0.5 µM diazepam potentiation on 
the same oocyte.  
 

2.6 In vivo comparison of chlordiazepoxide and demoxepam 
The stress-induced hyperthermia (SIH) procedure 
To screen for the anxiolytic and hypothermic potency of a CDP and demoxepam, the SIH 
paradigm was applied. The SIH paradigm uses the stress-induced increase in body 
temperature which is considered to be a functional body response in anticipation to 
physiological demands (preparation for fight or flight) (Vinkers et al 2008). In the SIH 
paradigm, classical as well as subunit-selective benzodiazepines consistently reduce the 
SIH response as well as basal body temperature levels at higher doses. In the present 
study, the SIH tests were carried out according to the standard procedures (Vinkers et al 
2009g).  Briefly, the rectal basal body temperature (T1) is measured and functions as a 
stressor as well, and is followed 10 min later by a second rectal temperature measurement 
T2 that reflects the stress-induced body temperature. The difference (ΔT=T2-T1) is the SIH 
response. A between-subject design was used. Cages were randomly and evenly allocated 
over daytimes (morning–afternoon). The temperature of mice was measured by rectally 
inserting a thermistor probe by a length of 2 cm. Digital temperature recordings were 
obtained with an accuracy of 0.1 °C using a Keithley 871A digital thermometer (NiCr– NiAl 
thermocouple). The probe, dipped into silicon oil before inserting, was held in the rectum 
until a stable rectal temperature had been obtained for 20 s. Animals were injected 
intraperitoneally with either CDP, demoxepam or vehicle (intraperitoneally, 10 ml/kg) 60 
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min before the first temperature measurement (T1). The temperature was again measured 
10 min later (T2).  
 
Animals 
For in vivo experiments, male mice (129Sv/EvTac) were obtained from Taconic M&B, Ry, 
Denmark. Animals were housed in Macrolon type 3 cages 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 (40–60%) with free access to 
standard food pellets and tap water. Experiments were carried out with approval of the 
ethical committee on animal experiments of the Faculties of Sciences, Utrecht University, 
the Netherlands, and in accordance with the Declaration of Helsinki. 
 
Statistics 
For each individual mouse, a basal temperature (T1), an end temperature (T2) and the 
difference (SIH response = T2-T1) was determined. Treatment effects were evaluated using 
a one-way analysis of variance with explanatory factor treatment. If the overall analysis of 
variance appeared significant, post hoc tests (Dunnet’s post hoc test) were used to 
identify significant differences. 

 

3. Results 
3.1 Identification of the chlordiazepoxide hydrolysis products using LC-
MS/MS 
The extracted ion chromatogram at m/z 300.1 showed the presence of CDP (Fig. 1B).  The 
first and only eluting degradation product with m/z 287.1 was demoxepam, the CDP 
hydrolysis product after oxidative deamination (Fig. 1A). The typical mass spectra of CDP 
([M+H]+=300.1) and the hydrolyzed product demoxepam ([M+H]+=287.1), both with a 
typical chloride isotopic distribution pattern,  are presented in figure 2. The identification 
of demoxepam (with a calculated monoisotopic mass of 286.1) was performed by MS/MS 
of m/z 287.1. The resulting fragments (Fig. 2C) showed the loss of a hydroxyl 
(corresponding to a N-oxide benzodiazepine), a –COH (corresponding to a 
benzodiazepine with carbonyl group) and a phenyl group. The interpretation of the 
various fragments of demoxepam is in line with literature (Nedved et al 1996; Risoli et al 
2007; Smyth et al 2000). 
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Figure 1: Extracted ion traces of demoxepam (A) and chlordiazepoxide (B) obtained by LC-MS of a 2 mg/ml 
chlordiazepoxide solution kept for 35 days at 37°C.  

 

 

3.2 Stability of chlordiazepoxide in solution 
At 37°C, CDP was rapidly degraded into demoxepam with a half-time of around 8.8 days 
(Fig. 3A). CDP hydrolysis strictly followed first order kinetics ([CDP ]t = [CDP]0 x e-kt with t 
being time and k being the first order rate constant) and was temperature dependent. At 
storage conditions below 0°C, no apparent hydrolysis occurred (Fig. 3B). Identical to the 
results at -25 °C, storage conditions at -80 °C did not result in any hydrolysis (data not 
shown). In line with first order kinetics, CDP hydrolysis was concentration dependent (Fig. 
3C). 
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Figure 2: Mass spectra and molecular structures of demoxepam with [M+H]+ 287.1 (A) and chlordiazepoxide 
with [M+H]+ 300.1 (B) obtained by LC-MS analysis of the mixture of chlordiazepoxide and demoxepam in the 2 
mg/ml chlordiazepoxide solution kept for 35 days at 37°C. The CID mass spectrum of m/z 287.1 confirmed the 
presence of demoxepam (C). 

 
3.3 Chlordiazepoxide delivery rates from osmotic minipumps 
CDP release from the minipump (n=3) declined over time (Fig. 4A, black symbols). After 28 
days, only 25% of all CDP was released from the minipumps. When the cumulative CDP 
concentration over time was corrected for its hydrolysis, drug release from the 
minipumps followed the theoretical release profile over time (white symbols), suggesting 
that CDP hydrolysis completely accounted for the declined CDP release over time. 
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Figure 3: Chlordiazepoxide (2 mg/ml) rapidly hydrolyzes into demoxepam at 37 °C (A). This hydrolysis rate is 
absent at lower temperatures (B), and concentration-dependent (C, compound after 35 days at 37°C) 
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Figure 4: Release of chlordiazepoxide (2 mg/ml) from osmotic minipumps (n=3) over time. CDP release declines 
over time (black symbols). When CDP hydrolysis is taken into account, CDP release follows the theoretical curve 
(white symbols), indicating that it is CDP hydrolysis that leads to declined CDP release. 
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Figure 5: Efficacy (compared to diazepam) of demoxepam (upper figure) and chlordiazepoxide (lower figure) in 
oocytes expressing GABAA receptors containing α1 and α3 subunits. 
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Table 1: Inhibition of 3H-flunitrazepam (3H-FNM) binding to rat cortical membranes by chlordiazepoxide and 
demoxepam. Data are mean ± SEM, n = 3-4 experiments. 

 
Compound 3H-FNM binding 

(Ki, µM) 
Chlordiazepoxide 0.67 ± 0.10 

Demoxepam 0.44 ± 0.02 

 

 
3.4 In vitro 3H-flunitrazepam binding and oocyte electrophysiology 
Chlordiazepoxide and demoxepam both displayed comparable affinity for rat GABAA 
benzodiazepine binding sites labeled by [3H]flunitrazepam (Table 1). However, 
demoxepam showed less efficacy for α1β2γ2 GABAA receptors compared to CDP, whereas 
efficaicy at α3β2γ2 GABAA receptors was comparable (Figure 5) 
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Figure 6: In vivo efficacy of chlordiazepoxide (0-20 mg/kg, IP) and demoxepam (0-40 mg/kg, IP) on the basal 
body temperature (A) and the stress-induced hyperthermia response (B) in 129Sv mice (n=10-12). *: p<0.05 CDP 
compared to vehicle. #: p<0.05 demoxepam compared to vehicle. 

 
3.5 In vivo comparison of chlordiazepoxide and demoxepam 
CDP and demoxepam overall reduced stress-induced hyperthermia (SIH) (drug effect 
F5,69=11.91, p<0.001) as well as basal body temperature (drug effect F5,69=9.46, p<0.001) 
(Figure 6). Post-hoc testing revealed that CDP lowered basal body temperature at 10 
mg/kg (p<0.05) as well as 20 mg/kg (p<0.001), whereas demoxepam lowered basal body 
temperature only at its highest dose of 40 mg/kg (p<0.05). Planned comparisons showed 
that CDP at a dose of 20 mg/kg had a stronger effect on basal body temperature 
(F1,23=9.49, p<0.01) as well as SIH attenuation (F1,23=6.35, p<0.05) compared to 
demoxepam 20 mg/kg. When we compared CDP 20 mg/kg to demoxepam 40 mg/kg, 
there were no differences in basal body temperature (F1,21=0.001, p=0.97, NS) nor SIH 
reduction (F1,21=0.01, p=0.98, NS). CDP thus more potently reduced basal body 
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temperature as well as the SIH response compared to demoxepam. Demoxepam reached 
the anxiolytic and hypothermic effects of CDP at higher doses. 
 

4. Discussion 
The present study shows that chlordiazepoxide (CDP) in solution rapidly hydrolyzes to the 
ketone structure demoxepam with a half-time of around 9 days at 37 °C, thus confirming 
earlier reports on CDP hydrolysis (Han et al 1976). Using mass spectrometry, we confirmed 
that the single hydrolysis product is indeed demoxepam, arising from oxidative 
deamination of CDP (Figs. 1-2). The CDP hydrolysis was concentration dependent 
(following first-order kinetics) as well as temperature dependent (Fig. 3B-C). In osmotic 
minipumps, hydrolysis to demoxepam was again apparent (Fig. 4). Demoxepam is already 
known as an active metabolite of CDP with a half-life markedly longer than that of CDP 
(Schwartz et al 1971), and with steady-state concentrations exceeding those of CDP (Roy-
Byrne et al 1996). In contrast to another study, we did not find a parallel degradation of 
demoxepam to a 2-amino-5-chlorobenzophenone and a glycine derivative (Han et al 
1976), although we cannot exclude the possibility that hydrolysis products were present 
which were not eluted in time to be detected. 
 
Using the stress-induced hyperthermia model (Vinkers et al 2008), our data in mice 
suggest that CDP may exert greater acute potency compared to demoxepam (Fig. 5). 
Interestingly, a study that found significant dependence after chronic CDP administration 
showed low CDP blood levels and high metabolite levels, indicating that demoxepam is 
indeed active (Chan et al 1989). Another study in subjects suffering from anxiety disorder 
found a significant correlation between anxiety reduction and demoxepam plasma levels 
but not CDP plasma levels, suggesting that after chronic exposure, demoxepam may 
possess anxiolytic effects that surpass those of CDP itself (Lin and Friedel 1979). 
Demoxepam binding data to oocyte GABAA receptors containing α1 and α3 receptors 
showed that demoxepam displayed lower efficacy at α1 containnig GABAA receptors, even 
though in vitro 3H-flunitrazepam binding was not different. Thus, the active metabolites 
(including demoxepam) may significantly contribute to the various effects of CDP. 
 
The apparent hydrolysis of CDP in solution was previously not taken into consideration in 
chronic experiments that used osmotic minipumps. Results obtained from chronic CDP 
administration using osmotic minipumps may be (partially) ascribed to demoxepam or 
the combination of both rather than to only CDP itself. Studies that have tested dissolved 
CDP in osmotic minipumps have yielded variable results. In one study, chronic minipump 
treatment with CDP (10 mg/kg/day) prevented hyperalgesia in rats subjected to a social-
defeat procedure (Alexandre et al 2006), and in another study, 7-14-day minipump 
treatment with CDP (10 mg/kg/day) increased GABAA receptor desensitization in rats, as 
well as tolerance in an elevated-plus-maze test (Cash et al 1997). One week CDP 
minipump treatment (5-10 mg/kg/day) in C57BL/6J mice reduced sheltered feeding 
preference without altering motor activity levels (Kas et al 2008). In contrast, 14-day CDP 
minipump treatment (2 mg/kg/day) did not prevent the stress-induced decrease in swim-
test struggling in rats unlike chronic treatment with different antidepressant drugs (West 
and Weiss 2005). Only in one study, plasma concentrations of CDP and its metabolites 
were determined after 14 days (Cash et al 1997). 
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An alternative to minipump administration is the chronic application of repeated daily 
injections. However, adequate plasma levels are not easily established, and repetitive 
injections may affect experimental outcomes, especially in stress-related research. In a 
study that compared daily injections with minipumps, chronic diazepam administration 
resulted in sedative tolerance under both conditions, although tolerance to the anxiolytic 
effects was only present after the daily injections (Fernandes et al 1999). This suggests 
that both ways of establishing chronic benzodiazepine exposure may not yield identical 
results. To complicate things even further, withdrawal anxiety from chronic diazepam 
treatment by manual daily injections was found to depend on administration route as it 
was present after subcutaneous but not after intraperitoneal injections (Allison and Pratt 
2006).  
 
In conclusion, the present study indicates that the classical benzodiazepine CDP is rapidly 
hydrolyzed in solution to the active compound demoxepam. The fact that CDP is readily 
soluble in water makes it an attractive choice for minipump applications, but it 
immediately poses the researcher for some challenges. As the exact anxiolytic 
contributions of CDP and its active hydrolysis product demoxepam are hard to dissect 
and the ratio CDP:demoxepam is not stable over time in solution, we advise that chronic 
CDP applications in which CDP is dissolved should be interpreted with caution.  The 
possibility of using more lipophilic classical benzodiazepines (e.g. diazepam) in 
minipumps with solid PEG-400 dispersions may present a valid alternative (Verheyen et al 
2002). In general, the use of osmotic minipumps presents a valid and attractive alternative 
to the labour-intensive daily injections, although caution should be exerted that drug 
stability and release is carefully investigated.  
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Abstract  
 
 

 
 

 
Background: Corticotropin-releasing factor (CRF) modulates glutamate and GABAergic 
transmission in limbic regions, and CRF receptors are located on GABAergic and 
glutamatergic neurons. As CRF dysfunction is associated with stress-related disorders, the 
present study aimed to investigate the putative link between chronic central CRF 
overexpression and subsequent alterations in GABAA and glutamate receptor 
responsiveness.  
 

Methods: Using a mouse model of central CRF overexpression, we tested CRF1, GABAA and 
metabotropic glutamate (mGlu) receptor sensitivity using the stress-induced 
hyperthermia (SIH) paradigm. Moreover, we examined mRNA expression levels of GABAA 
receptor α subunits as well as mGlu receptor in the amygdala and hypothalamus.  
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Results:  Chronic postnatal CRF overexpression decreased GABAA and metabotropic 
glutamate 2/3 receptor (mGluR2/3) sensitivity. CRF-overexpressing mice were less sensitive 
to the effects of the non-selective GABAA receptor agonist diazepam (0-4 mg/kg), the 
preferential α1-subunit selective GABAA receptor agonist zolpidem (0-10 mg/kg), the α3-
subunit selective TP003 (0-3 mg/kg) and the mGlu2/3 receptor agonist LY379268 (0-10 
mg/kg). In contrast, no genotype differences were found using the α5-subunit selective 
compound SH-053-2F-R-CH3 and the mGluR5 antagonists MPEP and MTEP. CRF-
overexpressing mice were less sensitive to the SIH-reducing effects of the CRF1 receptor 
antagonists CP154,526 and DMP695. In the amygdala, CRF-overexpressing mice displayed 
decreased GABAA receptor α2 subunit and mGluR3 receptor mRNA levels, whereas no 
differences were found in GABAA receptor α1/α5 subunits and mGluR2/mGluR5 expression. 
In contrast, increased mRNA levels of α1, α2, α5 GABAA subunits as well as mGluR3 receptors 
were present in the hypothalamus of CRF-overexpressing mice. 
 

Conclusions:  The present study shows that life-long CRF overproduction reduces GABAA 
receptor and mGluR2/3 sensitivity which is accompanied with concomitant altered mRNA 
receptor levels in the amygdala and hypothalamus. Moreover, a reduced sensitivity to 
CRF1 receptor antagonists is present in CRF-overexpression mice. These data provide a 
putative link between an increased central CRF drive and the emergence of dysfunctional 
GABAA and mGlu2/3 receptor pathways which may include the amygdala and 
hypothalamus. As CRF dysfunction seems to be a present in major depression and anxiety 
disorders, it may be speculated that CRF-induced changes in GABAergic and 
glutamatergic pathways may contribute to the development of stress-related disorders.  



Chapter 10 

168 
 

1. Introduction 

The neuropeptide corticotropin-releasing factor (CRF) was initially characterized as the 
principal HPA-axis modulator in response to stress (Vale et al 1981). However, CRF has 
been found to modulate autonomic, immune and behavioral stress-related responses via 
central CRF1 and CRF2 receptors (De Souza 1995; Owens and Nemeroff 1991). These non-
endocrine CRF brain circuits extend outside the hypothalamus and include cortical, 
limbic, striatal and brainstem areas (Hauger et al 2006). In line with a pivotal role in 
modulating stress responses, CRF dysfunction appears to be present in various psychiatric 
disorders including anxiety disorders, drug addiction, major depressive disorder and 
schizophrenia (Baker et al 1999; Gold and Chrousos 2002; Reul and Holsboer 2002; 
Risbrough and Stein 2006; Sarnyai et al 2001).  

A transgenic mouse model of long-term CRF overexpression has been proposed to model 
CRF dysfunction. In these animals, chronically elevated CRF levels are associated with 
neurochemical, autonomic and physiological changes, including altered HPA axis activity, 
dexamethasone non-suppression, reduced heart rate variability and increased body 
temperature (Dirks et al 2002; Groenink et al 2002; Stenzel-Poore et al 1996). These data 
suggest that chronic postnatal CRF overproduction in these mice leads to alterations 
mimicking findings that are associated with anxiety disorders, major depression and 
schizophrenia (Holsboer 2000; Licht et al 2009; Ludewig et al 2002). Exogenous CRF 
administration into the basolateral amygdala elicits arousal and anxiety, putatively 
through CRF1 receptor activation (Heinrichs et al 1997; Matsuzaki et al 1989; Sutton et al 
1982). Thus, the amygdala plays an important role in the effects of CRF. 
 

As has been shown with repeated central infusion of CRF and related ligands (Rainnie et al 
2004), the function and structure of neurotransmitter systems other than the CRF system 
may adjust in response to (sub)chronic CRF receptor stimulation (Buwalda et al 1997; 
Linthorst et al 2002; Rainnie et al 2004). Indeed, CRF has been shown to be able to 
modulate glutamate and GABAergic transmission in limbic regions (Bagosi et al 2008; Liu 
et al 2004; Nie et al 2004; Rainnie et al 2004). Moreover, CRF receptors are located on 
GABAergic and glutamatergic neurons (Chen et al 2004b). Therefore, the present study 
aimed to investigate the putative link between chronic central CRF overexpression and 
subsequent alterations in GABAA and glutamate receptor responsivity which are also 
present in various stress-related psychiatric disorders. To this end, we used the stress-
induced hyperthermia (SIH) paradigm. This paradigm is based on the rise in body 
temperature in response to stress (Vinkers et al 2008). This SIH response and, at higher 
doses, basal body temperature levels, can be reduced using clinically effective anxiolytics 
including GABAA receptor agonists, metabotropic glutamate receptor (ant)agonists and 
CRF1 receptor antagonists (Griebel et al 2002; Olivier et al 2002; Spooren et al 2002). If 
chronic CRF release elicits long-lasting changes in other neurotransmitter systems it 
would provide a putative mechanism by which CRF dysfunction could result in stress-
related disorders. Here, we report that chronic CRF overexpression in the central nervous 
system leads to blunted GABAA and metabotropic glutamate receptor systems as well as 
altered mRNA levels of these receptors in the amygdala and the hypothalamus. 
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2. Materials and methods 
2.1 Animals  
Transgenic mice overexpressing neural CRF were generated as described previously (Dirks 
et al 2002). Briefly, the CRF transgene was composed of the complete coding sequence of 
rat CRF cDNA (.6-kb fragment), which was inserted into a 8.2-kb genomic DNA-fragment 
encompassing the murine Thy-1.2 gene, including regulatory regions and 
polyadenylation signal sequence. The Thy-1 regulatory sequences drive constitutive 
transgene expression in postnatal and adult neurons. Subsequent breeding at the local 
breeding facilities (Utrecht, the Netherlands) consisted of matings between heterozygous 
transgenic males (C57BL/6J background) and C57BL/6JIco females (Charles River, the 
Netherlands). 

Male transgenic CRF-overexpressing mice (line 2122, fifteenth generation) were used in 
these experiments. Littermate WT mice served as control mice. Animals were group-
housed at constant room temperature (21 ± 2°C) and relative humidity (50%–60%) with 
PVC tubing as cage enrichment. Standard rodent food pellets (Special Diet Services, 
Witham, Essex, United Kingdom) and water were freely available. Mice were maintained 
on a 12-hour light–dark cycle (lights on at 6 AM). All experiments were performed in 
accordance with the governmental guidelines for care and use of laboratory animals and 
approved by the Ethical Committee for Animal research of the Faculties of Sciences, 
Utrecht University, The Netherlands. 

2.2 Drugs 
Diazepam (base) and zolpidem (tartaric acid salt) were obtained from Sigma Aldrich. 
MPEP HCl (2-methyl-6-(phenylethynyl)pyridine) and MTEP (3-((2-Methyl-4-
thiazolyl)ethynyl)pyridine) were obtained from Alexis Biochemicals. LY379268 
(1R,4R,5S,6R)-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate) was obtained from 
Tocris. SH-053-2’F-R-CH3 (the (R) stereoisomer of 8-ethynyl-4-methyl-6-phenyl-4H-2,5,10b-
triaza-benzo[e]azulene-3-carboxylic acid ethyl ester) was synthesized by the laboratory of 
Dr. J.M. Cook (University of Wisconsin-Milwaukee, USA). TP003 (4,2_-difluoro-5_-[8-fluoro-
7-(1-hydroxy-1-methylethyl)imidazo[1,2-a´]pyridin-3-yl]biphenyl-2-carbonitrile) was 
synthesized according to published methods (Dias et al 2005; Humphries et al 2006). 
CP154,526 HCl (butyl-ethyl-[2,5-dimethyl-7-(2,4,6-trimethylphenyl)-7H-pyrrolo [2.3-d] 
pyrimidin-4-yl]amine) and DMP695 mesylate (N-(2-chloro-4,6-dimethylphenyl)-1-[1-
methoxymethyl-(2-methoxyethyl]-6-methyl-1H-1,2,3,triazolo[4,5-c]pyridin-4-amine) were 
gifts from Institut de Recherche, Servier, Croissy/Seine France. An injection volume of 10 
ml/kg was used for intraperitoneal injections of all drugs. All drugs were suspended in 
gelatin-mannitol 0.5% / 5%. Fresh solutions and suspensions were prepared each testing 
day.  
 

2.3 The stress-induced hyperthermia (SIH) procedure 
The SIH procedure was carried out according to standard procedures (Groenink et al 
2009).  Briefly, animals (n=10-13) were injected intraperitoneally with vehicle or drug 60 
min before the first temperature measurement (T1). The temperature was again measured 
10 min later (T2), representing the stress-induced body temperature. The stress-induced 
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hyperthermia response was calculated by subtracting T1 from T2. A within-subject design 
was used, and cages were randomly and evenly allocated over daytimes (morning–
afternoon). The body temperature of mice was measured by rectally inserting a thermistor 
probe by a length of 2 cm. Digital temperature recordings were obtained with an 
accuracy of 0.1 °C using a Keithley 871A digital thermometer (NiCr– NiAl thermocouple). 
The probe, dipped into silicon oil before inserting, was held in the rectum until a stable 
rectal temperature had been obtained for 20 s.  
 

2.4 Quantitative PCR analysis 
GABAA receptor subunit levels as well as mGlu receptor mRNA levels were determined in 
drug-naïve wildtype and transgenic mice. Mice were decapitated, brains were removed 
and stored at -80°C until further use. Sections of 0.5 mm were made using a cryostat and 
were kept frozen while the hypothalamus and amygdala were dissected under a 
binocular microscope. Tissue samples were homogenized in Trizol reagent (Invitrogen, 
the Netherlands) followed by a clean up with NucleoSpin® RNA Clean-up XS (Machery 
Nagel, Germany). Reverse transcriptase was performed using the RevertAid™ kit 
(Fermentas, Germany) and an oligo(dT) primer. The following protocol was used for all 
PCR reactions, carried out in 20-μl reactions in a ABI PRISM 700 (Applied Biosystems, the 
Netherlands): 15 at min 95°C, followed by 40 cycles consisting of 15 s at 95°C and 60 s at 
60°C. Each reaxion mix contained 0.1 μM of each of the gene specific primers and 
ABsolute™ QPCR SYBR® Green mix (Abgene, Epsom, United Kindom). The efficiency of a 
given PCR reaction was determined using five 2-fold dilutions of a mixture of the obtained 
cDNA samples. All the reactions had a efficiency close to 100%.  Measured cDNA levels 
were normalized against the levels of GAPDH. The following primers were used (FP, RP): 
GAPDH (GCACCCTGCATTATTTTGTCA, CTTCCAGGAGCGAGACCCCA), GABAA receptor α1 
subunit (CCACACCCCATCAATAGGTTCT, AATTCTCGGTGCAGAGGACTGAA), GABAA 
receptor α2 subunit (GGGACGGGAAGAGTGTAGTCAA, CCGCATAGGCGTTGTTCTGT), GABAA 
receptor α3 subunit (GCCCACTGAAGTTTGGAAGCTAT, CATCCTGTGCTACTTCCACAGATT), 
GABAA receptor α5 subunit (GCCCAGAGAGTCTCTGGAGCT,GGGCCACCTC 
TCCAAAGTAAAC), mGlur2 receptor (AACCTTGGTCAAGGGTCTG,  
AAGCGACGATGTTGTTGAG), mGlur3 receptor (CCTGGATGGAAAGAAGTTG, 
TTGAATGGAGCTGTGAAG) and the mGlur5 receptor (TACTTCTGGGCAGTGATG, 
GACAGCTTCTCGCTGATAC). 
 

Data analysis  
For SIH experiments, a basal temperature (T1), an end temperature (T2) and the difference 
(SIH response = T2-T1) was determined for each individual mouse. Treatment effects on 
the SIH response and basal body temperature (T1) were evaluated using a repeated-
measures analysis of variance with ‘drug’ as within-subject factor and ‘genotype’ as 
between-subject factor. For post-hoc comparisons, t-tests with Bonferroni correction were 
used to determine genotype effects. Simple contrasts were used to compare drug effects 
with vehicle conditions. mRNA levels were analyzed using a univariate analysis of variance 
with genotype (WT/CRFOE) as a fixed factor. A probability level of p<0.05 was set as 
statistically significant, probability levels between p=0.05 and p=0.1 were regarded as 
trends.  
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Figure 1: Effects of the CRF1 receptor antagonists CP154,526 (0-40 mg/kg, IP, A-B) and DMP 695 (0-40 mg/kg, IP, 
C-D) on basal body temperature and the SIH response in wildtype mice (WT) and CRF-overexpressing mice (CRF-
OE). *: p<0.05 drug effect relative to vehicle.  

 

3. Results 

3.1 CP154,526 (0-40 mg/kg, IP)  

CP154,526 lowered basal body temperature regardless of genotype (CP154,526 effect 
F3,60=38.57, p<0.01;  CP154,526 x genotype interaction, F3,60=0.54, p=0.66, NS; genotype 
effect F1,20=0.66, p=0.43, NS). Simple contrasts revealed that this effect was significant only 
at the highest dose of CP154,526 dose (simple contrasts: 10 mg/kg: F1,20=0.01, p=0.91, NS; 
20 mg/kg: F1,20=3.39, p=0.08, NS; 40 mg/kg: F1,20=70.17, p<0.001).   

CP154,526 affected the SIH response differently in WT animals compared to CRF-
overexpressing mice (CP154,526 x genotype interaction F3,60=3.60, p<0.05). Post-hoc 
analysis revealed that this genotype difference was only significant at the 20 mg/kg dose 
(20 mg/kg: F1,20=2.50, p<0.05). Separate analysis of the genotypes further revealed that 
CP154,526 reduced the SIH response in WT animals (F3,33=8.12, p<0.001) but not in CRF-
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overexpressing animals (F3,27=2.59, p=0.11). In WT animals, CP154,526 reduced the SIH 
response at a dose of 10 mg/kg (F1,11=7.81, p<0.05) and 20 mg/kg (F1,11=19.53, p<0.01). 

3.2 DMP695 (0-40 mg/kg, IP) 

DMP695 increased body temperature regardless of genotype (DMP695 effect F3,63=6.33, 
p<0.01;  DMP695 x genotype interaction, F3,63=1.07, p=0.37, NS). Simple contrasts revealed 
that this difference was significant at all DMP695 doses (10 mg/kg: F1,21=5.72, p<0.05; 20 
mg/kg: F1,21=6.56, p<0.05; 40 mg/kg: F1,21=25.05, p<0.001).  

DMP695 reduced the SIH response to a larger extent in WT animals compared to 
CRF-overexpressing mice (DMP695 x genotype interaction F3,63=5.63, p<0.01). Post-hoc 
analysis further revealed that the genotype difference was significant at the 10 mg/kg 
dose (10 mg/kg: F1,21=4.86, p<0.001). Separate analysis of the genotypes showed that 
DMP695 reduced the SIH response in WT animals (F3,30=10.41, p<0.001) as well as CRF-
overexpressing animals (F3,33=6.26, p<0.01). In CRF-overexpressing animals, only the 
highest dose of 40 mg/kg reduced the SIH (simple contrasts: F1,11=24.21, p<0.001), 
whereas in WT animals, all DMP doses  reduced the SIH response (simple contrasts:10 
mg/kg: F1,10=31.64, p<0.001; 20 mg/kg: F1,10=9.04, p=0.01; 40 mg/kg: F1,10=37.43, p<0.001). 

 

3.3 Diazepam (0-4 mg/kg, IP)  

The effect of diazepam on basal body temperature was dependent on genotype. 
(diazepam x genotype interaction, F3,63=2.77, p<0.05). Post-hoc comparisons further 
revealed that genotypes significantly differed at the 4 mg/kg dose (4 mg/kg: F1,21=2.71, 
p<0.01). Separate analysis of the genotypes indicated that diazepam reduced basal body 
temperature in WT animals (F3,36=7.77, p<0.001) but not in CRF-overexpressing animals 
(F3,27=0.10, p=0.96, NS). In WT animals, only the highest doses reduced basal body 
temperature (simple contrasts: 2 mg/kg: F1,12=6.51, p<0.05; 4 mg/kg: F1,12=13.06, p<0.01). 

Diazepam reduced the SIH response regardless of genotype (diazepam effect 
F3,63=17.25, p<0.001; diazepam x genotype interaction F3,63=0.17, p=0.92, NS; genotype 
effect F1,21=0.03, p=0.86, NS). Simple contrasts revealed that diazepam significantly 
reduced the SIH response at all doses compared to vehicle (1 mg/kg: F1,21=15.89, p<0.01; 2 
mg/kg: F1,21=17.07, p<0.01; 4 mg/kg: F1,21=46.07, p<0.01). 
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Figure 2: Effects of the non subunit selective GABAA receptor agonist diazepam (0-4 mg/kg, IP, A-B), the 
preferential α1 subunit GABAA receptor agonist zolpidem (0-10 mg/kg, IP, C-D), the GABAA receptor α3 subunit 
agonist TP003 (0-3 mg/kg, IP, E-F) and the GABAA receptor α5 subunit agonist SH-053-2F-R-CH3 (0-30 mg/kg, IP, 
G-H) on basal body temperature and the SIH response in wildtype (WT) and CRF-overexpressing mice (CRF-OE). 
*: p<0.05 drug effect relative to vehicle; #: p<0.05: genotype difference. 
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3.4 Zolpidem (0-10 mg/kg, IP)  

Zolpidem reduced basal body temperature more in WT animals than in CRF-
overexpressing mice (zolpidem x genotype interaction, F2,40=6.39, p<0.01). Post-hoc 
analysis t-tests revealed that this difference was significant at both zolpidem doses (3 
mg/kg: F1,20=2.11, p<0.05; 10 mg/kg: F1,20=3.38, p<0.01). Separate analysis of the 
genotypes showed that zolpidem reduced basal body temperature in WT animals 
(F2,22=27.86, p<0.001) as well as in CRF-overexpressing animals (F2,18=21.93, p<0.001). Both 
doses reduced basal body temperature in both genotypes (simple contrasts: WT: 3 mg/kg: 
F1,11=11.73, p<0.01 and 10 mg/kg: F1,11=51.94, p<0.001; CRF-OE: 3mg/kg: F1,9=11.84, 
p<0.01 and 10 mg/kg:F1,9=26.80, p<0.001) . 

Zolpidem affected the SIH response regardless of genotype (zolpidem effect 
F2,40=5.21, p=0.01; zolpidem x genotype interaction F2,40=0.52, p=0.60, NS; genotype effect 
F1,20=0.17, p=0.69, NS). Simple contrasts revealed that zolpidem significantly reduced the 
SIH response only at the highest dose compared to vehicle (3 mg/kg: F1,20=1.17, p=0.29, 
NS; 10 mg/kg: F1,20=10.52, p<0.01). 

 

3.5 TP003 (0-3 mg/kg, IP)  

TP003 altered basal body temperature regardless of genotype (TP003 effect F3,60=3.21, 
p<0.05;  TP003 x genotype interaction, F3,60=0.36, p=0.78, NS; genotype effect F1,20=1.41, 
p=0.25, NS). Simple contrasts revealed that this difference was significant only at the 
highest TP003 dose (simple contrasts: 0.3 mg/kg: F1,20=1.27, p=0.27, NS; 1 mg/kg: 
F1,20=0.26, p=0.61, NS; 3 mg/kg: F1,20=3.61, p=0.05).  

TP003 reduced the SIH response, and a trend for a genotype effect was present 
(TP003 effect F3,60=5.42, p<0.01; TP003 x genotype interaction F3,60=1.99, p=0.10, trend). 
Simple contrast showed that that this genotype trend was due to genotype difference at 
the 3 mg/kg dose (3 mg/kg: F1,20=3.36, p=0.05). Overall, TP003 significantly reduced the 
SIH response at all doses compared to vehicle (0.3 mg/kg: F1,20=4.94, p<0.05; 1 mg/kg: 
F1,20=6.73, p<0.05; 3 mg/kg: F,20=11.75, p<0.01). Separate analysis of the genotypes 
showed that TP003 reduced the SIH in WT animals (F3,33=5.16, p<0.01) but not in CRF-
overexpressing animals (F3,27=1.84, p=0.16, NS). In WT animals, the higher TP003 doses 
reduced the SIH response (simple contrasts: 1 mg/kg: F1,11=4.90, p<0.05; 3 mg/kg: 
F1,11=11.88, p<0.01). 
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Figure 3: Effects of the mGlur5 antagonists MPEP (0-30 mg/kg, IP, A-B), MTEP (0-30 mg/kg, IP, C-D) and the 
mGlur2/3 agonist LY379268 (0-10 mg/kg, IP, E-F), on basal body temperature and the SIH response in wildtype 
(WT) and CRF-overexpressing mice (CRF-OE). *: p<0.05 drug effect relative to vehicle. 
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3.6 SH-053-2F-R-CH3 (0-30 mg/kg, IP)  

SH-053-2F-R-CH3 did not affect body temperature (SH-053-2F-R-CH3 effect F3,60=0.76 
p=0.52, NS;  SH-053-2F-R-CH3 x genotype interaction, F3,60=1.20, p=0.32, NS; genotype 
effect F1,20=0.08, p=0.78, NS). SH-053-2F-R-CH3 did not affect the SIH response regardless 
of genotype (SH-053-2F-R-CH3 effect F3,60=2.03, p=0.12, NS; SH-053-2F-R-CH3 x genotype 
interaction F3,60=0.67, p=0.57, NS; genotype effect F1,20=0.36, p=0.56, NS). 

 

3.7 MPEP (0-30 mg/kg, IP)  

MPEP increased body temperature regardless of genotype (MPEP effect F3,63=5.63, p<0.01;  
MPEP x genotype interaction, F3,63=0.65, p=0.58, NS; genotype effect F1,21=1.66, p=0.21, 
NS). Simple contrasts revealed that this difference was significant at the highest MPEP 
dose (simple contrasts: 3 mg/kg: F1,21=0.78, p=0.39, NS; 10 mg/kg: F1,21=3.45, p=0.08, NS; 
30 mg/kg: F1,21=8.02, p<0.01).  

MPEP reduced the SIH response regardless of genotype (MPEP effect F3,63=16.55, 
p<0.001; MPEP x genotype interaction F3,63=0.31, p=0.82, NS; genotype effect F1,21=0.95, 
p=0.34, NS). Simple contrasts revealed that MPEP significantly reduced the SIH response 
at the higher doses compared to vehicle-treated mice (10 mg/kg: F1,21=10.30, p<0.01; 30 
mg/kg: F1,21=40.27, p<0.001). 

 

3.8 MTEP (0-30 mg/kg, IP) 

MTEP reduced body temperature regardless of genotype (MTEP effect F3,63=19.04, 
p<0.001;  MTEP x genotype interaction, F3,63=0.42, p=0.74, NS; genotype effect F1,21=0.42, 
p=0.53, NS). Simple contrasts revealed that this MTEP effect was significant at the highest 
dose (30 mg/kg: F1,21=21.89, p<0.001).  

MTEP reduced the SIH response regardless of genotype (MTEP x genotype 
interaction F3,63=0.03, p=0.99, NS; MTEP effect F3,63=21.87, p<0.001; genotype effect 
F1,21=0.04, p=0.85, NS). Simple contrasts revealed that MTEP significantly reduced the SIH 
response at all doses compared to vehicle-treated mice (3 mg/kg: F1,21=6.79, p<0.05; 10 
mg/kg: F1,21=35.00, p<0.001; 30 mg/kg: F1,21=53.69, p<0.001). 

 

3.9 LY379268 (0-10 mg/kg, IP)  

LY379268 increased body temperature regardless of genotype (LY379268 effect F3,60=3.59, 
p<0.05;  LY379268 x genotype interaction, F3,60=0.22, p=0.89, NS; genotype effect 
F1,21=0.81, p=0.38, NS). Simple contrasts revealed that this effect was significant at the 
lowest and highest LY379268 dose (simple contrasts: 1 mg/kg: F1,20=25.01, p<0.01; 10 
mg/kg: F1,20=14.69, p<0.01).  

Overall,  the effect of LY379268 on the SIH response was dependent on the 
genotype in which it was tested (LY379268 x genotype interaction F3,60=3.08, p<0.05). 
Post-hoc analysis t-tests revealed that the genotypes difference was significant at the 3 
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mg/kg LY379268 (3 mg/kg: F1,20=4.1, p<0.05). Separate analysis of the genotypes showed 
that LY379268 reduced the SIH in WT animals (F3,27=8.85, p<0.001) but not in CRF-
overexpressing animals (F3,27=2.30, p=0.14, NS). In WT animals, all LY3792368 doses 
reduced the SIH response (simple contrasts: 1 mg/kg: F1,9=5.06, p=0.05; 3 mg/kg: 
F1,9=14.51, p<0.01; 10 mg/kg: F1,9=33.39, p<0.01). 
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Figure 4: mRNA levels of GABAA receptor subunits and mGlur receptors (mean ± SEM) in the hypothalamus (A) 
and the amygdala (B) of wildtype (WT) en CR-overexpressing mice (CRF-OE) mice. The mRNA expression was 
normalized against GAPDH level. *: p<0.05. 
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3.10 Quantitative PCR analysis 

Results of the PCR analysis showed increased GABAA receptor α1, α2, α5 subunit and 
mGluR3 mRNA levels in the hypothalamus in CRF-overexpressing group. In contrast, 
decreased GABAA receptor α2 subunit and mGluR3 mRNA levels were present in the 
amygdala of CRF-overexpressing mice compared to WT mice. GABAA receptor α3 subunit 
mRNA levels were low All mRNA levels were normalized against levels of GAPDH. Due to 
the low abundance of the α3 subunit, technical difficulties (undetected sybregreen signal 
in several PCR reactions) were encountered, making the assessment of the change in α3 
mRNA levels unreliable.  

 

4. Discussion 

To study the potential effects of CRF on GABA and glutamate circuitry, we used a mouse 
model of central CRF overexpression (Dirks et al 2002; Groenink et al 2002; Groenink et al 
2003a). In these CRF-overexpressing mice, we investigated CRF1, GABAA and mGlu 
receptor sensitivity using the stress-induced hyperthermia (SIH) paradigm. Moreover, we 
examined mRNA expression levels of GABAA receptor α subunits as well as mGluRs in the 
amygdala and hypothalamus as these areas are both closely involved in stress- and 
anxiety-related behaviors and both areas express high concentrations of CRF1 receptors 
(Reul and Holsboer 2002). Here, we report that chronic life-long CRF overexpression 
decreases GABAA and metabotropic glutamate receptor sensitivity at adult age. 
Specifically, CRF-overexpressing mice were less sensitive to the effects of the non-
selective GABAA receptor agonist diazepam, the preferential α1 subunit selective GABAA 
receptor agonist zolpidem (Petroski et al 2006), the α3 subunit selective TP003 (Dias et al 
2005) and the mGlu2/3 receptor agonist LY379268. This blunted sensitivity was 
characterized by the inability of these compounds to decrease either the SIH response or 
basal body temperature which suggests that both circuitry involved in stress and 
thermoregulation may have adapted in these transgenic mice. No differences between 
CRF-overexpressing and WT mice were present after administration of the α5 subunit 
selective compound SH-053-2F-R-CH3 (Savic et al 2008) or the mGluR5 antagonists MPEP 
and MTEP. A blunted GABAA and mGlu2/3 receptor response in CRF-overexpressing mice 
was accompanied with an altered receptor expression in the amygdala and the 
hypothalamus. In the amygdala, GABAA α2 subunit as well as mGluR3 receptor mRNA levels 
were reduced, whereas no differences were found in other α subunits and mGluR2 and 
mGluR5 expression. In contrast, CRF-overexpressing mice displayed increased 
hypothalamic mRNA levels of α1, α2, α5 GABAA subunits as well as mGluR3 receptors.  
 
These functional and molecular changes in the GABAA and mGlu2/3 receptor systems were 
accompanied by an impaired sensitivity to the CRF1 receptor antagonists CP154,526 and 
DMP695 in CRF-overexpressing mice. In contrast to CRF-overexpressing mice, CRF1 
receptor antagonists CP154,526 and DMP695 reduced the SIH response in wildtype mice 
in a U-shaped dose-response curve which confirms the anxiolytic potential of these 
compounds (Millan et al 2001). Also, it extends the earlier finding that anxiolytic effects of 
CRF1 receptor antagonists can be detected using the SIH paradigm (Griebel et al 2002). No 
differences in basal SIH response were observed between CRF-overexpressing and 
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wildtype littermates. Interestingly, acute central CRF administration increases body 
temperature, suggesting that  the CRF system may directly affect thermoregulatory 
processes (Heinrichs et al 2001). In contrast to the acute effects, chronic exposure to CRF 
does not affect basal thermoregulation or the basal SIH response but rather modulates 
the CRF receptor system in a way which cannot be attributed to a rightward shift in 
responsivity to CRF1 receptor antagonists. 
 
The present data suggest a link between long-lasting CRF hyperactivity and functional 
and molecular alterations in GABAA and mGlu receptor circuitry in the amygdala and 
hypothalamus. A disruption of the balance between glutamatergic excitation and 
GABAergic inhibition could underlie CRF-induced anxiety-like behavior, as repeated 
administration of urocortin, a CRF-related ligand with higher affinity for CRF2 receptors, 
into the basolateral amygdala induced long-lasting anxiety-like responses that were 
dependent on NMDA receptor activation but resulted in concomitant specific loss of 
GABAA receptor-mediated inhibition (Rainnie et al 2004). A number of studies support the 
notion that CRF may directly modulate GABAA and glutamate systems. Depressed 
neuronal excitability of GABAergic neurons was found in CRF1 receptor knockout mice 
(Schierloh et al 2007). In contrast, CRF enhanced GABAergic neurotransmission in central 
amygdala neurons from wild-type and CRF2 receptor knockout mice but not CRF1 receptor 
knockout mice (Nie et al 2004). In this study, CRF1 but not CRF2 receptor antagonists 
blocked these effects in wildtype mice which was later confirmed using in vitro 
techniques (Bagosi et al 2008). CRF enhanced GABAA-mediated transmission via 
postsynaptical activation of CRF1 receptors in the bed nucleus of the stria terminalis (Kash 
and Winder 2006). In serotonergic dorsal raphe neurons, CRF elevated presynaptic GABA 
levels and increased GABAA receptor-mediated miniature inhibitory postsynaptic currents 
(mIPSCs) that were mediated by both CRF1 and CRF2 receptors (Kirby et al 2008). To our 
knowledge, no GABAA receptor subunit levels have been assessed in transgenic CRF mice 
lines or in rodents that have repeatedly been exposed to CRF or urocortin infusions.  

 
In addition to CRF effects on the GABAA neurotransmission, Liu and co-workers (Liu et al 
2004) showed concentration-dependent and opposing effects of CRF on fast excitatory 
glutamatergic transmission in the central nucleus of the amygdala and the lateral septum 

mediolateral nucleus. Moreover, CRF potentiated NMDA receptor-mediated excitation in 
the ventral tegmental area which was mediated by CRF2 receptors (Ungless et al 2003).  
Although we found changes in mRNA expression levels that may suggest alterations at 
the receptor level associated with CRF overexpression, we cannot exclude the possibility 
that changes in response to chronic CRF overexpression may be the result of direct 
changes in intracellular signaling pathways. In support, CRF is implicated in protein kinase 
C and Ca2+/calmodulin-dependent kinase II-dependent long-term neuronal potentiation 
and depression (Blank et al 2003; Miyata et al 1999), and CRF increases calcium currents in 
central amygdala neurons (Yu and Shinnick-Gallagher 1998). Also, CRF-induced changes 
could be mediated through the serotonergic system (Lukkes et al 2008; Price et al 1998).  
 
The finding that chronic CRF exposure exerts opposing effects on GABAA and mGluR3 
mRNA levels with increased hypothalamic and decreased amygdaloid levels may be the 
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result of differential effects of CRF1 and CRF2 receptors. In support, CRF1 receptor 
activation in the amygdala decreased glutamate transmission, whereas CRF2 receptor 
activation opposed these CRF1 receptor-mediated effects on glutamate transmission (Liu 
et al 2004). Distinct CRF1 and CRF2 receptor distributions are present in the central nervous 
system, with high CRF1 receptor mRNA levels in the cortex, the hypothalamic dorsomedial 
nucleus and basolateral amygdaloid nucleus, whereas abundant CRF2 receptor 
immunoreactivity is observed in the ventromedial hypothalamic nucleus and cortical and 
medial amygdalar nuclei (Van Pett et al 2000). CRF-overexpressing mice do not display 
gross alterations in CRF1 and CRF2 receptor mRNA expression, suggesting that adaptations 
in the GABAA and glutamate receptor systems may not be directly related to concomitant 
changes in CRF receptor expression (Korosi et al 2006). Our results also indicate that an 
altered drug sensitivity between genotypes occur in either basal body temperature levels 
or differences in SIH response attenuation. Currently, we do not have a good explanation 
for these differences, but it may be speculated that an altered SIH attenuation without 
concomitant basal body temperature differences reflects specific dysfunction involving 
stress-related circuitry in CRF-overexpressing animals. 
 
Recently, genetic and pharmacological evidence has indicated that different α subunits 
may differentially contribute to the various classical benzodiazepines effects such as 
anxiolysis, dependence, anticonvulsant activity, sedation and amnesia (Crestani et al 2001; 
Rudolph et al 1999). More specifically, the α1 subunit is thought to mediate the sedative 
and amnestic actions of benzodiazepines, whereas α2 and/or α3 subunits probably 
mediate the anxiolytic action of benzodiazepines (Dias et al 2005; Low et al 2000; 
McKernan et al 2000). The effects of the (non)selective GABAA compounds in the present 
study confirm and extend our earlier findings that hypothermia is associated with the 
activation of GABAA receptor α1 subunit, whereas an anxiolytic reduction of the SIH 
response seems to be the result of GABAA receptor α3 subunit activation without affecting 
basal body temperature levels (Olivier et al 2002; Vinkers et al 2009f; Vinkers et al 2008). 
The fact that the α5-subunit selective agonist SH-053-2’F-R-CH3 did not affect basal body 
temperature nor the SIH response compared to vehicle-treated mice suggests that the α5 
subunit is not involved in the anxiolytic or hypothermic effects of benzodiazepines. 
 
In conclusion, the present study shows that postnatal CRF overproduction reduced GABAA 
receptor and mGluR2/3 sensitivity as well as altered mRNA receptor levels in the amygdala 
and hypothalamus. These data suggest that CRF may have a neuronal plasticity-like role 
on GABAergic and glutamatergic circuits in the central nervous system, including the 
amygdala and hypothalamus. Also, these data provide a putative link between an 
increased central CRF drive and the emergence of dysfunctional GABAA and mGlu2/3 
receptor pathways. As CRF dysfunction seems to be present in major depression and 
anxiety disorders, it may be speculated that CRF-induced changes in GABAergic and 
glutamatergic pathways may contribute to the development of stress-related disorders. 
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Abstract  
 

 
 

Background: Abnormalities in the GABAA and serotonin system have been suggested to be present 
in stress-related disorders and clinically effective drugs include selective serotonin reuptake 
inhibitors, 5-HT1A receptor agonists and GABAA receptor agonists. The SIH paradigm uses the body 
temperature rise in response to stress which can be reduced using GABAA receptor agonists and 5-
HT1A receptor agonists. Chromosome substitution strains (CS strains) have been proposed as a 
simple genetic screening strategy in behavioral research. Therefore, the present study aimed to 
screen male and female CS mice for basal SIH-related parameters and anxiolytic drug sensitivity. 
This way, the present study may aid in tracing genetic factors that affect the basal autonomic stress 
response as well as GABAA and 5-HT1A receptor drug sensitivity.  
 

Methods: Eight different CS strains (CSS1, CSS2, CSS6, CSS7, CSS10, CSS12, CSS14 and CSS15) on a 
C57Bl6/J (host) × A/J (donor) background were used to localize chromosomes involved in GABAA 
receptor (diazepam) and 5-HT1A receptor (flesionxan) sensitivity using the stress-induced 
hyperthermia (SIH) paradigm.  
 

Results: Substitution of chromosome 10 resulted in decreased benzodiazepine sensitivity in male 
and female mice, whereas substitution of chromosome 1 results in increased benzodiazepine 
sensitivity in female mice. Moreover, substitution with A/J chromosome 7 led to an increased 
response to the 5-HT1A receptor agonist diazepam which may be indicative of an altered 5-HT1A 
receptor system. 
 

Conclusions: The present results suggest that A/J chromosomes 1 or 10 in C57Bl/6J mice contribute 
to respective increased and decreased benzodiazepine sensitivity, whereas A/J chromosome 7 
yields an increased response to the effects of a 5-HT1A receptor agonist. An important limitation of 
the present study is the fact that the SIH paradigm was used as an initial test using screening 
numbers based on behavioral genetics literature, following a 4.5:1 (27:6) ratio. Therefore, the 
obtained significant results in CSS1, CSS7 and CSS10 mice are only suggestive of putative changes 
in benzodiazepine and serotonergic sensitivity, and a follow up study has to be carried out in order 
to verify that an effect is indeed present.  
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1. Introduction  

Stress-related disorders such as anxiety diorders and major depressive disorder are 
common psychiatric disorders (Kessler et al 2005; Merikangas et al 2007; Murray and 
Lopez 1997). However, the frequency with which stressful life events result in 
psychopathology is variable, suggesting that interindividual differences exist in stress 
vulnerability and resilience. There is compelling evidence that genetic factors may 
contribute to the etiology of stress-related disorders (Gillespie et al 2004; Levinson 2006; 
Villafuerte and Burmeister 2003). So far, a number of different preclinical genetic 
strategies have been employed to further unravel the neurobiology of stress-related 
disorders, including the use of knock-out, knock-in, point-mutated and transgenic mice 
(Cryan and Holmes 2005). These approaches have resulted in increased knowledge on the 
genetic factors that are associated with stress-related disorders,  
 
Chromosome substitution strains (CS strains) have been proposed as a simple genetic 
screening strategy in behavioral research (Nadeau et al 2000). In each CS mouse, a single 
chromosome from one inbred strain (donor) has been substituted from another inbred 
strain (donor. This way, 21 different strains can be generated with the substitution of 
either autosomal or sex chromosomes, allowing to test the contribution of single donor 
chromosomes in the controlled genetic background of the host strain. So far, this panel 
has successfully identified quantitative trait loci (QTLs) for complex psychiatric traits such 
as anxiety (Kas et al 2009b; Laarakker et al 2008; Singer et al 2004), prepulse inhibition 
(Petryshen et al 2005), locomotor activity (Kas et al 2009a), alcohol preference (Boyle and 
Gill 2008; Lesscher et al 2009) and nicotine psychostimulant effects (Boyle and Gill 2009). 
Thus, the use of CS strains constitutes a hypothesis-free preclinical approach that enables 
the quick genetic screening for stress-related parameters. 
 
Abnormalities in the GABAA and serotonin system have been suggested to be present in 
stress-related disorders (Akimova et al 2009; Kalueff and Nutt 2007; Nemeroff 2003), and 
clinically effective drugs include selective serotonin reuptake inhibitors, 5-HT1A receptor 
agonists and GABAA receptor agonists (Nutt 2005; Zohar and Westenberg 2000). In the 
present study, we screened eight different CS strains (CSS1, CSS2, CSS6, CSS7, CSS10, CSS12, 
CSS14 and CSS15) on a C57Bl6/J (host) × A/J (donor) background to localize chromosomes 
involved in GABAA receptor and 5-HT1A receptor sensitivity using the stress-induced 
hyperthermia (SIH) paradigm. The SIH paradigm uses the body temperature rise in 
response to stress which can be reduced using GABAA receptor agonists and 5-HT1A 
receptor agonists (Vinkers et al 2008). Although these anxiolytic drug classes robustly 
block the SIH response, large strain differences exist in anxiolytic drug responsivity 
(Bouwknecht and Paylor 2002; Van Bogaert et al 2006a; van Bogaert et al 2006b; Vinkers et 
al 2008). Therefore, the present study aimed to screen male and female chromosome 
substitution mice for basal SIH-related parameters and anxiolytic drug sensitivity. This 
way, the present study may aid in tracing genetic factors that affect the basal autonomic 
stress response as well as GABAA and 5-HT1A receptor drug sensitivity.  
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2. Materials and methods 

2.1 Animals  
A part of the complete CS strain panel (C57BL/6J-Chr 1A/NaJ, C57BL/6J-Chr 2A/NaJ, 
C57BL/6J-Chr 6A/NaJ, C57BL/6J-Chr 7A/NaJ, C57BL/6J-Chr 10A/NaJ, C57BL/6J-Chr 
12A/NaJ, C57BL/6J-Chr 14A/NaJ, C57BL/6J-Chr 15A/NaJ: referred to as CS strains or CSS) 
(Singer et al 2004) were screened in the SIH paradigm. Original CS strain breeding pairs 
were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and used in an internal 
breeding program. Males and females of the C57BL/6J and A/J strains (n=27) and male 
and female CS strains (n=6 per strain, except for CSS7 female mice: n=3) were generated 
and tested. Animal screening numbers were based on behavioral genetics literature, 
following a 4.5:1 (27:6) ratio (Belknap 2003; Laarakker et al 2006). All mice were housed in 
Macrolon type 3 cages 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 (22±2 °C) and 
relative humidity (40–60%) with free access to standard food pellets and tap water. 
Experiments were carried out with approval of the ethical committee on animal 
experiments of the Faculties of Sciences, Utrecht University, the Netherlands, and in 
accordance with the Declaration of Helsinki. 
 

2.2 Drugs  
Diazepam (base) was obtained from Sigma Aldrich. Flesinoxan (hydrochloride) was 
synthesized by Solvay (Solvay Pharmaceuticals, Weesp, The Netherlands). An injection 
volume of 10 ml/kg was used for intraperitoneal injections of all drugs. Diazepam was 
suspended in gelatin-mannitol 0.5% / 5%, and flesinoxan was dissolved in saline. Fresh 
solutions and suspensions were prepared each testing day.  
 

2.3 The stress-induced hyperthermia (SIH) procedure 
The SIH procedure was carried out according to standard procedures (Groenink et al 
2009).  Briefly, animals were injected intraperitoneally with vehicle or drug 60 min before 
the first temperature measurement (T1). The temperature was again measured 10 min 
later (T2), representing the stress-induced body temperature. The stress-induced 
hyperthermia response was calculated by subtracting T1 from T2. A within-subject design 
was used, and cages were randomly and evenly allocated over daytimes (morning–
afternoon). The body temperature of mice was measured by rectally inserting a thermistor 
probe by a length of 2 cm. Digital temperature recordings were obtained with an 
accuracy of 0.1 °C using a Keithley 871A digital thermometer (NiCr– NiAl thermocouple). 
The probe, dipped into silicon oil before inserting, was held in the rectum until a stable 
rectal temperature was obtained.  
 

2.4 Data analysis  
For SIH experiments, a basal temperature (T1), an end temperature (T2) and the difference 
(SIH response = T2-T1) was determined for each individual mouse. Treatment effects on 
the SIH response and basal body temperature (T1) were evaluated using a repeated-
measures analysis of variance with explanatory factors drug as within-subject factor and 
genotype as between-subject factor. CS strains were separately compared to the C57Bl6/J 
host strain. If a certain consomic strain displayed a significant difference compared to the 
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host strain, this warrants further investigation with a higher number of animals (the 
number depending on the amount of CS strains tested) (Belknap 2003; Laarakker et al 
2006). This way, a maximal reduction in the number of laboratory animals is established. A 
probability level of p<0.05 was set as statistically significant, probability levels between 
p=0.05 and p=0.1 were regarded as trends.  
 

3. Results 

3.1 Diazepam sensitivity in CSS strains compared to C57Bl/6J mice. 

Donor strain: Diazepam had comparable effects on the SIH response in male C57Bl/6J 
and A/J mice (diazepam x genotype interaction F3,147=2.52, p=0.06). In female mice, again, 
diazepam reduced the SIH response in both C57Bl/6J and A/J mice (diazepam x genotype 
interaction F2,104=2.28, p=0.11). 

 

CSS 1: In male CSS1 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=9.34, p<0.001; diazepam x genotype interaction F3,90=0.82, p=0.49). 
In female mice, diazepam also reduced the SIH response independent of genotype 
(diazepam effect F2,62=21.32, p<0.001; diazepam x genotype interaction F2,62=0.35, 
p=0.71). However, in female CSS1 mice, an overall genotype effect was present (F1,31=8.83, 
p<0.01). 
 

CSS 2: In male CSS2 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=6.82, p<0.001; diazepam x genotype interaction F3,90=0.93, p=0.66). 
In female mice, diazepam also reduced the SIH response independent of genotype 
(diazepam effect F2,62=12.90, p<0.001; diazepam x genotype interaction F2,62=0.88, 
p=0.42). 

 

CSS 6 : In male CSS6 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=3.93, p<0.05; diazepam x genotype interaction F3,90=0.68, p=0.42). 
In female mice, diazepam also reduced the SIH response independent of genotype 
(diazepam effect F2,62=16.32, p<0.001; diazepam x genotype interaction F2,62=1.38, 
p=0.26). 
 

CSS 7:  In male CSS7 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=10.47, p<0.001; diazepam x genotype interaction F3,90=0.61, 
p=0.61). In female mice, diazepam also reduced the SIH response independent of 
genotype (diazepam effect F2,56=9.99, p<0.001; diazepam x genotype interaction 
F2,56=0.13, p=0.88). 

 

CSS 10: In male CSS10 mice, genotype influenced the diazepam effects on the SIH 
response (diazepam x genotype interaction F3,90=3.89, p<0.05; diazepam effect F3,90=1.53, 
p=0.21). In female mice, a similar diazepam insensitivity in CSS10 mice was seen 
(diazepam x genotype interaction F2,62=7.53, p<0.01; diazepam effect F2,56=4.16, p<0.05). 
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Figure 1: Effects of diazepam (0-8 mg/kg, IP) on the stress-induced hyperthermia (SIH) response in CSS mice 
(CSS1-7, n=6)  and the host strain (C57Bl/6J, n=26) and donor strain (A/J, n=26). *: p<0.05: diazepam effect. #: 
genotype effect compared to the host strain.   



GABAA and serotonin receptor sensitivity in chromosome substitution strains of mice 

187 

 

CSS
10

 (female)

Diazepam (mg/kg)

0 1 4

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

-0.5

0.0

0.5

1.0

1.5
CSS

10
 (male)

Diazepam (mg/kg)

0 2 4 8

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

-0.5

0.0

0.5

1.0

1.5

C57Bl/6J
A/J
CSS 10

A B

##

##

 

CSS
12

 (female)

Diazepam (mg/kg)

0 1 4

S
IH

 r
e
s
p

o
n

s
e

 (
°C

)

-0.5

0.0

0.5

1.0

1.5CSS
12

 (male)

Diazepam (mg/kg)

0 2 4 8

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

-0.5

0.0

0.5

1.0

1.5

C57Bl/6J
A/J
CSS 12

C D

*
*

 
 

CSS
15

 (male)

Diazepam (mg/kg)

0 2 4 8

S
IH

 r
e

s
p

o
n

s
e

 (
°C

)

-0.5

0.0

0.5

1.0

1.5

G

*

 
 
Figure 2: Effects of diazepam (0-8 mg/kg, IP) on the stress-induced hyperthermia (SIH) response in CSS mice 
(CSS10-15, n=6) and the host strain (C57Bl/6J, n=26) and donor strain (A/J, n=26). *: p<0.05: diazepam effect. #: 
genotype effect compared to the host strain.   
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CSS 12: In male CSS12 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=3.29, p<0.05; diazepam x genotype interaction F3,90=1.98, p=0.12). 
In female mice, diazepam also reduced the SIH response independent of genotype 
(diazepam effect F2,62=9.67, p<0.001; diazepam x genotype interaction F2,62=1.61, p=0.21). 

 
CSS14: In male CSS14 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=9.16, p<0.001; diazepam x genotype interaction F3,90=0.72, p=0.54). 
In female mice, diazepam also reduced the SIH response independent of genotype 
(diazepam effect F2,62=20.63, p<0.001; diazepam x genotype interaction F2,62=0.66, 
p=0.49). 
 
CSS15: In male CSS15 mice, diazepam reduced the SIH response independent of genotype 
(diazepam effect F3,90=10.02, p<0.001; diazepam x genotype interaction F3,90=1.09, 
p=0.36). 
 

3.2 Flesinoxan sensitivity in CSS strains compared to C57Bl/6J mice. 

Donor strain: Male A/J mice were more sensitive to the effects of flesinoxan on the SIH 
response compared to male C57Bl/6J mice (genotype effect F1,50=7.64, p<0.01). Also, 
female A/J mice were more sensitive to the acute flesinoxan effects (genotype interaction 
F1,52=28.79, p<0.001). 

 

CSS 1: In male CSS1 mice, flesinoxan reduced the SIH response independent of genotype 
(flesinoxan effect F2,60=24.57, p<0.001; flesinoxan x genotype interaction F2,60=0.97, 
p=0.37). In female mice, flesinoxan again reduced the SIH response independent of 
genotype (flesinoxan effect F2,62=13.55, p<0.001; flesinoxan x genotype interaction 
F2,62=1.89, p=0.16).  

 
CSS 2: In male CSS2 mice, flesinoxan reduced the SIH response independent of genotype 
(flesinoxan effect F2,60=29.75, p<0.001; flesinoxan x genotype interaction F2,60=0.42, 
p=0.42). In female mice, flesinoxan again reduced the SIH response independent of 
genotype (flesinoxan effect F2,62=7.96, p<0.001; flesinoxan x genotype interaction 
F2,62=0.38, p=0.68).  
 
CSS 6: In male CSS6 mice, flesinoxan reduced the SIH response independent of genotype 
(flesinoxan effect F2,60=32.02, p<0.001; flesinoxan x genotype interaction F2,60=0.95, 
p=0.95). In female mice, flesinoxan again reduced the SIH response independent of 
genotype (flesinoxan effect F2,62=6.26, p<0.001; flesinoxan x genotype interaction 
F2,62=1.09, p=0.34).  
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Figure 3: Effects of the 5-HT1A receptor agonist flesinoxan (0-8 mg/kg, IP) on the stress-induced hyperthermia 
(SIH) response in CSS mice (CSS1-7, n=6) and the host strain (C57Bl/6J,n=26) and donor strain (A/J, n=26). *: 
p<0.05: diazepam effect. #: genotype effect compared to the host strain.   
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Figure 4: Effects of the 5-HT1A receptor agonist flesinoxan (0-8 mg/kg, IP) on the stress-induced hyperthermia 
(SIH) response in CSS mice (CSS10-15, n=6) and the host strain (C57Bl/6J,n=26) and donor strain (A/J, n=26). *: 
p<0.05: diazepam effect. #: genotype effect compared to the host strain.   
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CSS 7:  In male CSS7 mice, flesinoxan reduced the SIH response independent of genotype 
(flesinoxan effect F2,60=15.71, p<0.001; flesinoxan x genotype interaction F2,60=1.90, 
p=0.17). However, a main genotype effect was present (F1,30=5.22, p<0.05). In female mice 
(n=3), flesinoxan again reduced the SIH response independent of genotype (flesinoxan 
effect F2,56=13.55, p<0.001; flesinoxan x genotype interaction F2,56=1.29, p=0.29).  
 
CSS 10: In male CSS10 mice, flesinoxan reduced the SIH response independent of 
genotype (flesinoxan effect F2,60=26.88, p<0.001; flesinoxan x genotype interaction 
F2,60=0.38, p=0.69). In female mice, flesinoxan again reduced the SIH response 
independent of genotype (flesinoxan effect F2,62=13.66, p<0.001; flesinoxan x genotype 
interaction F2,62=0.07, p=0.94).  
 
CSS 12: In male CSS12 mice, flesinoxan reduced the SIH response independent of 
genotype (flesinoxan effect F2,60=38.09, p<0.001; flesinoxan x genotype interaction 
F2,60=1.44, p=0.25). In female mice, flesinoxan again reduced the SIH response 
independent of genotype (flesinoxan effect F2,62=8.64, p<0.001; flesinoxan x genotype 
interaction F2,62=0.02, p=0.99).  
 
CSS 14: In male CSS14 mice, flesinoxan reduced the SIH response independent of 
genotype (flesinoxan effect F2,60=41.54, p<0.001; flesinoxan x genotype interaction 
F2,60=1.38, p=0.26). In female mice, flesinoxan again reduced the SIH response 
independent of genotype (flesinoxan effect F2,62=5.35, p<0.05; flesinoxan x genotype 
interaction F2,62=0.37, p=0.37).  
 
CSS 15: In male CSS14 mice, flesinoxan reduced the SIH response independent of 
genotype (flesinoxan effect F2,60=25.43, p<0.001; flesinoxan x genotype interaction 
F2,60=0.39,  p=0.39).  
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4. Discussion 

Variation in individual clinical response to anxiolytic drug treatment may at least be 
partially explained by genetic factors (Malhotra et al 2004). To study the potential 
contribution of chromosomes on the basal autonomic stress response as well as 
GABAergic and serotonergic drug sensitivity, we tested eight different chromosome 
substitution strains (CSS) in the stress-induced hyperthermia (SIH) paradigm. In these 
mice, a single chromosome from one inbred strain (donor, A/J mice) has been substituted 
in the genetic background of the host inbred strain (here, C57Bl/6J mice). In this way, the 
contribution of single A/J chromosomes can be systematically investigated in relation to 
SIH phenotypes. Here, we report that the non-subunit selective GABAA receptor agonist 
diazepam did not reduce the SIH response in male and female CSS10 mice compared to 
the host strain, suggesting that a certain degree of benzodiazepine insensitivity is present 
in these mice. Moreover, female but not male CSS1 mice displayed increased sensitivity to 
the effects of diazepam. In the other CS strains tested (CSS2, CSS6, CSS7, CSS12, CSS14 and 
CSS15), diazepam reduced the SIH response to a similar degree compared to the host 
strain, indicating that no gross altered benzodiazepine sensitivity is present in these CS 
strains. Thus, substitution of chromosome 10 yields decreased benzodiazepine sensitivity 
in male and female mice, whereas substitution of chromosome 1 results in increased 
benzodiazepine sensitivity in female mice. In support, an earlier study that used 
recombinant inbred strains derived from C57Bl/6J and A/J mice found evidence that the 
response to diazepam in the open field and the light-dark box in these strains had the 
best probabilities of linkage on loci on chromosomes 1 (Xmv-41) and 10 (D10Mit2) (Mathis 
et al 1995). The differences in benzodiazepine sensitivity may be attributed to adaptation 
of the GABAA receptor. GABAA receptors are composed of five subunits with various 
possibilities per subunit (α1–6-β1–3-γ1–3-δ-∈-θ -π) that assemble to form a pentameric ligand-
gated chloride channel (Rudolph and Mohler 2006). GABAA receptors most commonly 
consist of α, β and γ subunits. So far, highly preserved α–β–γ gene clusters have been 
localized on human chromosomes 4 (p12-13), 5 (q34-35) and 15 (q11-13) (Russek 1999). 
Thus, altered benzodiazepine sensitivity in the CS strains is not the direct result of altered 
GABAA receptor expression. 
 
In addition to diazepam, the 5-HT1A receptor agonist flesinoxan was used to screen for 
altered serotonergic sensitivity. Flesinoxan has received ample attention as an anxiolytic 
drug that attenuates the SIH response (Groenink et al 1996b; Olivier et al 2003; Zethof et 
al 1995). In male CSS7 mice, an increased flesinoxan effect was found. In female CSS7 mice, 
the absence of this effect may be ascribed due to a small power (n=3). In the other CS 
strain tested, no altered flesinoxan sensitivity was found. Thus, substitution with A/J 
chromosome 7 leads to an increased flesinoxan response which may be indicative of an 
altered 5-HT1A receptor system. The gene encoding for the 5-HT1A receptor in mice is 
located on chromosome 13. Again, the changed flesinoxan response cannot directly be 
related to 5-HT1A receptor expression. 
 
Overall, no differences in basal SIH response were found between the host strain and the 
CS strains, suggesting that the SIH response is preserved. This is supported by other 
studies that showed that an altered SIH response is not a common finding in genetically 
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modified animals with increased anxiety levels, such as 5-HT1A receptor knockout mice 
(Pattij et al 2001; Van Bogaert et al 2006a). However, we cannot exclude the possibility 
that the basal SIH response may be altered in other CS strains. Importantly, no large 
differences in basal SIH response and diazepam sensitivity were found between the host 
and donor strain. In contrast, A/J mice were more sensitive to the SIH-reducing effects of 
flesinoxan. A study in 9 different mouse strains revealed a SIH response between 0.6 and 
1.9 ˚C (Bouwknecht and Paylor 2002), and locomotor activity and body weight levels 
alone cannot account for these differences (Pardon et al 2004; Van Bogaert et al 2006a). 
C57BL/6J (B6) mice showed the largest autonomic response compared  to  Swiss-Webster 
(SW) and 129Sv/Ev (129Sv) mice (Bouwknecht and Paylor 2002; van Bogaert et al 2006b). 
However, between-strain SIH variance was smaller compared to light-dark box test 
variance (Bouwknecht and Paylor 2002). Generally, 5-HT1A receptor responses are 
dependent on genetic background as well as the anxiety model used (Bouwknecht et al 
2004a). 
 
Together, the present results suggest that A/J chromosomes 1 or 10 in C57Bl/6J mice 
contribute to respective increased and decreased benzodiazepine sensitivity, whereas A/J 
chromosome 7 yields an increased response to the effects of a 5-HT1A receptor agonist. An 
important limitation of the present study is the fact that the SIH paradigm was used as an 
initial test using screening numbers based on behavioral genetics literature, following a 
4.5:1 (27:6) ratio (Belknap 2003; Laarakker et al 2006). Therefore, the obtained significant 
results in CSS1, CSS7 and CSS10 mice are only suggestive of putative changes in 
benzodiazepine and serotonergic sensitivity, and a follow up study has to be carried out 
in order to verify that an effect is indeed present. If effects of chromosome substitution 
remain present, the exact genetic background could be examined using a F2 genetic 
strategy. 
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Abstract 
 

 
 
Background: The amygdala is involved in the coordination of the stress response but is 
also an important gatekeeper involved in the regulation of vigilance. The amygdala is 
structurally complex, consisting of several nuclei with specific functions in the affective 
response to environmental stimuli.  There are indications that the medial amygdaloid 
nucleus may be a pivotal player in acute responses to emotional environmental stimuli.  
 
Methods: The present study therefore aimed to study the effects of bilateral electrolytic 
lesions of the medial amygdala on unconditioned anxiety-related behavior as well as a 
sensorimotor gating parameter (prepulse inhibition, PPI) in rats. Anxiety-related behavior 
was assessed with the use of stress-induced hyperthermia (SIH), light-enhanced startle 
(LES) and open-field behavior.  
 
Results: Bilateral electrolytic lesions of the medial amygdala decreased the SIH response 
and anxiety-related open field behavior. In contrast, lesioned animals displayed 
augmented LES and disrupted PPI. No changes in basal locomotor activity, body 
temperature and acoustic startle were found between lesioned and sham animals.  
 
Conclusions: The present study suggests that the medial amygdala is an important player 
in response to acute environmental stimuli. Decreased unconditioned psychological 
stress responses were found, whereas LES was enhanced and sensorimotor processing 
was disrupted. However, considering the existing data on basolateral amygdala 
involvement in PPI and bed nucleus of the stria terminalis involvement in LES, local 
infusion studies into the MeA should be performed to further substantiate these findings. 
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1. Introduction 
The amygdala plays a complex but essential role in response to actual or potential 
environmental disturbances, ranging from the emotional processing of anxiety 
(Blanchard and Blanchard 1972; Joels and Baram 2009; Roozendaal et al 2009) to the 
orchestration of  sensorimotor gating (the processing and transferring of incoming 
sensory information) (Decker et al 1995; Wan and Swerdlow 1997). In line with a pivotal 
function, the amygdala receives input from sites involved in sensory information, 
attention and arousal (including the olfactory system, thalamus, cortex, locus coeruleus 
and raphe nuclei), and projects to structures throughout the central nervous system, 
including the prefrontal cortex, hippocampus and hypothalamic nuclei that control 
endocrine and autonomic stress responses (Herman et al 2005; LeDoux 2000). The 
structurally complex amygdala is divided into separate nuclei (including the medial, 
central, lateral, basolateral nucleus) that specifically modulate stress–related behavior 
(Swanson 2003). Moreover, these amygdaloid subdivisons directly interact to fine-tune 
neuronal signaling in response to stress (Joels and Baram 2009).  
 
While generating a coordinated output, the amygdala mediates stress and arousal in a 
site-specific and complex manner. There is evidence that the medial amygdaloid nucleus 
is pivotal in unconditioned anxiety-related responses (Cullinan et al 1995; Dayas et al 
2001; Dayas and Day 2002; Li et al 2004). In support, lesions of the medial amygdala result 
in disruption of neuroendocrine responses (Masini et al 2009), and injection of GABAA 
receptor agonist muscimol reversed the stress-induced activation of autonomic nervous 
system (Kubo et al 2004). In contrast, the medial amygdala is not involved in conditioned 
fear response, although it may serve as a gateway for sensory information  (Markham and 
Huhman 2008; Roozendaal et al 1991; Walker et al 2005). A paucity of data exists on the 
role of the medial amygdala in sensorimotor processing including prepulse inhibition of 
the acoustic startle response (PPI). PPI is the reduction in startle reflex magnitude when a 
startling stimulus is preceded by a weak prestimulus. Complete amygdala lesions result in 
disturbed PPI (Decker et al 1995), which is proposed to be mediated via the basolateral 
amygdala as both specific lesioning and local antagonism of the dopamine 2/3 receptor 
disrupted PPI (Shoemaker et al 2003; Stevenson and Gratton 2004). However, in view of a 
close integration within the amygdaloid complex, the medial amygdala may at least to a 
certain extent be involved in sensorimotor gating processes (Sah et al 2003).  
 
Therefore, the present study aimed to study the effects of bilateral electrolytic lesions of 
the medial amygdala on unconditioned anxiety-related behavior as well as sensorimotor 
gating parameters. Anxiety-related behavior was assessed with the use of stress-induced 
hyperthermia (SIH), light-enhanced startle (LES) and open-field behavior. SIH uses the 
stress-induced rise in body temperature mediated by the autonomic nervous system 
(Vinkers et al 2008; Zethof et al 1995), whereas LES measures the unconditioned increase 
in the acoustic startle reflex in response to bright light (de Jongh et al 2002; Walker and 
Davis 1997). Sensorimotor gating was assessed using the PPI paradigm. As anxiety-related 
behavior and sensorimotor gating both constitute unconditioned responses that 
integrate different aspects of an organism’s response to external stimuli, the present 
study tested the hypothesis that both paradigms may rely on activation of the medial 
amygdala.  
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2. Materials and methods 

2.1 Animals 

Twenty male Wistar rats weighing around 300 grams (Harlan Zeist, the Netherlands) were 
housed socially in a controlled environment with a non-reversed 12 hour light/dark cycle 
(white lights on from 7am-7pm). Animals had unlimited access to standard lab chow and 
water. One week after arrival, telemetry transmitters were implanted in the abdominal 
cavity and ID microchips (UNO Micro ID 12/13mm transponder, UNO BV, Zevenaar, The 
Netherlands) were injected subcutaneously as described earlier (Pattij et al 2002a). After 
surgery, rats were group-housed in type II Macrolon® cages with a plastic tube as cage 
enrichment. Food (standard lab chow) and tap water were available ad libitum. Two 
weeks later, bilateral stereotactic lesions were placed in the medial amygdala. All 
experiments were carried out with approval of the ethical committee on animal 
experiments of the Academic Biomedical Center, Utrecht University, the Netherlands, and 
in accordance with the Declaration of Helsinki. 

2.2 Surgeries 

Telemetry transmitter procedure 

Shortly, telemetric devices (type ETA-F20, Data Sciences International, St Paul, MN, USA) 
were implanted in the abdominal cavity as described earlier (Pattij et al 2001). Prior to 
surgery, rats received a subcutaneous injection (2 ml/kg) of the antibiotic Baytril® (2.5% 
enrofloxacin). Carprofen (5 mg/kg, s.c.) was given as an analgetic immediately after 
surgery and twice daily for two days after surgery. After surgery, body weight was 
measured to monitor recovery from surgery. Wound recovery was regularly checked.  
 
Lesion procedure 

Animals were anesthetized and placed into a stereotaxic apparatus (Kopf) with the 
incissor bar at -3.3 mm. Blunted ear bars were used to protect the tympanic membranes. 
After the incision was made, lidocaine 5% was applied as a local anesthetic. Flat skull 
coordinates are given in millimeters, obtained from Paxinos and Watson, 1986 (Paxinos 
and Watson 1986). The anteroposterior (AP), mediolateral (ML), and dorsoventral (DV) 
coordinates were referenced from bregma. The electrode was aimed at the medial 
amygdala AP -2,6 mm, ML +/- 3,3 mm and DV -9,4 mm. Bilateral lesions were made with a 
custom made monopolar stainless steel electrode with a diameter of 500 μm and an 
uninsulated tip of 900 μm (FHC, Bowdoinham, ME, USA) connected to an electrolytic 
lesion machine (Ugo Basile Lesion Maker, Italy) using the following procedure: a small 
incision was made in the dura; the electrode was lowered to the selected coordinate and 
a positive current (2 mA) was passed for 13s. Current amplitude and duration were 
determined in a separate experiment (data not shown). Sham groups were treated 
identically to the lesion groups, except the electrode tips were placed 1.0 mm dorsal (i.e. 
−8,4 mm DV) to the lesion coordinates and no current was passed. Carprofen (5 mg/kg, 
s.c.) was given as an analgetic immediately after surgery and twice daily for two days after 
surgery. Recovery from surgery was closely monitored. 
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2.3 Radiotelemetry system 

The radio telemetry system consisted of an implanted transmitter (DSI, type ETA-F20), a 
receiver placed under the cage (DSI model RPC-1) and a data exchange matrix collecting 
receiver signals and subsequently sending them to a computer where all raw data was 
stored. Data were collected using Dataquest Gold A.R.T. software (DSI, version 2.2). Raw 
data consisted of locomotor activity and body temperature responses and was collected 
for 10 seconds every 3 minutes. 

2.4 Experimental Procedures 

Home cage stress responsivity and circadian rhythm of locomotor activity and body 

temperature 

In the third week after surgery, circadian rhythm data (temperature and locomotor 
activity) were collected over 24 hours during which animals were left undisturbed. In the 
fourth week after lesion surgery the effect of two different stressors on body temperature 
and locomotor activity was determined in the home cage. To induce stress in the home 
cage, rats first received an intraperitoneal saline injection (injection stress), followed by 
placement in a clean cage with fresh bedding 60 minutes later (novel cage stress) after 
which rats were left undisturbed. 
 
Open field test 

All animals were tested in an open field in the fourth week after lesion surgery. Each 
animal was placed in the center of the open field and allowed to explore for 30 min. The 
open field was dimly lit (20 lux) at the bottom of the box (Ø 48 cm). Animals were tracked 
using an automatic tracking system (TSE ActiMot V7.01 (TSE systems GmbH, Bad 
Homburg, Germany). 
 
Prepulse inhibition and light-enhanced startle 

All startle, PPI and LES experiments were carried out in the fifth and sixth week after lesion 
surgery. Eight startle devices were used simultaneously (SR-lab, San Diego instruments, 
San Diego CA, USA). The startle devices consisted of a Plexiglas cylinder (9 cm in diameter 
and 20 cm in length). Each startle device was placed in a ventilated sound attenuated 
cubicle. Cage movements were measured with a piezoelectric film attached to the 
Plexiglas base of the startle device. A calibration system (San Diego Instruments) was used 
to ensure comparable startle magnitudes across the eight devices. Startle stimuli, 
consisting of 50 ms white-noise bursts, were presented through a piezoelectric tweeter 
situated 15 cm from the top of the cylinder. Background noise was 70 dB for all tests. 
Sound intensities were measured using a microphone which was placed on top of the 
Plexiglas cylinder and fitted to a Bruel and Kjaer sound level meter (Type 2226). Startle 
amplitudes were sampled each ms during a period of 65 ms beginning at the onset of the 
startle stimulus. There was no background illumination in any of the experiments.  
 

Baseline startle 

Animals were placed in the startle chamber and, after a 5 min acclimation period, 
presented with 30 startle stimuli (10x 100, 105 and 115 dB). The inter stimulus interval was 
set at 30s.  
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Prepulse inhibition 

Differential sensitivity to startle stimulus intensity may influence the level of inhibition by 
a preceding prepulse. As complete amygdala ablation has been reported to result in 
altered sensitivity to specific stimulus intensities (Decker et al 1995), the level of prepulse 
inhibition was assessed at different startle stimulus intensities. Animals were placed in the 
startle chamber and, after a 5 min acclimation period, presented with startle stimuli (110 
and 115dB, 50ms) that were presented alone or preceded by noise prepulses (20ms), with 
100ms between onsets of the prepulse and startle stimulus. The test session was build up 
in 4 blocks. Block 1 and block 4 consisted of 10 startle stimulus trials (5x 110dB, 5x 115dB). 
Block 2 and 3 both consisted of 5 presentations each of 110dB and 115dB startle stimulus 
trials and 5 presentations each of 6 different prepulse trials (4, 8 and 16 above background 
preceding either at 110dB or 115dB pulse). In addition, no-stimulus trials were included as 
a measure of general activity. All trials were presented in a pseudorandom order and the 
inter trial intervals ranged from 10 to 20 seconds. Within-session habituation was 
analysed from the 110dB and 115dB stimulus trials during block 1 to 4. Percentage 
prepulse inhibition was calculated for each prepulse intensity as percent change 
compared to the mean startle reflex in response to the 115dB startle stimulus.   
 
Light-enhanced startle 

For light-enhanced startle measurements, each startle device was equipped with a white 
fluorescent bulb on the back wall of the sound attenuated cubicle, which produced an 
illumination level of approximately 2000 lux measured from inside the Plexiglas cylinder 
using a Gossen luxmeter (MAVOLUX 5032C). Animals were placed in the startle chamber 
and, after a 5 min acclimation period, presented with 30 startle stimuli (10x 100, 105 and 
115 dB) under dark control conditions and with 30 startle stimuli (10x 100, 105 and 115dB) 
under brightly lit conditions. The inter stimulus interval was set at 30s.  

2.5 Histology 

After behavioral testing was completed, lesioned animals were anesthetized and 
decapitated. Brains were removed, placed in buffered 10% formalin for 2 days and 
subsequently immersed in sucrose solution (30% v/v) for at least 2 weeks. Then, brains 
were frozen and sectioned (60 μm) in the frontal plane through the relevant brain areas 
using a cryostat. Relevant sections were mounted onto gelatin-coated slides and stained 
with cresyl violet. Electrolytic lesions were evaluated according to the location and extent 
of the tissue damage using a threedimensional damage reconstruction on a series of 
stereotaxic atlas planes (Paxinos and Watson 1986). Data were only included for lesioned 
animals with bilateral damage to the medial amygdala with minimal damage on 
neighboring nuclei (see Figure 1).  

2.6 Data analysis 

Statistical analysis was performed using SPSS for Windows version 16.0 (SPSS, Chicago, IL, 
USA). All data are displayed as mean ± SEM. A probability level of p<0.05 was set as 
statistically significant, probability levels between p=0.05 and p=0.1 were regarded as 
trends. All reported results were corrected by the Greenhouse Geisser procedure where 
appropriate.  
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Home cage stress responsivity 

All data were collected in 3-minute blocks and are displayed as mean ± SEM. All 
experiments were carried out with a within-subject design. Lesion effects on body 
temperature and locomotor activity were analyzed for 120 minutes following injection 
using a repeated measures analysis of variance (ANOVA) with time as within-subject 
factor and lesion as between-subject factor.  
 

Circadian rhythm of locomotor activity and body temperature 

All data were analyzed using a complete undisturbed day. All body temperature and 
locomotor activity data were averaged to twenty-four 1-h blocks for each rat. All data 
were analyzed by means of repeated measures analysis of variance (ANOVA) with surgery 
(lesion or sham) as between-subject factor and the 1-h time blocks of body temperature 
and locomotor activity as within-subject factor.  
 
Open field test 

Data were averaged (% time in center) or cumulated (total distance travelled). Analysis of 
the open field data used a one-way ANOVA of the total distance travelled or average 
percentage of the time spent in center with surgery (lesion and sham) as the between 
subject factor. 
 
Prepulse inhibition and light-enhanced startle 

Baseline startle responding was analysed with the use of a repeated measures ANOVA 
with stimulus intensity (100, 105 and 115dB) as within-subject factor and surgery (lesion 
and sham) as between-subject factor. Percentage prepulse inhibition was analysed with 
the use of a repeated measures ANOVA with prepulse intensity (4, 8 and 16dB) as within-
subject factor and surgery (lesion and sham) as between-subject factor. Analyses of 
surgery-effects at the specific prepulse intensities were done with the use of independent 
samples t-tests. Within-session habituation was analysed with the use of a repeated 
measures ANOVA with block (block 1 to 4) as within-subject factor and surgery (lesion and 
sham) as between-subject factor. Light-enhanced startle was analysed with the use of 
repeated measures ANOVA with condition (dark and light) and intensity (100, 105 and 
115dB) as within-subject factors and surgery (lesion and sham) as between-subject factor.   
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Figure 1: A representative photomicrograph (50 x enhanced) of sections through the medial amygdala (MeA) 
with cresyl-violet staining. A typical sham lesion and a typical MeA lesion are shown. Abbreviations: CeMPV: 
Central amygdaloid nucleus Medial Posteroventral division; CeL : Central amygdaloid nucleus, Lateral division;  
BLA: Basolateral amygdaloid nucleus, Anterior part, BMA: Basomedial amygdaloid nucleus, Anterior part. 
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3. Results 

3.1 Histology 

Based on the histological results, 4 of the 10 rats were excluded from the analysis 
resulting in 6 lesion animals and 10 sham animals. The extent of a typical medial 
amygdala lesion is shown in Figure 1. Lesions were confined to the medial amygdala, and 
typically included the majority of the medial amygdala (incuding the anteroventral, 
anterodorsal, posteroventral and posterodorsal divisons) with minimal damage to the 
medial division of the central nucleus and the basomedial nuclei. All lesions extended into 
the nucleus of the optic tract and a few lesions extended into the internal capsula.  
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Figure 2: Stress-induced hyperthermia (A) and stress-induced locomotor (B) responses in sham (n=10) and lesion animals (n=6). 
Circadian rhythm of body temperature (C) and locomotor activity (D) levels over 24 hours. *: p<0.05  

 

3.2 Home cage stress responsivity (Figure 2A-B) 
The SIH response was significantly reduced in lesioned animals in response to both 
injection and novel cage stress (lesion x time interaction F40,560= 2.02, p<0.001). Stress-
induced locomotor levels were not different between lesion and sham animals (lesion x 
time interaction F40,520= 0.92, p=0.62; lesion effect F1,13=0.05, p=0.83, NS). Before lesion 
surgery, no differences were present between the future sham and future lesion groups in 
their body temperature and locomotor activity responses to injection and novel cage 
stress (data not shown). 
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3.3 Circadian rhythm of locomotor activity and body temperature (Figure 
2C-D) 

No significant differences were present between lesioned and sham animals in the 
circadian rhythm of either body temperature (F1,14= 0.11, p=0.74, NS) or locomotor activity 
(F1,13=0.39, p=0.54, NS).  
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Figure 3: Percentage of time spent in centre of the open field (A) and total distance travelled in the open field (B).  Lesion 
animals (n=6) and sham animals (n=10). * indicates lesion effect (p<0.05). 

 

3.4 Open field (Figure 3) 

Lesioned rats spent significantly more time in the centre of the open field compared to 
shams (lesion effect F1,15=6.73, p<0.05). In contrast, total distance travelled did not 
significantly differ between the lesion and sham groups (lesion effect F1,15=0.67, p=0.43). 
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3.5 Prepulse inhibition and light-enhanced startle (Figure 4) 
Overall, medial amygdala lesions did neither affect basal startle responding (lesion effect: 
F1,14= 0.08, p=0.79, NS) nor startle responding at specific startle intensities (intensity x 
lesion interaction: F1,14=2.28, p= 0.71, NS). 

Lesioned animals displayed significantly decreased percentage prepulse 
inhibition of the 115dB startle stimulus (prepulse x surgery interaction: F2,28=5.63, p<0.01). 
Independent samples t-tests revealed that the level of inhibition in response to the 8dB 
prepulse was most strongly decreased (4dB: t=1.87, p=0.08; 8dB: t=2.84, p=0.01; 16dB: 
t=0.07, p = 0.95). In contrast, the lesion group did not significantly affect within-session 
startle habituation (block x lesion interaction: F3,42=1.76, p=0.17, NS).  

Significant light-enhanced startle was induced in both groups (lesion: F1,8= 9.24, 
p=0.016, sham: F1,4=28.14, p=0.006). Lesion animals showed a trend towards increased 
light-enhanced startle (condition x lesion interaction F1,13=3.81, p=0.07). Separate analysis 
of the conditions showed that lesion animals showed a significantly stronger response 
during the brightly lit condition (lesion effect: F1,13=5.33, p<0.05), whereas both groups 
responded similarly during control conditions (lesion effect: F1,13=1.56, p=0.23, NS). 

Figure 4:  Prepulse 
inhibition with a 115 dB 
stimulus and 4, 8 and 16 
dB prepulse (A),  startle 
habituation to a 100 + 
115 dB startle session (B) 
and light- enhanced 
startle. *: p<0.05, #: 
p=0.07, trend. 
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4. Discussion 

The present study investigated the role of the medial amygdala in stress responsivity and 
sensorimotor gating in rats. Bilateral electrolytic lesions of the medial amygdala 
decreased acute anxiety-related autonomic and open field stress responses, whereas 
augmented light-enhanced startle and disrupted prepulse inhibition were found. Thus, 
the medial amygdala seems to be involved in the responses to environmental stimuli as 
well as in sensorimotor gating. Electrolytic lesions were confined to the medial amygdala 
and size and placement were confirmed histologically. However, the current study design 
has intrinsic limitations as electrolytic lesions are not specific to cell bodies in the medial 
amygdala but also disrupt fibers of passage. 
 
The amygdala is involved in the coordination of behavioral, autonomic and endocrine 
responses to stress (Joels and Baram 2009; Roozendaal et al 2009), but is also an 
important gatekeeper involved in the regulation of vigilance (Anderson and Phelps 2001; 
Phelps and LeDoux 2005; van Marle et al 2009). This vigilance comprises an evaluation of 
emotional environmental stimuli resulting in an enhanced processing of sensory 
information (Davis and Whalen 2001). The amygdala is structurally complex, consisting of 
several nuclei with specific functions in the affective response to environmental stimuli 
(Swanson and Petrovich 1998). However, the exact contribution of each nucleus of the 
amygdala is   unknown. The medial amygdala (MeA) has been proposed to mediate the 
unconditioned response to stress (Cullinan et al 1995; Dayas et al 1999; Masini et al 2009). 
So far, the medial amygdala has been shown to be involved in responses to restraint and 
acute swim stress (Cullinan et al 1995; Dayas et al 2001; Dayas et al 1999; Emmert and 
Herman 1999; Pezzone et al 1992), the neuroendocrine stress response (Masini et al 2009), 
the autonomic blood pressure stress response (Kubo et al 2004), condition taste aversion 
(Rollins et al 2001) and aggressive as well as sexual behavior (Veening et al 2005; 
Vochteloo and Koolhaas 1987). Structurally, the medial amygdala is primarily composed 
of GABAergic neurons that provide tonic inhibitory input to various brain structures 
including the posterior and medial divisions of the bed nucleus of the stria terminalis 
(BNST), the central and basolateral amygdala, periaqueductal grey, hippocampus, 
ventromedial hypothalamus and medial preoptic area (Cullinan et al 2008; Dong et al 
2001; Herman et al 2003; Herman et al 2004; Herman et al 2002; Ikegaya et al 1995; Sah et 
al 2003). Therefore, irreversible interruption of inhibitory medial amygdala activity may 
result in neuronal disinhibition of these central structures.  
 
Medial amygdala lesions reduced the autonomic SIH response without affecting 
locomotor activity levels (Figure 2). The neuronal circuitry underlying the SIH response 
has not been elucidated (Veening et al 2004), but it has been shown that the dorsomedial 
hypothalamus (DMH) plays an important role in general thermoregulation as well as 
autonomic stress responsivity (Dimicco and Zaretsky 2007; Ulrich-Lai and Herman 2009). 
However, direct connections between the medial amygdala and the DMH have not been 
observed (Thompson and Swanson 1998), and direct medial amygdala projections to 
other autonomic output areas are scarce (Ulrich-Lai and Herman 2009). Therefore, 
connections between the medial amygdala and DMH may be indirect via other 
amygdaloid structures including the central, lateral, basal nuclei (Sah et al 2003), or, 
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alternatively, via the ventromedial hypothalamus or medial preoptic area. This may also 
explain attenuated stress-induced blood pressure responses after local administration of 
muscimol into the medial amygdala (Kubo et al 2004). However, medial amygdala lesions 
do not completely abolish the SIH response, and other brain areas including the 
thermoregulatory preoptic area may also be involved in autonomic stress responses 
(Cullinan et al 2008; Herman et al 2004). In addition to a decreased autonomic response, 
medial amygdala lesions increased the time spent in the center of an open field without 
affecting overall locomotor activity levels. Limbic projections to special somatic motor 
neurons have been proposed to be involved in emotional responsivity, being located in 
the brainstem ventromedial medulla, periaqueductal gray, periventricular nucleus and 
the lateral hypothalamus with direct spinal projections to somatomotor efferents (Kerman 
2008). Also, amygdaloid innervations to the basal ganglia (including the nucleus 
accumbens) are proposed to modulate emotional locomotor behavior (Mogenson et al 
1980; Takakusaki et al 2004).  The medial amygdala receives important and direct input 
from the olfactory bulbs (Kang et al 2009; Kevetter and Winans 1981; Scalia and Winans 
1975) and mediates freezing to olfactory cues (Chen et al 2006; Dielenberg et al 2001). 
Therefore, medial amygdala lesions may at least partially prevent olfactory information to 
be processed by the amygdala, which may directly explain the altered stress-related 
behavior. Along these lines, altered autonomic stress responses after olfactory 
bulbectomy suggest the involvement of the medial amygdala (Vinkers et al 2009b). Other 
sensory information (e.g. auditory, visual, gustatory) reaches the amygdala through 
projections from the medial thalamus to the amygdaloid lateral and basal nuclei (Sah et al 
2003).  
 
Interestingly, the circadian rhythm of body temperature and locomotor activity remained 
unaffected, indicating that basal thermoregulatory and locomotor processes are 
unaltered in the lesioned animals. Also, basal and stress-induced locomotor activity levels 
in the home cage were not affected. Thus, the overall locomotor capacity in lesioned 
animals seems to be intact. These data are supported by a study in which local injection of 
the GABAA receptor agonist muscimol into the medial amygdala impaired the escape 
response in the elevated T-maze without affecting overall locomotor levels in the open 
field (Herdade et al 2006). Also, complete amygdala lesions did not affect the total 
distance travelled in the open field (Decker et al 1995; Werka et al 1978). This indicates 
that different brain circuitry is involved in non-specific stress-induced locomotor activity 
levels in contrast to specific anxiety-related behavior.  
 
In lesioned animals, baseline acoustic startle responses were unchanged, which is in line 
with the primary neurocircuitry (Koch 1999). In contrast, affective startle modulation 
changed, resulting in an increased light-enhanced startle (LES) response. The MeA is 
connected to other structures that are known to be closely involved in LES including the 
BNST (Dong et al 2001) and the hippocampus (Veening et al 2009). The BNST is important 
in the expression of light-enhanced startle as both pharmacological and electrolytical 
lesions of the BNST block light-enhanced startle (Walker and Davis 1997; Walker et al 
2009), whereas the septohippocampal system also plays a role in LES (Veening et al 2009). 
Our data suggest that lesions of the medial amygdala result in an augmented LES which 
may be the direct effect of the lesion or which may be due to disrupted fibers of passage.  
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These results contrast with a decreased SIH response in the lesion group, indicating that 
the SIH and LES anxiety paradigms probably measure either different anxiety-related 
behavior, or anxiety-related behavior mediated by different brain regions. Thus, although 
both the SIH and LES response measure direct responses to environmental disturbances 
and both are sensitive to the effects of benzodiazepines and 5-HT1A receptor agonists (de 
Jongh et al 2002; Olivier et al 2002), MeA lesions differentially affect both paradigms.  
 
In the lesioned rats, prepulse inhibition was disrupted, indicating that the medial 
amygdala may be important in sensorimotor processing. To our knowledge, this is the 
first study to show involvement of the medial amygdaloid nucleus in sensorimotor gating. 
However, the neuronal mechanisms underlying these effects are   unknown. Previous 
studies have shown that lesions of the whole amygdala result in disturbed PPI (Decker et 
al 1995). Also, specific lesions of the basolateral amygdala (BLA) disrupt PPI, which 
implicates a role for the BLA in sensory motor processing  (Shoemaker et al 2003; 
Stevenson and Gratton 2004). As the medial amygdala has direct connections with the 
BLA, altered BLA activity may be responsible for the lesion-induced disruption of PPI. 
Alternatively, direct projections from the medial amygdala to other brain regions that are 
involved in the regulaton of prepulse inhibition such as the hippocampus may be 
involved (Swerdlow et al 2001).  
 
In conclusion, the results of the present study suggest a differential role for the medial 
amygdala in the regulation of unconditioned psychological stress responses as well as 
sensory motor processing in rats. After bilateral lesion of the medial amygdala, reduced 
autonomic and open field anxiety-related behavior was present, whereas these lesions 
resulted in an augmented LES and a decreased PPI. In contrast, basal locomotor and 
thermoregulatory capacity and basal acoustic startle were unaffected. Altogether, our 
data suggest that the medial amygdala is an important player in response to acute 
environmental stimuli. However, considering the existing data on BLA involvement in PPI 
and BNST involvement in LES, local infusion studies into the MeA should be performed to 
further substantiate these findings. 
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Abstract  
 

 
 
Background: Olfactory bulbectomy (OBX) in rats causes several behavioral and neurochemical 
changes.  However, the extent and onset of physiological and behavioral changes induced after 
bulbectomy have been little examined. 
 

 

Methods:  Male Sprague-Dawley rats received telemetric implants. Before and immediately after 
OBX surgery, basal and stress-induced heart rate, body temperature, and locomotor activity were 
measured in the home cage in sham (n=9) and OBX animals (n=11). Stress was induced using novel 
cage stress or witness stress. 
 

Results: Bulbectomized animals differed physiologically and behaviorally from shams.  Nocturnally, 
OBX animals were significantly more active compared to shams and had a higher core body 
temperature and displayed decreased heart rate variability. During the light period, OBX animals 
had a significantly lower basal heart rate and reduced heart rate variability. These effects became 
apparent after 2-3 days after OBX surgery, and were stable over time. After witness stress, OBX 
animals showed smaller autonomic (body temperature and heart rate) responses compared to 
shams, but showed no difference in locomotor responses. In contrast, novel cage stress led to 
increased locomotor responses in OBX rats compared to sham rats, while no differences were found 
in autonomic responses.  
 

Conclusions: Removal of the olfactory bulbs results in rapid, stable and persistent changes in basal 
locomotor activity, body temperature, heart rate and heart rate variability. Although the sleep-wake 
cycle of these parameters is not altered, increases in circadian amplitude are apparent within three 
days after surgery. This indicates that physiological changes in the OBX rat are the immediate result 
of olfactory bulb removal. Further, stress responsivity in OBX rats depends on stressor intensity. 
Bulbectomized rats display smaller temperature and heart rate responses to less intense witness 
stress compared to sham rats. Increased locomotor responses to more intense novel cage stress are 
present in the home cage as well as the open field. The present study shows that olfactory 
bulbectomy has a rapid and persistent influence on basal and stress-induced physiological 
parameters. 
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1. Introduction 
The olfactory bulbectomy (OBX) rat model is an animal model of depression where 
removal of the olfactory bulbs leads to a variety of behavioral and neurochemical 
alterations (Song and Leonard 2005). Besides the overwhelming data on neurochemical 
and behavioral changes in the OBX rat (Song and Leonard 2005), studies on OBX-induced 
physiological parameters as heart rate, locomotor activity and body temperature are not 
abundant. As depressed patients are known to possess reduced heart rate variability and 
altered autonomic tone (Davydov et al 2007; Owens and Nemeroff 1998), it is interesting 
to study these parameters in an animal model.  
 
After bulbectomy, locomotor circadian rhythmicity is changed with increased nocturnal 
locomotor activity in rats (Giardina and Radek 1991) and mice (Possidente et al 1996), with 
lengthened free-running activity periods with delayed acrophase (Pieper and Lobocki 
1991; Possidente et al 1996; Possidente et al 1990). Also, bulbectomy leads to altered 
circadian rhythmicity of body temperatures and thermoregulation (Forster et al 1980; 
Marcilhac et al 1997), as well as to decreased basal heart rate and blood pressure (Song 
and Leonard 2005). These behavioral changes are not just due to anosmia (van Riezen et 
al 1977), but rather the result of neuronal reorganization in various brain regions which is 
the result of retrograde neuronal degeneration after bulbectomy (Kelly et al 1997). 
Surprisingly, data on the onset of long-lasting and persisting bulbectomy-induced 
changes are scarce. One study reports that nocturnal hyperactivity occurs at 10 days 
postsurgery (Giardina and Radek 1991). Therefore, our first aim was to study the onset and 
extent of putatively altered circadian rhythmicity and amplitude of basal locomotor 
activity, heart rate and body temperature after OBX surgery by continuously monitoring 
these parameters before and immediately after OBX surgery. 
 

In light of autonomic dysfunction in depression (Carney et al 2005), an important aspect 
of the OBX rat seems the inability to adapt to stress (Song and Leonard 2005). Because the 
olfactory bulbs project to the (medial) amygdala and the bed nucleus of the stria 
terminalis, their removal leads to subsequent amygdaloid disinhibition (Kelly et al 1997; 
Wrynn et al 2000). Generally, OBX rats display increased responses to stressful stimuli such 
as hyperactivity in the open field (van Riezen and Leonard 1990) and increased startle 
reflexes (McNish and Davis 1997). However, to our knowledge there are no studies 
assessing the stress responses in the home cage. Assessing home cage behavior yields 
advantages, including the possibilities to monitor circadian rhythms, habituation rates 
and baseline responses. Therefore, our second aim was to study stress responses of heart 
rate, body temperature and locomotor activity in the home cage of OBX animals. In the 
present study, we used novel cage stress and witness stress to elicit a stress response. 
Novel cage stress is a moderate psychological stressor with increases in heart rate, 
temperature and locomotor activity (van den Buuse et al 2001). Witness stress is induced 
by entering the animal room and is a mild psychological stressor, eliciting significant but 
smaller autonomic and locomotor stress responses (Bouwknecht et al 2001). As a positive 
control, a locomotor test was run in a separate open field to establish OBX hyperactivity.  
 

In short, the present study examined the onset of bulbectomy-induced changes in 
circadian rhythmicity and amplitude of heart rate, heart rate variability, locomotor activity 
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and body temperature. Also, we examined whether OBX surgery would lead to altered 
acute stress responses after stress exposure in the home cage using two stressors of 
different intensity. 
 

2. Experimental procedures 
2.1 Animals 
20 male albino Sprague Dawley rats (Harlan, Zeist, The Netherlands), aged 9 weeks were 
housed under 12h light/12h dark cycle (light on at 6:00 AM) at a temperature of 21± 2°C 
with a relative humidity of 60±15%. Rats were housed two per cage. One rat was 
equipped with a telemetric device, whereas the other functioned as a social companion. 
All animals were housed in the same room and were tested at the same time. Food and 
water were available ad lib. All experiments were carried out with approval of the ethical 
committee on animal experiments of the Faculties of Sciences, Utrecht University, the 
Netherlands, and in accordance with the Declaration of Helsinki. After all experiments 
were carried out, all animals were euthanized via decapitation, and the brains were 
examined for verification of complete olfactory bulb ablation. No animals were excluded 
from analysis due to partial bulbectomies or damaged prefrontal cortices. 
 

2.2 Surgeries  
Telemetry transmitter surgery 

Radio telemetry transmitters (Data Sciences International (DSI), type ETA-F20, St. Paul, MN, 
USA) were implanted in the abdominal cavity as earlier described (Pattij et al 2002a). 
Animals received Rimadyl, (5 mg/kg, subcutaneously) post-surgically twice a day for 2 
days, as well as a solid energy drink (Triple A Trading, Otterlo, The Netherlands) and 
soaked food pellets. Animals were allowed to recover during a period of 2 weeks. 
 

Bulbectomy (OBX) surgery  

After transmitter implantation, OBX surgery was carried out as earlier described (Vinkers 
et al 2009b). In short, two burr holes overlying the olfactory bulbs were drilled. For the 
bulbectomized animals, the tissue was removed with a blunt hypodermic needle and a 
vacuum pump, for sham animals the olfactory bulbs were not removed. Animals received 
Rimadyl, (5 mg/kg, subcutaneously) post-surgically twice a day for 2 days and were 
monitored for signs of discomfort or infection. All subjects were allowed to recover for 2 
weeks. 
 

2.3 Radiotelemetry system 
The radio telemetry system consisted of an implanted transmitter with two flexible leads 
(DSI, type ETA-F20), a receiver placed under the cage (DSI model RPC-1) and a data 
exchange matrix collecting receiver signals and subsequently sending them to a 
computer where all raw data was stored. Data were collected using Dataquest Gold A.R.T. 
software (DSI, version 2.2). Raw data consisted of locomotor activity, temperature and 
heart rate responses collected for 10 seconds every 5 minutes. All animals were sampled 
together. 
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2.4 Procedures 
Circadian rhythm 

Circadian rhythm data (temperature, heart rate and locomotor activity) of undisturbed 
days were collected before OBX surgery. Starting immediately after OBX surgery (as soon 
as animals were recovering from the surgery), circadian rhythm data were again collected. 
  
Acute stress exposure 

Rats were exposed to either novel cage stress or witness stress before and after OBX 
surgery. Before OBX surgery, all animals were subjected to both stressors to confirm the 
intensity relation between the two stressors. Subjects were put either into a novel cage 
(Macrolon type II) (”novel cage stress”) or exposed to witness stress in the fifth week after 
surgery, which consisted of an investigator entering the animal room without any actual 
cage disturbance. The investigator entered the room in order to give half of the animals a 
novel cage, while taking care not to touch, move or otherwise directly disturb the other 
half of the animals. The cage change took less than 5 minutes, and immediately 
afterwards, the investigators left the room. The witness stress procedure resembles the 
procedure used by Bouwknecht in our lab (Bouwknecht et al 2001). Acute stress 
experiments were thus performed over 2 consecutive days at the same time of day. The 
first day, half of the animals were subjected to novel cage stress, automatically exposing 
the other half of the animals to witness stress. The second day, the same procedure was 
applied to the other half of the rats. After two days, all animals had been exposed to both 
novel cage and witness stress.  
 
Open field procedure 

All animals were tested in the open field in the third week after OBX surgery in the same 
week as the home cage stress exposure. Each animal was placed in the center of the open 
field and allowed to explore for 15 minutes. The open field was lit at normal room 
illumination (420 lux at floor level), and the boxes measured 72x72 cm. Each box was 
painted a light gray color for ease of observation. Animals were tracked with Noldus 
EthoVision (Noldus Information Technology, Leesburg, Virginia).  
 

2.5 Data analysis  
Circadian rhythmicity 

Presurgery data were analyzed using 4 undisturbed days, whereas postsurgically, data 
were analyzed during the first 14 days immediately after surgery. All temperature, heart 
rate and locomotor activity data were averaged to a single 24-h period for each rat, after 
which group values were averaged to time periods of 8 3-h blocks. For heart rate, also 
heart rate variability (HRV), a parameter for autonomic control of heart rate (Stockmeier et 
al 2009) was computed as the mean standard deviation of heart rate as described earlier 
(Pattij et al 2002a). All data were analyzed by means of repeated measures ANOVA with 
surgery (OBX or sham) as ‘between subject’ factor and the 3-h blocks of respectively 
temperature, heart rate and locomotor activity as ‘within subject’ factor.  All reported 
results were corrected by the Greenhouse Geisser procedure where appropriate, which is 
indicated by an adjustment of the degree of freedom. As planned, light and dark periods 
were also separately analyzed.  
 



Chapter 13 

214 

 

The onset of changes in circadian rhythmicity and amplitude was studied by cumulating 
(locomotor activity) or averaging (body temperature, heart rate and heart rate variability) 
daily values (dark and light separately) the day before OBX surgery until the first week 
after OBX surgery. The onset of changes in amplitude were analyzed using either the dark 
phase or the light phase depending when OBX-increased changes were visible using 
repeated measures ANOVA with surgery (OBX or sham) as ‘between subject’ factor and 
the daily average of respectively temperature, heart rate and locomotor activity as ‘within 
subject’ factor. The diurnal and nocturnal period were separately analyzed. Simple 
contrast tests were used to compare days postsurgery with the presurgery day whenever 
a significant main effect for surgery or a significant day x surgery interaction effect was 
observed. The level of significance was set at p<0.05. Statistical analysis was performed 
using SPSS for Windows version 14.0 (SPSS, Chicago, Ill, USA). All data are expressed in 
mean + SEM. 
 

Acute stress 

Every 5 minutes, locomotor activity, body temperature and heart rate were measured for 
10 seconds. Before surgery, witness and novel cage stress were compared by means of 
repeated measures ANOVA with time and witness/novel cage stress as within subject 
factors. All postsurgery data were analyzed by means of repeated measures ANOVA with 
surgery (OBX or sham) as ‘between subject’ factor and 5 min-blocks of respectively 
temperature, heart rate and locomotor activity as ‘within subject’ factor. Temperature and 
heart rate data were analyzed up to 120 minutes after the onset of the stressor, whereas 
shorter-lasting locomotor activity data were analyzed up to 60 minutes after the start of 
the stressor. In addition, locomotor activity responses after stress were summed and 
analyzed using a univariate ANOVA with surgery (OBX and sham) as the main factor. 
Novel cage and witness stress were analyzed separately. All data are expressed as mean ± 
SEM. 
 
Open field test 

Analysis of the open field data used univariate analysis of variance (ANOVA) of the mean 
distance traveled, with surgery (OBX and sham) as the main factor. 
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Figure 1: Circadian rhythmicity of locomotor activity (A and B), body temperature (D and E) heart rate (G and H) 
and heart rate variability (J and K) before and after OBX surgery. Postsurgical data reflect the average over 14 
days, starting immediately after surgery. The onset of changes induced by bulbectomy are within the first week 
for locomotor activity during the dark phase(C), body temperature during the dark phase (F), heart rate during 
the light phase (I) and heart rate variability during the dark phase (L) . *: p<0.01; **: p<0.05; #: p=0.06. 

 

3. Results 
3.1 Circadian rhythms  
General 

As shown in Figure 1, circadian rhythms were present before and after OBX surgery in 
both the sham and OBX rats for all parameters tested.  During the inactive, lights-on 
period lower values were observed for locomotor activity (block effect F7,126=89.33, 
p<0.001, ε=0.47), body temperature (block effect F7,126=266.76, p<0.001, ε=0.48) and heart 
rate (block effect F7,126=198.79, p<0.001, ε=0.51). OBX surgery led to amplitude changes of 
all locomotor activity, body temperature and heart rate. However, no apparent changes or 
shifts were found in the circadian rhythms of these parameters. 
 
Locomotor activity 

Before OBX surgery, there was no difference in locomotor activity between animals 
(block*surgery interaction F7,126=0.45, p=0.87, NS; surgery effect F1,18=0.47,  p=0.50, NS) 
(Figure 1A). After OBX surgery, OBX animals were more active during the nocturnal period 
(block*surgery interaction F7.126=5.78, p<0.001, ε=0.36; surgery effect F1,18=3.96, p=0.062, 
trend) (Figure 1B). Separate analysis of the nocturnal and diurnal period showed OBX 
animals were more active during the nocturnal period (surgery effect F1,18=6.68, p<0.05), 
but not during the diurnal period (surgery effect F1,18=0.06, p=0.80, NS). Nocturnal 
hyperactivity (figure 1C) (day x surgery interaction F7,126=4.23, p<0.01, ε=0.57; surgery 
effect F1,18=5.91, p<0.05) was present from day 3 after OBX surgery (simple contrasts day x 
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surgery interaction: day 1 vs day -1: F1,18=0.34, p=0.58, NS; day 2 vs day -1: F1,18=2.44, 
p=0.14, NS; day 3 vs day -1 F1,18=4.97, p<0.05; day 4 and further F1,18=9.97, p<0.01). 
 

Body temperature  

Before OBX surgery, there was no difference in body temperature between animals 
(block*surgery interaction F7,126=0.60, p=0.75, NS; surgery effect F1,18=0.78,  p=0.39, NS) 
(Figure 1D). After OBX surgery, OBX animals had an overall higher body temperature 
(surgery effect F1,18=6.01, p<0.05) (figure 1E). Separate analysis of the nocturnal and daily 
period showed OBX animals had a higher body temperature during the nocturnal period 
(surgery effect F1,18=8.56, p<0.01), but not during the light period (surgery effect F1,18=1.40, 
p=0.25, NS). Nocturnal body temperature increases (figure 1F) (day x surgery interaction 
F7,126=3.21, p<0.05, ε=0.52; surgery effect F1,18=14.08, p=0.001) were significant from day 2 
after OBX surgery (simple contrasts: day x surgery interaction: day 1 vs day -1: F1,18=3.78, 
p=0.07, trend; day 2 vs day -1: F1,18=7.93,  p<0.05; day 3 vs day -1 F1,18=6.24, p<0.05; day 4 
and further F1,18=12.44, p<0.01).  
 
Heart rate 

Before OBX surgery, there was no difference in heart rate between animals (block*surgery 
interaction F7,126=0.22,  p=0.98, NS; surgery effect F1,18=0.09,  p=0.77, NS) (Figure 1G). After 
OBX surgery, OBX animals had lower resting heart rate during the light period 
(block*surgery interaction F7,126=4.00, p=0.01, ε=0.43) (figure 1H). Separate analysis of the 
nocturnal and day period did not show significant heart rate differences between OBX 
and sham animals during the nocturnal (surgery effect F1,18=0.14, p=0.72, NS), but also not 
during the light  period (surgery effect F1,18=2.31, p=0.15, NS). After averaging total diurnal 
heart rates (figure 1I), there was no impact of surgery (day x surgery interaction F7,126=0.68, 
p=0.50, NS, ε=0.25; main surgery effect F1,18=1.51, p=0.24, NS). 
 
Heart rate variability 

Before OBX surgery, there was no difference in heart rate variability (HRV) between 
animals (block*surgery interaction F7,126=0.69,  p=0.68, NS; surgery effect F1,18=0.01,  
p=0.95, NS) (Figure 1J). After OBX surgery, OBX animals had an overall lower HRV 
(block*surgery effect F7,126=6.52, p<0.01, ε=0.56) (figure 1K). Separate analysis of the 
nocturnal and day period showed significant HRV differences between OBX and sham 
animals during the nocturnal (block*surgery interaction F3,54=4.27, p<0.01; surgery effect 
F1,18=4.01, p=0.06, trend), but also during the day period (block*surgery interaction 
F3,54=6.35, p<0.01). Post hoc analysis using a one-way ANOVA showed that HRV was 
reduced in OBX animals in one 3h-block during the light period (9-12AM: F1,19=3.08, 
p<0.05), and during two 3h-blocks during the dark period (9-12 PM: F1,19=5.25, p<0.05; 12-
3 AM: F1,19=9.63, p<0.01). After averaging total nocturnal HRV (figure 1L), there was an 
overall impact of surgery (day x surgery interaction F7,126=0.84, p=0.56, NS; surgery effect 
F1,18=10.47, p<0.01). 
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Figure 2: The novel cage and witness stress response before and after OBX surgery in OBX (n=11) and sham 
(n=9) rats. *: p<0.001; **: p<0.01, ***: p<0.05. Inset locomotor figures: cumulative locomotor activity. 
  

 

3.2 Acute stress responsivity  
Locomotor activity 

Witness stress elicited smaller locomotor responses compared to novel cage stress (stress 
effect F1,19=89.83, p<0.001; stress*time interaction F15,285=18.87, p<0.001) (figure 2A). 
Cumulative activity levels after novel cage stress were larger than those after witness 
stress (stress effect F1,19=83.36, p<0.001). After surgery, OBX animals showed larger 
locomotor activity responses to novel cage stress (time x surgery interaction F15,270=1.72, 
p<0.05; surgery effect F1,18=7.35, p=0.01) (figure 2D). Simple contrasts revealed a 
significant time x surgery interaction only at t=10 minutes (simple contrasts, time x 
surgery, F1,18=4.29, p=0.05). Cumulative activity levels after novel cage stress in OBX rats 
were also increased compared to shams (surgery effect F1,19=9.82, p<0.01) (figure 2D, 
inset),  OBX animals and sham animals had similar locomotor activity responses to witness 
stress (time x surgery interaction F15,270= 0.51, p=0.93, NS; surgery effect F1,18=0.08, p=0.78, 
NS) (figure 2G, and cumulative activity levels after witness stress in OBX rats were not 
different compared to shams (figures 2G, inset). 
 
Body temperature 

Witness stress elicited smaller stress-induced hyperthermia responses compared to novel 
cage stress (stress effect F1,19=24.54, p<0.001; stress*time interaction 
(F27,513=10.92,p<0.0001) (Figure 2B).  After surgery, OBX and sham animals showed similar 
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stress-induced hyperthermia responses to novel cage stress (time x surgery interaction 
F27,486=0.28, p=1.00, NS; surgery effect F1,18=0.40, p=0.54, NS) (figure 2E). OBX and sham 
animals were different in their stress-induced hyperthermia responses to witness stress 
(time x surgery interaction F27,486=1.94, p<0.01) (figure 2H). Simple contrasts revealed a 
significant differences between OBX and sham animals from t=30 until t=70 minutes 
(simple contrasts, time x surgery, p≤0.01). 
 

Heart rate  

Witness stress elicited smaller heart rate responses compared to novel cage stress (stress 
effect F1,19=17.78, p<0.001; stress*time interaction (F27,513=6.61, p<0.0001) (Figure 2C). 
After surgery, OBX and sham animals showed similar heart rate responses to novel cage 
stress (time x surgery interaction F27,486=0.55 p=0.97, NS; surgery effect F1,18=1.48, p=0.24, 
NS) (figure 2F). In contrast, OBX animals had smaller heart rate responses to witness stress 
compared to shams (time x surgery interaction F27,486=2.08, p<0.01; surgery effect 
F1,18=9.14, p<0.01) (figure 2I). Simple contrasts revealed no significant time x surgery 
interactions. 
 
Table 1: Postsurgical locomotor responses in sham (n=9) and OBX rats (n=11) in an open field  
test. Data are mean ± S.E.M.. 

 
Sham OBX  

Distance Travelled (cm) Distance Travelled (cm) Significance (P) 
2728 + 497 5861 +  769 0.004 

 

 
Open field test 

In the open field test OBX animals were significantly more active compared to shams 
(Table 1). 
 
 

4. Discussion 
The present study shows that olfactory bulbectomy results in an almost immediate onset 
of several changes in the basal circadian amplitude in the home cage, including increased 
nocturnal activity, increased nocturnal body temperature, and decreased daily heart rate 
(Figure 1). The OBX nocturnal hyperactivity and bradycardia during the light period are in 
agreement with earlier studies (Giardina and Radek 1991; van Riezen and Leonard 1990). 
The fast onset of these changes within a few days after bulbectomy demonstrated in this 
study indicates that these changes in circadian amplitude are not the result of a slowly 
developing neuronal reorganization over weeks, but rather an immediate emerging 
phenomenon. We found that the nocturnal body temperature of the OBX animals was 
elevated, perhaps due to the elevated activity levels during this time period. However, an 
earlier study showed that despite close synchrony, temperature rhythm is not just a 
byproduct of the activity rhythm, and nocturnal temperature increases may therefore be 
an independent result of bulbectomy (Refinetti 1999). Due to a large variation in heart 
rate values, it was not possible to significantly assess the onset of decreased heart rate 
after OBX surgery, although a decreased heart rate is visible from the third day after OBX 
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surgery (Figure 1I). Our postsurgical circadian data are an average of 14 days, starting 
immediately after surgery. We therefore explored the possibility of postsurgical 
interference with OBX-induced changes. Separate analysis of the second week after 
surgery resulted in identical significant changes in circadian rhythmicity, whereas 
additional analysis of the circadian rhythm in the third and fifth week after surgery 
resulted in similar OBX-induced changes in circadian rhythmicity (data not shown). Thus, 
although surgery might have generally influenced our parameters, the presented changes 
are stable, long lasting and reflect true OBX-induced changes. 
 
The present study also demonstrates that olfactory bulbectomy leads to altered stress 
responses in the home cage. Using two psychological stressors with different intensity 
(Figure 2A-C), we show that these two stressors differentially affect home cage stress 
responses in OBX animals. Novel cage stress like the open field test led to an increased 
locomotor response in OBX rats with no impaired temperature and heart rate responses 
(Figure 2D-F). In contrast, witness stress exposure in OBX rats resulted in smaller 
autonomic (body temperature and heart rate) responses, and a faster recovery to 
prestress baseline levels also seems to be present (Figure 2H-I). However, OBX rats show 
comparable locomotor responses compared to the sham animals (Figure 2G). Witness 
stress (entering the animal room) and novel cage stress are both psychological stressors 
with different intensity (van den Buuse et al 2001; Zethof et al 1995). Locomotor activity 
and heart rate levels are heightened shortly before the stress procedures (figure 2, t=0 
min) because data between the first and last animal that were put into a novel cage were 
averaged without correcting for the time lag between them. 
 
We confirmed the different intensity of these stressors in the present study, where witness 
stress leads to less pronounced reactions in temperature, locomotor activity and heart 
rate (Figure 2A-C). The present study shows that more intense stressors like novel cage 
stress or an open field test induce exaggerated locomotor responses in bulbectomized 
rats, whereas less intense stressors such as witness stress induce smaller autonomic 
responses without affecting locomotor responses. Hence, autonomic activation in OBX 
rats seems blunted to less intense stressors, whereas above a certain stress level threshold 
(novel cage stress), arousal is apparently such that autonomic stress responses of OBX rats 
become comparable to those of sham animals. Our data are in agreement with a study 
that established attenuated sympathoexcitatory responses after OBX surgery (Moffitt et al 
2002), lower heart rate responses (Kawasaki et al 1980). Another study found diminished 
temperature and heart rate responses in OBX animals in the home cage after open field 
stress, although this was not associated with increased locomotor responses (Roche et al 
2007). The smaller temperature and heart rate responses to witness stress on one hand 
and increased locomotor responses to novel cage stress on the other hand suggest that 
locomotor and autonomic responses are mediated by independent central pathways. 
Body temperature and heart rate activation are thought to be caused by activation of 
amygdala-dorsomedial hypothalamus connections that mediate sympathetic activation 
via the rostral raphe pallidus and sympathetic preganglionic neurons (DiMicco et al 2006; 
Dimicco and Zaretsky 2007). As locomotor activity is a result of both exploration and 
anxiety, it is difficult to locate the exact neural circuitry, although a role for the amygdala 
in stress-induced locomotion is plausible (Daniels et al 2004). 
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The underlying mechanisms of increased behavioral stress reactivity in OBX animals are 
unknown, but are postulated to be the result of either enhanced stress reactivity, 
decreased habituation (McKernan et al 2000), or a decrease in competing behaviors 
(Primeaux and Holmes 1999). The amygdala nuclei are involved in the acute stress 
reaction (Davis 1997) and as the olfactory bulbs project to the (medial) amygdala and the 
bed nucleus of the stria terminalis, their removal putatively leads to subsequent 
amygdaloid disinhibition (Kelly et al 1997; Wrynn et al 2000). OBX stress sensitivity can 
therefore be caused by hyperactive amygdaloid functioning leading to altered stress-
induced sensory input integration (Moffitt et al 2002; Song and Leonard 2005). In support, 
c-fos expression in the OBX rat after the open field test is increased in the central and 
basolateral amygdala, but decreased in the bed nucleus of the stria terminalis (Roche et al 
2007). Stress may therefore elicit a distinct pattern of amygdala activation in the OBX rats 
depending on, among others, stressor intensity. In fact, animals lesioned in the amygdala 
display decreased open field habituation and a decrease in immobility in the forced swim 
test, and display enhanced general activity (Daenen et al 2003). Besides the amygdala, 
both the locus coeruleus and raphe nuclei could be involved in the modulation of acute 
stress response in OBX rats, both displaying structural changes after bulbectomy 
(Morimoto et al 1991). So far, OBX animals have shown impaired stress adaptation by 
showing open field test hyperactivity (Vinkers et al 2009b), sensitization of the acute 
startle reflex (McNish and Davis 1997), hyperactive bite, startle, struggle and fight 
responses (Takakusaki et al 2004), increased serotonin stress responses (Connor et al 
1999) and larger and longer lasting corticosterone responses to stress (Cairncross et al 
1977). It is interesting that our animals were hyperactive not only in an unstressed state, 
but also in a relatively stressful environment (open field and novel cage). Since these 
animals were housed with a “buddy” animal, their home cage environment was not 
particularly stressful. Therefore, increases in basal nocturnal activity may have been due to 
some other factor, such as increased striatal glutamate (Ho et al 2000) or altered 
dopamine levels (Bertaina-Anglade et al 2006).  
 
Some of these basal and stress-induced changes are reminiscent of changes that have 
been found in depressed patients. Depressed patients have been found to display 
circadian rhythm disturbances (Yeragani et al 1990), among which an increased core 
temperature and altered day-night amplitudes (Avery et al 1982; Souetre et al 1989). Also, 
heart rate variability (Stockmeier et al 2009) is decreased and autonomic tone in 
depressed patients is altered (Davydov et al 2007; Stein et al 2000). However, in contrast 
to our results, an elevated resting heart rate is present in patients with major depression 
(Carney et al 1999), indicating that OBX-induced changes in basal and stress-induced 
physiological parameters cannot be directly extrapolated to autonomic deficits in 
depressed patients. However, further studies must elucidate whether bulbectomy-
induced changes respond to chronic antidepressant treatment. Also, during anxiety and 
stress, respiration rates are increased (Boiten et al 1994; Masaoka and Homma 2004) and a 
decreased respiratory variability might well be expected in anxiety disorders (Van Diest et 
al 2006). Since the amygdala is involved in respiratory reactivity after stress (Harper et al 
1984; Masaoka and Homma 2004) and since perception of odors directly influences 
respiration, altered respiratory stress reactivity in OBX animals is expected. However, in 
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the present study, no respiratory parameters were measured, and there are no reports on 
respiration and stress in the OBX model. 
 
In conclusion, the present study compared basal and stress-induced responses in the 
home cage of OBX rats. We conclude that changes in circadian amplitude of locomotor 
activity, body temperature and heart rate emerge quickly after OBX surgery with 
increased nocturnal locomotor activity and body temperature levels and decreased daily 
heart rate levels. Further, OBX animals persistently show increased home cage and open 
field locomotor stress responses, with an impaired autonomic stress response after less 
intense witness stress. Removal of the olfactory bulbs thus permanently alters the 
physiology of these animals rather than only altering the animal’s ability to cope with a 
stressor. Evidence for impaired and dysfunctional physiological responses in rest and after 
stress stems from research in animals and humans, and the OBX model of depression 
constitutes a useful model to study basal and stress-induced levels in rodents. 
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Abstract 

 

Stress-induced hyperthermia (SIH) is a consistent transient rise in body temperature in response to 
stress that is used as a preclinical anxiety paradigm. There are indications that stress may also alter 
body temperature in human subjects. Therefore, the present study aimed to investigate the effects 
of stress (using the Trier Social Stress Test, a standardized laboratory stress task) on central 
(intestinal) core temperature and peripheral (skin) temperature in male and female healthy subjects. 
In addition, we measured subjective stress levels, blood pressure, heart rate and respiration rate.  

 

Here, we report that exposure to the Trier Social Stress Test increased skin temperature on the 
upper arm in male and female subjects, whereas it resulted in a small but statistically significant 
decrease in intestinal core temperature in male subjects only. Interestingly, the core temperature 
decrease correlated significantly (R=-0.59) with the subjective stress increase. Moreover, increases in 
heart rate, respiration rate and blood pressure levels were found during the TSST, accompanied by 
higher subjective stress levels. Our results also indicate that a direct translation of the preclinical SIH 
paradigm to a human version is not without difficulty as the direction of stress-induced 
temperature changes depends on the site of temperature measurement. However, our finding that 
stress-induced changes in body temperature are present in humans indicates that body 
temperature changes possess translational potential and may constitute a novel approach to study 
stress responsivity in humans. If the TSST consistently induces a SIH response in human subjects, 
this opens up possibilities for a combined preclinical and clinical approach to study the genetic and 
pharmacological background of both functional and dysfunctional stress responses.   
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1. Introduction 

Any physical or emotional trigger may induce a stress response, comprising several 
endocrine, autonomic and behavioral responses that enable an organism to adapt to a 
changing environment (Korte et al 2005). Several psychiatric disorders are associated with 
inadequate or excessive stress responses, among which anxiety disorders, major 
depressive disorder and schizophrenia (de Kloet et al 2005; Roozendaal et al 2009). In 
stress research, the role of the autonomic nervous system (ANS) has received ample 
attention. Stress activates the ANS in animals as well as human subjects, yielding 
comparable increases in heart rate and blood pressure (Ulrich-Lai and Herman 2009). In 
addition to heart rate and blood pressure, ANS activation also affects body temperature. 
Stress-induced hyperthermia (SIH) is a consistent short-lasting rise in body temperature 
(up to 2 °C) in experimental animals in response to stress (Vinkers et al 2008). This 
response has been found in a variety of species, including rodents, pigs, squirrels, 
baboons, and chimpanzees (Bouwknecht et al 2007; Nakayama et al 2005; Parr and 
Hopkins 2000b). There are indications that exposure to stress (e.g. exams, prior to a sport 
contest) can lead to body temperature changes in human subjects as well (Briese 1995; 
Kleitman and Jackson 1950; Marazziti et al 1992; Renbourn 1960). If body temperature 
responses to stress are robust and consistent across species, stress-induced temperature 
changes possess translational potential. Since anxiolytic drugs - including 
benzodiazepines and 5-HT1A receptor agonists - consistently reduce the SIH response in 
rodents, the SIH response could be used as a translational approach to study stress and 
anxiety at a pharmacological level (Bouwknecht et al 2007; Vinkers et al 2008). 
 

To our knowledge, no standardized study has investigated whether stress-induced central 
and peripheral body temperature changes are present in healthy volunteers. Human 
thermoregulation is a continuous but complex process regulated by the central nervous 
system, and the central and peripheral temperatures may respond differently under 
stressful conditions. The Trier Social Stress Test (TSST) has been extensively validated as a 
laboratory-stress task in humans, including changes in subjective as well as in 
physiological parameters (heart rate, blood pressure and stress hormones) (Dickerson and 
Kemeny 2004). Therefore, the present study aimed to investigate differential effects of the 
Trier Social Stress Test on central (intestinal) core temperature and peripheral skin 
temperature in male and female healthy subjects. In addition, we measured subjective 
stress levels, blood pressure, heart rate, respiration rate and saliva cortisol. If a standard 
laboratory stress task consistently induces a SIH response in human subjects, this would 
open up possibilities in which a combined preclinical and clinical approach could be used 
to study both functional and dysfunctional stress responses.   

 

2. Materials and methods 

2.1 Participants 
Twenty-four adult healthy volunteers (18–26 years old) with an equal representation of 
both genders (i.e., 12 men, 12 women) were recruited. The study was approved by the 
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Utrecht University Hospital medical ethics committee and performed according to the ICH 
guidelines for Good Clinical Practice and the Declaration of Helsinki and its latest 
amendments. All subjects gave their written informed consent prior to their inclusion in 
the study.  Subjects were not eligible to participate in case of current drug use, use of 
psychoactive medication, physical or mental illness, smoking, any previous intestinal 
surgery, any chronic intestinal condition, any speech, language or swallowing disorder, 
not being fluent in Dutch or a MRI-appointment shortly after participation. Subjects were 
also excluded on the day of participation if they felt ill, had fever, consumed any caffeine, 
carried out heavy exercise or had eaten a heavy meal. Additionally, a commercial urine 
multi-drug screening was taken to exclude any recent intake of psychoactive substances 
by testing (InstantView) for the presence of amphetamines (including MDMA), 
barbiturates, cannabinoids, benzodiazepines, cocaine, and opiates. If no exclusion criteria 
were met, participants were allowed to stay and entered the study protocol.  
 
Table 1: Trier Social Stress Test study protocol 
 

Time 
(min) 

Action 

-90 
Start protocol 

STAI-trait, STAI-state (1) and VAS-1 
-60 Blood pressure and saliva sample (1) 

-5 
Standing up 

Blood pressure and saliva sample (2) 
0 Start TSST 

7.5 VAS-2 

15 
End TSST 

Blood pressure and saliva sample (3) 
STAI-state (2) and effort scale 

20 Sitting position 
25 Blood pressure and saliva sample (4) 
35 Blood pressure and saliva sample (5) 
45 Blood pressure and saliva sample (6) 
60 Blood pressure and saliva sample (7) 
90 Blood pressure and saliva sample (8) 

120 
Blood pressure  and saliva sample (9) 

End protocol 

 
 

2.2 General procedure 
Participants were seated in a room with no windows and under controlled temperature 
(20 ±2 °C) to measure physiological baseline values before and after the Trier Social Stress 
Test. Throughout the session, heart rate and respiration rate (Suunto T6, Vantaa, Finland ), 
core temperature (ingestible radiotelemetric capsule, Respironics, Bend, OR, USA) and 
skin temperature (radiotelemetric skin patch attached on upper arm, Respironics) were 
constantly measured. Core and skin body temperature values were stored using a 
Vitalsense Physiological Monitor (Respironics, Bend, OR, USA) that participants wore on 
their belt. Also, at nine distinct time points, blood pressure (Microlife BPA 100, Widnau, 
Switzerland) was measured. The participant filled in one questionnaire assessing trait 
anxiety before the TSST and a questionnaire assessing state anxiety before and after the 
TSST (STAI-S and STAI-T, (Spielberger 1989)). Also, before, during and after the TSST, 
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participants additionally rated their perceived stress, anxiety, insecurity, sweatiness and 
warmth levels on a 100 mm visual analog scale (VAS). Because subjects had been sitting 
before the start of the experiment, they were asked to stand up 5 min prior to the TSST to 
exclude the interference of an increase in heart rate in response to the change of position 
(orthostatic reaction) with the increase in heart rate in response to the TSST. Experimental 
procedures were always carried out between 8 and 12 AM, as larger cortisol increases are 
generally established during the morning (Kudielka et al 2004). At 7 AM, all participants 
received a wake-up call from the investigator to ensure that sufficient time elapsed 
between the cortisol awakening peak and the time of actual participation. 
 

2.3 The Trier Social Stress Test 
The Trier Social Stress Test was carried out as described earlier (Fries et al 2006).  Briefly, a 
participant was led to the TSST room, where he/she was instructed to stand behind a 
microphone in front of a committee, consisting of one man and one woman. Subjects 
were then instructed to prepare (3 min) and deliver (5 min) a speech for a job interview, in 
which they were only allowed to talk about their personal positive en negative points. 
Before starting the speech, the subject was informed that the whole session would be 
video- and voice-recorded and that the committee was trained in behavioral observation. 
After the 5 minute free speech, the participant was asked to fill in a second visual analog 
scale. After that, the subject was asked to solve a mental arithmetic task (5 min) which 
consisted of continuously subtracting 17 from 2023 as quickly and correctly as possible. If 
any miscalculation occurred, the subject was asked to start again at 2023. Saliva samples 
were stored at -20°C. Free cortisol saliva levels were determined employing a radioactive 
immunoassay (RIA). 
 
 

2.4 Statistics 
Student t tests were applied to test for group differences in demographics (age) and 
endocrine pre-stressor baselines. Repeated-measures ANOVAs were used to analyze 
temperature, heart rate, respiration rate and blood pressure responses to the stressor with 
the between-subject factor gender and the repeated factor time. Where appropriate, 
results were corrected by Greenhouse-Geisser procedure (indicated by ε values). Simple 
contrast tests were used to compare time points whenever a significant main effect for a 
parameter or a significant parameter x time interaction effect was observed. Post-hoc 
planned comparisons were conducted.  VAS scales (before and during the TSST) were 
analyzed using a repeated-measures ANOVA. Stress-induced changes in all physiological 
parameters except heart rate were calculated by subtracting the baseline value (averaged 
over 15 to 5 minutes before the TSST) from the maximum value reached during the TSST. 
For heart rate, the baseline value was obtained by averaging the heart rate in the upright 
position prior to the TSST. Subsequently, these physiological changes were analyzed 
using a one-way ANOVA and were also correlated with subjective stress level changes. 
Correlations were calculated following the Pearson product moment procedure (two-
tailed). The significance level was set at p=0.05. All results shown are the mean ± standard 
error of mean (SEM).  
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Figure 1: Effects of the TSST on core and peripheral body temperature in male and female healthy subjects. *: 
p<0.05 compared to baseline. 
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Figure 2: Correlation between increase in subjective stress level (measured via VAS scales) and core and skin 
body temperature change.  
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3. Results 
3.1 General  
Due to technical problems, core and body temperature of one male subject and heart 
rate, respiration rate and cortisol levels of one male and one female subject were 
excluded from analysis. 

 
3.2 Core and skin body temperature (t=0 until 60 min) (Figure 1) 
Changes in core temperature in response to stress were dependent on gender (time x 
gender interaction F59,1239=1.82, p<0.001). Post-hoc analysis revealed that female core 
temperature did not change in response to stress (time effect F59,649=0.93, p=0.63, NS) 
(Figure 1C), whereas male core temperature decreased slightly in response to stress (time 
effect F59,590=8.23, p<0.001) (Figure 1A). Simple contrasts revealed that male core 
temperature decreased from t=5 to t=25 compared to t=0 (simple contrasts compared to 
t=0, p<0.05). The average change was 0.07± 0.04 °C (male: -0.01± 0.05 °C; female: 
0.14±0.05 °C). The core temperature decrease in response to the TSST significantly 
correlated with the subjective stress increase (Figure 2A) (Pearson correlation R=-0.59, 
p=0.003). Separate gender correlations indicated that the correlation was present in 
males (R=-0.71, p=0.01) but not in females (R=-0.44, p=0.17, NS). 
 
Skin temperature increased in response to stress (time effect, F59,1239=9.94, p<0.001). This 
effect was not dependent on gender (time x gender interaction F59,1239=1.01, p=0.46, NS; 
gender effect F1,21=1.08, p=0.31, NS) (Figure 1 B and D). Compared to t=0, skin 
temperature increased during all 59 subsequent minutes (simple contrasts, p<0.05). The 
average maximum increase was 0.74±0.09 °C (male: 0.62± 0.12 °C; female: 0.84±0.13 °C). 
The skin temperature increase in response to the TSST did not correlate with the 
subjective stress increase (Figure 2B) (Pearson correlation -0.16, p=0.48, NS). 
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Figure 3: Effects of the TSST on heart rate and respirations rate levels in male and female healthy subjects. *: 
p<0.05 compared to baseline.  

 

3.3 Heart rate and respiration rate (t=-30 until +30 min) (Figure 2)  
Average heart rate changed over time (time effect F59,1121=25.46, p<0.001) which was 
independent of gender (time x gender interaction F59,1121=0.49, p=0.81). Simple contrasts 
revealed that, compared to baseline, heart rate increased from 7 minutes prior to the TSST 
until 21 minutes after the start. In comparison to the 5 minutes before the TSST when 
subjects were in standing position, TSST increased heart rate above the basal level while 
standing (time effect F24,456=10.18, p<0.001). The average maximum was 23±2 beats per 
minute (bpm) (male: 21±3 bpm; female: 24±3 bpm). Average respiration rate increased 
over time (time effect F59,1121=2.59, p<0.001) which was independent of gender (time x 
gender interaction F59,1121=0.81, p=0.85). Simple contrasts revealed that, compared to 
baseline, respiration rate increased from 4 minutes prior to the TSST until 3 minutes after 
the start. Respiration rate levels increased with 5±1 bpm (male: 4±1 bpm; female: 6±1 
bpm). 
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Figure 4: Effects of the TSST on blood pressure (mmHg). *: p<0.05 compared to baseline 

 
3.4 Blood pressure 
Both systolic and diastolic blood pressure increased in response to stress (diastolic: 
F8,176=14.07, p<0.001; systolic: F8,176=15.92, p<0.001). Simple contrasts revealed that, 
compared to the first measurement at t=-60 min, the blood pressure was elevated 
between t=-2 min (diastolic: F1,22=13.98, p<0.001; systolic: F1,22=16.07, p<0.001), t=15 
(diastolic: F1,22=71.97, p<0.001; systolic: F1,22=49.46, p<0.001), t=25 (diastolic: F1,22=4.33, 
p<0.05; systolic: F1,22=5.54, p<0.05) and t=35 (diastolic: F1,22=4.76, p<0.05; systolic: 
F1,22=1.47, p=0.24, NS). No gender effects were present in either the response of diastolic 
or systolic blood pressure (diastolic: gender effect F1,22=0.46, p=0.50, NS; gender x time 
interaction F8,176=1.32, p=0.24, NS; systolic: gender effect F1,22=3.17, p=0.09, NS; gender x 
time interaction F8,176=0.89, p=0.53, NS). 
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3.5 Cortisol levels 
Cortisol levels increased over time (cortisol effect F8,160=7.83, p<0.001) independent of 
gender (cortisol x gender interaction F8,160=1.76, p=0.20, NS; gender effect F1,20=0.83, 
p=0.37, NS). Simple contrast revealed that compared to just before the TSST (t=-2 min), 
cortisol levels increased at t=15 (p<0.1, trend), t=25, t=35 and t=45 min (p<0.05).  
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Figure 4: Effects of the TSST on free saliva cortisol (nmol/l). *: p<0.05 compared to baseline (t=-2 min). Overall, 
no gender differences were present. 

 
3.6 Subjective stress levels 
Anxiety levels increased during the TSST independent of gender as measured by the STAI 
state inventory (before: 5±1; after: 11±2) (STAI effect F1,22=32.77, p<0.001; STAI x gender 
F1,22=2.67, p=0.12, NS) and VAS responses in levels of stress (37±5%) (VASstress effect 
F1,22=56.01, p<0.001; VASstress x gender F1,22=0.38, p=0.54, NS), anxiety (21±4%) (VASanxiety 
effect F1,22=22.04, p<0.001; VASanxiety x gender F1,22=0.64, p=0.43, NS), insecurity (26±5%) 
(VASinsecue effect F1,22=52.23, p<0.001; VASinsecure x gender F1,22=0.07, p=0.79, NS), warmth 
(25±5%) (VASwarm effect F1,22=6.40, p<0.05; VASwarm x gender F1,22=0.53, p=0.48, NS) and 
sweatiness (20±4%) (VASsweatiness effect F1,22=13.21, p<0.01; VASsweatiness x gender F1,22=0.06, 
p=0.80, NS). Also, the level of effort was comparable between male and female subjects 
(F1,23=0.87, p=0.36, NS). 
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Figure 6: Effects of the TSST on subjective stress levels in male and female healthy subjects. *: p<0.05: stress-
induced vs. baseline levels. 
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4. Discussion 
In response to environmental stimuli, typical behavioral, endocrine and physiological 
reactions are initiated which enable an organism to cope with a changing environment. 
These include a variety of physiological responses, such as an increased heart rate, 
increased plasma levels of adrenal stress hormones, differential vasoconstriction and 
vasodilatation, increased muscular tension and increased metabolic rates. Generally, this 
fine-tuned response is functional, but it can become maladaptive when it is 
inappropriately or chronically activated. This can result in the development of stress-
related pathological conditions, such as anxiety disorders or major depressive disorder 
(de Kloet et al 2005). The current study reports that after exposure to the Trier Social 
Stress Test (TSST), the peripheral skin temperature in male and female subjects increased, 
whereas the intestinal core temperature decreased only in male subjects. Moreover, 
increases in heart rate, respiration rate and blood pressure levels were found during the 
TSST, accompanied by higher subjective stress levels.  
 
Animal models examine normal and abnormal stress-related behavior by means of 
exposure to a threatening environment (open field, elevated plus-maze, light/dark box), 
social interaction tests, punishment-based conflict procedures (e.g. punished drinking), 
defensive burying, predator stress and stress-induced ultrasonic vocalizations (Cryan and 
Holmes 2005). Notwithstanding continuous progress and increased insight into the 
neurobiology of stress and anxiety, the search for anxiety models with potential to 
support the direct translation of animal studies to clinical research is challenging (Garner 
et al 2009). Since exposure to stress results in activation of the autonomic nervous system 
(ANS) in animals as well as humans with attending increases in heart rate, blood pressure 
and body temperature, measuring such phenomena in animals as well as in humans may 
constitute a translational physiological approach to study stress (Ulrich-Lai and Herman 
2009). Specifically, the stress-induced hyperthermia (SIH) response is the transient rise in 
body temperature in response to stress that is mediated by the ANS. A SIH response is 
present in a variety of species, including rodents, baboons, impalas and chimpanzees 
(Vinkers et al 2008), and there is evidence that a SIH response exists in humans (Briese 
1995; Marazziti et al 1992). Therefore, the present study aimed to study the putative body 
temperature changes in response to stress in healthy young subjects of either sex. In 
addition, we measured other ANS-mediated parameters including heart rate, blood 
pressure and respiration rate. 
 
Here, we report that exposure to the Trier Social Stress Test (TSST), a standardized 
laboratory stress task, increased skin temperature on the upper arm in male and female 
subjects, whereas it resulted in a small but statistically significant decrease in intestinal 
core temperature in male subjects only. To our knowledge, this is the first study to 
establish a decrease in intestinal body temperature in response to stress. Interestingly, the 
drop in core body temperature in male as well as female volunteers negatively correlated 
with the increase in subjective stress levels, suggesting that intestinal temperature may 
constitute a sensitive physiological parameter to detect stress levels. Also, a robust 
increase in skin temperature over the deltoid muscle was established, which may be the 
result of both cutaneous vasodilatation as well as increased muscular metabolic rates. A 
number of studies have addressed the effects of stress on peripheral body temperature in 
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humans. Stress has been shown to increase axillary temperature (Gotsev and Ivanov 1950; 
Gotsev and Ivanov 1954; Marazziti et al 1992) as well as oral temperature (Briese 1995; 
Renbourn 1960). In contrast to axillary and oral temperature, peripheral finger 
temperature was found to decrease when listening to “negative” music (McFarland 1985). 
In support, finger temperature decreased up to 13.5 °C (!) in 45 out of 47 subjects in 
affective states, whereas only a slight increase of forehead and cheek temperature in 
some subjects was observed (Mittelmann and Wolff 1939). There are non-human primate 
studies that report temperature changes after stress exposure with increased tympanic 
membrane temperature in chimpanzees (Parr and Hopkins 2000a) and decreased nasal 
temperature of rhesus monkeys (Nakayama et al 2005). Therefore, taken together, all 
previous studies suggest that both the direction and magnitude of stress-induced 
temperature changes may strongly depend on the sites of measurement.  
 
Our finding that intestinal core temperature decreased in response to stress is surprising, 
as rodent core temperature generally increases in response to stress, at least when body 
temperature is measured using either rectal temperature probes or telemetric equipment 
located in the abdominal cavity (Bouwknecht et al 2007; Vinkers et al 2008). The fact that 
we measured core body temperature inside the lumen of the small intestine may at least 
partially explain this discrepancy. Thus, it may be speculated that vasoconstriction inside 
the small intestine decreases core temperature, whereas a stress-induced vasodilatation 
could be present in the colon and/or peritoneal cavity. These findings are compatible with 
the concept of decreased gastric and small intestinal activity in response to stress when a 
fight-or-flight response is initiated (Martinez et al 2004). Preclinical stress-induced 
increases in the abdominal cavity temperature may then be the result of increased 
metabolic activity of abdominal organs including the liver, whereas stress-induced 
activation of the colon (see (Tache et al 2005)) results in increased colon evacuation and 
increases rectal temperature. The fact that abdominal organs including the liver actively 
produce heat complicates the interpretation of intestinal core temperature decrease. 
Unfortunately, studies addressing this specific topic are lacking.  
  

Moreover, we confirm and extend earlier findings that the exposure to the TSST leads to 
consistent increases in subjective stress levels as well as in heart rate and blood pressure 
independent of gender, whereas saliva cortisol increases were higher in male subjects 
(Fries et al 2006; Kirschbaum et al 1993; Kudielka et al 2004). The relative drop in heart rate 
levels during the middle part of the TSST can be ascribed to the transition between the 
first and second TSST task. Interestingly, respiration rate significantly increased prior to 
and during the first encounter with the stress committee but subsequently decreased 
throughout the TSST, while heart rate remained elevated. This may indicate that stress 
only induces short-lasting increases in respiration, or, alternatively, that orthostatic 
changes are responsible for these respiration-induced changes. 
 

In conclusion, the present study found robust increases in skin temperature but 
decreased intestinal core temperature in response to stress. Thus, an unconditioned 
stress-induced temperature response seems to be present in humans and may possess 
translational potential to study stress and anxiety in rodents as well as humans. Moreover, 
the fact that anxiolytic drugs including benzodiazepines and 5-HT1A receptor agonists 
consistently reduce the SIH response in rodents suggests that the SIH response could also 
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be applied as a translational pharmacological tool (Bouwknecht et al 2007; Vinkers et al 
2008). If human central or peripheral changes in body temperature after stress exposure 
could be altered using a clinically effective anxiolytic drug (e.g. benzodiazepines), this 
would increase the translational potential of this approach. Moreover, as a dysfunctional 
autonomic nervous system is often present in anxiety disorders, heightened or blunted 
physiological stress responsivity may be detected with body temperature measurements. 
Our results also indicate that a direct translation of the preclinical SIH paradigm to a 
human version is not without difficulty as the direction of stress-induced temperature 
changes does not coincide and human thermoregulation may be more complex and 
differentiated compared to rodents. However, our finding that stress-induced changes in 
body temperature are present in humans indicates that body temperature changes 
possess translational potential and may constitute a novel approach to study stress 
responsivity in humans. 
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General discussion  

The research described in this thesis shows that the body temperature response to stress 
(stress-induced hyperthermia (SIH)) can be employed to study stress in its broadest sense 
with a wide variety of applications. In this thesis, we examined the pharmacological, 
genetic and mechanistic backgrounds of stress and their possible consequences at the 
receptor level using the SIH paradigm. An important finding of the current research is that 
the SIH paradigm is suitable to assess the acute and chronic effects of α subunit-selective 
GABAA receptor agonists. Using novel and selective ligands, the SIH paradigm is able to 
dissect the contributions of the different α subunits (chapter 3 and 5). Importantly, we 
confirm putative anxiolytic effects for GABAA receptor α2/3 subunit agonists (chapter 3) 
which do not result in the development of tolerance after chronic treatment (chapter 5). 
Moreover, we show that the α1 subunit may be involved in hypothermia, whereas the α5 
subunit is not directly involved in the anxiolytic or hypothermic effects of 
benzodiazepines (chapter 3 and 5) (for a review on the GABAA and GABAB receptor and 
the SIH paradigm see part II of chapter 15). Importantly, rapid tolerance occurred after 
chronic treatment with the non subunit-selective benzodiazepine diazepam but not after 
chronic activation of the α1, α2/3 or α5 subunit. Together, these data indicate that selective 
GABAA receptor α2/3 subunit agonists constitute a promising class of novel anxiolytics. In 
addition to the GABAA receptor studies, we confirm and extend the findings that a variety 
of putative anxiolytic ligands including CRF1, nicotinic, serotonergic and glutamatergic 
receptor ligands reduce the SIH response (chapter 8, 10). In contrast, the SIH response is 
not sensitive to the effects of non-steroidal anti-inflammatory drugs (NSAIDs), indicating 
that the SIH is distinct from infection-induced fever (chapter 7). Genetically modified 
point-mutated mice have importantly contributed to the elucidation of the function of 
different GABAA receptor α subunits. Therefore, future studies could adopt this genetic 
strategy and combine it with the SIH paradigm to confirm and extend the results 
described in this thesis. Based on the current findings, it may be interesting to study 
whether benzodiazepine-induced hypothermia is reduced or absent in α1-point mutated 
mice.  
 
Moreover, we provide evidence that the SIH response can be used to investigate the 
functional interactions of different neurotransmitter systems in response to stress 
(chapter 4 and 6). This is important as different neurotransmitter systems intricately 
cooperate to generate a coordinated stress response, and multiple dysfunctional 
neurotransmitter systems may contribute to the development of stress-related disorders. 
In this thesis, we show that high levels of CRF in the central nervous system modulate the 
GABAA and metabotropic glutamate receptor system (chapter 10). Moreover, the SIH 
paradigm is sufficiently sensitive to establish adult benzodiazepine insensitivity which is 
the result of a transient early-life disruption of the serotonin system (chapter 6) (for a 
review on the role of the 5-HT system in the SIH paradigm see part III of chapter 15). 
 
The consistent and rather selective effects of different drug classes suggest that the SIH 
paradigm may be of additional value in stress-research and could be employed to assess 
the putative anxiolytic potential of a drug. Because the SIH response is unconditioned and 
normally does not habituate, pharmacological interventions can be repeatedly carried 
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out. This constitutes a major advantage of the SIH paradigm over other stress and anxiety 
paradigms, and acute SIH tests may cover a long period of time (we have tested mice 
once per week for up to one year without interfering habituation processes). This not only 
reduces the number of animals but, essentially, allows for repeated acute 
pharmacological challenges during chronic treatments (chapter 5). Future studies may 
adopt this approach in a variety of approaches. Benzodiazepine sensitivity may for 
example be studed during chronic serotonergic interventions. Also, a study that examines 
the putative protective effects of low doses of a GABAA receptor α2/3 subunit agonist 
during chronic mild stress or social defeat using the SIH paradigm is feasible. 
 
Interestingly, we found that the medial amygdala is not only directly involved in the SIH 
response but also alters sensorimotor gating and light-enhanced startle. However, the 
currently employed lesion technique also destroys fibers of passage, and SIH studies that 
use infusions of GABAergic drugs into the medial amygdala could be a valuable addition. 
Specifically, local infusions of α2/3 subunit-selecive GABAA receptor agonist into the medial 
amygdala may thus combine the pharmacological SIH evidence with the mechanistical 
SIH evidence to further elucidate the neurobiological basis of the SIH response. 
 
From a translational persecptive, the fact that we found that stress exposure differentially 
affects core and peripheral body temperature in healthy human volunteers, indicates that 
the SIH paradigm may indeed possess translational potential (chapter 14). The fact that a 
decrease in core temperature correlated with the subjective stress increase suggests that 
stress-induced core intestinal temperature changes may constitute a valid stress read out 
parameter. A placebo-controlled follow up study could examine the effects of a 
benzodiazepine on peripheral and core temperature. This way, the direction and 
amplitude of stress-induced temperature changes that are shown in the present study 
could be confirmed, but, more importantly, the translational pharmacological potential of 
the SIH paradigm could be assessed. If a benzodiazepine affects the SIH response in 
humans, this could open up possibilities to directly apply the SIH paradigm in a preclinical 
as well as clinical setting (for a review on the translational potential of the SIH paradigm 
see part IV of chapter 15). Another approach could constitute the examination of the SIH 
response in psychiatric patients. So far, studies on the basal SIH response in genetically 
modified mice with increased anxiety-like behavior have produced mixed results. 
However, it would be useful to study the basal body temperature and stress-induced 
body temperature levels in patients that suffer from stress-related disorders. 
 
Altogether, the present thesis shows that the SIH paradigm can be employed in 
preclinical and possibly clinical setups and provides an additional tool to examine the 
effects of stress in pharmacological, genetic and mechanistic studies. 
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1. The SIH paradigm 

Exposure to acute psychological or physical stress robustly increases core body 
temperature (stress-induced hyperthermia, SIH) which is part of the autonomic stress 
response (Vinkers et al 2008). The fact that perceived stressful occasions (e.g. during a 
movie or prior to a sporting contest) increase body temperature in humans has been 
known for a long time (Kleitman and Jackson 1950; Renbourn 1960). However, it was not 
until decades later that the SIH response was used as a putative rodent anxiety model 
when it was noticed that removing mice one by one from a group-housed cage 
reproducibly increased body temperature of the last mouse compared to the first (Borsini 
et al 1989). Later, this putative anticipatory anxiety model was improved to a singly-
housed version in which the rectal temperatures are measured twice with an interval of 
10 minutes (representing basal and stressed temperature values) (Zethof et al 1995). More 
recently, the advent of telemetric systems that can accurately measure body temperature 
has led to increasing application of such systems in SIH experiments (van Bogaert et al 
2006b; Vinkers et al 2009f).  
 
The predictive validity of the SIH model has proven to be very good, making it very 
suitable to screen putative anxiolytic drugs (Vinkers et al 2008). So far, drugs with 
anxiolytic properties such as GABAA and 5-HT1A receptor agonists as well as CRF 
antagonists have proven to attenuate the SIH response, whereas non-anxiolytic 
dopaminergic or noradrenergic drugs generally do not affect the SIH response 
(Bouwknecht et al 2007). Moreover, acute administration of selective serotonin reuptake 
inhibitors and tricyclic antidepressants have no effect on the SIH response (Bouwknecht 
et al 2007). So far, chronic treatment with antidepressants has not resulted in altered SIH 
responses either.  
 
Ionotropic (GABAA) and metabotropic (GABAB) receptors are ubiquitously expressed in the 
central nervous system (Castelli et al 1999; Pirker et al 2000). The GABAA receptor 
(GABAAR) has been known to be closely involved in the acute stress response and 
clinically relevant anxiolytic drugs such as benzodiazepines and most anesthetics act on 
this receptor (Rudolph and Mohler 2006), whereas evidence for a role of the GABAB 
receptor in anxiety has more recently accumulated (Cryan and Holmes 2005; Cryan et al 
2004). Both drugs acting on the GABAA and the GABAB receptor are generally able to 
attenuate the SIH response, and this review therefore presents a detailed overview on the 
effects of both drug classes in the SIH paradigm. SIH is an unconditioned, consistent and 
robust response, and the SIH test is easy to perform in acute and chronic setups. 
Moreover, the SIH model is able to measure the effects of anxiolytic drugs on the SIH 
response as well as basal body temperature. As the GABA receptor family is diverse and 
complex, this model may contribute to the elucidation of the putative effects of 
GABAergic drugs in emotional disorders such as anxiety and depression. 
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Figure 1: Schematic representation of the GABAA receptor. 

 
2. The GABAA receptor (GABAAR) 
GABAARs are ligand-gated ion channels that mediate fast inhibitory effects and are 
ubiquitously present in the central nervous system (Figure 1), even though a typical 
central subunit distribution seems to exist (Pirker et al 2000; Wisden et al 1992). When 
GABA binds, chloride ions flow into the neuron, resulting in a hyperpolarization of the cell 
membrane. GABAARs are found synaptically as well as extrasynaptically and are composed 
of five subunits with various possibilities per subunit (α1–6, β1–3, γ1–3, δ, ∈, θ and π) that 
assemble to form a pentameric ligand-gated chloride channel. The GABAAR displays a 
large molecular heterogeneity that depends on a variable subunit composition which 
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ultimately determines physiological and pharmacological receptor properties and 
contributes to flexibility in signal transduction and modulation (Rudolph and Mohler 
2006). The most common subtype is a pentamer with 2 α, 2 β and 1 γ subunit (Sibille et al 
2000). The fact that two different α subunits can co-exist in a single GABAA receptor adds 
to the variability of this receptor (Benke et al 2004). Different classes of pharmacological 
agents act on different sites on the GABAAR. Classic benzodiazepines bind to the GABAAR 
benzodiazepine modulatory site between the α and γ subunit. Other drug classes also 
bind to the GABAAR, such as alcohol, barbiturates and neurosteroids (Sieghart 1995).  
 
Classical (non-selective) benzodiazepines allosterically enhance the inhibitory actions of 
GABA by binding to GABAARs that contain α1, α2, α3 or α5 subunits in combination with a β 
and a γ2 subunit. Recently, genetic and pharmacological evidence has indicated that α 
subunits may differentially contribute to the various classical benzodiazepine effects such 
as anxiolysis, dependence, anticonvulsant activity, sedation and amnesia (Crestani et al 
2001; Rudolph et al 1999). More specifically, the α1 subunit (present in over 50% of all 
GABAARs) is thought to mediate the sedative and amnestic actions of benzodiazepines, 
whereas α2 and α3 subunits (present in 10–20% of all GABAARs) probably mediate the 
anxiolytic action of benzodiazepines (Dias et al 2005; Low et al 2000; McKernan et al 
2000). GABAAR α2 and α3 subunit involvement in the anxiolytic effects of benzodiazepines 
is derived from studies of knock-in mice that point to a role for the α2 subunit, whereas 
pharmacological experiments suggest a role for the α3 subunit. Currently, there is no good 
explanation for these apparent discrepancies.  
 

 
Figure 2: Concept of compound with a lower affinity (rounds, right line) or efficacy (triangles) for a GABAA 
receptor α subunits. 
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The development of compounds with contrasting binding affinities for all α subunits has 
proven to be difficult as the benzodiazepine binding site is probably highly conserved 
between different α subunits. Thus, compounds that are affinity-selective in vitro are 
generally less or even non-selective in vivo, and finding compounds with differential α 
subunit affinity is a difficult goal to achieve. More recently, an alternative approach 
resulted in the development of compounds with selective efficacy for different α subunits 
of the GABAAR. Such drugs generally bind with equal affinity to all α subunits, but 
selectively modulate the activity of one or some of them (Figure 2). Already earlier, partial 
agonists with lower efficacy at the GABAAR compared to classical benzodiazepines such as 
bretazenil and abecarnil were developed. These drugs display overall lower efficacy at all 
α subunits and were thought to have decreased side effects, but   resulted in severe 
sedation in humans (van Steveninck et al 1996). Moreover, in contrast to the GABAAR 
subtype specificity hypothesis, recently developed compounds with more α1 agonistic 
activity compared to the α2, α3 and α5 subunit appeared to be anxioselective in humans, 
indicating that the preclinical profile of GABAAergic compounds does not always predict 
the clinical effects (Lippa et al 2005; Popik et al 2006). A possible explanation for these 
results could be that compounds only need moderate efficacy at α2 subunits to produce 
anxiolysis, whereas high efficacy at α1 subunits is required for sedation. However, these 
results show that GABAAR pharmacology is complex and not fully understood. The 
concept that distinct GABAAR α subtypes generate the various clinical benzodiazepine 
effects remains valuable, and research on the GABAAR in stress and anxiety processes 
therefore   presents opportunities for the development of novel anxiolytic compounds. 
 
In addition to the efforts that have been made on compounds targeting the GABAAR α 
subunits, the γ subunit has also proven to influence benzodiazepine efficacy as the 
benzodiazepines binding site is located between the α and the γ subunit (Rudolph et al 
1999).  Interestingly, exchanging the abundant γ2 subunit for a γ3 subunit resulted in 
decreased benzodiazepine affinity, whereas the hypnotic CL218,872 (with 17-fold 
selectivity for the α1 subunit, (Wafford et al 1993)) displayed an increased affinity (Graham 
et al 1990). This suggests that a compound with αxγ3 affinity over αxγ2 affinity may 
constitute a novel target for the development of hypnotic or anxiolytic drugs. 
 
In summary, the search for new anxiolytic drugs has focused on subunit specific GABAAR 
agonists as such drugs are expected to dissociate anxiolytic from sedative effects. Prime 
candidates for non-sedating anxiolytic drugs appear to be compounds that lack activity at 
the α1-containing GABAAR while   modulating the α2 and/or α3 GABAAR subunit. These 
compounds could   exert anxiolytic effects, whereas side effects which currently limit 
benzodiazepine use (among which sedation, ataxia, amnesia, alcohol potentiation, 
tolerance development and abuse potential) would be absent.  
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Figure 3: Schematic representation of the GABAB receptor. 

 
3. The GABAB receptor (GABABR)  
The GABAB receptor is a G-protein coupled receptor consisting of a heterodimer made up 
of two subunits, GABAB(1) and GABAB(2), both of which are necessary for GABAB receptors to 
be functionally active (Calver et al 2002) (Figure 3). They are expressed both as 
presynaptic heteroreceptors and also postsynaptically, where they respectively modulate 
neuronal excitability. Heteroreceptors modulate the release of (excitatory) 
neurotransmitters, mainly via actions on presynaptic Ca2+ channels, and postsynaptic 
GABAB receptors activate slow inhibitory postsynaptic potentials via activation of 
inwardly-rectifying K+ channels. GABAB receptors also function as autoreceptors on 
interneurons. Additionally, GABAB receptors are negatively coupled to adenylyl cyclase, 
through which they influence downstream molecular pathways (Bettler et al 2004). 

There is a growing body of evidence indicating that GABAB receptors play a critical 
role in anxiety (Cryan and Kaupmann 2005). The prototypical GABAB receptor agonist, 
baclofen, has shown anxiolytic activity in some clinical settings. Baclofen reduced anxiety 
in post-traumatic stress disorder (PTSD) patients (Drake et al 2003), in alcoholics following 
alcohol withdrawal (Addolorato et al 2002; Addolorato et al 2006), in panic disorder 
(Breslow et al 1989) and in patients suffering from acute spinal trauma (Hinderer 1990). 
Baclofen has also demonstrated anxiolytic effects in several preclinical studies including 
ultrasonic vocalisation in rat pups (Nastiti et al 1991), increased punished drinking 
(Shephard et al 1992), elevated plus maze (Andrews and File 1993) (but see (Dalvi and 
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Rodgers 1996)) and in the social interaction and elevated plus maze tests following 
withdrawal of dependent rats from either diazepam or alcohol (File et al 1992; File et al 
1991a; File et al 1991b).  

Perhaps the strongest preclinical evidence to date for a role of GABAB receptors in 
anxiety was demonstrated by the phenotype of GABAB receptor-deficient mice. Deletion 
of either the GABAB(1) or GABAB(2) receptor subunits results in a complete loss of typical 
GABAB functions and induces a highly anxious phenotype in mice in exploratory-based 
tests of anxiety (Mombereau et al 2004; Mombereau et al 2005). Furthermore, the GABAB(1) 
subunit is predominantly expressed as one of two isoforms: GABAB(1a) or GABAB(1b), and 
deletion of these isoforms has differential effects on the acquisition and extinction of 
amygdala dependent conditioned aversive learning tasks (Shaban et al 2006). 

Although studies with the GABAB receptor agonist baclofen have supported a role 
for GABAB receptors in anxiety its hypothermic, sedative and muscle-relaxant profile in a 
wide range of different species limits its applicability as a tool for behavioral research and 
as a therapy in psychiatry (Bettler et al 2004; Cryan and Kaupmann 2005; Jacobson and 
Cryan 2005). Recently, positive modulators of the GABAB receptor have been developed. 
CGP7930 and its aldehyde analogue CGP13501 were the first GABAB receptor positive 
modulators to be characterised in vitro (Urwyler et al 2001). A subsequent, structurally 
distinct chemical series which includes the more efficacious GS39783 were published 
shortly thereafter (Urwyler et al 2003). More recently two new classes have been 
identified:  rac-BHFF (Malherbe et al 2008) and BHF177 (Jacobson et al 2008; Paterson et al 
2008). All of these compounds enhance both the potency and the maximal efficacy of 
GABA at GABAB receptors in vitro, via interactions with the 7-transmembrane domain of 
the GABAB(2) subunit, although they have little to no intrinsic action by themselves (Cryan 
et al 2004; Dupuis et al 2006).  CGP7930, rac-BHFF and GS39783 have also demonstrated 
GABAB receptor positive modulation properties in vivo. CGP7930 and rac-BHF177 
potentiated the loss-of righting effects of the GABAB receptor agonists baclofen and 
gamma-hydroxybutyrate (GHB) (Carai et al 2004; Malherbe et al 2008), while in a 
microdialysis study, GS39783 potentiated the inhibitory effects of baclofen on forskolin-
induced cAMP production in the rat striatum (Gjoni et al 2006).  Of particular note,  GABAB 
receptor positive modulators demonstrated anxiolytic profile in multiple rodent tests 
(Cryan et al 2004; Malherbe et al 2008) without showing the motor impairing hypothermic 
or cognitive impairing actions that are characteristic of full GABAB receptor agonists 
(Cryan et al 2004; Jacobson and Cryan 2008; Mombereau et al 2004).  
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Figure 4: Effects of non-subunit selective classical GABAA receptor agonist diazepam (A), the GABAA receptor α1 
subunit-selective agonist zolpidem (B), the partial GABAA receptor agonist bretazenil (C), and the combination of 
diazepam and GABAA receptor α1 subunit antagonist βCCt (D) on the SIH response in 129Sv/Ev mice. *: p<0.05; 
**: p<0.01; ***: p<0.001. Unpublished data. 
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4. Effects of GABAAergic drugs on the SIH response 

4.1 Effects of benzodiazepine site ligands  

Classical benzodiazepines  

Classical benzodiazepines (among which chlordiazepoxide, diazepam, oxazepam, 
nitrazepam and alprazolam) dose-dependently reduce the SIH response, and, at higher 
doses, also reduce basal body temperature in rodents (Bouwknecht et al 2007; Vinkers et 
al 2008). So far, all benzodiazepines that have been studied in the original group-housed 
and the singly-housed SIH model reduce the SIH response (Table 1). Therefore, studies 
that aim to assess the anxiolytic effects of different drug classes via the SIH paradigm 
often use benzodiazepines as a positive reference compound (Iijima et al 2007; Nordquist 
et al 2007; Stemmelin et al 2008). A typical example of the effects of the classical 
benzodiazepine diazepam on the SIH response in mice is shown in figure 4A. The SIH 
response is significantly decreased in drug-treated mice compared to vehicle-treated 
animals (one-way ANOVA with T1 and T2 as within-subject factor (SIH) and treatment as 
between-subject factor, diazepam x SIH interaction F2,26=3.27, p<0.05). Moreover, 
diazepam significantly reduced basal body temperature at both doses (main diazepam 
effect F1,26=15.67, p<0.001 with Dunnett’s multiple comparison as post-hoc test). As 
classical benzodiazepines bind to α1, α2, α3 and α5 subunits (Pritchett et al 1989; Pritchett 
and Seeburg 1990), their effects on both the SIH response and basal body temperature 
are mediated via these subunits. Flumazenil (Ro 15-1788), a silent non-selective GABAAR α 
subunit antagonist, dose-dependently reversed the diazepam effects on the SIH response 
and basal body temperature in mice (Olivier et al 2002). This illustrates the close 
involvement of the GABAAR α subunit in the benzodiazepine action on the SIH response 
as repeatedly has been shown that flumazenil does not influence the SIH response or 
basal body temperature levels (Olivier et al 2002; Pattij et al 2002b; Van Bogaert et al 
2006a).  
 

Benzodiazepine agonists 

If GABAAR α subunits indeed differentially contribute to the various effects of classical 
benzodiazepines, the question remains how more selective drugs for these GABAAR 
subtypes influence the SIH response and body temperature. So far, a number of drugs 
with α subtype selective activity has been tested in the SIH model (Table 3). Zolpidem, 
with 5-10 fold more selectivity for α1 subunits compared to α2/α3 subunits (Ebert et al 
2006), generally causes hypothermia without attenuating of the SIH response, indicating 
that the GABAAR α1 subunit is not directly involved in anxiolytic effects but plays a role in 
thermoregulatory processes. In rats, zolpidem reduced the SIH response, but this was 
most likely the result of strong hypothermic effects on basal body temperature that 
disturbed physiological homeostatic mechanisms (Vinkers et al 2009f). The hypothermic 
effects of zolpidem in mice are illustrated in figure 4B (main zolpidem effect F4,72=83.24, 
p<0.001). Zolpidem also affected the SIH response (zolpidem x SIH interaction F4,72=27.81, 
p<0.001). The apparent increase of the SIH response at lower doses is caused by a general 
body temperature reduction, allowing the SIH response to increase as the maximum body 
temperature is limited due to ceiling effects. At the highest dose, the reduction of the SIH 
response can be explained by the strong hypothermic and not necessarily anxiolytic 
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effects of zolpidem. However, zolpidem may demonstrate less α1 subunit selectivity in 
vivo compared to in vitro studies using recombinant receptors, and it is   possible that 
zolpidem may exert anxiolytic effects and reduce the SIH response in vivo via α2/3 subunits 
(Atack et al 1999). L838,417 is a compound with comparable affinity for the α1,2,3,5 subunits, 
but with no efficacy at the α1 subtype and partial agonistic efficacy at α2, α3 and α5 
subtypes (McKernan et al 2000). In three different mouse strains, L838,417 dose-
dependently reduced the SIH response without affecting basal body temperature (Van 
Bogaert et al 2006a), indicating that the SIH response and basal body temperature can be 
independently altered depending on the drug properties. A putative role for the GABAAR 
α3 subunit in the SIH response was confirmed using the GABAAR α3 subunit agonist TP003 
that attenuated the SIH response without affecting basal body temperature levels in both 
rats and mice (Dias et al 2005; Vinkers et al 2009e).  Recently, we tested an essentially α5 
selective compound which neither affected the SIH response nor caused hypothermia 
(unpublished data). This confirmed that activation of the α5 subunit is not essential for 
anxiolytic effects of classical benzodiazepines. There is increasing evidence for a role of 
the α5 subunit in cognitive processes however (Collinson et al 2002), and as a result, 
inverse α5 subunit agonists are being developed as cognition enhancers (Dawson et al 
2006). The low efficacy positive GABAAR modulator bretazenil was found to be ineffective 
in the SIH model in NMRI mice (Olivier et al 2002). The marginal effects of bretazenil on 
either the SIH response or basal body temperatures were confirmed in 129Sv/Ev mice 
(main bretazenil effect F3,61=0.82, p=0.49, NS, figure 4C). Interestingly, bretazenil 
significantly reduced the SIH response in this strain (bretazenil x SIH interaction F3,61.=2.70, 
p=0.05). These results are in line with previous research that showed an excellent non-
sedating preclinical profile for this drug (Potier et al 1988), even though later clinical 
studies showed that bretazenil   caused sedation (van Steveninck et al 1996).  
 

Benzodiazepine antagonists 

Based on these results, we hypothesize that the α2 and/or the α3 GABAAR subunit is 
involved in the attenuation of the SIH response, whereas GABAAR α1 subunit activation 
results in hypothermia. If hypothermia and sedation are both the result of GABAAR α1 
subunit activation, an absence of lower body temperatures after drug administration may 
indicate reduced sedative side effects. To test this hypothesis, we combined the classical 
benzodiazepine diazepam and the hypnotic zolpidem with the α1 subunit antagonist 
βCCt in rats (Vinkers et al 2009e) (Table 2).  βCCt is a compound with high affinity for the 
GABAA receptor α1 subunit compared to the α2, α3, and α4 subunits and with comparable 
low efficacy at all α subunits (Huang et al 2000). We found that administration of βCCt 
alone had no effect on either basal body temperature or novel cage-induced 
temperatures. However, prior injection with βCCt antagonized hypothermic effects of 
both diazepam and zolpidem. We replicated this finding in mice (figure 4D, unpublished 
results). Again, βCCt was able to reduce the diazepam-induced hypothermia (diazepam 
effect F2,64=34.17, p<0.001; βCCt x diazepam interaction F2,64=5.38, p<0.01) without 
affecting the diazepam effects on the SIH response (diazepam x SIH interaction 
F2,64=12.05, p<0.001; Diazepam x βCCt x SIH interaction F2,64=2.41, p=0.10, NS). βCCt alone 
did not affect the SIH response (βCCt x SIH interaction F1,64=0.23, p=0.64, NS). This 
supports the hypothesis that different GABAAR α subunits are responsible for SIH 
attenuation and hypothermia after benzodiazepine administration (Vinkers et al 2009e). 
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Inverse benzodiazepine agonists 

Recently, we showed that the inverse benzodiazepine agonist F7142 indeed resulted in 
hypothermia in rats, although only we only used a high dose (15 mg/kg) (Figure 5, 
unpublished results). However, acute administration of the inverse benzodiazepine 
agonists pentylenetrazole and FG-7142 did not result in an increased SIH response (Table 
3).  Inverse benzodiazepine agonists allosterically decrease the  binding of GABA and 
negatively influence constitutive GABAAR activity. These compounds display anxiogenic 
effects in various animal models of anxiety (Atack et al 2005; File and Baldwin 1987). In the 
SIH model, anxiogenic drugs would thus theoretically lead to an exaggerated SIH 
response. The fact that stress-induced body temperatures display a consistent maximum 
value above which stress does not further increase body temperature may explain why 
the SIH model is less appropriate for the screening of anxiogenic properties of drugs. 
Other temperature parameters, such as the area under the curve or latency to decrease to 
baseline after stress exposure could be used to screen for anxiogenicity instead, although 
such parameters have not been evaluated in the SIH model. Moreover, bimodal influences 
of inverse benzodiazepines on locomotor responses have been described (Savic et al 
2006). Therefore, inverse benzodiazepine agonists may exert increased hyperthermia or 
hypothermia as well depending on the dose. Further research with α subunit preferential 
inverse benzodiazepine agonists (such as α3IA, (Atack et al 2005)) is needed to elucidate 
the exact effects of inverse benzodiazepine agonists in the SIH model.   
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Figure 5: Effects of GABAA receptor inverse agonist F7142 (15 mg/kg, IP) on the SIH response in 
Wistar rats (n=9) ***: p<0.001. Unpublished data. 
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4.2 Effects of other drugs binding to the GABAAR  
 

Alcohol 

The GABAAR has been implicated in the anxiolytic effects of alcohol. Generally, alcohol is 
thought to affect the tonic inhibition generated by extrasynaptic GABAARs that contain α4, 
α6 and δ subunits (Wallner and Olsen 2008), whereas modulation of synaptic GABAARs is 
only present at higher concentrations (Jia et al 2008). However, alcohol also enhances 
inhibition via a GABAAergic presynaptic mechanism in various brain areas including the 
amygdala (Roberto et al 2003). At higher doses, alcohol can also modulate excitatory N-
methyl-D-aspartic acid (NMDA) and non- NMDA glutamate receptors, serotonin and 
glycine receptors, as well as potassium and calcium channels (Dopico and Lovinger 2009; 
Harris 1999). 
 
In the SIH model, alcohol consistently decreases the SIH response in rats as well as mice, 
although the effects on basal body temperature appear strain dependent (Table 5). In 
figure 6A, a typical example of the effects of alcohol on the SIH response is shown. Here, 
alcohol reduced the SIH response (alcohol x SIH interaction, F3,72=8.58, p<0.001), whereas 
it reduced the basal body temperature at the highest dose (main alcohol effect, 
F3,72=10.28, p<0.001, with Dunnett’s multiple comparison as post-hoc test). Although 
acute administration of alcohol is known to possess an anxiolytic profile, these effects are 
not identical to those of classic benzodiazepines (Langen et al 2002). The question 
remains whether this putative anxiolytic alcohol effect is mediated by synaptic or 
extrasynaptic GABAAR activation. The fact that δ-subunit deficient mice demonstrate a 
normal anxiolytic and hypothermic response to alcohol suggests that the discussion on 
the (exra)synaptic mechanism by which alcohol activates the GABAAR is   ongoing 
(Mihalek et al 1999).  
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Figure 6: effects of GABAA receptor modulator alcohol (A), GABAA receptor GABA site agonist muscimol  
(B) and  GABAA receptor GABA site antagonist bicucculine (C) on the SIH response in 129Sv/Ev 
mice (n=10-16). *: p<0.05; **: p<0.01; ***: p<0.001. Unpublished data.  



Chapter 15.2 

254 

 

 

 
Table 1: Effects of classical benzodiazepines on the basal body temperature (T1, hypothermia) and the stress-
induced hyperthermia (SIH) response. G-SIH: group-house SIH model, including the injection-stressor interval 
(minutes). PO: oral, IP: intraperitoneal. 
 

Compound Species 
Dose 

(mg/kg) 
Rou

te 

Hypo 
thermi

a 
SIH ↓ Remarks Ref. 

Alprazolam 

Mouse (NMRI) 0.3-3 PO Y Y G-SIH 
(Zethof et al 

1995) 

Mouse (Swiss) 0.15-0.6 IP N Y G-SIH, 45min 
(Lecci et al 

1990b) 

Mouse (NMRI) 0.3-3 PO Y Y  
(Olivier et al 

2002) 

Mouse (NMRI) 0.3-3 PO Y Y  
(Olivier et al 

2003) 

Mouse (129/Sv) 0.3-3 PO Y Y 
vs. 5-HT1AR 

KO mice 
(Pattij et al 

2002b) 

Mouse (DBA/J) 0.3-3 PO N Y  
(Rorick-Kehn et 

al 2005) 

Mouse (DBA/J) 2.5-10 PO N Y  
(Rorick-Kehn et 

al 2005) 

Mouse (OF1/IC) 0.3-10 PO N Y  
(Spooren et al 

2002) 

Chlor-
diazepoxide 

Mouse 15 IP N Y vs α2KO mice 
(Dias et al 

2005) 

Mouse (Swiss) 7.5-25 PO N Y G-SIH 
(Lecci et al 

1990b) 

Mouse (NMRI) 3-30 PO Y Y  
(Olivier et al 

2003) 

Mouse (NMRI) 3-30 PO Y Y  
(Olivier et al 

2002) 

Mouse (OF1, 
NMRI, FVB/NJ) 

10 PO N Y 
As a 

reference 

(Jacobson and 
Cryan 2008; 

Nordquist et al 
2007; 

Stemmelin et 
al 2008) 

Mouse (DBA/J) 2.5-10 PO N Y  
(Rorick-Kehn et 

al 2005) 

Mouse (OF1/IC) 0.3-10 PO N Y  
(Spooren et al 

2002) 
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Table 1 (continued)  
 

Compound Species 
Dose 

(mg/kg) 
Route 

Hypo 
thermia 

SIH 
↓ 

Remarks Ref 

Diazepam 

Mouse (Swiss) 2.5-5 PO ? Y 
G-SIH, 30 

min 
(Borsini et al 

1989) 

Mouse (Swiss) 1.25-5 PO N Y 
G-SIH, 50 

min 
(Chen et al 

2003) 

Mouse (NMRI) 3-12 PO Y Y G-SIH 
(Zethof et al 

1995) 

Mouse (NMRI) 3-12 PO Y Y  
(Olivier et al 

2003) 

Mouse (NMRI) 3-12 PO N Y  
(Groenink et al 

1996b) 

Mouse (129Sv, B6, 
SW) 

1-4 IP Y Y  

(Van Bogaert et 
al 2006a; 

Vinkers et al 
2008) 

Rat (Wistar) 1-4 IP N Y  
(Vinkers et al 

2009e) 
Mouse (NMRI, 

Balb/c) 
1-12 PO Y Y  

(Olivier et al 
2002) 

Mouse (129Sv) 1-4 SC N Y  
(Pattij et al 

2001) 

Mouse (ICR) 1 IP N Y 
as a 

reference 

(Iijima et al 
2007; Satow et 

al 2008) 

Mouse (OF1/IC) 0.1-3 PO N Y  
(Spooren et al 

2002) 

Mouse (Swiss) 5 PO N Y  
(Chen et al 

2004a) 

Mouse (NMRI) 0.3-3 PO Y Y  
(Van der 

Heyden et al 
1997) 

Estazolam Mouse (Swiss) 0.5-1 PO N Y 
G-SIH, 
45min 

(Lecci et al 
1990b) 

Nitrazepam Mouse (Swiss) 2-4 PO ? Y 
G-SIH, 30 

min 
(Borsini et al 

1989) 

Oxazepam 

Mouse (NMRI) 0.3-3 PO N Y  
(Olivier et al 

2002) 

Mouse (OF1/IC) 5-10 PO N Y  
(Spooren et al 

2002) 

Mouse (NMRI) 0.3-3 PO N Y  
(Olivier et al 

2003) 
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Table 2: Effects of benzodiazepines inverse agonists and antagonists on the basal body temperature (T1, 
hypothermia) and the stress-induced hyperthermia (SIH) response.  G-SIH: group-house SIH model, including the 
injection-stressor interval (minutes). PO: oral, IP: intraperitoneal. 

 

Compound Species 
Dose 
(mg/k

g) 

Rout
e 

Hypot
hermi

a 
SIH ↓ 

Remar
ks 

Ref 

βCCt Rat (Wistar) 3-20 IP N N  
(Vinkers et al 

2009e) 

Flumazenil 
 

Mouse (129Sv, B6, 
SW) 

3-30 PO N N  
(Van Bogaert et al 

2006a) 

Mouse (NMRI) 1-30 PO N N  
(Olivier et al 

2002) 

Mouse (129Sv) 3-30 SC N N 
vs. 5-
HT1AR 

KO 

(Pattij et al 
2002b) 

FG-7142 
Mouse (NMRI) 1-10 PO N N  

(Olivier et al 
2002) 

Rat  (Wistar) 15 IP Y Y  
Present 
study 

Pentylenetrazole 
 

Mouse (NMRI) 7.5-30 SC Y Y 

G-SIH , 
only at 

30 
mg/kg 

(Zethof et al 
1995) 

Mouse (NMRI) 7.5-30 PO Y N  
(Olivier et al 

2002) 

Mouse (129Sv) 7.5-30 SC Y N 

vs. 5-
HT1AR 

KO 
mice 

(Pattij et al 
2002b) 
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Table 3: Effects of benzodiazepines agonists (including combinations with antagonists) on basal body 
temperature (T1, hypothermia) and the stress-induced hyperthermia (SIH) response. G-SIH: group-house SIH 
model, including the injection-stressor interval (minutes). PO: oral, IP: intraperitoneal. 

 

Compound Species 
Dose 

(mg/kg) 
Route 

Hyp
o 

ther
mia 

SIH 
↓ 

Remarks Ref 

Alpidem Mouse (NMRI) 1-30 PO Y Y  
(Olivier et al 

2002) 

βCCt + 
diazepam 

Rat (Wistar) 10 + 4 IP N Y  
(Vinkers et al 

2009e) 

βCCt +zolpidem Rat (Wistar) 10 + 10 IP N Y  
(Vinkers et al 

2009e) 

Bretazenil 

Mouse (NMRI 1-30 PO N N  
(Olivier et al 

2002) 

Mouse 
(129Sv/Ev) 

3-30 IP N Y  
Current 

study(Olivier 
et al 2002) 

Flumazenil 
+diazepam 

Mouse (NMRI) 
10-30  

 +  
3-6 

PO N Y/N 

Flumazenil 
reverses 

DZP effects 
on SIH and 

T1 

(Olivier et al 
2002) 

L838,417 
Mouse (129Sv, 

B6, SW) 
3-30 PO N Y  

(Van Bogaert 
et al 2006a) 

TP003 

Mouse (α2 
and WT) 

1 IP N Y  
(Zethof et al 

1995) 

Rat (Wistar) 0.3- IP N Y  
(Vinkers et al 

2009e) 

Zolpidem 

Rat (Wistar) 3-30 IP Y Y  
(Vinkers et al 

2009e) 

Mouse (129Sv, 
B6, SW) 

3-30 PO Y Y/N 
No SIH 

reduction in 
129Sv mice 

(Vinkers et al 
2009e) 

Mouse (NMRI) 0.3-30 PO Y N 

Only 
highest 

dose effect 
on T1 

(Olivier et al 
2002) 

Mouse (NMRI) 0.3-30 PO Y N 

Only 
highest 

dose effect 
on T1 

(Olivier et al 
2003) 
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Table 4: Effects of GABA site binding GABAAR agonists on the basal body temperature (T1, hypothermia) and the 
stress-induced hyperthermia (SIH) response. G-SIH: group-house SIH model, including the injection-stressor 
interval (minutes). PO: oral, IP: intraperitoneal. 

 

Compound Species 
Dose 

(mg/kg) 
Route 

Hypot
hermia 

SIH ↓ Remarks Ref 

THIP Rat (Wistar) 0.3-10 IP Y Y  
(Vinkers 

et al 
2009e) 

Muscimol 
Mouse 

(129Sv/Ev) 
1-5 IP Y Y  

Current 
article 

Bicucculine 
Mouse 

(129Sv/Ev) 
2-10 IP N N 

Only at highest 
dose due to 

hyperthermia 

Current 
article 

 
 

Compounds acting on the GABA binding site  

Endogenous GABA can bind at two different GABA binding sites located between the α 
and β GABAAR subunits (Amin and Weiss 1993; Boileau et al 1999). Exogenous compounds 
that can bind to the same binding sites include agonists muscimol and gaboxadol as well 
as the antagonist bicuculline (Ebert et al 1994). Endogenous and exogenous ligands have 
different affinity for the two GABA binding sites as one GABA binding site is flanked by a β 
and a γ subunit and the other by an α and a γ subunit (Baumann et al 2003) (Figure 1) 

.
  

 
Drugs that directly act on the GABA binding site have received limited attention in the SIH 
model. The putative anxiolytic drug gaboxadol (THIP) has a high efficacy at extrasynaptic 
receptors compared to GABA (Saarelainen et al 2008; Wafford and Ebert 2006). The δ 
subunit-containing GABAARs are often located extrasynaptically and perisynaptically and 
are thought to be involved in a continuous active inhibitory tone instead of the phasic 
inhibitory tone caused by intrasynaptic agonists (Farrant and Nusser 2005; Nusser et al 
1998). In rats, gaboxadol reduced basal body temperature and the SIH response only at 
the highest dose tested (10 mg/kg), whereas lower doses were ineffective (Vinkers et al 
2009e). The GABA binding site agonist muscimol dose-dependently reduced basal body 
temperature (Figure 6B, main muscimol effect, F3,42=43.34, p<0.001, with Dunnett’s 
multiple comparison as post-hoc test) and affected the SIH response due to basal 
temperature lowering effects (muscimol x SIH interaction, F3,42=2.90, p<0.05). Thus, GABA 
binding site agonists possess limited or no anxiolytic effect in the SIH model. The GABA 
binding site antagonist bicucculine did not alter the SIH response or basal body 
temperature (Bicucculine effect F3,43=1.40, p=0.26, NS; bicucculine x SIH interaction 
F3,43,=1.13, p=0.35, NS), although an increased body temperature at the highest dose is 
apparent (Figure 6C, unpublished results). Overall, for drugs acting at the GABA site, it 
seems likely that, at higher doses, agonists cause hypothermia whereas antagonists 
increase basal body temperature. The SIH response is generally unaffected except at high 
doses when interference with physiological thermoregulation occurs. So far, no clear 
anxiolytic effects of drugs acting at the GABA binding site have been found in the SIH 
model.  
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Table 5: Effects of GABAAR agonists acting on other sites than the benzodiazepine and GABA binding site on the 
basal body temperature (T1, hypothermia) and the stress-induced hyperthermia (SIH) response.  G-SIH: group-
house SIH model, including the injection-stressor interval (minutes). PO: oral, IP: intraperitoneal. 

  

Compound Species 
Dose 

(mg/kg) 
Route 

Hypo 
thermi

a 
SIH ↓ Remarks Ref 

Alcohol 

Rat (Wistar) 
0.3-3 
g/kg 

PO Y Y 
Only at 3 

g/kg 
(Vinkers et al 

2009e) 

Mouse (NMRI) 2-4 g/kg PO Y Y G-SIH 
(Zethof et al 

1995) 

Mouse (Swiss) 2-4 g/kg PO Y Y 
G-SIH, 45 

min 
(Lecci et al 

1990b) 

Mouse (NMRI) 2-4 g/kg PO Y Y 
Only at 4 

g/kg 
(Olivier et al 

2002) 
Mouse (129Sv, 
C57Bl/6, SW) 

2-4 g/kg PO Y Y  
(Vinkers et al 

2008) 

Mouse (129Sv) 1-4 g/kg PO N Y 
Vs 5-HT1A 

KO 
(Pattij et al 

2002b) 

Mouse (OF1/IC) 
15-30%, 
10ml/kg 

PO N Y  
(Spooren et al 

2002) 

Phenobarbital 

Mouse (NMRI) 1 IP N Y G-SIH 
(Dias et al 

2005) 

Mouse (Swiss) 10-20 IP N Y 
G-SIH, 75 

min 
(Lecci et al 

1990b) 

Mouse (NMRI) 30-100 PO N N  
(Olivier et al 

2002) 

 
 

Neurosteroids, barbiturates and general anesthetics 

Neurosteroids are strong and rapid potentiators of GABAARs, interacting with more than 
one steroid-binding site (Akk et al 2008; Hosie et al 2007). Recently, the GABAAR α1 subunit 
was found to be essential for the response to neurosteroids (Akk et al 2009). This generic 
pharmacological profile of neurosteroids is ascribed to a highly conserved amino acid 
(glutamine, Q241) in the GABAAR α subunits (Hosie et al 2009).  However, neursteroids 
have an increased potency at the α5 subunit (Rahman et al 2006) and extrasynaptic δ 
subunit-containing GABAAR receptors (Belelli and Lambert 2005). No neurosteroids have 
been tested in the SIH model yet. The putative anxiolytic effects of neurosteroids in other 
studies suggest that these drugs might be effective in the SIH model (Bitran et al 1991; 
Crawley et al 1986).  

Barbiturates bind to the GABAAR at the α subunit with distinct binding sites from 
the GABA and the benzodiazepine binding site (Sieghart 1995). Two studies found that 
phenobarbital was able to reduce the SIH response in mice, whereas another study that 
used higher doses did not find any effects (Table 5). At lower doses, barbiturates enhance 
GABA binding, although it potentiates GABAARs at moderate doses in the absence of 
GABA, and even block GABAARs at high doses (Steinbach and Akk 2001). Therefore, the 
anxiolytic effects of phenobarbital on the SIH response may depend on the applied dose.  
GABAAR-sensitive general anesthetics such as etomidate and propofol cause 
unconsciousness and immobility by acting on extrasynaptic tonic inhibitory α4/6β3δ and 
α4β3 GABAARs (Meera et al 2009). No anxiolytic properties have been ascribed to general 
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anesthetics, and, to our knowledge, these compounds have not been applied in the SIH 
model. 
 

4.3 Conclusion 
Altogether, a wide variety of GABAAergic compounds has been applied using the SIH 
paradigm. There is overwhelming evidence that classical benzodiazepines dose-
dependently reduce the SIH response. Subsequent studies that have applied GABAA 
subunit selective compounds as well as combination of agonists and antagonists have 
confirmed a role for the GABAAR α2/3 subunit in the reduction of the SIH response 
(anxiolytic effect), whereas the GABAAR α1 subunit primarily causes hypothermia. Thus, the 
effects of GABAAR compounds on basal body temperature and the SIH response can be 
dissociated. The effects of benzodiazepine inverse agonists on the SIH response and basal 
body temperature are complex and remain to be elucidated. However, a clear anxiogenic 
effect resulting in an increased SIH response does not seem likely. Drugs that act on the 
GABA site of the GABAAR did not result in a reduction of the SIH response, although all of 
them caused hypothermia. Whereas alcohol consistently decreases the SIH response, the 
effects of the barbiturate phenobarbital are not easily interpreted and might depend on 
the applied dose. 
 

5. Effects of GABABergic drugs on the SIH response 

Baclofen’s effects on SIH have been assessed (Olivier et al 2003). These studies show little 
anxiolytic effects at doses that do not alter baseline temperature. Given the ability of full 
GABAB receptor agonists to produce dose-dependent mechanistically-predicted 
temperature decreases (Jacobson and Cryan 2005) it is unlikely that the SIH paradigm will 
be sensitive enough to dissociate baseline changes in homeostatic physiology with the 
potential ability of full agonists to reverse stress-induced autonomic responses.  Similar 
problems also lie with assessing the effects of other classes of ligands such as nicotine 
(see (Bouwknecht et al 2007) for discussion) or certain GABAAR ligands (see above; and 
(Vinkers et al 2009f). The development of GABAB receptor positive modulators, which on 
the whole have no intrinsic effects on temperature, has allowed for the contribution of 
GABAB receptors to the SIH response to be better elaborated (Table 6). 
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Table 6: Effects of various GABABergic compounds on the SIH response and basal body temperature. 

  

Compound Species SIH ↓ 
Hypo 

thermia 
Dose 

(mg/kg) 
Ref 

Baclofen Mouse N Y 0-10 (Olivier et al 2003) 

Baclofen Mouse - Y 0-12 (Jacobson and Cryan 2005) 

GS39783 Mouse Y Y 0-100 PO (Cryan et al 2004) 

rac-BHFF Mouse Y N 0-100 (Malherbe et al 2008) 

CGP7930 Mouse Y N 0-100 (Jacobson and Cryan 2008) 

BHF177 Mouse Y Y 0-100 PO (Jacobson et al 2008) 

 
 
Initial studies characterized the effects of GS39783 on SIH where it was demonstrated that 
at oral doses from 0.1 – 30 mg/kg. GS39783 was able to counteract the SIH response 
(Cryan et al 2004) although the effect size was less than that garnered with 
benzodiazepines. The effects of CGP7930 on SIH were also demonstrated but these were 
less potent than chlordiazepoxide and than previously shown for GS39783, with only the 
100 mg/kg dose effective (Jacobson and Cryan 2008). Interestingly, the magnitude of the 
effect was relatively similar between both GABAB receptor modulators.  Recent studies 
with the novel modulator rac-BHFF (doses 3, 10, 30 and 100mg/kg, p.o.) demonstrated 
anxiolytic effects at all doses but with significance reached for 100 mg/kg dose only 
(Malherbe et al 2008). Preliminary data demonstrates that BHF177 at oral doses of 20 and 
30 mg/kg displayed an anxiolytic-like SIH test in mice (Jacobson et al 2008). However, 
given that BHF177, at doses over 40 mg/kg caused hypothermia - distinct from the lack of 
effect of other GABAB receptor positive modulators on temperature - the observed 
anxiolytic property in the SIH test must be viewed with caution and such effects requires 
further confirmation in paradigms not reliant on body temperature.  
 
 

6. Conclusion 

Although baseline temperature effects of GABAB receptor agonists preclude the drawing 
of any decisive conclusions on the role of this receptor in SIH, the development of novel 
GABAB receptor positive modulators does indeed suggest that this receptor is a novel 
mechanism for counteracting SIH. To date, all of the four classes of modulators have been 
able to significantly counteract SIH and this paradigm is ideal for assessing the anxiolytic 
potential of future GABAB receptor modulators. 
 
 



 

 



 

 

 

Chapter 15 

Part III 

 

Stress-induced hyperthermia, the 

serotonin system and anxiety 

 

 

 

Christiaan H. Vinkers 

Berend Olivier  

J. Adriaan Bouwknecht 

Lucianne Groenink 

Jocelien D.A. Olivier  

 

 

 

The Open Pharmacology Journal, in press  



Chapter 15.3 

264 

 

1. Introduction 

The serotonin (5-HT) system plays a key role in the pathophysiology of psychiatric 
disorders including mood and anxiety disorders (Millan 2003). Specifically, the 
serotonergic system has been implicated in changes that are present in stress-related 
disorders including alterations in appetite, sleep, mood, and cognition. In support, 
depressed patients have decreased plasma levels of tryptophan(Coppen et al 1973; 
Cowen et al 1989) and decreased CSF levels of the 5-HT metabolite 5-hydroxyindole 
acetic acid (5-HIAA) (Asberg et al 1976; Owens and Nemeroff 1998). 
 
A role for serotonin in stress-related disorders is further supported by the fact that 
clinically effective treatments for these disorders alter serotonergic neurotransmission. 
Selective serotonin reuptake inhibitors (SSRIs) increase serotonergic signaling by blocking 
the serotonin transporter (SERT) and are widely used in anxiety disorders and major 
depressive disorder (Vaswani et al 2003). Although evidence points at a dysfunctional 
serotonin system in depression and anxiety disorders, the underlying causes of these 
disorders are complex and may also involve other neurotransmitter systems including the 
noradrenaline and dopamine systems (D'Aquila et al 2000; Ressler and Nemeroff 2000). 
Moreover, serotonin can modulate the dopaminergic and noradrenalin systems, and vice 
versa (Benloucif et al 1993; Esposito 2006; Iyer and Bradberry 1996; Salomon et al 2006). 
Therefore, recent efforts have been made to develop serotonin-noradrenalin-dopamine 
reuptake inhibitors (which block the transporters for all three key biogenic amines, so-
called “triple reuptake inhibitors”) for the treatment of stress-related disorders (Skolnick et 
al 2003)  
 
The therapeutic potential of serotonergic interventions has resulted in a variety of 
preclinical approaches have been employed to study the serotonin system. Of these, the 
stress-induced hyperthermia (SIH) paradigm has been extensively used to study the 
serotonin system at a preclinical level (Borsini et al 1989; Vinkers et al 2008). The SIH 
response uses the transient rise in body temperature in response to a stressor which can 
be reduced using anxiolytic drugs including benzodiazepines and various serotonergic 
ligands (Bouwknecht et al 2007).  
 
Of the different neurotransmitter systems, the serotonin system has received ample 
attention in the SIH paradigm. Therefore, the present review aims to discuss the acute and 
chronic effects of serotonergic ligands on the SIH response as well as to present an 
overview of the SIH response and drug responsivity of genetically modified mice that lack 
or overexpress specific serotonergic receptor subtypes. First, the SIH paradigm will be 
shortly introduced, followed by an introduction on the 5-HT system and its role in 
affective disorders. Then, an overview of the different receptor subtypes of the 5-HT 
system that have been studied using the SIH paradigm is presented, including acute and 
chronic drug treatment as well as data from genetically modified animals. Finally, the 
possible role for the SIH model in the search for serotonergic interactions with other 
neurotransmitters systems is touched upon. 
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2. The SIH paradigm 

The first use of SIH in anxiety research occurred after it was noted that removing mice one 
by one from a group-housed cage increased body temperature of the last mouse 
compared to the first (the group-housed version of the SIH model) (Borsini et al 1989). 
Later on, this model was refined to a singly-housed version in which the rectal 
temperature was measured twice with an interval of 10 min (Van der Heyden et al 1997). 
Here, the first rectal temperature measurement (T1) is the basal unstressed core 
temperature that also functions as a stressor, whereas the second rectal temperature 
measurement (T2) is the stress-induced body temperature which is increased due to the 
stress experienced from the first temperature measurement.  The difference in 
temperature (ΔT = T2 – T1) is defined as the SIH response. A typical SIH response differs 
from species to species, but may range from 0.5 to 2°C. More recently, telemetric setups 
have enabled the continuous registration of body temperature responses to stress which 
opens up new possibilities for more advanced SIH studies (Vinkers et al 2009d; Vinkers et 
al 2009f). In anxiety research, it is difficult to find models with sufficient clinical predictive 
validity to support the translation of animal studies on anxiolytic drugs to clinical 
research. The highly reproducible and robust SIH response, combined with ease of 
testing, make the SIH paradigm very suitable for drug screening. It is a commonly used 
paradigm and different studies have investigated the effects of acute and chronic 
serotonergic drugs on the SIH response. Before we will discuss these studies into detail, 
we will take a closer look at the 5-HT system and discuss why the serotonin system may 
be important in stress and anxiety. 
 
 
 

3. Serotonin receptors and transporter  
3.1 The serotonin system 
Serotonergic effects are mediated by multiple receptor subtypes with distinct 
distribution, localization, receptor structure, and second messenger systems that exert 
many functions in the central nervous system (Nichols and Nichols 2008). The 5-HT 
receptor family consists of at least 14 structurally and pharmacologically distinct 
receptors, of which 13 are G-protein-coupled receptors and one (the 5-HT3 receptor) is a 
ligand-gated ion channel. Serotonergic neurons in the dorsal and median raphe nuclei of 
the brain stem are the main source of serotonin in the central nervous system. Serotonin, 
which is synthesized via tryptophan hydroxylase and L-amino acid decarboxylase, binds 
to all these different pre- and postsynaptic 5-HT receptors (Figure 1). Serotonergic 
receptors are distributed throughout the CNS, with a preferential presynaptic location in 
the raphe nuclei and a postsynaptical location in various limbic structures including the 
amygdala and the hippocampus (Burnet et al 1995; Chalmers and Watson 1991; 
Pompeiano et al 1992). In addition to a general pre- and postsynaptic distribution, 5-HT1A, 
5-HT1B and 5-HT1D receptors are also found as somatodendritic autoreceptors in the raphe 
nuclei which are pivotal in the control of serotonergic output to the frontal cortex as well 
as the hippocampus and is thought to be involved in the effects of SSRIs (Hjorth et al 
1997) . Moreover, the fact that specific 5-HT receptor subtypes may exist in different 
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isoforms (after gene splicing or post-transcriptional processes) indicates the true 
complexity of the 5-HT system (Barnes and Sharp 1999).  
 
Another important modulator of the 5-HT system is the serotonin transporter (SERT), an 
integrated membrane protein which is both localized at the terminal portion of the axon 
as well as at the cell body of 5-HT neurons (Chen et al 1992; D'Amato et al 1987; Hrdina et 
al 1990). The SERT is pivotal in the reuptake of serotonin from the extracellular space into 
the presynaptic neuron, regulating the extracellular serotonin concentration and thus 
affecting the 5-HT system. After reuptake, 5-HT is stored in vesicles or is degraded via the 
monoamine oxidase enzyme to 5-hydroxy-indole acetaldehyde (5-HIAA) (Murphy et al 
1998).  
 

 
Figure 1: schematic representation of serotonin (5-HT) in the terminal and synapse. G-protein coupled receptors 
are located presynaptically (5HT autoreceptor (5-HT1A/1B) or postsynaptically (5-HT1/2/4/5/6/7 receptors). 1) 5-HT is 
released from presynaptic neuron and binds to heterotrimeric G-protein postsynaptic receptor.  Heterotrimeric 
G protein complexes contain an alpha, beta and gamma subunit, which in the inactive state are bound to GDP. 
2) 5-HT acts on postsynaptic receptor and a change in the conformation of the postsynaptic receptor is induced. 
GDP is fosforylated to GTP and binds to the α subunit, which then becomes active. The ß and γ subunits are 
freed. 3)Extracellular 5-HT is taken up by the SERT into the presynaptic neuron. 4) Back in the presynaptic neuron 
5-HT is broken down by MOA to 5-HIAA or is being stored fore future release. MAO: Mono-amine oxidase. SERT: 
serotonin transporter; 5HIAA: 5-hydroxyindole acetic acid.  
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3.2 The role of the 5-HT receptor family in stress and anxiety  
Serotonergic receptors play a pivotal role in the modulation of behavioral, autonomic and 
endocrine stress responses. Of the serotonin receptor subtypes, the 5-HT1A receptor has 
been suggested to play a pivotal role in the pathophysiology of anxiety and depression 
(Gingrich and Hen 2001; Pucadyil et al 2005). Specifically, depression is associated with 
presynaptic 5-HT1A receptor upregulation and postsynaptic 5-HT1A receptor 
downregulation (van Praag 2004). Generally, 5-HT1A receptor agonists exert anxiolytic 
actions in rodents and humans (Millan 2003), and genetically modified 5-HT1A receptor 
knockout mice display increased anxiety behavior (Heisler et al 1998; Parks et al 1998; 
Ramboz et al 1998). Analysis of postmortem 5-HT1A receptor levels in humans after suicide 
have yielded inconclusive results ranging from an increase in 5-HT1A receptor binding 
(Arango et al 1995; Matsubara et al 1991; Meltzer 1990), to no differences (Arranz et al 
1994; Dillon et al 1991; Lowther et al 1997a; Stockmeier et al 1997). A recent postmortem 
study found decreased binding of the 5-HT1A receptor antagonist WAY-100635 to the 
orbitofrontal cortex in major depressive disorder patients (Stockmeier et al 2009). Imaging 
studies confirm that the WAY-100635 binding potential is significantly decreased in 
depressed patients (Drevets et al 2007), although the evidence is inconsistent (Parsey et al 
2006). The delay in the onset of SSRI efficacy may be ascribed to developing 5-HT1A 
receptor desensitization which may be pivotal to establish a clinical response to SSRIs. 
This idea is supported by the fact that co-administration of the beta-adrenergic/5-HT1A 
receptor antagonist pindolol may decrease SSRI latency of onset (Kinney et al 2000).  
 
In addition to 5-HT1A receptors, animal studies have implicated 5-HT1B receptors in the 
development of stress-related disorders. However, the exact involvement of the 5-HT1B 
receptor subtype in stress-related disorders is unclear due to the lack of a receptor-
specific ligand. 5-HT1B receptors are found as autoreceptors regulating the release of 5-HT 
and also act as heteroreceptors on non-serotonergic neurons (Moret and Briley 1997; 
Morikawa et al 2000).  
 
Studies on the involvement of 5-HT1B receptors in anxiety-related behavior are 
contradictory. 5-HT1B receptor agonists show anxiogenic-like effects (Lin and Parsons 
2002; Moret and Briley 2000) and overexpression of 5-HT1B autoreceptors results in 
increased basal but reduced stress-induced anxiety-like behavior in rats (Clark et al 2002; 
Clark et al 2004). In contrast, higher 5-HT1B autoreceptor mRNA levels are correlated with 
decreased anxiety-like behavior (Clark et al 2004; Kaiyala et al 2003; Neumaier et al 2002). 
Moreover, 5-HT1B receptor knockout mice do not display clear alterations in anxiety-like 
behavior, even though altered autonomic stress responses have been reported (Groenink 
et al 2003b; Zhuang et al 1999). Altogether, the role of 5-HT1B receptors in anxiety and 
depression is at best circumstantial and more research is necessary to draw conclusions 
on the involvement of these receptors in stress-related disorders. A far more convincing 
role for the 5-HT1B receptor is the involvement in impulse control and aggressivity that has 
been convincingly demonstrated (de Boer and Koolhaas 2005; Olivier et al 1995; Olivier 
and van Oorschot 2005; Saudou et al 1994). 
 
The precise function of 5-HT2 receptors in anxiety states is complex. There are studies that 
report 5-HT2A receptor upregulation on platelets in depression (Biegon et al 1990; Pandey 
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et al 1995; Pandey et al 1990), whereas others have reported a downregulation 
(Audenaert et al 2001). Therefore, it may be hypothesized that the effects of a 
dysfunctional 5-HT2A system may differentially affect receptor levels depending on the 
brain structure. In support, expression of the 5-HT2A receptor in the cortex of 5-HT2A 
knockout mice (with an increased anxiety-like behavior) normalized anxiety levels, 
suggesting that 5-HT2A receptors in the cortex are involved in anxiety-related processes 
(Weisstaub et al 2006). So far, brain imaging studies have shown mixed results (van Praag 
2004).. Activation of 5-HT2C receptors, including administration of agonists like 1-(m-
Chlorophenyl)piperazine (mCPP) and 6-Chloro-2-(1-piperazinyl)pyrazine (MK-212) results 
in anxiogenic and panic-like responses in humans (Charney et al 1987; Klein et al 1991; 
Lowy and Meltzer 1988) as well as animals (Bilkei-Gorzo et al 1998; Campbell and 
Merchant 2003; Kennett et al 1989), even though this seems to be dose-dependent (Kahn 
et al 1990). In line with this observation, 5-HT2C receptor antagonists have been reported 
to exert anxiolytic effects (Hackler et al 2007; Kennett et al 1995; Kennett et al 1997b; 
Wood et al 2001) and 5-HT2C knockout mice show decreased anxiety-like behavior (Heisler 
et al 2007). Interestingly, anxiogenic behavior induced by administration of SSRIs (e.g. 
fluoxetine) may be blocked by 5-HT2C receptor antagonists, indicating that acute 
anxiogenic effects that acutely occur after SSRIs may be attributed to stimulation of the 5-
HT2C receptor (Bagdy et al 2001).  

Overall, both 5-HT2A as well as 5-HT2C receptors are implicated in anxiety-like 
behavior and the contribution to an overall dysfunctional 5-HT system in various 
psychiatric disorders. As 5-HT2 receptors are known shown to modulate other 
neurotransmitter systems including GABAergic (Millan 2003), glutamatergic (Beique et al 
2007; Celada et al 2004) and dopaminergic neurons (Pehek et al 2006), 5-HT2 receptor-
mediated effects may be at least partially attributable to the downstream modulation of 
other neurotransmitter systems. 
  
The 5-HT3 receptor is a ligand-gated ion channel in contrast to the other G-protein-
coupled 5-HT receptors (Derkach et al 1989). Putative anxiolytic effects have been 
attributed to 5-HT3 receptor antagonists which may be mediated through 5-HT3A 
receptors in limbic structures (Artaiz et al 1995; Costall et al 1990; Jones et al 1988). 
However, knock out studies have not yielded a clear role for the 5-HT3A receptor in the 
regulation of anxiety and depression (Bhatnagar et al 2004). The contributions of 5-HT3A 
receptors may alternatively affect the genetic vulnerability to develop a dysfunctional 5-
HT system, and humans carrying an allelic variation (single nucleotide polymorphism) in 
the 5-HT3A receptor gene (C178T) exhibit lower scores for anxiety-related traits (Melke et al 
2003). Overall, the exact role of the 5-HT3 receptors in stress-related disorders has not 
been fully elucidated yet but does not seem to present a breakthrough in the treatment 
of anxiety disorders.  
 
5-HT4, 5-HT5, 5-HT6, and 5-HT7 receptors have received less attention compared to the 
other serotonergic receptors. Nonetheless, there is some evidence that some of these 
receptors may be involved in anxiety processes. Antagonizing or knocking out 5-HT4 
receptors reduces anxiety like behavior (Compan et al 2004; Kennett et al 1997a), 
although conflicting results exist (Artaiz et al 1998). No clear effects were found after 
knocking out 5-HT5A receptors in mice (Grailhe et al 1999). Pharmacological antagonism of 
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5-HT6 receptors is known to produce anxiolytic-like effects (Wesolowska 2008; 
Wesolowska and Nikiforuk 2007; Woolley et al 2004), although no anxious phenotype was 
found in 5-HT6 receptor knockout mice (Bonasera et al 2006). 5-HT7 receptor antagonists 
exert anxiolytic effects (Wesolowska et al 2006), and 5-HT7 receptor knockout mice do not 
display altered anxiety-like behavior (Guscott et al 2005; Roberts et al 2004a). In the 
various studies that address the role 5-HT4,5,6,7 receptors, there appears to be a discrepancy 
between pharmacological (anxiolytic effect) and genetic knockout studies (no anxiolytic 
effect), indicating that these receptors may not be constitutionally necessary to develop a 
normal anxiety-related phenotype. 
 
Beside 5-HT receptors, the SERT may also impact anxiety-like behavior. The SERT 
modulates the magnitude and duration of action of serotonin on both pre- and 
postsynaptic 5-HT receptors.  Knocking out the SERT gene or pharmacologically blocking 
the SERT increases anxiety-like behavior in mice (Ansorge et al 2004; Holmes et al 2003a; 
Holmes et al 2003b)and rats (Olivier et al 2008b). Moreover, the link between the 
polymorphism in the promoter region of the human SERT gene (5-HTTLPR) and stress-
related disorders has been established (Brown and Harris 2008), although a recent meta-
analysis yielded no evidence for an interaction between 5-HTTLPR genotype and adult 
stress- related behaviors (Risch et al 2009). Thus, if genetic vulnerability to depression is at 
least partially attributed to allelic variations in genes that influence the 5-HT system, such 
a predisposition to develop a dysfunctional 5-HT system does not seem to be the sole 
explaining factor in the development of stress-related disorders. 
 
The majority of the 5-HT receptor subtypes may be differentially involved in normal and 
stress-related behaviors. Of these different 5-HT receptors, the 5-HT1A and 5-HT2 receptor 
have been consistently shown to be closely involved in stress-related behavior. A complex 
interaction between the various 5-HT receptors, the SERT and other neurotransmitter 
systems is apparent, and it is beyond doubt that these interactions yield an extremely 
fine-tuned system. Therefore, it may not be surprising that disturbances in this system 
may lead to the development of psychiatric disorders.  
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Figure 2: Acute administration of the 5-HT1A receptor agonist flesinoxan (0-3 mg/kg, IP) reduced the SIH 
response as well lowers basal body temperature in Wistar rats (n=12). Error bars represent the S.E.M.. *: 
significant reduction of the SIH response (p<0.05); #: overall drug effect on basal body temperature (p<0.05). 
Unpublished data. 

 

4. Effects of serotonergic compounds on the SIH response  

4.1 Effects of 5-HT1A receptor ligands on the SIH response (Table 1) 
In line with a prominent role for the 5-HT1A receptor in anxiety processes, the studies on 
serotonergic drugs in the SIH paradigm has focused on 5-HT1A receptor agonists. The 5-
HT1A receptor agonist flesinoxan has received ample attention as an anxiolytic attenuating 
the SIH response (Bouwknecht et al 2000; Bouwknecht et al 2004a; Groenink et al 1996b; 
Olivier et al 2003; Zethof et al 1995). In rodents, flesinoxan generally reduces the SIH 
response at lower doses, although hypothermia at higher doses makes the anxiolytic 
effects less readily interpretable. In figure 2, a typical example is shown of the SIH-
reducing and hypothermic effects of flesinoxan in rats. Also, other 5-HT1A receptor 
agonists like 8-OH-DPAT (Lecci et al 1990a) and flibanserine (Borsini et al 1999), have also 
been shown to attenuate the SIH response. Using the classical group-housed SIH test, 
ipsapirone did not affect the SIH response (Zethof et al 1995), although it was effective in 
the singly-housed paradigm though only at high doses (40 and 60 mg/kg) that were not 
tested in the group-housed mice (Olivier et al 2003). Also, buspirone, registered as an 
anxiolytic in humans, dose-dependently decreases the SIH response in mice (Figure 3A), 
confirming earlier SIH studies (Lecci et al 1990a; Lecci et al 1990b; Spooren et al 2002; 
Zethof et al 1995). This effect is absent in 5-HT1A receptor KO mice (Van Bogaert et al 
2006a). 
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Table 1: Effects of 5-HT1A receptor ligands on basal body temperature (T1, hypothermia) and the stress-induced 
hyperthermia (SIH) response.  G-SIH: group-house SIH model, including the injection-stressor interval (minutes). 
PO: oral, IP: intraperitoneal. 

Drug Species 
Dose 

(mg/kg) 
Route 

Hypo 
thermi

a 

SIH 
↓  
 

Remarks Ref 

Ipsapirone 
Mouse (NMRI) 10-20 PO N N G-SIH, 60 min 

(Zethof et al 
1995) 

Mouse (NMRI) 10-60 PO N Y  
(Olivier et al 

2003) 

Flesinoxan 

Mouse (NMRI) 0.3-3 PO N Y G-SIH, 60 min 
(Zethof et al 

1995) 

Mouse (129Sv/Ola) 0.3-3 SC Y Y  
(Bouwknecht 

et al 2000) 
Mouse 

(129Sv/EvTac and 
C57Bl/6J) 

0.3-3 SC Y Y  
(Bouwknecht 
et al 2004b) 

Mouse (NMRI) 0.1-10 PO Y Y  
(Olivier et al 

2003) 

Mouse (129Sv) 0.3-3 SC Y Y  
(Pattij et al 

2002a) 

Mouse  (129Sv) 0.3-3 SC Y Y  
(Pattij et al 

2001) 

Mouse (129Sv, 
C57Bl/6J, Swiss) 

0.3-3 IP Y Y 
Three mouse 

strains 
compared 

(Vinkers et al 
2008) 

Buspirone 

Mouse (Swiss) 10 IP N Y G-SIH, 45 min 
(Lecci et al 

1990a) 

Mouse (NMRI) 10-20 PO N Y G-SIH, 60 min 
(Zethof et al 

1995) 

Mouse (NMRI) 10-60 PO N Y  
(Olivier et al 

2003) 
Mouse (129Sv, 

C57Bl/6J, Swiss) 
1-4 IP N Y 

Three strains 
compared 

(Van Bogaert 
et al 2006a) 

Mouse (CD-1) 5-10 IP Y Y G-SIH, 30 min 
(Borsini et al 

1999) 

8-OH-DPAT 
Mouse (Swiss) 2.5-10 SC Y Y G-SIH, 30 min 

(Lecci et al 
1990a) 

Mouse (NMRI) 1-10 SC Y Y  
(Olivier et al 

2003) 

Flibanserin Mouse (CD-1) 8-16 IP N Y 
5-HT1AR 

agonist, G-
SIH, 30 min 

(Borsini et al 
1999) 

WAY100635 Mouse (NMRI) 0.001-10 SC N N 
Hyperthermi
a at higher 

doses 

(Olivier et al 
2003) 

WAY100635 
+ flesinoxan 

Mouse (129Sv) 
1.0 + 0.3-

3 
SC N N 

WAY blocks 
flesinoxan 

effects on SIH 

(Pattij et al 
2001) 

S-UH301 Mouse (NMRI) 1-30 SC N N 
5-HT1AR 

antagonist 
(Olivier et al 

2003) 

DU125530 Mouse (NMRI) 3-30 PO N N 
5-HT1AR 

antagonist 
(Olivier et al 

2003) 
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The hypothermic effects of 5-HT1A receptor agonists are in line with several preclinical and 
clinical studies (Bouwknecht et al 2000; Cryan et al 1999; Pitchot et al 2002; Pitchot et al 
2004). This effect is probably induced through presynaptic 5-HT1A autoreceptors (Cowen 
2000). The hypothermic effects of 5-HT1A receptor agonists are probably mediated via the 
medullary rostral raphe pallidus, leading to cutaneous vasodilatation and decreased 
brown adipose tissue thermogenesis (Dimicco and Zaretsky 2007; Ootsuka and Blessing 
2006a), and common descending thermoregulatory pathways via the rostral raphe 
pallidus may explain the fact that 5-HT1A receptor agonists reduce lipopolysaccharide-
induced fever (Blessing 2004; Nalivaiko et al 2005). Chronic treatment with SSRIs 
attenuates 5-HT1A agonist-induced hypothermia in healthy subjects (Lerer et al 1999; 
Sargent et al 1997) as well as in patients diagnosed with anxiety disorders and depression 
(Broocks et al 2003; Lesch et al 1991; Navines et al 2007), suggesting that desensitization 
of the somatodendritic 5-HT1A receptor is involved in SSRI effects. A more selective 5-HT1A 
receptor agonist that preferentially acts on postsynaptic receptors would be of value as it 
may aid in distinguishing putative postsynaptic anxiolytic effects from presynaptic 
hypothermic processes (Maurel et al 2007).  5-HT1A receptor knockout mice (1AKO) display 
an increased SIH response compared to wildtype mice after novel cage stress using 
telemetry but not after the manual rectal temperature measurement methods (Pattij et al 
2002a; Pattij et al 2001). This difference could be attributable to a differential stress 
responsivity in which a rectal temperature measurement - in contrast to novel cage stress 
- would not yield a different SIH response.  
 
Altogether, 5-HT1A receptor ligands reduce the SIH response and the SIH paradigm is thus 
sensitive to detect the anxiolytic effects of 5-HT1A receptor agonists. In support, the 5-HT1A 
receptor antagonist WAY-100635 is able to block the SIH-attenuating effects of 5-HT1A 
receptor agonists, while WAY-100635 (or other 5-HT1A receptor antagonists such as S-5-
fluoro-8-hydroxy-2-(dipropylamino)tetralin  (S-UH-301) and 2-[4-[4-(7-Chloro-2,3-dihydro-
1,4-benzdioxyn-5-yl)-1-piperazinyl]butyl]-1,2-benzisothiazol-3-(2H)-one-1,1-dioxide 
(DU125530)) have no intrinsic effects on the SIH response or basal body temperature 
(Olivier et al 2003). 
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Figure 3:  Effects of 5-HT1A receptor agonist buspirone (0-60 mg/kg, IP) and 5-HT7 receptor agonist 5-CT (0-5 
mg/kg) on basal body temperature and the SIH response in 129Sv mice (n=10-12). *: significant reduction of the 
SIH response (p<0.05); #: significant effect on basal body temperature (p<0.05). Error bars represent the S.E.M.. 
Unpublished data. 
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Table 2: Effects of other 5-HT receptor ligands on basal body temperature (T1, hypothermia) and the stress-
induced hyperthermia (SIH) response.  G-SIH: group-house SIH model, including the injection-stressor interval 
(minutes). PO: oral, IP: intraperitoneal. 
 

Drug Species Dose 
(mg/kg) 

Route Hypoth
ermia 

SIH 
↓ 

Remarks Ref 

TFMPP Mouse 
(Swiss) 

5-20 IP N N 5-HT1A/B agonist, 
G-SIH, 45 min 

(Lecci et al 
1990a) 

Mouse 
(NMRI) 

3-30 PO Y Y 5-HT1A/B agonist (Olivier et al 
2003) 

RU24969 Mouse 
(NMRI) 

3-30 PO Y Y 5-HT1A/B agonist (Olivier et al 
2003) 

Aniprotilin Mouse 
(NMRI) 

1-10 PO Y N 5-HT1B agonist (Olivier et al 
2003) 

DOI Mouse 
(NMRI) 

0.3-3 PO Hyperth
ermia 

Y, 
hype

r 
ther
mia 

5-HT2A/c agonist, 
G-SIH 

(Zethof et al 
1995) 

Mouse 
(NMRI) 

0.3-10 PO N N 5-HT2A/c agonist (Olivier et al 
2003) 

mCPP Mouse 
(Swiss) 

2.5-5 IP N N 5-HT2c agonist, G-
SIH, 45 min 

(Lecci et al 
1990a) 

Mouse 
(NMRI) 

1-10 PO N N 5-HT2c agonist, G-
SIH, 60 min 

(Zethof et al 
1995) 

Mouse 
(NMRI) 

3-30 PO N N 5-HT2c agonist (Olivier et al 
2003) 

Mouse 
(129Sv, 

C57Bl/6J, 
Swiss) 

1-10 IP Y/N N 5-HT2c agonist This review 

Ketanserin Mouse 
(Swiss) 

0.1-0.2 IP N N 5-HT2A/2C 
antagonist, G-SIH, 

60 min 

(Lecci et al 
1990a) 

Mouse 
(NMRI) 

1-10 PO N N 5-HT2A/2C 
antagonist, G-SIH, 

60 min 

(Zethof et al 
1995) 

Mouse 
(NMRI) 

1-10 PO Y N 5-HT2A/2C 
antagonist 

(Olivier et al 
2003) 

Ritanserin Mouse 
(Swiss) 

0.1-0.2 IP N N 5-HT2A/2C 
antagonist, G-SIH, 

60 min 

(Lecci et al 
1990a) 

Mouse 
(NMRI) 

1-30 PO Y Y 5-HT2A/2C 
antagonist 

(Olivier et al 
2003) 
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Table 2 (continued). 
 

Drug Species Dose 
(mg/kg) 

Route Hypot
hermi

a 

SIH 
↓ 

Remarks Ref 

DAU6215 Mouse (CD-1) 1-100 
μg/kg 

IP N N 5-HT3 
antagonist. G-

SIH, 45 min 

(Borsini et al 
1993) 

Ondansetron Mouse 
(Swiss) 

0.1-100 
μg/kg 

IP N N 5-HT3R 
antagonist, G-

SIH 

(Lecci et al 
1990a) 

Mouse 
(NMRI) 

0.1-100 
μg/kg 

IP N N 5-HT3R 
antagonist, G-

SIH 

(Zethof et al 
1995) 

Mouse (CD-1) 1-100 
μg/kg 

IP N N 5-HT3R 
antagonist, G-

SIH 45 min 

(Borsini et al 
1993) 

Mouse 
(NMRI) 

0.001-1 IP N N 5-HT3R 
antagonist 

(Olivier et al 
2003) 

MCPB Mouse 
(NMRI) 

1-10 PO N N 5-HT3R agonist (Olivier et al 
2003) 

Eltoprazine Mouse 
(NMRI) 

1-10 mg/kg IP Y/N (U 
shaped 
effect) 

N 5-HT1A/BR 
agonist, G-SIH 

(Zethof et al 
1995) 

LY53857 Mouse 
(Swiss) 

1.5-3 IP N N 5-HT2R 
antagonist, G-

SIH 

(Lecci et al 
1990a) 

5-CT Mouse 
(129Sv, 

C57Bl/6J, 
Swiss) 

0.5-2 PO Y N 5-HT7R agonist 
 

This review 

Mouse 
(129Sv, 

C57Bl/6J, 
Swiss) 

0.5-2 IP Y N (Van 
Bogaert et al 

2006a) 

Mouse 
(C57Bl/6J) 

1-5 IP Y N (Vinkers et 
al 2008) 

 

 
4.2 Effects of other 5-HT receptor drugs on the SIH response (Table 2) 
In contrast to the convincing SIH-reducing effects of 5-HT1A receptor agonists, other 
serotonergic drugs generally do not influence the SIH response (Bouwknecht et al 2007). 
Both the 5-HT1B receptor agonist eltoprazine (Zethof et al 1995)as well as TFMPP (Lecci et 
al 1990a) have no effect on the SIH response, and 5HT1B KO mice do not display altered SIH 
responses although an increased SIH response to novel cage stress as well as an increased 
basal body temperature have been reported (Groenink et al 2003b). Moreover, 5-HT2A/C 
receptor agonists and antagonists do not alter the SIH response. For example, no effects 
were found after administration of the 5-HT2A receptor agonist DOI (Zethof et al 1995), the 
5-HT2C receptor agonist mCPP or the 5-HT2A/C receptor antagonists ketanserin or ritanserin 
(Lecci et al 1990a; Zethof et al 1995). Although they do not affect the SIH response, 5-HT2 
receptor agonists increase and 5-HT2 receptor antagonists decrease basal body 
temperature levels (Nisijima et al 2001; Yamada et al 2001; Zethof et al 1995). 
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Interestingly, blockade of the 5-HT2 receptor has been implicated in hypothermia during 
antipsychotic use (van Marum et al 2007). Similar to 5-HT2A/C receptor ligands, 5-HT3 
receptor antagonists are ineffective in reducing the SIH response. Both DAU6215 (Borsini 
et al 1993) and ondansetron (Olivier et al 2003; Zethof et al 1995) did not alter the SIH 
response.  

 
The 5-HT7 receptor agonist 5-carboxytryptamine (5-CT) induces hypothermia without 
affecting the SIH response (Figure 3B), an effect that has also been reported in guinea-
pigs (Hagan et al 2000) and mice (Guscott et al 2003). 5-HT7 receptor antagonists have 
been suggested to exert anxiolytic effects (Wesolowska et al 2006), although 5-HT7 

receptor agonist and antagonists do not alter the SIH response (Van Bogaert et al 2006a; 
Vinkers et al 2008).  
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Figure 4: Acute administration of the SSRI escitalopram (0-30 mg/kg, IP) does not affect the SIH response in 
Wistar rats (n=11), but it lowers basal body temperature. #: overall drug effect on basal body temperature 
(p<0.05). Error bars represent the S.E.M. Unpublished data. 
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4.3 Effects of acute and chronic serotonergic treatment on the SIH response 
(Table 3 and 4) 

Chronic treatment with tricyclic antidepressants or SSRIs remains the mainstay in the 
management of major depressive disorder and anxiety disorders. SSRIs selectively bind to 
the SERT and inhibit 5-HT reuptake which results in an increase of extracellular 5-HT. The 
majority of TCAs act primarily as serotonin-norepinephrine reuptake inhibitors (SNRIs) by 
blocking the SERT and the norepinephrine transporter (NET), resulting in an increase of 
the extracellular concentrations of these neurotransmitters, and thereby enhances their 
neurotransmission (Gillman 2007; Tatsumi et al 1997). An acute single bolus of a SSRI or 
TCA does not alter the SIH response as has been reported for fluvoxamine, escitalopram, 
desipramine, imipramine, fluoxetine, and amitriptyline (Lecci et al 1990b; Olivier et al 
2003; Zethof et al 1995). In general, some serotonergic antidepressants induce 
hypothermia without affecting the SIH response. Figure 4 shows the typical hypothermic 
(with no effect on the SIH response) of acute escitalopram administration in Wistar rats 
(unpublished data). Besides escitalopram, fluoxetine, desipramine and amitryptiline have 
been shown to cause hypothermia without altering the SIH response (Table 3). In contrast, 
hypothermic effects of acute SSRI, TCA or serotonin modulating drugs may also be 
absent, for example with fluvoxamine, clorgyline, clomipramine imipramine and 
tianeptine. The apparent differences are unclear and do not seem attributable to the 
pharmacological profile of the compounds. Alternatively, the dose and/or strain may 
influence the hypothermic effects of antidepressants. 
 

In contrast to acute data, there is a paucity of data on the effects of chronic antidepressant 
treatment on the SIH response. Because SSRIs are effective in the treatment of anxiety 
disorders, chronic SSRI treatment would be expected to alter the SIH response. However, 
the evidence so far has been inconclusive, and the majority of the SIH studies using 
chronic administration do find no effect on the SIH response. In one study, chronic but 
not acute fluoxetine treatment reduced the SIH response in rats and mice (Conley and 
Hutson 2007). However, conflicting data exist whether chronic antidepressant treatment 
is able to reduce the SIH response, since Roche and colleagues did not find any 
attenuation in the SIH after chronic fluoxetine treatment in rats (Roche et al 2007). Also, 
no effects of chronic antidepressant treatment (fluoxetine, imipramine and amitriptyiline) 
on the SIH response were found in mice (Table 4).  Thus, the SIH model may be insensitive 
to detect the anxiolytic effects of chronic serotonergic antidepressants. The discrepancy 
between clinical drug efficacy versus inefficacy in the SIH model may at least be partially 
explained by the fact that the SIH response generally constitutes a normal and healthy 
stress response. The drugs that have been found to reduce the SIH response (e.g. 
benzodiazepines), acutely do so irrespective of the healthy or pathological status of an 
individual. This way, one may argue that chronic exposure to SSRIs would only alter the 
SIH response under pathological conditions. However, except the SERT knockout rat 
(Olivier et al 2008a), an altered SIH response is not a common finding in genetically 
modified animals with increased anxiety levels, such as 1AKO mice. 
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Table 3: Effects of acute administration of  SSRIs, TCAs and MAOIs on basal body temperature (T1, hypothermia) 
and the stress-induced hyperthermia (SIH) response.  G-SIH: group-house SIH model, including the injection-
stressor interval (minutes). PO: oral, IP: intraperitoneal. 

 
Drug Species Dose 

(mg/kg) 
Route Hypo 

thermia 
SIH ↓ Remarks Ref 

Fluvoxamine Mouse (NMRI) 3-30 PO N Y, due 
to 

hypert
hermia 

G-SIH, 60 
min 

(Zethof et 
al 1995) 

Mouse (NMRI) 3-30 PO N N  (Olivier et 
al 2003) 

Escitalopram Mouse 
(C57Bl/6J) 

2-10 IP Y N  (Vinkers et 
al 2008) 

Fluoxetine Mouse (Swiss) 10-20 IP Y N G-SIH (Lecci et al 
1990b) 

Mouse (NMRI) 3-30 PO N N  (Olivier et 
al 2003) 

Tranylcypromine Mouse (Swiss) 5-10 IP Y N MAO-I, G-
SIH 

(Lecci et al 
1990b) 

Clorgyline Mouse (NMRI) 10-30 PO N N MAOA-I (Olivier et 
al 2003) 

Desipramine Mouse (Swiss) 15-30 SC Y N G-SIH, 45 
min 

(Lecci et al 
1990b) 

Mouse (NMRI) 3-30 PO Y N G-SIH, 60 
min 

(Zethof et 
al 1995) 

Mouse (NMRI) 3-30 PO N N  (Olivier et 
al 2003) 

Clomipramine Mouse (NMRI) 3-30 PO N N G-SIH, 60 
min 

(Zethof et 
al 1995) 

Mouse (NMRI) 3-30 PO N N  (Olivier et 
al 2003) 

Amitryptiline Mouse (Swiss) 10 IP Y N G-SIH (Lecci et al 
1990b) 

Mouse (NMRI) 3-30 PO Y N G-SIH (Zethof et 
al 1995) 

Mouse (NMRI) 3-30 PO Y N  (Olivier et 
al 2003) 

Imipramine Mouse (Swiss 15-30 IP N N G-SIH (Borsini et 
al 1989) 

Mouse (NMRI) 3-30 PO N N G-SIH (Zethof et 
al 1995) 

Mouse (NMRI) 10-30 PO N N  (Olivier et 
al 2003) 

Tianeptine Mouse (NMRI) 3-30 PO N Y, due 
to 

hypert
hermia 

G-SIH, 
serotonin 
enhancer 

(Zethof et 
al 1995) 

Mouse (NMRI) 3-30 PO N Y, due 
to 

hypert
hermia 

serotonin 
enhancer 

(Olivier et 
al 2003) 
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Table 3 (continued)  

Drug Species Dose (mg/kg) Route Hypo 
thermia 

SIH ↓ Remarks Ref 

PCPA Mouse 
(Swiss) 

75-150 IP N N 5-HT depleter 
Injected 

72,48,24 before 
test, G-SIH 

(Lecci 
et al 

1990a) 

5,7 DHT Mouse 
(Swiss) 

200 ug ICV N N 9 days before 
test, G-SIH, 

reverses 
buspirone 

induced SIH 
reduction 

(Lecci 
et al 

1990a) 

D,l-
fenfluramine 

Mouse 
(NMRI) 

3-30 PO N N 5-HT releaser, 
G-SIH 

(Zethof 
et al 

1995) 
Mouse 
(NMRI) 

3-30 IP N Y 5-HT releaser (Olivier 
et al 

2003) 
 
 

 

Table 4: Effects of chronic SSRI treatment on basal body temperature (T1, hypothermia) and the stress-induced 
hyperthermia (SIH) response.  G-SIH: group-house SIH model, including the injection-stressor interval (minutes). 
PO: oral, IP: intraperitoneal. 
 

Drug Species 
Dose 

(mg/kg) 
Route 

Hypo 
thermia 

SIH 
↓ 

Remarks Ref 

Fluoxetine Mouse (Swiss) 10 IP N N 
7, 14 and 21 

day period, G-
SIH 

(Lecci et al 
1990b) 

Imipramine Mouse (Swiss) 10 IP N N 
7, 14 and 21 

day period, G-
SIH 

(Lecci et al 
1990b) 

Amitriptyiline Mouse (Swiss) 10 IP N N 
7, 14 and 21 

day period, G-
SIH 

(Lecci et al 
1990b) 

Fluoxetine 
Rat (Sprague-

dawley) 
10 SC N N 

35 days, SIH 
restoration in 

OBX rats 

(Roche et 
al 2007) 

Fluoxetine 
Mouse (SW) 

and rat (CD-1 
15 and 

10 
PO N YW 21 days 

(Conley 
and 

Hutson 
2007) 
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Figure 5: Stress-induced hyperthermia response after administration of the 5-HT1A receptor antagonist WAY-
100635(0-1 mg/kg, IP)  in SERT+/+ rats (A, n=8) and in SERT-/- rats (B, n=7-8. Values are mean ± SEM. No drug effect 
was found. In SERT+/+ rats, no differences in WAY-100635 response were found. In contrast, significant 
differences were found between WAY-100635 doses in SERT-/- rats compared to vehicle treatment (F(144,1728) 

=10.764; p<0.001). Unpublished data. 

 

SIH responsiveness has also been assessed in SERT knockout (SERT-/-) mice and rats (Li et al 
1999; Olivier et al 2008a). The SERT-/- rat or mice has been developed as an animal model 
of depression, and, comparable to humans treated with SSRIs, these rats (Homberg et al 
2008; Olivier et al 2008a) and mice (Bouali et al 2003; Gobbi et al 2001; Mannoury la Cour 
et al 2001) possess reduced 5-HT1A receptor reactivity. In SERT-/- mice, no differences in SIH 
responsiveness were found (Li et al 1999). In contrast, SERT-/- rats displayed a decreased 
SIH response after a saline injection, although novel cage stress elicited a similar SIH 
response in SERT-/- rats compared to wildtype animals (Olivier et al 2008a). Thus, 
differences in the SIH response in SERT-/- rats appear with decreased intense stressor 
intensity. In support, a differential SIH reactivity that depends on stressor intensity was 
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also found in olfactory bulbectomized animals which possess altered 5-HT functionality 
(Vinkers et al 2009b). Interestingly, the 5-HT1A receptor agonist flesinoxan did not result in 
the regular hypothermic effects in SERT-/- rats, whereas the 5-HT1A receptor antagonist 
WAY-100635 increased the body temperature in SERT-/- rats compared to SERT+/+ rats 
(Figure 5). So far, it is unclear whether this WAY-100635-induced hyperthermia in SERT-/- 
rats is due to an altered thermoregulation or altered anxiety-related circuitry.  
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Figure 6: The effect of acute tryptophan depletion on core body temperature in Wistar rats. Rats were treated 
with a protein-carbohydrate mixture containing TRP (TRP+ group, 0.30% TRP of the total protein) or lacking TRP 
(TRP- group). The rats received two TRP doses (PO, 10 ml/kg) with a 90-minute interval. Significant differences 
were found between TRP+ and TRP- treatment  (F(84,1260)=3.418; p<0.001). Unpublished data. 
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4.4 Effects of serotonin releasers or depleters on the SIH response  

Fenfluramine is a 5-HT releaser that disrupts vesicular 5-HT storage as well as binds to 
SERT, thereby increasing extracellular 5-HT levels. Fenfluramine was found to be 
ineffective in lowering the SIH response (Zethof et al 1995). Moreover, the selective 
serotonin reuptake enhancer tianeptine did not affect the SIH response, even though it 
lowered extracellular 5-HT levels (Zethof et al 1995). As tryptophan is the precursor of 
serotonin, diet depletion of l-tryptophan results in lower 5-HT levels in the CNS which has 
resulted in mood depression in at-risk individuals (Ellenbogen et al 1996; Young 1996). So 
far, acute tryptophan depletion has not been studied in the SIH paradigm, even though 
depletion resulted in core body temperature increases in rats (Figure 6). 

 

4.5 Effects of serotonergic-mediated alterations of other neurotransmitter 
systems 

In addition to direct serotonergic effects on the SIH response, a number of studies 
addressed the hypothesis that serotonin may affect other neurotransmitter systems in 
altering the SIH response. 1AKO mice on a Swiss-Webster (SW) background possess 
reduced benzodiazepine sensitivity, and this serotonin-induced benzodiazepine 
insensitivity in mice on the SW but not the C57Bl6/J or 129Sv background was confirmed 
using the SIH paradigm (Groenink et al 2003a; Groenink et al 2003b; Pattij et al 2002b; 
Pattij et al 2001; Van Bogaert et al 2006a). 1AKO mice on a SW background were 
insensitive to the GABAA receptor agonists diazepam and L838,417, while SIH reduction 
was apparent in wildtype mice (Van Bogaert et al 2006a). Moreover, the inability of 
benzodiazepines to reduce the SIH response in 5-HT1A receptor KO mice was replicated in 
wildtype mice after the pharmacological 5-HT1A receptor blockade with WAY-100635 
during the early postnatal period (Vinkers et al 2009a). This way, long-lasting 
benzodiazepine insensitivity was found in adolescent as well as adult mice using the SIH 
paradigm. WAY-100635-treated mice also showed increased cortical GABAAR α1 and α3 
subunit levels and increased hippocampal GABAAR α2 subunit levels. Thus, early-life 
disruption of the 5-HT system may affect benzodiazepine sensitivity in later life. Recently, 
the SIH-reducing effects of group II metabotropic glutamate (mGlu) 2/3 receptor agonists 
MGS0039 and LY341495 could be reversed after co-administration of the 5-HT1A receptor 
antagonist WAY-100635, suggesting that glutamatergic drugs act via the serotonin 
system to exert its anxiolytic effects (Iijima et al 2007). Moreover, the 5-HT1A receptor 
appeared to modulate the SIH-reducing effects of benzodiazepines via the GABAA 
receptor α3 subunit (Vinkers et. al., unpublished observations). Altogether, these data 
indicate that the SIH paradigm may be employed to study the acute and chronic 
interactions of different neurotransmitter systems on the autonomic stress response. 
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5. Conclusion 

Preclinical studies indicate that disruption of the serotonergic system from the early-life to 
adult period may influence stress responsivity, and a normal functionality of the 
serotonergic system is essential to prevent affective disorders. The structurally, 
anatomically and functionally complex serotonin system is involved in stress-related 
behavior and vulnerability to develop psychiatric disorders. So far, some serotonergic 
ligands have been shown to differentially affect the autonomic SIH response. Activation of 
5-HT1A receptors convincingly reduces the SIH response, confirming the anxiolytic 
potential of this receptor class. In contrast, modulation of other 5-HT receptor types 
including 5-HT1B, 5-HT2 and 5-HT3 receptors does generally not influence the SIH response. 
The effects of serotonergic drugs on basal body temperature can hamper the 
interpretation of SIH data as severe hypothermia can interfere with thermoregulatory 
homeostatic processes.  

The 5-HT system is regulated via SERT modulation, and SERT dysfunction has been 
implicated in anxiety-related behavior. Acute and chronic administration of drugs 
affecting the SERT (which include TCAs and SSRIs) are generally ineffective in reducing the 
SIH response. The SIH paradigm is sensitive to acute anxiolytic effects of different drug 
classes that reduce the stress response irrespective of an individual’s mental health. 
Hypothetically, chronic SSRIs treatment could affect the SIH response under pathological 
conditions. If so, it would be necessary to establish the SIH response in patients suffering 
from a stress-related disorder. If an increased, attenuated, or inappropriately activated SIH 
response is present in stress-related disorders, it would be interesting to follow the effects 
of chronic SSRI treatment on the autonomic SIH response.  

 
In addition to direct serotonergic effects on the SIH response, there are indications that 
SIH-reducing effects of other neurotransmitter systems including the GABAA and 
glutamate receptor system may be at least partially mediated through the 5-HT system. 
Thus, the SIH paradigm may be employed to study the acute and chronic interactions of 
different neurotransmitter systems on the acute stress response, including putative 
serotonergic interactions. 
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1. Introduction 

The stress-induced hyperthermia (SIH) response is a relatively short-lasting rise in body 
temperature in response to stress. This temperature increase is part of the autonomic 
stress response which also results in tachycardia and increased blood pressure levels. So 
far, a SIH response has been found in a variety of species, including rodents, baboons, 
impalas and chimpanzees (for review see (Bouwknecht et al 2007). Non-human primate 
studies reported temperature changes after stress exposure with increased tympanic 
membrane temperature in chimpanzees (Parr and Hopkins 2000a) and decreased nasal 
temperature of rhesus monkeys (Nakayama et al 2005). Moreover, there are indications 
that stress exposure can lead to body temperature changes in human subjects (Briese 
1995; Marazziti et al 1992). Consistent stress-induced temperature changes across species 
may possess translational value and can be applied to study stress and anxiety at a 
genetic and pharmacological level. 

 
Various animal models have aided in establishing the biological basis of stress-related 
psychiatric disorders including anxiety disorders and depression (Cryan and Holmes 
2005). However, in stress and anxiety research, there is   a need for approaches with good 
translational potential. Any additional approach that may aid in finding an early proof-of-
concept of efficacy before expensive clinical trials are initiated is valuable. Although the 
SIH response does not model any specific psychiatric condition, this response is useful as 
a read-out parameter of stress. It can be studied at the preclinical and clinical level 
applying different interventions and might therefore serve as an animal-to-human 
translational paradigm. Throughout this review, the SIH response including all 
pharmacological, genetic and local CNS applications in healthy and dysfunctional 
organisms will be referred to as “the SIH model”.  
 
This review aims to assess the translational potential and the different aspects of the SIH 
response. The validity of an animal model is generally assessed by three sets of criteria: its 
predictive validity (does the animal respond to the treatment which is known to be 
effective in humans), its face validity (is the animal behavior similar to the human 
condition),  and its construct validity (does the mechanism corresponds with the known 
disorder mechanism) (McKinney and Bunney 1969). In the current review, the SIH 
paradigm will be discussed into more detail using these criteria. As the human 
thermoregulatory system is complex, it will be discussed into more detail. 
 
 

2. Human thermoregulation  

Human body temperature is kept at a constant 37 °C, ranging from 35.8 and 38.2 °C by 
regulating the balance between heat production and heat loss. It can be challenging to 
determine the ‘normal’ body temperature as this depends on the location of the 
temperature sensor, time and measurement equipment (Mackowiak 1997). A meta-
analysis of Sund and co-workers reviewed 27 temperature studies and found different 
ranges for oral (33.2-38.2 °C), rectal (34.4-37.8 °C), tympanic (35.4-37.8 °C) and axillary 
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(35.5-37.0 °C) temperatures (Sund-Levander et al 2002). There has been an ongoing 
debate which site of measurement most accurately reflects the true body temperature 
(Craig et al 2002). In rest, metabolically active organs such as the liver produce most heat, 
whereas during exercise, skeletal muscles account for heat production. Besides metabolic 
mechanisms, body temperature is regulated by environmental heat exchange. Different 
parts of the body have different temperatures, with the highest temperature in the brain 
and the organs in the thoracic and abdominal cavities (the central or ‘core’ temperature). 
In contrast, the body’s shell, essentially the skin, usually has the lowest temperature (the 
peripheral temperature). The central temperature is precisely regulated by altering the 
peripheral temperature through heat exchange with blood. A high central temperature 
(e.g. after exercise) leads to increased capillary blood flow in the skin by opening arterial 
resistance vessels where it exchanges heat with the environment, leading to heat loss and 
a net increase of skin temperature.  
 
Body temperature regulation is a complex and vital process which is governed by the 
central nervous system. The hypothalamic preoptic area (POA) is the main 
thermoregulatory integrating center that contains a heat-loss center with warm-sensitive 
neurons and a heat-promoting center with cold-sensitive neurons. The hypothalamus 
receives input from peripheral thermoreceptors located in the skin and central 
thermoreceptors sensitive to blood temperature (Boulant 2000; Marieb and Hoehn 2007). 
Warm-sensitive neurons inhibit cold-responsive neurons of the dorsomedial nucleus of 
the hypothalamus (DMH). After exposure to cold, activity of warm-sensitive neurons 
decreases and subsequently leads to heat conservation and/or heat production. DMH 
activation results in both vasoconstriction and shivering via neurons that project directly 
to the rostral raphe pallidus (for reviews: (DiMicco et al 2006; Dimicco and Zaretsky 2007)). 
The rostral raphe pallidus directly controls sympathetic preganglionic neurons in the 
intermediolateral cell column of the thoracic spinal cord (Nakamura et al 2004; Nakamura 
et al 2005a). In addition to autonomic processes, behavioral strategies (putting on warmer 
clothing, consumption of hot fluids) aids in keeping an optimal body temperature 
(Benarroch 2005; Gale 1973; Marieb and Hoehn 2007). 
 
Stress-induced changes in body temperature are probably mediated through 
hypothalamic pathways including the DMH and the RPa. However, as the SIH response is 
an acute stress response, it is probably initiated by limbic brain areas, including various 
amygdala nuclei (Carrasco and Van de Kar 2003). In a recent study, we showed that the 
classical benzodiazepine diazepam but not the prostaglandin-blocking aspirin attenuated 
the SIH response in rodents, whereas aspirin but not diazepam greatly reduced LPS- and 
IL-1β induced fever states, suggesting that stress-induced hyperthermia and infection-
induced fever are two distinct processes (Vinkers et al 2009d).  
 

3. The SIH response in human subjects 

A variety of studies investigated the effects of stress on body temperature. Generally, 
these studies differ in their setup, stress-induction method as well as site of temperature 
measurements. In two early studies, the axillary temperature of 1068 and 1374 students 
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was measured before their exams (Gotsev and Ivanov 1950; Gotsev and Ivanov 1954). 
Compared to a ‘normal’ body temperature of 37 degrees, the stress-induced body 
temperature significantly increased. Marazittti and co-workers conducted an investigation 
in which the axillary temperature was increased in 22 residents before an important exam 
as compared to an unstressed situation some weeks later (Marazziti et al 1992). In support, 
the oral temperature of 108 students was increased before a difficult exam compared to a 
non-stressful situation (Briese 1995). Interestingly, grade point averages increased with 
larger temperature increases. Male participants who watched or participated in a boxing 
contest displayed elevated oral temperatures compared to oral temperature levels on a 
regular school day (Renbourn 1960). In contrast to these studies, peripheral finger 
temperatures generally decrease in response to stress. In one study, finger temperature 
decreased up to 13.5 °C (!) in 45 out of 47 subjects in affective states, whereas only a slight 
increase of forehead and cheek temperature was observed in a minority of the subjects 
(Mittelmann and Wolff 1939). In support, listening to ‘positive‘ music elevated skin 
temperature of the middle finger whereas ‘negative’ music decreased it (McFarland 1985). 
Surprisingly, only when listening to music with the left ear induced these skin finger 
temperature responses (McFarland and Kennison 1989). We recently found that in healthy 
human subjects, upper arm skin temperature increased whereas intestinal core 
temperature decreased in male subjects during exposure to the Trier Social Stress Test 
(chapter 14). Interestingly, decreased core temperature correlated significantly with the 
subjective stress increase. However, the fact that core body temperature decreased 
indicates that human thermoregulation may be more complex, and that the site of 
temperature measurement may affect the direction and amplitude of stress-induced body 
temperature changes. 

Taken together, the existing human studies report that body temperature either rises or 
drops in response to stress depending on the stress-induction method, the body location 
and the temperature measuring apparatus. A tentative conclusion may be that axillary 
and oral temperature rise in response to stress, whereas distal skin temperature decreases 
in stressful situations as a result of vasoconstriction. Thus, different thermoregulatory 
reactions in response to stress may exist depending on the site of measurement. It can be 
hypothesized that the skin temperature in the distal parts of the limbs (e.g. fingers) reacts 
differently to stress compared to the more proximal skin temperature (e.g. axilla) or even 
the core body temperature.  

 

4. Face validity of the SIH paradigm 

Stress as a translational approach in psychiatric research 

Stress is an intuitively translational concept as any emotional or physical trigger will result 
in a physiological stress response in almost any organism (Herman and Cullinan 1997). In 
support, both preclinical and clinical studies suggest a pivotal role for the amygdala in 
stress (Davis 1997; Dayas et al 1999; Myint et al 2007; Ulrich-Lai and Herman 2009). 
Adaptive stress strategies exist in humans and animals that are beneficial for survival 
(Korte et al 2005). Moreover, the concept that the adaptive nature of stress (allostatic load) 
is not infinite and can lead to psychopathology when excessive or chronic stress is 
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experienced possesses translational potential (Joels and Baram 2009). So far, a 
dysfunctional stress system has been suggested in different psychiatric disorders, among 
which anxiety disorders, depression, burn-out, schizophrenia and post-traumatic stress 
disorder (PTSD) (de Kloet et al 2005; Roozendaal et al 2009).  
 
 

The autonomic stress response in translational research 

Emotional and psychological stress have been shown to consistently activate the 
autonomic nervous system. This autonomic stress response is mediated by an increased 
activity of the sympatho-adrenomedullary system, resulting in increased heart rate and 
blood pressure, cutaneous vasoconstriction in the periphery of the limbs or selective 
dilatation elsewhere, redistribution of organ blood flow and increased cardiac output and 
an increase in (non-)shivering thermogenesis (Carrasco and Van de Kar 2003; de Kloet et al 
2005; Ulrich-Lai and Herman 2009). These responses are present across species (including 
rodents and humans), making a direct comparison between humans and animals possible 
(DiMicco et al 2006; Franzini et al 1981; Horiuchi et al 2006; Kuwaki et al 2008; Ulrich-Lai 
and Herman 2009). Altogether, the stress-induced autonomic activation seems to possess 
translational value as the read-out parameters (heart rate, blood pressure and body 
temperature) largely overlap in a stressful situation.  
 

5. Predictive validity of the SIH paradigm  

A SIH response is present in all mammals that have been tested to date, including 
humans, chimpanzees, baboons, silver foxes, pigs, impalas, turtles, ducks, ground 
squirrels, rabbits, rats and mice (Bouwknecht. et al 2007; Cabanac and Bernieri 2000; Gray 
et al 2008; Meyer et al 2008; Ritter et al 2009). In rodents, body temperature is usually 
determined by manual rectal temperature measurements or with telemetric equipment in 
the abdominal cavity. So far, the SIH has been particular useful as a screening approach to 
evaluate the effects of novel anxiolytic drug candidates (Vinkers et al 2009f). Drug classes 
with clinically effective anxiolytic properties such as GABAA and 5-HT1A receptor agonists 
as well as CRF1 receptor antagonists were all proven to attenuate the SIH response 
(Bouwknecht et al 2007; Griebel et al 2002; Olivier et al 2002; Olivier et al 2003; Spooren et 
al 2002). In contrast, non-anxiolytic dopaminergic or noradrenergic compounds generally 
do not alter the SIH response (Bouwknecht et al 2007). Therefore, the SIH model possesses 
good predictive validity in a preclinical setting. So far, no study has been carried out to 
assess whether a standard anxiolytic drug (e.g. a classical benzodiazepine) may alter a 
human SIH response. If clinically effective anxiolytic drugs reduce the SIH response in 
healthy subjects, this would yield an additional indicator of a drug’s acute anxiolytic 
effects. 

6. Construct validity of the SIH paradigm 

The SIH response in itself does not model any disease but rather functions as a quantative 
read-out of stress in any situation. Therefore, the SIH paradigm does not possess any 
direct construct validity. However, the SIH response may possess construct validity in the 
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sense that it can become dysfunctional in certain circumstances (including any stress-
related psychiatric disorder), and such dysfunctional temperature responses can be 
present in humans and animals. So far, autonomic symptoms of stress-related psychiatric 
disorders have been found in animals and humans (Brown and McNiff 2009). For example, 
a reduced autonomic flexibility (decreased heart rate variability and vagal tone) has been 
found in panic disorder and general anxiety disorder (Hoehn-Saric et al 2004; Stockmeier 
et al 2009).  
 
 

7. The SIH response and temperature in pathophysiology  

The role of body temperature in pathophysiology has received less attention.  , there is 
evidence for an altered thermoregulation or SIH response in various stress-related 
disorders. A series of articles by Shiloh et al. have suggested a dysfunctional 
thermoregulation in schizophrenia patients that corresponds to symptom severity (Shiloh 
et al 2008; Shiloh et al 2005; Shiloh et al 2007; Shiloh et al 2009a; Shiloh et al 2009b). 
Moreover, circadian body temperature abnormalities have been observed in depressive 
disorders (Daimon et al 1992), and there is evidence for  a relationship between insomnia 
and body temperatures (Lack et al 2008). Interestingly, removal of the olfactory bulbs, an 
animal model of depression, results in rapid, stable and persistent changes in basal and 
stress-induced body temperature levels (Roche et al 2007; Vinkers et al 2009b). Also, 
perimenopausal women may experience hot flushes that are characterized by an acute 
rise in skin temperature which can be regarded as a form of SIH. In support, hot flushes 
are associated with anxiety and psychological factors (Blumel et al 2004; Freeman et al 
2005). There is evidence that a hot flush is caused by a narrowed band around the 
setpoint mediated by the hypothalamus (Rapkin 2007; Sturdee et al 1978), or, 
alternatively, by increasing levels of norepinephrine and decreasing levels of serotonin 
due to declining estrogen levels after menopause (Carpenter et al 2004; Freedman 2002; 
Freedman 2005). 
 

8. Conclusion 

A growing body of literature provides support to the existence of a human SIH response. 
The fact that a SIH response is consistently present across species in response to stress 
and that dysfunctional stress responses and/or thermoregulation are present in stress-
related psychiatric disorders indicates that the SIH paradigm may prove to have 
translational value. However, studies investigating the human SIH response are scarce, 
and more research is needed to characterize the basal and stress-induced body 
temperature levels in humans. Nevertheless, current evidence suggests that the SIH 
paradigm may function well as a translational approach to study different psychiatric 
disorders. In animals, anxiolytic drugs acutely reduce the SIH response. So far, no human 
studies have been carried out to examine anxiolytic drug effects on the SIH response in 
human subjects. If future studies prove that a SIH response in humans can be reduced by 
anxiolytic drugs, this would strengthen the role of the SIH paradigm in translational stress 
research. 
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Summary 

 
The research described in this thesis shows that the change in body temperature in 
response to stress (stress-induced hyperthermia (SIH)) can be employed to study stress in 
its broadest sense with a wide variety of applications. In this thesis, we used the SIH 
paradigm to examine the pharmacological, genetic and mechanistic backgrounds of 
stress and their possible consequences at the receptor level. 
 
An important finding of the current research is that the SIH paradigm is suitable to assess 
the acute and chronic effects of α subunit-selective GABAA receptor agonists. Using novel 
selective ligands, we show that the SIH paradigm can be used to dissect the contributions 
of the different α subunits (chapter 3 and 5). In particular, we confirm putative anxiolytic 
effects for GABAA receptor α2/3 subunit agonists (chapter 3) which do not result in the 
development of tolerance after chronic treatment (chapter 5). Further, our results indicate 
that the α1 subunit is involved in hypothermia and that the α5 subunit is not directly 
involved in the anxiolytic or hypothermic effects of benzodiazepines (chapter 3 and 5; for 
a review on the GABAA and GABAB receptor and the SIH paradigm see part II of chapter 
15). Another important finding is that rapid tolerance did not occur after chronic 
activation of the α1, α2/3 or α5 subunit, whereas this effect did occur after treatment with 
the non subunit-selective benzodiazepine diazepam (chapter 5). Together, these data 
indicate that selective GABAA receptor α2/3 subunit agonists constitute a promising class of 
novel anxiolytics.  
 
In addition to the GABAA receptor studies, we confirm and extend the findings that a 
variety of putative anxiolytic ligands including corticotropin-releasing factor type 1 (CRF1), 
nicotinic, serotonergic and glutamatergic receptor ligands reduce the SIH response 
(chapter 8 and 10). In contrast, the SIH response is not reduced in response to non-
steroidal anti-inflammatory drugs (NSAIDs), indicating that the SIH is distinct from 
infection-induced fever (chapter 7). Moreover, we provide evidence that the SIH response 
can be used to investigate the functional interactions of different neurotransmitter 
systems in response to stress (chapter 4 and 6). This is important since a proper 
functioning and cooperation of multiple neurotransmitter systems is necessary to 
generate a coordinated stress response, and may prevent the development of stress-
related disorders. In this thesis, we show that high levels of CRF in the central nervous 
system modulate the GABAA and metabotropic glutamate receptor system (chapter 10). 
Chromosome substitution in mice affected benzodiazepine and serotonin receptor 
sensitivity (chapter 11). Moreover, the SIH paradigm is sufficiently sensitive to establish 
adult benzodiazepine insensitivity which is the result of a transient early-life disruption of 
the serotonin system (chapter 6; for a review on the role of the 5-HT system in the SIH 
paradigm see part III of chapter 15). Also, we found that the medial amygdala and the 
olfactory system are both closely involved in the SIH response (chapter 12 and 13). Of 
particular interest, we found that the medial amygdala is not only directly involved in the 
SIH response, but also alters sensorimotor gating and light-enhanced startle.  
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Our finding that exposure to psychological stress affects core and peripheral body 
temperature in healthy human volunteers indicates that the SIH paradigm may possess 
translational potential (chapter 14). This indicates that the preclinical results obtained 
with SIH in animals could be translated to - and could therefore be relevant for – research 
into human stress-related disorders. Moreover, a decrease in core temperature correlated 
with self-reported subjective stress in healthy human volunteers, suggesting that stress-
induced core intestinal temperature changes may constitute a valid read out parameter 
(for a review on the translational potential of the SIH paradigm see part IV of chapter 15). 
 
To summarize, the research described in this thesis shows that the SIH paradigm can be 
employed in preclinical and possibly clinical setups and provides a tool to examine the 
pharmacological, genetic and mechanistic background of stress. 
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Samenvatting in het Nederlands 
 
Stress is een uiterst complex begrip dat wordt geassocieerd met ziekte. Deze associatie is 
deels niet terecht omdat een stress reactie (de fysiologische en gedragsmatige respons 
van een organisme op een stressvolle situatie) een essentieel mechanisme vormt 
waarmee mensen zich kunnen handhaven in een veranderende omgeving.  Chronische of 
extreme stress kan echter leiden tot een negatieve spiraal die uiteindelijk geassocieerd is 
met het ontstaan van verschillende ziektes. Hoe stress precies leidt tot een 
(psychiatrische) stoornis, en waarom de stressgevoeligheid sterk verschilt per individu is 
nog grotendeels onbekend. 
 
In dit proefschrift wordt gebruik gemaakt van het gegeven dat blootstelling aan stress 
leidt tot temperatuursveranderingen (stress-geïnduceerde hyperthermie, SIH). Deze SIH 
reactie komt zowel voor in mens als dier en kan op veel verschillende manieren gebruikt 
worden om stress te bestuderen (hoofdstuk 1 en 2). In dit proefschrift hebben we de SIH 
gebruikt om de farmacologische effecten, de genetische achtergrond en de functie van 
bepaalde hersengebieden op de stressreactie te bestuderen. 
 
De essentie van farmacologisch SIH-onderzoek bestaat eruit dat angstremmende stoffen 
de door stress veroorzaakte temperatuursstijging kunnen voorkómen. Als deze 
temperatuursstijging voorkomen kan worden, zou dit een indicatie kunnen zijn dat ook 
andere gevolgen van stress verminderd zouden kunnen zijn. Een belangrijke bevinding 
van ons farmacologisch onderzoek is dat met de SIH de acute en chronische effecten van 
de selectieve GABAA receptor agonisten te bestuderen zijn. Dit is van belang omdat niet-
selectieve GABAA receptor agonisten (benzodiazepines) angstremmend zijn maar veel 
bijwerkingen kennen. Met het SIH paradigma bevestigen we dat de α2/3 subunit van de 
GABAA receptor betrokken is bij de angstremmende effecten van benzodiazepines 
(hoofdstuk 3). Van belang is ook dat chronische blootstelling aan een stof die de GABAA 
receptor α2/3 subunit activeert er niet toe leidt dat steeds meer van deze stof nodig is om 
het gewenste effect te hebben (tolerantie), in tegenstelling tot de niet-selectieve 
benzodiazepine diazepam (hoofdstuk 5). Ook laten we zien dat de α1 subunit betrokken is 
bij hypothermie (een daling van de lichaamstemperatuur) en dat de α5 subunit niet direct 
betrokken is bij de angstremmende en bij de temperatuursverlagende effecten van 
benzodiazepines (hoofdstuk 3 en 5; voor een complete bespreking van de literatuur over 
de effecten van GABAerge stoffen: zie deel II van hoofdstuk 15). Daarmee lijken selectieve 
GABAA receptor α2/3 subunit agonisten een veelbelovende nieuwe klasse angstremmende 
stoffen.  
 
Ook andere mogelijk angstremmende geneesmiddelklasses kunnen de SIH respons 
verminderen, waaronder corticotropin-releasing factor (CRF)1, nicotine, serotonerge en 
glutamaterge stoffen (hoofdstuk 8 en 10). Dit in tegenstelling tot ontstekingsremmende 
geneesmiddelen zoals acetylsalicylzuur die de SIH reactie niet beïnvloeden (hoofdstuk 7). 
Deze resultaten suggereren dat aan de temperatuursstijging door stress (SIH) een 
compleet ander mechanisme ten grondslag ligt dan aan de temperatuursstijging door 
een infectie (koorts). Daarnaast tonen we aan dat hoge concentraties van CRF in het brein 
leiden tot veranderingen in de GABAA en metabotrope glutamaat receptor systemen 
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(hoofdstuk 10).  Ook bestudeerden we de invloed van verschillende chromosomen op de 
gevoeligheid voor GABAerge en serotonerge farmaca in het SIH paradigma (hoofdstuk 
11). 
 
Ons onderzoek toont dat het SIH paradigma inzicht kan geven in de neurobiologische 
mechanismen die met stress geassocieerd zijn. Zo laten we zien dat de SIH gebruikt kan 
worden om functionele interacties tussen verschillende neurotransmitter systemen bij 
stress bloot te leggen (met name tussen de GABAA en serotonine receptorsystemen) 
(hoofdstuk 4 en 6). Dit is van belang aangezien verschillende neurotransmitters nauw 
samenwerken om een gecoördineerde stress reactie te organiseren, en verandering in het 
functioneren van meerdere neurotransmitter systemen bijdragen aan de ontwikkeling 
van stress-gerelateerde aandoeningen.  
 
Ook wijzen onze resultaten uit dat SIH gebruikt kan worden bij het identificeren van 
gevoeligheid van factoren die de stress respons beinvloeden. SIH blijkt een sensitief 
instrument om ongevoeligheid voor benzodiazepines op volwassen leeftijd op te sporen,  
die het gevolg is van verstoring van het serotonine systeem tijdens de vroege levensjaren 
(hoofdstuk 6 ; voor een compleet overzicht over de rol van serotonine systeem in het SIH 
paradigma zie deel III van hoofdstuk 15). Daarnaast vonden we aanwijzingen dat de 
mediale amygdala en het olfactoire systeem beide bij SIH betrokken zijn (hoofdstuk 12 en 
13). 
 
Tot slot kan het in dit proefschrift vastgelegde onderzoek relevant zijn voor de klinische 
praktijk. De relatie tussen tussen stress en temperatuur is namelijk niet alleen op dieren 
van toepassing, deze relatie vonden wij ook bij onderzoek in mensen. Wij tonen dat de 
centrale en perifere lichaamstemperatuur verandert in gezonde vrijwilligers na 
blootstelling aan (psychologische) stress, waarmee we bevestigen dat SIH translationeel 
potentieel bezit (hoofdstuk 14). Vooral het feit dat de centrale temperatuursdaling na 
stress correleert met de subjectieve ervaring van stresstoename suggereert dat 
lichaamstemperatuur een mogelijk gevoelige uitleesmaat voor het subjectieve 
stressniveau kan zijn. Verder onderzoek zal moeten uitwijzen in hoeverre het SIH 
paradigma direct toepasbaar is in klinisch onderzoek. 
 
Met dit proefschrift laten we zien dat het SIH paradigma gebruikt kan worden bij zowel 
dieren als mensen. Hiermee vormt het mogelijkerwijs een instrument waarmee 
stressprocessen bestudeerd kunnen worden, in het bijzonder de effecten van 
geneesmiddelen, de invloeden van de genetische achtergrond en de betrokkenheid van 
hersengebieden bij de stress reactie.  
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Habe nun, ach! Philosophie, 

Juristerei und Medizin, 

Und leider auch Theologie! 

Durchaus studiert, mit heißem Bemühn. 

Da steh ich nun, ich armer Thor! 

Und bin so klug als wie zuvor. 

 

J.W. von Goethe, Faust I, 354-359 (1808) 
 

 




