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Introduction and background 

Anxiety disorders are widely spread in the society. According to the 
national co-morbidity survey (Kessler et al. 1994), nearly 25% of 
respondents in the USA reported a lifetime prevalence of at least one anxiety 
disorder. Social phobia and specific phobia (formerly simple phobia) were 
the most common anxiety disorders. Anxiety disorders have been estimated 
to cost $46.6 billion annually in the US (DuPont et al. 1996) with high 
indirect costs related to absence from work and reduced production as well 
as direct costs such as increased medical expenses. The majority of the 
persons with psychiatric disorders fail to obtain professional treatment 
despite the fact that the disorders reduce their quality of life. 

The frequency of these disorders, the suffering they cause the affected 
persons, and the costs for the society all point to the need for further research 
within this area; to increase the understanding of the origin and progression 
of these disorders and hopefully contribute to future treatments.  

Theories of emotions 
The thoughts of what an emotion is have been dwelled upon since ancient 
times. How an emotion is triggered, what happens in the body and the brain, 
and which reaction comes first has been, and still is, the subject of theories 
and discussions. Some of the theories leading up to where we stand today are 
presented below.  

Evolutionary biology 
In “The Expression of Emotions in Man and Animals” (1872), Charles 
Darwin argued that human expressions of emotion were universal, in other 
words innate and the product of evolution. As such, they are seen as adaptive 
behaviours that promote the survival of the organism and the species. 

James-Lange Theory 
During the 1880's, the American psychologist William James and the Danish 
physician and professor in pathological anatomy Carl Georg Lange 
independently reached a conclusion about bodily changes and emotions. 

When we have experiences the autonomic nervous system creates 
physiological events such as muscular tension, heart rate increases, 
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perspiration, dryness of the mouth, etc. The James-Lange theory of emotion 
proposes that emotions happen as a result of these, rather than being the 
cause of them. James wrote in 1884 in his article “What is an emotion?”: 

“Our natural way of thinking about these standard emotions is that the mental 
perception of some fact excites the mental affection called the emotion, and 
that this latter state of mind gives rise to the bodily expression. My thesis on 
the contrary is that the bodily changes follow directly the PERCEPTION of 
the exciting fact, and that our feeling of the same changes as they occur IS 
the emotion.”  

Lange particularly added that vasomotor changes are the emotions (Lange 
1885/1912).  

The James-Lange theory states that first we react to a situation (running 
away and crying happen before the emotion), and then we interpret our 
actions into an emotional response. In this way, emotions serve to explain 
and organize our own actions to us. 

Cannon’s critique and the Cannon-Bard Theory 
The James-Lange theory of emotion went largely unchallenged until the 
1920’s when an experimental physiologist at Harvard Walter Bradford 
Cannon and his associate psychologist Philip Bard proposed a competing 
theory; the Cannon-Bard theory of emotions in 1927 (Cannon 1927).  

Cannon and Bard thought emotions arose only when the hypothalamus 
was stimulated. They believed the hypothalamus was the "seat" of emotions. 
Emotional feelings and bodily changes both are induced by brain activity 
related to perception of a situation. 

Where James argued that emotional behaviour often precedes or defines 
the emotion, Cannon and Bard argued that the emotion arises first and then 
stimulates typical behaviour. 

The Schachter- Singer Theory  
In 1962, researchers Stanley Schachter and Jerome E. Singer formulated a 
new theory of emotion that took into account the influence of cognitive 
factors; the Schachter-Singer or Two Factor Theory of Emotion. This theory 
states that emotions are a direct result of an analysis of the surroundings, and 
suggests that human emotion has two components or factors: 1) 
physiological arousal and 2) cognition (a conscious understanding of that 
arousal).  

Lazarus (1991) stressed that the quality and intensity of emotions are 
controlled through cognitive processes. 
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Criticism and alternate theories  
One major criticism of the Schachter-Singer Theory is that it centres 
primarily on the autonomic nervous system, and provides no account of the 
emotional process within the central nervous system aside from signalling 
the role of cognitive factors. This is important, considering the heavy 
implication of certain brain centres in mediating emotional experience (e.g., 
fear and the amygdala; LeDoux 1995).  

Neurobiological theories 
Some decades after Cannon and Bard presented their theory, James Papez, in 
search of a structural basis of emotion, asked “Is emotion a magic product, 
or is it a physiologic process which depends on an anatomic mechanism?”. 
Papez first postulated that there was a collection of structures within the 
brain, whose interdependence was such that they might legitimately be 
conceptualized as an interrelated system. He proposed that the mammillary 
bodies of the hypothalamus, the anterior thalamic nuclei, the cingulate gyrus, 
the hippocampus, and their interconnections constitute a circuit or 
mechanism through which emotion is expressed and controlled (Papez 
1937). The structures he described belonged to what, at that time, was 
referred to anatomically as the limbic lobe, and usually thought to have some 
olfactory function. Since 1937, a few nuclei and tracts have been added to 
the basic Papez circuit to produce what is called the limbic system, a concept 
put forth by MacLean in 1949.  

More recent research has shown that some of these limbic structures are 
not as directly related to emotion as others are, while some non-limbic 
structures have been found to be of greater emotional relevance. However, 
studies are ongoing and the theories are constantly refined. 

Fear and anxiety 
Fear is a basic human emotion that has been crucial for survival both as an 
individual and as a species. The individual that detects the source of danger 
fastest and responds most adequately has the best survival potential. Thus, 
within an evolutionary perspective, the function of fear is to protect the 
organism from potential harm. Anxiety and fear are usually separated per 
definition. Fear is the response to actual, present, external danger while 
anxiety is more of an expectance and anticipation of something possibly 
fearful or frightening. Fear is related to action, involving escape and 
avoidance or fight (the fight or flight reaction), and if these actions are 
restricted or unavailable anxiety results.  
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Anxiety disorders 
In psychiatry, anxiety is used to delineate a group of unspecific, unpleasant 
symptoms similar to the experiences and reactions seen in normal fear. 
Anxiety disorders include a large number of disorders where the primary 
feature is abnormal or inappropriate anxiety. Anxiety symptoms become a 
problem when they cause suffering or reduced functioning and when they 
occur without any recognisable stimulus or when the stimulus does not 
warrant such a reaction. 

Anxiety disorders can exist secondary to a medical disorder and are in 
such a situation classified as anxiety disorder due to a general medical 
condition. Anxiety disorders can also be secondary to substance abuse and in 
such a situation classified as substance-induced anxiety disorder. However, 
in the majority of the anxiety disorders, the exact aetiology is unknown. 

As in all other psychiatric disorders, the delineation between normal and 
abnormal anxiety is made depending on the presence and degree of suffering 
and loss of function. To be diagnosed, the symptoms must be disruptive to 
everyday functioning or cause suffering. In the Diagnostic and Statistical 
Manual of Mental Disorders, 4th edition (DSM-IV, American Psychiatric 
Association [APA] 1994), the following anxiety disorders are defined: panic 
disorder with or without agoraphobia, agoraphobia, specific phobia, social 
phobia, obsessive-compulsive disorder, posttraumatic stress disorder, acute 
stress disorder, generalized anxiety disorder, anxiety disorder due to a 
general medical condition, substance-induced anxiety disorder, and anxiety 
disorder not otherwise specified. 

This thesis focuses on specific snake and spider phobia, social phobia, 
and posttraumatic stress disorder (PTSD). All three conditions are event-
triggered or situationally elicited anxiety disorders.  

Phobias 
The central feature in a phobia is persistent, unreasonable fear of a defined 
object or situation. Exposure to the phobic stimulus is associated with an 
acute and severe anxiety reaction. Therefore, despite the fact that individuals 
with phobias recognise that their fear is unrealistic, most avoid the object or 
the situation. The diagnosis is appropriate only if the avoidance, fear, or 
anxious anticipation of encountering the phobic stimulus interferes 
significantly with the person’s daily routine, occupational functioning, or 
social life, or if the person is markedly distressed about having the phobia. 
Most cases of phobia are characterized by early onset and a chronic course, 
if not treated. Although effective treatments are available, fewer than 20% of 
affected individuals seek help (Fyer 1998). 
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Specific phobia 
Specific phobia (earlier simple phobia) is a common disorder. In a Swedish 
study (Fredrikson et al. 1996) 20% of the general population reported at least 
one specific phobia, with women being two to three times as likely to be 
affected as men. Predispositioning factors to the onset of specific phobias 
include traumatic events, unexpected panic attacks in the to-be-feared 
situation, observation of others undergoing trauma or demonstrating 
fearfulness, and informational transmission (being repeatedly warned for 
something). There might also be a genetic predisposition, but except for 
blood phobia there does not seem to be a predisposition for a certain phobia, 
but for developing phobias in general (Fyer 1998). 

The DSM-IV (APA 1994) defines the following subtypes of specific 
phobia on the basis of type of phobic stimulus: 1) animal (e.g. spider and 
snake phobia), 2) situational (e.g. claustrophobia), 3) blood-injection-injury 
type, 4) natural environment phobia (e.g. thunderstorm, water), and 5) other 
type. 

Social phobia 
Social phobia is characterized by intense fear of being scrutinized or judged 
in different social situations, like during a public speak. According to 
Furmark and colleagues (1999) the point prevalence of social phobia in 
Sweden is 15.6%, but prevalence rates varied between 1.9 and 20.4% across 
the different levels of distress and impairment used to define cases. Public 
speaking was the most common social fear. Social phobia was associated 
with female gender, low education, and lack of social support.  

Posttraumatic stress disorder, PTSD 
Posttraumatic stress disorder (PTSD) may result when a person has 
experienced, witnessed, or has been confronted with an event or events that 
involve actual or threatened death or serious injury, or a threat to the 
physical integrity of self or others, and is characterized by persistent re-
experiencing and avoidance of trauma associated stimuli, general numbing 
and increased arousal (APA 1994). PTSD is divided into the following 
subgroups: acute, chronic and with delayed onset. Depression is a very 
common co-morbid disorder with reported co-morbidity as high as 85% of 
PTSD patients (Bleich et al. 1997). After a traumatic event, only a minority 
of subjects develops PTSD (Ikin et al. 2007). PSTD lifetime prevalence in 
Sweden has been estimated at 5.6% with females twice as likely to be 
affected as men, even though men reported more frequent trauma exposure 
(Frans et al. 2005).  
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Symptom provocation – inducing fear and anxiety 
Symptom provocation using visual stimuli 
Phobias can serve as models of fear and anxiety. Several studies confirm that 
presenting phobogenic visual stimulation to persons with specific phobia is a 
way of inducing fear under controlled conditions (e.g. Hare 1973; Fredrikson 
1981; Wik et al. 1993; Fredrikson et al. 1993, 1995). Subjects with phobia 
report significantly more fear when confronted with their feared object than 
when confronted with other aversive or neutral objects (Fredrikson et al. 
1993). These results are highly reproducible (Fredrikson et al. 1995). 
Specific phobia has been used as a fear model in several brain hemodynamic 
studies (e.g. Fredrikson et al. 1993; Dilger et al. 2003).  

Symptom provocation was conducted both as part of the screening 
procedure and during the positron emission tomography (PET) examinations 
in Study I and Study III. Still pictures of phobic or non-phobic stimuli were 
used as visual provocation. 

Inducing fear using a public speaking task 
According to Furmark and colleagues (1999) public speaking was the most 
common social fear for persons suffering from social phobia. Giving a speak 
in front of a silently observing audience while being PET scanned is an 
environmentally valid situation as several studies have shown that public 
speaking induce subjective fear that is associated with increased amygdala 
activity (e.g. Tillfors et al. 2001, 2002) and that treatment induced alterations 
are possible to monitor (Furmark et al. 2002).  

Bodily reactions to fear – Psychophysiology 
Fear and anxiety are common emotions. The subjective experience of fear is 
usually accompanied by increased arousal, increased heart rate, enhanced 
muscle tension, and hyperventilation. The symptoms are part of a normal 
process called the 'fight or flight reaction'. This means that the body is 
preparing itself to either fight to protect itself or to flee a dangerous 
situation. 

Commonly measured responses associated with fear 
Physiological reactions during fear and anxiety, e.g. changes in heart rate, 
electrodermal activity and eye blinks, can be monitored. Patients with a 
phobia show significantly higher heart rate during fearful visual stimulation 
than during neutral stimulation (e.g. Wik et al. 1993). In the same way, 
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subjects with specific fears exhibit enhanced electrodermal activity or EDA 
(sometimes also called skin conductance activity) as a response to fear-
relevant stimuli in comparison to neutral stimuli, and have enhanced 
response magnitude when compared to persons not afraid of these stimuli 
(Davidson and Sutton 1995). EDA increases as a function of phobic 
stimulation (Fredrikson et al. 1993). The startle reaction is the immediate 
response to a sudden noise or visual effect. When exposed or subjected to a 
sudden noise, the eye blinks by reflex. The amplitude of this eye blink reflex 
is potentiated when viewing unpleasant pictures and attenuated when 
viewing pleasant pictures, relative to viewing neutral pictures (e.g. Lang & 
Davis 2006, Davidson & Sutton 1995). However, there are only a few 
human brain imaging studies using startle (e.g. Timmann et al. 1998; Hazlett 
et al. 2001). 

Brain regions implicated in fear and anxiety 
Davidson and colleagues (2000) mention the following regions as being part 
of a circuit involved in emotion regulation: several regions of the prefrontal 
cortex, the amygdala, hippocampus, hypothalamus, anterior cingulate cortex 
(ACC), insular cortex, ventral striatum, and other interconnected structures.  

The amygdala is a small, almond-shaped structure, comprising 13 nuclei, 
and is sometimes referred to as the amygdala proper. The amygdala is buried 
in the anterior medial section of each temporal lobe (the medial temporal 
lobe, MTL), and has a central role in processing signals of fear (Calder et al. 
2001). The “extended amygdala”, a term introduced by Alheid and Heimer 
(1988), refers to a continuum consisting of the centromedial amygdala and 
the bed nucleus of the stria terminalis as well as the cell corridors between 
these two structures.  

The amygdala is a prominent node in the fear network of the brain (Etkin 
& Wager 2007, LeDoux 2000, Fredrikson & Furmark 2003). The 
involvement of amygdala in human fear conditioning was supported by a 
PET study evaluating regional cerebral blood flow, rCBF, using visual snake 
stimuli presented before and after classical conditioning showing significant 
positive correlation between conditioned EDA and conditioned rCBF in the 
right amygdala (Furmark et al. 1997). This was conceptually replicated by 
LaBar and colleagues (1998) and Büchel and co-workers (1998, 1999) using 
functional magnetic resonance imaging, fMRI, and measures of EDA. Dilger 
and co-workers (2003) showed significantly increased amygdala activation 
in subjects with spider phobia but not in controls during presentation of 
phobia-relevant visual stimuli using event-related fMRI. Whalen (1998) 
reported a role for amygdala in unconscious/subconscious fear recognition, 
indicated by greater fMRI signal intensity in amygdala in response to 
masked fearful faces than to masked happy faces, and through larger 
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responses in amygdala to fearful faces than to angry faces. Calder, 
Lawrence, and Young (2001) conclude in a review that amygdala has a 
central role in processing signals of fear. Animal studies (e.g. Davis et al. 
1999) and a human case study of an amygdala lesion (Angrilli et al. 1996) 
show that the signal pathway for startle includes the amygdala. The 
amygdala shows hyperreactivity in PTSD (Etkin & Wager 2007), while 
amygdala lesions in Vietnam veterans result in reduced PTSD prevalence 
(Koenigs et al. 2008). Patients with specific phobia, social anxiety disorder 
(social phobia) and PTSD consistently show greater activity than matched 
comparison subjects in the amygdala (Etkin & Wager 2007).  

Neurotransmitter systems involved in fear and anxiety 
Classical anxiolytics and sedatives (hypnotics) include benzodiazepines, 
barbiturates and related drugs acting on the gamma-amino butyric acid 
(GABA) system. However, the most common anxiolytic drugs on the market 
today are drugs acting on the monoaminergic systems (Läkemedelsverket 
2006). These include drugs acting on the serotonin, dopamine and 
noradrenalin systems, with the most commonly prescribed of the anxiolytic 
drugs being selective serotonin reuptake inhibitors, SSRIs.  

A lot of effort is put into finding substitutes or complements to 
established antidepressants and anxiolytic drugs, hopefully faster acting and 
with less adverse effects. Neuropeptides have been regarded promising 
candidates (Griebel 1999).  

Substance P and the neurokinin 1 receptor 
Substance P (SP) is a short 11 amino acid residue neuropeptide belonging to 
the tachykinin family. SP is the preferred ligand to the neurokinin 1 (NK1) 
receptor (Hökfelt et al. 2001; Quartara & Maggi 1997). SP has been 
implicated in the pathophysiology of a diverse range of conditions, including 
anxiety disorders (Quartara & Maggi 1998). The NK1 receptor is a 7-
transmembrane domain G-protein coupled receptor. Binding of its preferred 
ligand SP induces internalization of the SP/NK1 receptor complex, which 
dissociates in acidified endosomes. SP is degraded, whereas the NK1 
receptor recycles to the cell surface (Grady et al. 1995). 

Distribution of substance P and NK1 receptors in the brain 
Rigby and co-workers (2005) have shown that the NK1 receptor is the 
predominant tachykinin receptor expressed in primate and human brain. 
There is an extensive distribution of NK1 receptors in various brain areas. A 
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particular enrichment occurs in discrete nuclei/subnuclei in the striatum and 
the hippocampus (Quartara & Maggi 1998). Studies in monkeys show that 
the striatum has the highest uptake of the NK1 receptor specific antagonist 
[11C]GR205171 (GlaxoSmithKline) in the brain (Bergström et al. 2000). The 
cortex is known to have more NK1 receptors than white matter (Hökfelt et 
al. 2001).  

SP and the NK1 receptors are also widely expressed throughout the fear-
processing pathways of the rat brain, including amygdala and hippocampus 
(Mantyh et al. 1984). They are also densely expressed in brain areas 
involved in stress, mood regulation and emotional processing, and have been 
implicated in emotion, anxiety and stress in preclinical studies (Ebner et al. 
2009). Using PET on humans, Hietala and colleagues (2005) showed that the 
highest uptake of [18F]SPA-RQ was observed in the caudate and putamen. 
Lower binding was found in globus pallidus and substantia nigra. [18F]SPA-
RQ uptake was also widespread throughout the neocortex and limbic cortex 
including amygdala and hippocampus. There was very low specific uptake 
of the tracer in the cerebellar cortex (Hietala et al. 2005), which has been 
confirmed by Wolfensberger and colleagues (2009). 

Substance P, fear and anxiety 
Kramer and co-workers (1998) found that central infusion of a SP agonist in 
guinea pig pups induced vocalisation responses, which were virtually 
abolished by pretreatment with SP antagonists. These findings indicate that 
SP antagonists might act as antidepressants and/or anxiolytics. This was 
further supported in a randomised double-blind placebo-controlled study of a 
SP antagonist (MK-869 or aprepitant, Merck Laboratories) in comparison to 
the SSRI paroxetine, and placebo in 213 patients (aprepitant 71; paroxetine 
72; placebo 70) with major depressive disorder and moderately high anxiety. 
The study showed that the SP antagonist was as effective as the SSRI in 
reducing depression and anxiety, showing as much adverse effects as the 
placebo and lower than the SSRI (Kramer et al. 1998). However, Keller and 
colleagues (2006) could not replicate the clinical effect of the NK1-
antagonist aprepitant compared to the SSRI paroxetine and placebo in a 
randomized, double-blind phase III trial including 2526 outpatients with 
major depressive disorder (aprepitant 1285; paroxetine 461; placebo 780). 
Supported by the negative treatment response in the phase III trial (Keller et 
al. 2006), aprepitant may not be suited for treating major depressive 
disorder. The induced vocalisation response reported by Kramer and 
colleagues (1998) is an anxiety response, and abolishing the reaction with 
aprepitant could indicate anxiolytic rather than anti-depressant action of the 
NK1 receptor antagonist. 

Shirayama and colleagues (1996) showed that chronic treatment with a 
number of different antidepressant drugs produces a decrease in the 
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concentrations of SP in the striatum, substantia nigra and amygdala of the rat 
brain. This observation indicates that the reduction of SP content after 
chronic treatment may contribute to the therapeutic action of antidepressants 
in affective disorders. Animal studies demonstrate that stress and negative 
affect enhance SP in brain areas of emotional relevance, including the 
amygdala (Ebner et al. 2004).  

In patients with PTSD, Geracioti and colleagues (2006) reported 
significantly elevated SP concentrations in the cerebrospinal fluid (CSF) 
after exposure to a traumatic stimulus, but not after neutral stimulus, 
implicating central release of SP due to traumatic stress. However, the SP 
levels in CSF might not reflect the activity of NK1 receptors in the brain. It 
seems reasonable to believe that the number of free receptor sites in the brain 
is reduced by acute stress, as the NK1 receptors are internalized following 
stress exposure (Mantyh et al. 1995).  

Positron emission tomography - PET 
Positron emission tomography (PET) is a commonly used neuroimaging 
technique when interested in measuring the activity in the brain under 
specific conditions. It presents a way of studying the regional cerebral blood 
flow, rCBF, and different neurotransmitter systems, using radiolabelled 
tracer substances with very high specificity. This enables in vivo 
determination of brain circuitry associated with cognitive and affective 
states, and gives a possibility to study physiological phenomena in vivo like 
the interactions and kinetics of a substance, investigating its distribution in 
the body, or to study brain function. The PET technique is presently used in 
research and in clinical diagnosis of e.g. dementia, cancer and epilepsy. 

PET is based on the principle of positron emission. A positron emitting 
radionuclide is characterised by having too many protons in proportion to 
neutrons in the nucleus, making the nucleus unstable. To gain stability a 
proton is converted into a neutron, thus losing a positive charge through the 
emission of a positron, �+.  

Following the decay, the positron travels a few millimetres in the tissue 
before it is stopped. When stopped, the positron will attract a negatively 
charged electron (e-) and form positronium, a short-lived atom existing only 
nanoseconds before annihilation of the masses. The energy released from the 
annihilation is emitted as two anti-parallel 511 keV photons, which can be 
detected by external detectors in the PET scanner.  

The substance under study, called the tracer, is labelled with a positron 
emitting radionuclide and injected in to the patient. The short-lived positron-
emitting nuclides [15O] and [11C] used in this thesis are both pure positron 
emitters. The radionuclides are produced using a Scanditronix MC17 
cyclotron. [15O]-labelled water is used to study rCBF, and [11C]-labelled 
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GR205171 (GlaxoSmithKline); a small highly selective non-peptide NK1 
receptor antagonist, is used to investigate the NK1 receptor system.  

Syntheses of the tracers are described in Appendix I. 

Brain activity and regional cerebral blood flow 
Most PET activation studies measure the regional cerebral blood flow, 
rCBF, which is often considered to reflect brain activity. Despite its 
widespread use, it is still not fully understood what it means. Neuroimaging 
techniques, such as invasive quantitative autoradiography, PET, optical 
imaging of intrinsic signals and fMRI, use hemodynamic responses as 
surrogates for neural function (Logothetis 2007). 

In contrast to hemodynamic measures, PET with specific radiolabelled 
agents has also been used to study binding to a number of neurotransmitter 
receptors including those for benzodiazepines, dopamine and serotonin 
(Talbot & Laruelle 2002). Most of these studies have been performed in the 
resting state. One example of a receptor system that has been studied using 
an activation paradigm and PET is dopamine release during a video game 
activation paradigm in adolescents (Koepp et al. 1998). 
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Aims of this thesis 

The aim of this thesis was to learn more about how the human amygdala is 
modulated by fear and anxiety in event-triggered anxiety disorders and to 
investigate if the substance P (SP)/neurokinin 1 (NK1) receptor system is 
affected. This was investigated by studying regional cerebral blood flow, 
rCBF ([15O]-water; Study I and II), and the SP/NK1 receptor system 
([11C]GR205171; Study III and IV) with positron emission tomography 
(PET). 

In Study I the neural correlates of affective startle modulation in persons 
with specific phobia was investigated by measuring rCBF during exposure to 
fearful (phobic) and non-fearful pictures, paired and unpaired with acoustic 
startle stimuli. A hypothesis-driven directed search for activation in the 
amygdala, anterior cingulate cortex and the cerebellum was performed.  

Study II was a drug-treatment study evaluating the effects of short-term 
treatment with the NK1 receptor antagonist GR205171, compared with SSRI 
(citalopram) and placebo, on rCBF in patients diagnosed with social phobia. 
We hypothesized that anxiety reduction, following active drug 
administration, would be associated with decreased neural activity in the 
medial temporal lobe-region. 

The third study (Study III) aimed to investigate whether fear resulting 
from fear provocation in individuals with specific snake or spider phobia 
would affect activity in the SP/NK1 receptor system in the amygdala. We 
hypothesized that fear provocation in individuals with specific phobia would 
be associated with a decreased uptake of a radiolabelled NK1 receptor 
antagonist in the amygdala because of endogenous SP release. 

The aim of the last study (Study IV) was to investigate the resting state 
NK1 receptor availability in the amygdala of PTSD patients as compared to 
healthy controls using PET and the NK1 receptor antagonist [11C]GR205171 
as the tracer. We hypothesized that the NK1 receptor availability in the 
amygdala would be altered in PTSD patients. 
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Materials and Methods 

Screening procedures 
Specific phobia 
Participants for Study I and Study III were recruited through advertisements 
at Uppsala University’s major campus areas. Screening included filling out 
web-based Swedish versions (Fredrikson 1983) of the Snake Anxiety 
Questionnaire (SNAQ, 0-30 points) and Spider Phobia Questionnaire (SPQ, 
0-31 points) (Klorman et al. 1974), with cut off values of 19 or more on the 
phobic stimulus, and 5 or less on the non-phobic stimulus. This was 
followed by extensive telephone questioning, a clinical interview, and a 
snake- and spider-fear symptom provocation test.  

Exclusion criteria were current psychiatric disorder other than specific 
snake or spider phobia; ever having sought help or undergone treatment for 
specific phobia, either medical or psychological; ever been treated for a 
mental disorder; medicating against anxiety; other substance abuse; fear of 
injections; claustrophobia; pregnancy; left handedness; smoking; or 
participated in a previous PET-study.  

Screening symptom provocation test 
During the screening symptom provocation test pictures of fear and non-fear 
objects (here snakes or spiders) not used during the PET examinations were 
shown. All persons were first presented with pictures of non-phobic 
character followed by phobic pictures. The EDA and heart rate was 
measured using the computerised data acquisition system PSYLAB6 
(Contact Precision Instruments, London, UK) to ensure that future 
participants had enhanced response magnitude during their phobic visual 
stimuli compared to the non-phobic stimuli. Subjective anxiety ratings were 
collected using Spielberger State-Trait Anxiety Inventory – State (STAI-S, 
20-80 point) (Spielberger et al. 1983), as well as subjective units of distress, 
(SUDs) and fear using a visual analogue scale (VAS) ranging from 0 to 100. 

Social phobia 
Participants for Study II were recruited through newspaper advertising. 
Initial screening included a brief telephone interview and social anxiety 
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questionnaires returned by mail. The structured clinical interviews for DSM-
IV axis I disorders (SCID-I; First et al. 1998) were thereafter administered by 
a clinical psychologist and a public speaking behavioural test was 
performed. In addition, a psychiatrist administered the MINI-interview 
(Mini-International Neuropsychiatric Interview; Sheehan et al. 1998) to 
exclude other serious psychiatric disorders. Finally, medical examinations 
were performed. 

Main criteria for exclusion were: treatment of social anxiety in the past 
six months; current serious or dominant psychiatric disorder other than 
social phobia (e.g. psychosis, major depressive or bipolar disorder); 
neurological disorders; somatic disease; chronic use of prescribed 
medication; abuse of alcohol/narcotics; pregnancy; menopause; left 
handedness; previous PET-examination; and positive family history of 
cancer. 

PTSD 
Participants for Study IV were recruited among the patients at the Unit of 
Transcultural Psychiatry at Uppsala University Hospital. Screening of the 
PTSD patients included the clinician administrated PTSD scale (CAPS, 
Blake et al. 1990), the PTSD checklist – civilian version (PCL-C, Weathers 
et al. 1994) and the Montgomery-Åsberg depression rating scale (MADRS, 
Montgomery & Åsberg 1979) as well as clinical interviews, all performed by 
a psychiatrist. 

Exclusion criteria were ongoing medical treatment with anxiolytic drugs 
that could interfere with the neurotransmitter system to be investigated 
during the PET examinations, and other psychiatric disorders with exception 
for depression.  

Controls 
The control group used in Study IV consisted of healthy men free from 
anxiolytic medication without PTSD or other psychiatric disorders as ruled 
out by a SCID interview (First et al. 1998) administered by a clinical 
psychologist. 
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Participants 
Overview of participants and screening procedures is presented in table 1. 

Subjects with specific phobia 
For Study I and Study III, sixteen female subjects (mean age ± SD: 22.8±4.0 
years, range 19-34) with DSM-IV (APA 1994) defined specific spider- (eight 
persons) or snake (eight persons) phobia, but not both, were chosen on their 
willingness to participate in the study. Recruited subjects with spider phobia 
had a mean SPQ-score of 23.3, and a mean SNAQ-score = 2.4; while 
subjects with snake phobia had mean SNAQ-score = 23.9, and a mean SPQ-
score = 3.1; and a positive symptom provocation test (cut-off for fear and 
distress ratings above 50, range 0-100; and more EDA when subjected to 
fearful visual stimulation than non-fearful pictures).  

Patients with social phobia 
Thirty-six patients (17 men/19 women; mean age 31.6±7.7 years; range 19-
48) were included in Study II. All participants met the DSM-IV (APA 1994) 
criteria for social phobia and exhibited marked public speaking anxiety. 
Nineteen patients were diagnosed with generalized social phobia and eight 
qualified for a co-morbid diagnosis (three with specific phobia, four with 
generalized anxiety disorder and one with both disorders).  

Prior to the first PET-investigation patients were matched for severity in 
triplets, based on the social phobia screening questionnaire (SPSQ; Furmark 
et al. 1999) and as far as practically possible also for sex and age. Patients 
were thereafter randomly allocated to one of three groups: NK1-antagonist, 
SSRI, or placebo (n=12/group). Because of matching, the mean age 
(F(2,33)=0.87, n.s.), sex (χ(2)=0.89, n.s) and subtype (χ(2)=1.56, n.s.) 
distributions did not differ significantly across study groups. Patients with 
co-morbid anxiety disorders were distributed equally across the NK1- and 
SSRI-groups (four each). 

Patients with PTSD compared to healthy controls 
Eleven male refugee patients (mean age 41.0±9.9 years, range=27-56) with 
DSM-IV (APA 1994) defined chronic PTSD (PTSD duration was 9.7±3.5 
years) participated in Study IV. All subjects were drug free and without 
medication at least six months before the PET-scans. Three patients were 
diagnosed with co-morbid depression, two with mild depression, and four 
with a pain condition. Three came from Bosnia, two from Iran, two from 
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Iraq (Kurdistan), one from Palestine, one from Afghanistan, one from 
Armenia, and one from Lebanon. Eight had war related trauma, two torture 
related trauma, and one had been imprisoned in a concentration camp. 

Nine healthy males (mean age 33.3±9.6 years, range 22-49) free from 
medication, PTSD or other psychiatric disorders acted as control group. 

Table 1. Overview of the participants and the screening procedures. 
 Study I and Study III Study II Study IV 

Disorder Specific phobia Social phobia PTSD compared to 
healthy controls 

Participants 16 females 17 males+19 females 11 PTSD + 9 controls, 
all males 

Age (years) 22.8±4.0 (19-34) 31.6±7.7 (19-48) PTSD:  
41.0±9.9 (27-56) 
Controls:  
33.3±9.6 (22-49) 

Screening � SPQ, SNAQ 
� Extensive phone 

interview 
� visual symptom 

provocation test 

� Brief phone interview 
� social anxiety 

questionnaires 
� SCID interview 
� public speaking 

behavioural test 
� MINI-interview 
� medical examination 

PTSD: 
� CAPS 
� PCL-C 
� MADRS 
� DSM-IV defined 

chronic PTSD 
Controls: 
� SCID interview 

Symptom provocation 
Visually induced fear during the PET scan 
Study I and Study III are based on the same individuals suffering from 
specific snake or spider phobia. The visual stimuli consisted of still pictures 
shown on a computer screen approximately 40 cm in front of and above the 
participants while being PET scanned. Different sets of pictures previously 
not shown (not used during screening) were used for each PET examination 
to minimise habituation. Subjects were chosen to be afraid of one but not the 
other class of stimuli. Thus, the snake pictures acted as phobic stimulus for 
the snake phobic subjects and as non-phobic stimulus for subjects with 
spider phobia and vice versa. Therefore identical sets of pictures could be 
used for both groups, and individuals acted as their own controls.  

150 different snake pictures and as many spider pictures (figure 1 below 
shows examples of pictures used during the PET examinations) were divided 
into 6 set of pictures of spiders only or snakes only. One set of 25 pictures 
was used per rCBF scan and a combination of 4 sets (100 pictures) made up 
the visual stimulation for the longer NK1 receptor scan.  
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Figure 1. Examples of pictures used as visual provocation during the PET 
examinations. 

Please note that all participants viewed all pictured included as visual 
stimulation in Study I and Study III. Thus, differences in results, if any, after 
data analysis of phobic versus non-phobic stimuli would not be attributed to 
differences in visual complexity or artefacts of eye movements or fixation, 
as all persons were exposed to all pictures and acted as their own controls.  

To measure the brain activity during visually induced phobic fear, a 
number of PET examinations were performed. Phobic and non-phobic 
stimulation was administered on separate days. Each day, two blood flow 
PET examinations were performed using [15O]-labelled water, followed by 
one PET examination studying the NK1-receptor system using [11C]-labelled 
GR205171. One of the blood flow examinations was paired with a startle 
probe, and one without. The NK1-antagonist PET examination was always 
performed without startle probes. The blood flow examinations were always 
carried out before the [11C]GR205171 examination. 

Over the 16 participants, the PET examinations were counterbalanced 
with respect to the two conditions, phobic and non-phobic stimulus, and also 
having the startle sounds during the first or the second blood flow 
examination, to avoid a design bias. On average, 7 days separated the two 
PET examination occasions for each subject. 

Visual stimulation during the [15O]-water PET scans 
The visual stimuli for the blood flow PET measurements consisted of 
Microsoft’s PowerPoint slide-show presentations containing 25 snake or 
spiders pictures shown for 2, 3, or 4 seconds, interrupted by a blank screen 
for 1, 2, or 3 seconds. The length of the visual stimulus was 135 seconds, 
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starting 15 seconds prior injection. The times as well as the order of the 
pictures were randomized to minimize habituation.  

Visual stimulation was shown paired and unpaired with startle stimuli 
giving four stimulus conditions: phobic pictures alone, phobic startle (phobic 
pictures paired with startle stimuli), non-phobic pictures alone and non-
phobic startle (non-phobic pictures paired with startle stimuli).  

Visual stimulation during the [11C]GR205171 PET scans 
During the [11C]GR205171 PET examination a total of 100 pictures were 
shown for 4, 6, or 8 seconds, interrupted by a blank screen for 4, 12, or 20 
seconds with a total time restriction of 60 minutes. All pictures were shown 
twice. The times as well as the order of the pictures were randomized to 
minimize habituation. Visual stimulation started 20 seconds prior to 
injection.  

Startle probes 
The startle reaction was only measured during the PET examinations in 
Study I. During startle sessions, eight startle probes were delivered 
concurrent with the visual stimulation in a pseudorandom order, with 
interstimulus intervals ranging from 5 to 17 s (mean 10 s). The first startle 
stimulus was timed to occur approximately 30 s after tracer injection in order 
to ensure bolus arrival to the brain before startle stimulation began. Each 
startle stimulus consisted of a 500 ms white noise burst, with instantaneous 
rise time and individually adjusted sound level to be uncomfortable but not 
painful (mean 95 dB, range 80–100 dB) generated using the PSYLAB6 
white noise generator (Pissiota et al. 2002a). 

Public speaking task during the PET scan 
The patients in Study II were instructed to prepare a 2½-minute speech about 
a vacation or travel experience about 20 minutes before the initial emission 
scan. rCBF was measured by means of [15O]-labelled water during the public 
speaking task. Immediately following tracer injection patients were asked to 
start speaking and continue until they received instructions to stop. The 
speech was performed in the presence of a silently observing audience of 6-8 
persons. Patients were instructed to observe the audience. The speech was 
recorded from close distance with a portable video camera to increase 
observational anxiety and document verbal performance.  
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Confirmation of presence of fear and anxiety 
Psychophysiological measurement 
To confirm a fear reaction during the PET scans, psychophysiological 
measures were recorded. In Study I, Study II and Study III, heart rate was 
recorded; and EDA was measured in Study I and Study III. During Study I 
the eye blink component of the startle reflex was measured as 
electromyographic (EMG) activity from the orbicular muscle beneath the 
right eye, using two miniature electrodes (4mm diameter) placed 
approximately 25mm apart.  

Startle stimulus control and physiological data acquisition was 
accomplished using the PSYLAB6 integrated system for psychophysiology 
(Contact Precision Instruments, London, UK).  

Subjective ratings of anxiety and distress 
To evaluate subjective anxiety, all participants in all studies were given 
STAI-S (20-80 points) (Spielberger et al. 1983) as an interview. They were 
also asked to rate subjective units of distress, SUDs, and levels of fear from 
0 to 100 on a visual analogue scale (VAS).  

The anxiety measurements were given before and after the PET 
examinations, with the ratings from before the PET scan acting as a baseline 
value and the rating immediately after a PET scan estimating retrospectively 
how the participant felt during the actual PET examination (see Appendix 
II).  

Drug treatment procedure 
Study II was a randomized, double blind, placebo-controlled drug treatment 
study. GlaxoSmithKline (Verona, Italy) supplied the study drugs for a 6-
week treatment period. The NK1-group received a daily oral dose of 5 mg 
GR205171, which started after 14 days of placebo because of limited 
available safety data on repeated dosing. GR205171 was taken as 4 ml 
solution made up to 100 ml in orange juice. The SSRI-group was treated 
with 40 mg citalopram (one tablet), but starting with 20 mg (half tablet) 
during the first week. To maintain study blindness, the NK1- and SSRI-
groups received tablets and solution as dummy treatment, respectively. The 
placebo group received dummy treatments matching GR205171 solution and 
citalopram tablets. All subjects started with half a tablet the first week.  

In all groups the first dose was given immediately after the first PET-
examination and the final dose was administrated 2-4 hours before the 
second PET-assessment on day 42. Subjects did not receive any other form 
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of treatment than the one allocated to in the study and no systematic 
exposure instructions were given. 

Patients visited the clinic weekly for assessments of compliance and side 
effects and to receive new supplies of medication. Vital signs (heart rate, 
blood pressure) were checked, laboratory safety tests (haematology, 
biochemistry and urine analysis) were performed and self-report 
questionnaires were administered (LSAS-SR, CGI-S and CGI-I). Pregnancy 
tests and electrocardiography were performed twice. Screening for alcohol 
and non-allowed drugs were performed at a randomly selected visit. 

Follow-up assessments were performed 2 and 4 weeks after the treatment 
period. Checking of vital signs, safety tests and questionnaire administration 
were then repeated. After completion, patients were offered further 
psychiatric consultation and additional therapy with market drugs. 

Measuring drug treatment improvement 
In Study II, a number of measures and questionnaires were used to confirm 
social anxiety and to monitor improvements during the drug treatment 
period. These were divided into primary outcome measures and secondary 
outcome measures (see table 2 for an overview). 

For the primary outcome measures the following scales were used:  
• Clinical Global Impression - Improvement (CGI-I; Guy 1976) 
• Liebowitz Social Anxiety Scale - self-report version (LSAS-SR; Baker 

et al. 2002) 
• STAI-S (Spielberger et al. 1983) 
CGI-I and LSAS-SR were used to reflect everyday experiences, and STAI-S 
to reflect public speaking anxiety during the PET examination. 

Response to the drug treatment was determined by the CGI-I 
administered day 14, 28 and 42, and at the 2 and 4 weeks follow-ups. 
Patients having a score of 1 or 2 (very much or much improved) on the CGI-
I on day 42 were classified as responders whereas those having scores of 3 
(minimally improved) or higher (4 = no change, 5-7 = worse) were 
considered non-responders.  

Additional changes in the social phobia symptom profile over the 
treatment course were evaluated by LSAS-SR (Baker et al. 2002) given once 
a week. 

Changes in state anxiety from pre- to posttreatment were evaluated using 
STAI-S (Spielberger et al. 1983), administered after each public speaking 
challenge.  

Secondary outcome measures:  
• CGI-S - Clinical Global Impression - Severity scale (Guy 1976)  
• SPSQ - Social Phobia Screening Questionnaire (Furmark et al. 1999) 
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• SPS - Social Phobia Scale (Mattick & Clarke 1998) 
• SIAS - Social Interaction Anxiety Scale (Mattick & Clarke 1998) 
• GAF - Global Assessment of Functioning self-report scale (Bodlund et 

al. 1994) 
• PRCS - Personal Report on Confidence as a Speaker (Paul 1966) 
• SDI - Sheehan Disability Inventory (Leon et al. 1992).  
• Heart rate expressed in beats per minute, was recorded during all public 

speaking tasks by means of the PSYLAB6 integrated system for 
psychophysiology (Contact Precision Instruments, London, UK). 

• Fear and distress during the speaking tasks rated on a visual analogue 
scale (VAS) from 0 to 100 (min-max) (Furmark et al. 2002). 

Table 2. Overview of the measures that were used, and when they were used, in the 
social phobia drug treatment study (Study II). In BOLD are the primary outcome 
questionnaires (CGI-I, STAI-S and LSAS-SR), followed by the secondary outcome 
measures (CGI-S, SPSQ, SPS, SIAS, GAF, PRCS, SDI, heart rate, and fear and 
distress ratings). 

Questionnaires Screening 
Day 0 
First 
PET 

Day 14 Day 28 Day42 
Second 

PET 

2 week 
follow-

up 

4 week 
follow-

up 
CGI-I   X X X X X 
STAI-S X X   X   
LSAS-SR X X X X X X X 
CGI-S X  X X X X X 
SPSQ X    X   
SPS X    X   
SIAS X    X   
GAF X    X   
PRCS X    X   
SDI X    X   
Heart rate X X   X   
Fear (VAS) X X   X   
Distress (VAS) X X   X   

PET examinations 
In Study I and Study II, [15O]-water scans were used to investigate rCBF, 
while the radioligand [11C]GR205171 was used to study the NK1 receptor 
system in Study III and Study IV. Participants fasted three to four hours, and 
refrained from tobacco, alcohol and caffeine twelve hours, before PET-
investigations. 
• All PET investigations were performed using a Siemens ECAT Exact 

HR+ PET scanner (CTI, Knoxville, TN, USA) operated in 3D mode (for 
extensive information on the PET scanner see Appendix I).  
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• Before the positioning in the camera, the subjects in Study I, Study II 
and Study III were hooked up to the computerised data acquisition 
system PSYLAB 6.0 (Contact Precision Instruments, London, UK) for 
registering psychophysiological responses during the PET scans.  

• All subjects were positioned in the scanner with the head gently fixated 
and a venous catheter for tracer injections was inserted. 

• A 10-minute transmission scan was performed before the first emission 
scan. 

• Emission scans: 
[15O]-water scans (Study I and Study II): 

• During each emission scan approximately 10 MBq/kg bodyweight 
of 15O-water given as an intravenous bolus injection. The PET 
data acquisition started automatically in 3D mode when the bolus 
reached the brain (50,000 cps) and the data was collected in three 
30-s frames. 

[11C]GR205171 scans (Study III and Study IV): 
• The [11C]GR205171-PET data acquisition was started manually at 

the time of tracer injection with a total duration of 60 minutes. An 
average of 328±54.2 MBq of [11C]GR205171-tracer was 
administered per person. In Study III (specific phobia) the PET 
data was collected in 22 frames (1x60s, 4x30s, 4x60s, 4x120s, 
9x300s) and in Study IV (PTSD and controls) the emission scans 
consisted of 17 frames (4x60s, 3x120s, 10x300s).  

Data processing 
There are several tools available for data processing and analysis of 
neuroimaging data. The softwares used in the present thesis is a combination 
of Greitz computerized brain atlas (Greitz et al. 1991) using the CBA 3.0 
software package (Applied Medical Imaging AB, Uppsala, Sweden) together 
with additional in-house programs for data pre-processing (Andersson 1995) 
and statistical analysis (Andersson 1997; Friston et al. 1994, 1995) (Study I 
and Study III) as well as the Statistical Parametric Mapping software 
(SPM99 in Study II and SPM2 in Study IV) provided by Wellcome 
Department of Cognitive Neurology, London, UK. The CBA software 
contains a brain atlas, where brain contours, gyri, sulci, central structures and 
Brodmann areas (BAs) are defined in the stereotactic space (Thurfjell et al. 
1995). It allows for identification of anatomical structures and cortical 
cytoarchitectonic areas (BAs) as well as Talairach coordinates (Talairach & 
Tournoux 1988). In-house softwares ReoRui and ReoDyn were applied to 
correct for movements during and between scans. 
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An overview of the PET scans and PET raw data pre-processing is presented 
in table 3. 

PET raw data pre-processing 
• The individual PET data frames were corrected for photon attenuation, 

decay, scattered radiation and random coincidences and reconstructed to 
a 128x128 matrix using back projection and Hanning filters. 

• All PET frames were corrected for movements during individual PET 
examinations and realigned to correct for different positions between 
scans. This was done by in-house softwares ReoRui and ReoDyn in 
combination with SPM99 (Study II) and SPM2 (Study IV). 

• Summation images: 
• the three 30-s frames of each [15O]-water scan (Study I and Study 

II) were summed after correcting for movements, producing one 
90-s image for each person and condition.  

• the first 6 frames from the [11C]GR205171 PET scans (Study III 
and Study IV) were summed to produce an early summation 
image. The early summation images were used when correcting 
for movement during and in between the PET examinations and 
also for outlining of the cerebellar cortex ROI (figure 2) to be used 
as reference region in the Patlak calculation. 

 
Figure 2. Cerebellar cortex ROI drawn on early summation images of frames 1 to 6 
from [11C]GR205171 scans. 

Patlak calculation 
To quantify NK1 receptors in Study III and Study IV the [11C]GR205171 
PET data was recalculated according to Patlak and Blasberg (1985) using the 
cerebellum as the reference region producing Patlak slope images used for 
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further analyses. Patlak slope values, which are proportional to the amount 
of available receptors, were computed in the time-window 11-60 minutes 
(Study III) or 20-60 minutes (Study IV) after tracer administration. For 
detailed information see Appendix III and Patlak and Blasberg (1985). 

Table 3. Overview of the PET scans and PET data processing steps. 
 Study I Study II Study III Study IV 

Number of PET 
scans per 
participant 

4 2 2 1 

PET tracer [15O]-water [11C]GR205171 
Frames/scan 3 22 frames 17 frames 
Stimuli/ 
provocation 

Visual + 
auditory 

Speech Visual None � rest 

Psycho-
physiological 
measures 

Heart rate, EDA, 
EMG startle 

response 

Heart rate Heart rate, EDA NA 

Anxiety ratings STAI-S, fear and SUDs ratings 
PET raw data 
pre-processing 

Individual frames corrected for photon attenuation, decay, scattered 
radiation and random coincidences 

Reconstruction 128x128 matrix using back 
projection and a  
8mm Hanning filter 

128x128 matrix using back 
projection and a  
4mm Hanning filter, zoom 2.5 

Summation Summation of three 30s frames 
into one 90s frame 

Early summation images of frames  
1 to 6 

ROI for Patlak 
calculation 

NA Cerebellar cortex outlined on early 
summation images to be used as 
reference region 

Movement 
correction 

Dynamic movement correction in time during individual PET scans 

Realign Movement correcting for different positioning between scans by a 
combination of in-house software programs, SPM99 or SMP2 

Patlak 
recalculation 

NA Patlak of frames 
covering 11-60 
minutes of PET  

Patlak of frames 
covering 20-60 
minutes of PET  

Anatomical 
normalization 

CBA SPM99 CBA SPM2 

Global flow 
correction 

Yes NA 

The PET images were anatomically normalized as follows:  
• Study I - the 90s summation images were fitted to the standard 

stereotactic space of the Greitz computerized brain atlas, CBA. 
• Study II - the 90s summation images were normalized in SPM99 to the 

MNI (Montreal Neurological Institute’s) stereotactic template (ICBM 
152), and smoothed using a 12mm Gaussian kernel.  

• Study III - the early summation images were fitted to CBA (Greitz et al. 
1991). The amygdala regions of interest (ROIs) were outlined on the 
Patlak images by hand for each participant guided by the CBA amygdala 
ROIs.  
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• Study IV – The Patlak slope images were realigned to the early 
summation images in SPM2, normalized to the MNI stereotactic 
template (ICBM 152), and smoothed with a 12mm Gaussian kernel.  

PET data analyses 
Study I – startle modulation was evaluated conceptually using a double 
subtraction contrast ([phobic startle vs. phobic alone] vs. [non-phobic startle 
vs. non-phobic alone]). A blocked analysis of variance (ANOVA) was 
performed using in-house software based on the general linear model 
(Friston et al. 1994, 1995). A t-map was created for the contrast, and 
subsequently converted to a z-score map. Because of the theoretically 
motivated directed search for predefined limbic and paralimbic brain 
regions, the critical z-value was set to 2.6 (corresponding to a p-value of 
<0.01, uncorrected for multiple comparisons). The ROIs were defined using 
the predefined CBA ROIs for the amygdala, the anterior cingulate cortex 
(ACC) and the cerebellum. 

Study II - PET-data were statistically evaluated using within- and between-
group comparisons defined in SPM99 with rCBF-data fitted to the general 
linear model (Friston et al. 1995). Between-group differences were evaluated 
by group × time interactions conceptually in the form of double subtractions, 
such as [NK1post-NK1pre]-[Placebopost-Placebopre]. Differences in global 
blood flow were corrected for using the proportional scaling method within 
SPM99. Contrasts generated t-maps, subsequently converted to z-scores for 
interpretation. Brain locations are described as xyz coordinates in the 
Talairach space, obtained by mathematical transformation of the MNI 
coordinates in SPM99 (www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html). 
Anatomical localization was supported by searches in the Talairach atlas 
(Talairach & Tournoux 1988) and the Talairach Daemon (Lancaster et al. 
2000). The primary ROI was the medial temporal lobe (MTL) region, and 
complemented by an explorative whole-brain analysis. 

Study III – The amygdala was outlined bilaterally in two continuous slices 
according to CBA (Greitz et al. 1991) and average slope values were 
extracted for the left and right amygdala during both phobic and non-phobic 
conditions. Statistical computations were performed using SPSS 10.0 (SPSS 
Inc, Chicago, USA). 

Study IV – Patlak slope values were evaluated with SPM2 bilaterally in the 
amygdala, and the groups were compared with an analysis of covariance 
(ANCOVA). Age was treated as a nuisance variable, because Nyman and 
colleagues (2007) have demonstrated that the amount of NK1 receptors 
decrease with age. The volumes of the right and left amygdala were outlined 
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using the ROIs from the Brodmann library in the WFU Pickatlas (Maldjian 
et al. 2003). The statistical threshold was set at p<0.05 corrected for multiple 
comparisons within the ROIs. A family wise error (FWE)-corrected p<0.05 
was considered statistically significant at voxel level. 

Psychophysiology data analyses 
Heart rate was calculated from the inter-beat interval and expressed in beats 
per minute (bpm) (Study I, Study II and Study III). EDA expressed as non-
specific fluctuations (alterations exceeding 0.05 mSiemens) per minute 
(NSF/min) was measured in Study I and Study III. In Study I, the EMG 
signal (the eye blink component of the startle reflex) was band-pass filtered 
at 30–500 Hz, rectified/integrated and sampled at a rate of 100 Hz. Startle 
amplitude was scored off-line as the maximum deviation from the mean 
EMG level recorded for the last 200 ms before white noise onset, in the 
period from 20 to 120 ms after noise onset, using an in-house scoring 
program, and analyzed as a repeated measures ANOVA with the StatView 
5.0 for Windows (SAS Institute, Inc.). 

Other statistical analyses 
• Study I - Self-reported anxiety measures, heart rate, and EDA were 

analyzed as 2 X 2 ANOVAs, i.e. Affective Condition (phobic vs. non-
phobic) X Startle Condition (startle vs. no startle), using the StatView 
5.0 for Windows (SAS Institute, Inc).  

• Study II - Data were scanned for violations of normality and 
heterogeneity of variance and between-group differences at pretreatment 
were tested by ANOVA. The distribution of responders/non-responders, 
according to the CGI-I on day 42, was evaluated using exact single-cell 
tests (Bergman & El-Khouri 1987). Planned t-tests (paired, two-tailed) 
were used to detect within-group changes from pre- to posttreatment. 
Between-group differences were tested by pairwise comparisons of the 
adjusted means following ANCOVA with posttreatment score as 
dependent variable and pretreatment score as covariate in the statistical 
model. Repeated measurement ANOVA was used to evaluate the LSAS-
SR. Analyses were performed using StatView 5.0.1 (SAS Institute Inc., 
Cary, NC, USA) and Statistica 6.0 (StatSoft Inc, Tulsa, OK, USA). The 
alpha-level used was p<0.05 in all tests. Verbal performance was 
evaluated by comparing the number of spoken syllables during the first 
10 s of each videotaped speech, using a repeated measurement ANOVA. 

• Study III - STAI-S scores related to the phobic and the non-phobic PET 
scans were compared statistically using SPSS 10.0 for PC. 
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• Study IV - The Mann Whitney U-test was performed using SPSS 
version 16.01 for Macintosh to test group differences in STAI-S anxiety 
ratings.  

Ethics 
All four studies were approved by the Uppsala University Medical Faculty 
Ethical Review Board/the Ethical Vetting Board of Uppsala, and the Uppsala 
University Isotope Committee/the Radiation Safety Committee. Study II was 
approved by the Swedish Medical Products Agency. Written informed 
consent was obtained from all participants. 
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Results 

Study I 
Amygdala and Anterior Cingulate Cortex Activation During Affective 
Startle Modulation: a PET Study of Fear. 

Behavioural measures 
Psychophysiology - EMG 
Analysis of EMG startle data confirmed startle potentiation during phobic as 
compared to the non-phobic condition [F(1,15)=7.42, p=0.0157, 
meanphobic=470.2 vs. meannon-phobic=307.5]. 

Psychophysiology – heart rate and EDA 
Similarly, heart rate and EDA were significantly elevated during fear-related 
exposure [F(1,15)=18.24, p=0.0007, and F(1,15)=5.83, p=0.0290, 
respectively], and for EDA a significant main effect of startle condition was 
also observed, indicating more NSF/min during startle stimulations 
[F(1,15)=18.73, p=0.0006].  

Subjective ratings of fear and distress and STAI-S 
Subjective anxiety measures were higher during phobic stimulation as 
compared to the non-phobic, as indicated by significant main effects for the 
affective, but not the startle, condition [STAI-S: F(1,15)=137.9, p<0.0001; 
SUDs: F(1,15)=125.3, p<0.0001].  

PET measures 
Analysis of PET data revealed that startle potentiation during phobic fear 
was associated with significantly increased rCBF in the left amygdaloid-
hippocampal area, encompassing the periamygdaloid cortex (BA34), the 
hippocampus and the amygdala [with the maximum activation located at 
Talairach coordinates (-30,-8,-17), z-value=2.60] (Talairach & Tournoux 
1988). Significantly increased activity was also found in the medial anterior 
cingulate cortex [BA32, Talairach coordinates (-4,52,-1), z-value=2.87] (see 
figure 3).  
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Figure 3. PET images, superimposed on a magnetic resonance (MR) template, 
showing altered neural activity during affective startle modulation. The images are 
based on a group of sixteen subjects with either snake or spider phobia during 
exposure to phobic and non-phobic pictures, paired and unpaired with acoustic 
startle stimuli. Transaxial, sagittal, and coronal slices are displayed at the voxel of 
maximal activation. Top panel: Increased regional cerebral blood flow (rCBF) in the 
left amygdaloid-hippocampal area. Bottom panel: Increased rCBF in the left medial 
anterior cingulate cortex. Images are displayed in radiological convention; the left 
side of the image corresponds to the right side of the brain. 

Study II 
Cerebral Blood Flow Changes After Treatment of Social Phobia with the 
Neurokinin-1 Antagonist GR205171, Citalopram, or Placebo. 

Behavioural measures 
The clinical outcome measures were divided into primary outcome measures 
(CGI-I, STAI-S and LSAS-SR), and secondary outcome measures (CGI-S, 
SPSQ, SPS, SIAS, GAF, PRCS, SDI, heart rate, and ratings of fear and 
distress). 
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Pretreatment evaluation 
There were no significant differences between groups before treatment on 
any primary (0.027<F<1.38; 0.27<p<0.93) or secondary (0.22<F<3.20; 
0.054<p<0.80) clinical outcome measure.  

Primary outcome measures 
Response rate: The distribution of response rate is shown in table 4. On day 
42 (end of treatment), the numbers of CGI-responders were 5 (41.7%) in the 
GR205171-group, 6 (50%) in the citalopram group and 1 (8.3%) in the 
placebo group. The two drug groups got worse after treatment withdrawal on 
day 42, whereas placebo subjects did not change (figure 4).  

Table 4. Response rate to treatment in the different treatment groups at day 42. 

 GR205171 Citalopram Placebo 

Responders  
(CGI-I = 1 and 2) 

5 6 1 

“Minimally improved” 
(CGI-I = 3) 

4 4 3 

“No-change” 
(CGI-I = 4) 

3 2 8 

Both the GR205171 (t(11)=3.87, p=0.0026) and citalopram (t(11)=7.26, 
p<0.0001) groups showed significant anxiety reduction as measured with 
STAI-S from pre- to posttreatment, whereas the placebo group did not 
(t(11)=1.53, n.s.). A significant effect of group was noted in the ANCOVA 
of posttreatment scores (F(2,32)=4.13, p=0.025) and pairwise comparisons 
showed that both the GR205171 (p=0.031) and citalopram (p=0.013) groups 
were significantly more improved than placebo on the STAI-S (figure 4). 
Speech ratings were always higher than ratings during baseline (p<0.0001). 

LSAS-SR: All groups improved significantly on the LSAS-SR (2.94<t<3.97, 
df=11, 0.0022<p<0.014) from screening to day 42 (figure 4). Repeated 
measure ANOVAs of the LSAS-SR scores revealed a significant main effect 
of time (F(2,33)=17.0, p<0.0001) but no significant effect of group, or time 
× group interaction.  
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Figure 4. Change scores for the Clinical Global Impression improvement subscale 
(top, left), percentage of responders over time (bottom, left) the Liebowitz social 
anxiety scale (LSAS-SR, top right) and state anxiety during a public speaking 
challenge measured by the state part of Spielberger State-Trait Anxiety Inventory 
(STAI-S, bottom right). The treatment started post-screening on day 0, terminated 
on day 42 and was followed up 2 and 4 weeks later (F-up 2/4 w). 

Secondary clinical outcome measures 
Results on the secondary outcome measures are presented in table 5. The 
GR205171 group improved significantly on eight, the citalopram group on 
six and the placebo group on four measures. The PRCS and SDI scales were 
insensitive to changes in all groups (data not shown). At posttreatment, the 
ANCOVAs did not reveal significant effects of group on any of the 
secondary measures (F(2,32)=0.02-1.07, n.s.). 

Table 5. Significant improvements on secondary clinical outcome measures from 
before to after treatments measured with paired t-tests. 

Measure GR205171 Citalopram Placebo 
CGI-S p<0.001 p <0.001 p <0.01 
SPSQ p <0.001 p <0.01 p <0.005 
SPS p <0.001 p <0.005 p <0.05 
SIAS p <0.001 p <0.001 n.s. 
GAF p <0.005 p <0.01 n.s. 
Fear (VAS) p <0.005 n.s. p <0.05 
Distress (VAS) p <0.01 p <0.05 n.s. 
Heart rate p <0.05 n.s. n.s. 
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PET measures 
Medial temporal lobe analyses 
Within the GR205171 and citalopram groups rCBF-response was 
significantly lower after treatment in the perirhinal, entorhinal and 
parahippocampal cortices as well as the amygdala. This pattern was bilateral 
in citalopram subjects but localized mainly to the left hemisphere in the NK1 
group. No significant changes were observed in the placebo group (figure 5, 
top panel). Between-group comparisons confirmed that rCBF in the MTL-
region was significantly more reduced after drug treatment compared with 
placebo (figure 5, bottom panel). Decreases of rCBF in the hippocampus 
proper were also noted in these between-group comparisons. The GR205171 
and citalopram groups did not differ significantly. 

 
Figure 5. Coronal PET images of patients with social phobia showing clusters of 
significantly reduced rCBF in the medial temporal lobe during public speaking, after 
compared to before treatment, within the NK1-antagonist GR205171 (top left ), 
citalopram (top central) and placebo (top right panel) groups. All groups included 12 
subjects each. Between-group comparisons revealed a significantly larger reduction 
of rCBF in subjects treated with GR205171 (n=12; bottom left) and citalopram 
(n=12; bottom middle) compared with placebo (n=12). Bottom right panel illustrates 
the volume of interest used for all hypothesis-driven analyses of rCBF-changes in 
the left and right medial temporal lobe. 
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Follow-up analyses revealed that responders, irrespective of treatment 
modality, exhibited significantly lowered rCBF after treatment bilaterally in 
the rhinal and parahippocampal cortices as well as the amygdala region. A 
between-group comparison showed that rCBF in the previously noted MTL 
domain was more reduced in responders (CGI-I ≤ 2) than in patients that did 
not change (CGI-I = 4), but this pattern was significant only in the right 
hemisphere (figure 6).  

In the active drug groups, rCBF-alterations were further characterized by 
comparing subjects that differed in state anxiety reduction. Subjects were 
ranked within each of the state anxiety measures (STAI-S, heart rate, fear 
and distress) using change scores from pre- to posttreatment. The four 
rankings were summed and a median split of the summed rank was used to 
define subgroups showing either a large (n=6) or small (n=6) anxiety 
reduction. Both in NK1 and citalopram subjects, the rCBF-decrease in the 
MTL-region was significant only in the subgroups exhibiting large anxiety 
reduction (figure 6).  

 
Figure 6. Follow up PET-analyses. Coronal images of significantly reduced rCBF 
during public speaking in the medial temporal lobe after treatment in responders on 
the Clinical Global Impression improvement scale (n=12; top left), and in 
responders compared with subjects that did not change on this scale (n=13; top 
right). Further analyses showed significantly decreased rCBF in patients that 
exhibited the largest reduction of state anxiety from pre- to posttreatment within the 
citalopram (bottom left) and the NK1-antagonist GR205171 (bottom right) groups. 
No significant rCBF-changes were observed in the remaining subjects exhibiting a 
smaller anxiety reduction (not illustrated). 
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Whole brain analyses 
In the GR205171 group, rCBF increased significantly in a cluster located in 
the left occipital cortex (BA17) ([–22,–87,–1]; z-score 4.08, p=0.008). 
Citalopram subjects exhibited a significant decrease of rCBF in a cluster in 
the posterior cingulate cortex (BA31) ([–18,–31,38]; z-score 4.11, p=0.032). 
In placebo subjects, the rCBF increased significantly in the left cerebellum 
([–2,–76,–13]; z-score 4.64; p=0.039). 

There were no significant effects of group (F(2,33)=1.11, n.s.), time 
(F(1,33)=1.14, n.s.) or group × time interaction (F(2,33)=1.48, n.s.) with regard 
to global flow. 

Verbal performance 
No significant effects of group (F(2,30)=0.59, n.s.), time (F(1,30)=0.06, n.s.) or 
group × time interaction (F(2,30)=0.55, n.s.) were noted regarding the number 
of spoken syllables. 

Adverse events 
There were 26 (GR205171 group), 43 (citalopram), and 23 (placebo) drug-
related adverse events, the most common being headache, tiredness, 
insomnia, nausea, irritability and somnolence. Events were generally mild or 
moderate and all were resolved. No subject expressed a wish to discontinue 
the study. 

Study III 
Symptom Provocation in Specific Phobia Affects the Substance P 
Neurokinin-1 Receptor System. 

Behavioural measures 
State anxiety ratings using STAI-S (20-80) confirmed significant anxiety 
differences resulting from exposure to the phobic and non-phobic pictures, 
being 68 (±11.2) and 29 (± 6.7) respectively [t(15)=10.97; p<0.0001]. 

PET measures 
The Patlak analysis demonstrated lower slope values during the visual fear 
provocation as compared to the non-phobic stimulation. The ratios between 
the slope values for the two conditions differed significantly from 1 in the 
right [t(15) = 2.30; p<0.05], but not the left amygdala [t(15) = 0.63; n.s.] 
(figure 7). The formal condition by side analysis was not significant 
(F(1,15)<1). 
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Figure 7. Bars (± SEM) represent the ratio between the Patlak slope values that 
reflect tracer uptake of a neurokinin 1 receptor specific PET tracer during visual fear 
provocation as compared to a non-phobic condition in the right (solid black bar, * 
p<0.05) and left (striped bar, n.s.) amygdala. 

Correlations 
There was a significant negative correlation between the change in the Patlak 
slope values and change in subjective state anxiety ratings in the right 
amygdala (rxy = -0.69; p<0.005) but not the left amygdala (rxy = -0.034; n.s.) 
(see figure 8). 

 
Figure 8. Negative correlation and the regression line between differences in Patlak 
slope values that reflect neurokinin 1 receptor binding and state anxiety ratings in 
the right amygdala.  
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Study IV 
Enhanced Neurokinin 1 Receptor Availability in the Amygdala in 
Posttraumatic Stress Disorder. 

Behavioural measures 
The PTSD patients had significantly higher baseline STAI-S scores 
(50.4±6.3) than controls (27.3±5.0, z=3.59, p<0.001). 

State anxiety did not increase from baseline to the PET examination, 
neither in patients (-1.67±12.12, t=0.41, n.s.) nor in controls (-0.44±5.55, 
t=0.24, n.s.). 

PET measures 
PTSD patients displayed a significantly higher [11C]GR205171 uptake in the 
left ([-26,-4,-12]; z=2.62; p=0.043) and right amygdala ([28,-5,-13]; z=2.68; 
p=0.037) after correction for age and multiple comparisons (figure 9).  

When STAI-S scores were added as a covariate, PTSD patients still 
displayed a higher tracer uptake in the left ([-26,-1,-18]; z=2.94; p=0.020) 
and right amygdala ([26,-8,-11]; z=2.62; p=0.043). 

 
Figure 9. Patients with posttraumatic stress disorder show significantly higher 
[11C]GR205171 uptake, reflecting enhanced neurokinin 1 receptor availability, 
bilaterally in the amygdala compared to healthy controls. The colour bar represents 
t-scores. 
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Discussion 

The four studies included in this thesis investigated regional cerebral blood 
flow (rCBF) and neurochemical brain activity involved in event-triggered or 
situationally induced anxiety disorders using positron emission tomography, 
PET. In two of the studies, specific snake or spider phobias were 
investigated (Study I and Study III), in one study social phobia (Study II), 
and in the last study posttraumatic stress disorder (PTSD; Study IV). All four 
studies investigated specific brain regions including the amygdala. 

In Study I the neural pathways behind fear-potentiated startle were 
investigated. It was shown that startle potentiation induced by visually 
provoked fear was associated with increased neural activity in the left 
amygdaloid-hippocampal region (encompassing the amygdala, the 
hippocampus, and the periamygdaloid cortex), and medially in the affective 
division of the anterior cingulate cortex (ACC) in subjects with snake or 
spider phobias. 

In Study II, rCBF changes following short-term treatment with the NK1 
receptor antagonist GR205171 compared to citalopram and placebo were 
explored in patients with social phobia. It was demonstrated that both NK1 
and SSRI treatments of social phobia reduced the neural response to a 
stressful public speaking task in the medial temporal lobe (MTL), including 
the perirhinal, entorhinal and parahippocampal cortices as well as the 
amygdala. The score from the Clinical Global Impression - Improvement 
scale (CGI-I) and reduction of state anxiety during the public speaking task 
(STAI-S) suggested that both the NK1-antagonist and the SSRI were 
superior to placebo. In both treatment groups, subjects showing a large 
reduction of public speaking state anxiety from pre- to posttreatment 
accounted for the rCBF-decrease in the MTL-region.  

In Study III the possible involvement of substance P (SP) and the 
neurokinin 1 (NK1) receptor system in visually provoked fear was explored. 
Emotional modulation of activity in the SP/NK1 receptor system was 
demonstrated using the NK1 receptor antagonist [11C]GR205171 as the PET-
tracer. A lower tracer uptake indicated by lower Patlak slope values (Patlak 
& Blasberg 1985) during phobic than non-phobic stimulation in the right but 
not the left amygdala was found. Because the reduced tracer uptake is 
proportional to the amount of available receptors, imaging data support 
reduced receptor availability during symptom provocation in individuals 
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with specific phobia. This is consistent with an endogenous SP release, 
blocking the PET tracer from binding.  

In Study IV, the NK1 receptor availability in the amygdala in PTSD 
patients and healthy controls was studied during rest. We found more 
available NK1 receptors in the PTSD patient group than in the control group 
bilaterally in the amygdala after correcting for the age of the participants. 
This finding prevailed even after removing variance caused by the subjective 
state anxiety rating as measured with STAI-S. 

The amygdala 
In all four studies we investigated the amygdala proper or the extended 
amygdala. The amygdala has a well-documented involvement in affect (e.g. 
LeDoux 1996, Aggleton 2000) and it has long been implicated in the 
acquisition and expression of fear-related behaviour (LeDoux 1996, 2000). It 
is a prominent node in the fear network of the brain (Etkin & Wager 2007, 
LeDoux 2000, Fredrikson & Furmark 2003). Davis and Whalen (2001) 
proposed that the amygdala is especially involved in modulating moment-to-
moment levels of vigilance in response to uncertainty, with amygdala 
activation leading to increased attention and enhanced signal detection in a 
state of fear. Provocation studies measuring neural activity using fMRI and 
PET demonstrate enhanced amygdala reactivity during symptom 
provocation in several anxiety disorders, in particular social anxiety disorder 
(social phobia), specific phobias and PTSD (Fredrikson & Furmark 2003). 
Amygdala lesions are protective for the development of PTSD in the 
aftermath of trauma (Koenigs et al. 2008) and enhanced amygdala reactivity 
seems predictive of the subsequent development of PTSD symptomatology 
following trauma exposure (Admon et al. 2009). The amygdala has also a 
role in social perception and judgment (Adolphs 2003), which may have 
specific relevance for social phobia (Amaral 2002). 

Other areas and co-activations 
The amygdala does not operate by itself, but is interconnected with many 
other brain regions. The cingulate region implicated in Study I, Brodmann 
area (BA) 32, has been characterized as belonging to the affective division of 
the anterior cingulate cortex, ACC (Devinsky et al. 1995; Bush et al. 2000). 
Activation of this area has been reported for a variety of affect-related tasks 
(e.g. Bush et al. 2000; Devinsky et al. 1995), including symptom 
provocation in patients suffering from anxiety disorders (e.g. Rauch et al. 
1994, 1995 & 1996), as well as emotional processing in healthy volunteers 
(Lane et al. 1998, Whalen et al. 1998, Elliott et al. 2000). It is involved in 
conditioned emotional learning, assessments of motivational content, 
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assigning emotional valence to internal and external stimuli, as well as the 
regulation of autonomic and endocrine functions (Devinsky et al. 1995). The 
ACC has extensive connections with the amygdala and the periaqueductal 
grey, and parts of it project to autonomic brainstem nuclei. Because the 
amygdala plays a key role in the evaluation of sensory stimuli, and due to 
their close reciprocal connections, it has been suggested that the amygdala 
and ACC operate together to produce affective behaviours (Vogt et al. 
1992).  

The coactivation of amygdala and ACC found in Study I has previously 
been reported by a number of studies dealing with affective processing 
(LaBar et al. 1998, Blair et al. 1999, Vuilleumier et al. 2001). For example, 
left amygdala and bilateral ACC coactivation during processing of fearful vs. 
happy faces has been interpreted as the engagement of a neural system 
coordinating behavioural responses to threatening stimuli (Morris et al. 
1998a), given its reciprocal connections with the amygdala, as well as its 
strong projections to motor output systems. A similar central integrative role 
for the human “rostral limbic system” in the processing of sensory stimuli 
and the formation of context-dependent adaptive behavioural responses has 
been suggested by Büchel and colleagues (1998), who showed enhanced 
responses in the ACC together with differential responding in the amygdala 
during aversive conditioning.  

The results from Study I demonstrate that it is possible that the motor 
output, i.e. the startle response, is modulated by coactivation of the amygdala 
and the ACC.  

It has been suggested that the amygdala and the hippocampus may act as 
a single integrated system to organize defensive behaviour and fear 
expressions (Petrovich et al. 2001). Also, recent animal data suggest 
involvement of both the amygdala and the hippocampus in determining 
anxious reactions and suggest a hereditary component for the hippocampus 
but not the amygdala (Oler et al. 2010). The predominant interaction 
between the two areas could be mediated by the entorhinal cortex (Amaral et 
al. 1992). 

The amygdala is not necessarily the main or only site of action in the 
alleviation of anxiety. Neuroimaging studies of anxiety pathways often 
report conjoint activation of a larger MTL-region; the extended amygdala; 
comprising both subcortical and cortical areas, rather than an isolated 
activation of the amygdala proper (Furmark et al. 2002; Stein et al. 2002; 
Tillfors et al. 2001, 2002). It is plausible that MTL structures function 
collectively as an affect-sensitive network that is triggered by threatening 
stimulation. Increased hippocampal activation in frightening situations might 
be attributed to cognitive processes or contextual evaluation, whereas the 
surrounding perirhinal, entorhinal and parahippocampal cortices could be 
important transit areas for sensory and/or memory information into the 
subcortical structures (LeDoux 1996). 
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Activity – rCBF and the substance P/NK1 receptor 
Study I and Study II investigated brain activity by measuring rCBF. A brain 
region that is active consumes more glucose, which is supplied by the blood 
flow resulting in enhanced oxygen levels in activated brain areas. This is 
reflected by enhanced rCBF in PET studies or blood oxygen level-dependent 
(BOLD) signal in functional magnetic resonance imaging (fMRI) studies. 
This could also mean that where you have an increase in rCBF you have 
higher neural activity. The exact meaning of rCBF is still not fully understood 
(e.g. Logothetis 2007). Increased neural activity is still a very broad and 
general term. What is driving the activity; which neurotransmitters and 
receptor systems cause the activity? This is not an easy question to answer as 
there are many neurotransmitters involved in anxiety and fear. Instead we 
chose to ask if the substance P (SP)/neurokinin 1 (NK1) receptor system is 
involved in the experience or expression of anxiety and fear in humans or if 
the system is altered in anxiety disorders (Study II, Study III and Study IV).  

Substance P and the NK1 receptor 
Many animal studies point to the involvement of SP and its preferred NK1 
receptor in anxiety. Intracerebral injections of SP or SP agonists provoke 
anxiety (Aguiar & Brandão 1996; Kramer et al. 1998; Krase et al. 1994) 
while NK1 receptor antagonists have an anxiolytic effect (File 1997, 2000; 
Kramer et al. 1998; Santarelli et al. 2001; Varty et al. 2002; Teixeira et al. 
1996). But does emotional stimulation alter endogenous extra-cellular SP 
levels in brain areas important for processing of anxiety and mood, a 
prerequisite for a contribution of this neuropeptide system in modulating 
these behaviours? The rat amygdala is known to be rich in NK1 receptors 
(Mantyh et al. 1984), and Ebner and colleagues (2004) found that 
immobilization stress in rats produced a pronounced and long-lasting 
increase in SP release in the medial nucleus of the amygdala. A milder 
stressor enhanced SP release transiently and to a lesser extent, and bilateral 
microinjection of an NK1 receptor antagonist into the medial nucleus of the 
amygdala blocked stress-induced anxiogenic-like effects as well as reversing 
the anxiogenic effect of microinjected SP. 

Substance P/NK1 receptor system in emotional modulation 
Hietala and colleagues (2005) have shown that NK1 receptors are widespread 
throughout areas including the amygdala and the hippocampus in humans.  

It has been demonstrated that drug treatment using NK1 receptor 
antagonists has anxiolytic and antidepressant effects in patients with major 
depression (Kramer et al. 1998, 2004). We have demonstrated that in 
patients with social phobia, short-term administration of the specific NK1 



 53 

receptor antagonist GR205171, as well as the SSRI citalopram, alleviated 
social anxiety, which was paralleled by a significantly reduced rCBF during 
public speaking in the medial temporal lobe (MTL) including the amygdala 
(Study II). Consistent with the data presented by Kramer and colleagues 
(1998), the NK1-antagonist and SSRI reduced anxiety to a similar extent, 
and the PET-data suggest that attenuation of MTL neural activity could be 
an important anxiolytic mechanism also in NK1-targeted pharmacotherapy. 
If negative affect brings forth a release of endogenous SP, and blocking the 
SP preferring NK1 receptor has anxiolytic effects, this could explain the 
anxiolytic effect of NK1 receptor antagonists as being mediated by 
preventing SP binding to the NK1 receptors in the amygdala.  

In animal studies, the anxiolytic effect of NK1 receptor antagonists has 
been attributed to reduced levels of central SP (Hasenöhrl et al. 2000) being 
associated with an inhibition of neural activity in the medial temporal lobe 
(MTL). However, Hasenöhrl and colleagues (2000) argued that other 
neurotransmitter systems such as the serotonergic system also are involved, 
because SP may coexist with serotonergic neurons and modify their release 
and effect. 

In mice, genetic disruption of NK1 receptor function is anxiolytic and 
paralleled by an increased firing of serotonergic neurons (Santarelli et al. 
2001). Shirayama and co-workers (1996) showed that chronic treatment with 
antidepressant drugs that influence serotonin neurotransmission can reduce 
the concentrations of central SP, e.g. in the amygdala of the rat. This 
observation indicates that the reduction of SP content after chronic treatment 
may contribute to the therapeutic action of antidepressants (not primarily 
acting on the NK1 receptors) in affective disorders. It has also been 
demonstrated that SP might interact with the GABAergic system (Ribeiro & 
De Lima 2002). 

Visually induced fear in women with specific spider or snake phobia reduced 
the amount of available NK1 receptors in the right amygdala (Study III). The 
reduced amount of NK1 receptors can be interpreted as enhanced endogenous 
SP activity using the following logic: SP is released due to fear and anxiety; it 
binds to the NK1 receptors, and the SP/NK1 receptor complex is internalized 
(Grady et al. 1995) which means that the NK1 receptor, once it has bound SP, 
is removed from the cell surface and is no longer available for tracer binding. 
More fear � increased SP release � fewer available NK1 receptors � less 
tracer binding. This was further supported by the negative correlation 
between anxiety ratings and tracer binding (Study III). Also, Geracioti and 
colleagues (2006) have demonstrated a marked increase in cerebrospinal fluid 
(CSF) SP concentrations as a result of symptom-provocation in PTSD 
patients, implicating central nervous system release of SP during acute PTSD 
symptoms. Thus, it seems likely that negative affect enhance SP activity, and 
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as a consequence reduce the number of available receptors in the amygdala 
(Study III). 

In Study IV we demonstrated higher amount of available NK1 receptors in 
patients with PTSD as compared to healthy controls. After a traumatic event, 
only a minority of subjects develop PTSD (Ikin et al. 2007), indicating that 
susceptibility/vulnerability factors are etiologically important. The higher 
amount of available NK1 receptors in the PTSD patients could represent a 
cause or a consequence of PTSD. We argue that our finding favour a risk 
factor interpretation. Patients and controls were studied at rest. The PTSD 
patients rated state anxiety measured with STAI-S higher than the controls, 
both at baseline and at the PET examination. If higher anxiety ratings reflect 
higher endogenous SP release as discussed above, and SP binds to the NK1 
receptor causing internalization and thus removal of NK1 receptors from the 
cell surface (Grady et al. 1995), this would lead to less available NK1 
receptors for the PET tracer to bind to and the patients should have lower, 
not higher, tracer uptake. We observe the reverse pattern (Study IV). The 
state anxiety did not increase significantly from baseline to the PET 
examination either in patients or controls, rendering it likely that the PTSD 
patients as a group are more anxious than the controls, and that the measured 
anxiety reflects a trait rather than state anxiety. Also, when anxiety was 
added as a covariate in the SPM2 PET data analysis, tracer uptake was still 
higher in patients than controls bilaterally in the amygdala, suggesting that 
receptor availability does not mirror state anxiety differences between the 
two groups, but reflect trait rather than state factors.  

Lateralization 
Amygdala activation during startle potentiation was left lateralized in Study 
I. Left amygdala activation has preferentially been found during perception 
of fearful vs. happy or neutral faces (Morris et al. 1996, 1998a, Vuilleumier 
et al. 2001), but also sad vs. angry expressions (Blair et al. 1999). Further, 
left lateralized activation has been found to correlate with degree of 
emotional intensity and later recall of highly emotional stimuli (Canli et al. 
2000). Phelps and colleagues (2001) reports activation of the left amygdala 
to a cognitive representation of fear. Classical conditioning studies, though, 
have reported mixed laterality of the amygdala response, with bilateral 
(Büchel et al. 1998, LaBar et al. 1998, Fischer et al. 2000a), left- (Morris et 
al. 2001) or right-lateralized alterations (Furmark et al. 1997, Pine et al. 
2001).  

It has been suggested that the lateralization of the amygdala response is a 
function of the level of awareness of target stimuli; responses of the left 
amygdala to emotional stimuli (i.e. angry faces) are enhanced during 
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unmasked presentations where conscious or verbal processing takes place, 
whereas masked presentations of the same stimuli activate the right 
amygdala (Morris et al. 1998b, 1999). Wright and co-workers (2001) suggest 
that the right amygdala is part of a dynamic emotional stimulus detection 
system, while the left is specialized for sustained stimulus evaluations.  

Our findings in Study I are compatible with the idea that the left 
amygdala is used for sustained stimulus evaluations (Wright et al. 2001), as 
the subjects were highly aware of the target stimuli, i.e. pictures of snakes 
and spiders, for at least 2.5 min, and most likely engaged in conscious, 
evaluative affective processing beyond mere threat detection. However, 
under similar experimental conditions we have seen a right-lateralized 
response (Study III). The presentation of the visual stimuli used during the 
different PET examinations differed slightly between the two studies. In 
Study I, the participants were practically bombarded with pictures shown for 
2, 3, or 4 seconds and interrupted with pauses of only 1, 2, or 3 seconds. The 
viewing times as well as the pauses (blank, black screen) between the 
pictures were longer in Study III. Pictures were shown for 4, 6, or 8 seconds, 
and interrupted by a blank screen for 4, 12, or 20 seconds. Maybe the 
participants had time to activate the “detection system” while waiting for the 
next picture, i.e. the right amygdala according to the theory presented by 
Wright and colleagues (2001). Another major difference between the studies 
is that in the first study (Study I) we did not investigate fear per se, as a 
factorial design was used in the analysis and the observed activations 
corresponded to startle potentiation by fear and not to fear itself. In the 
second study (Study III) we did investigate differences between phobic and 
non-phobic conditions. And, last but not least, in the first study (Study I) we 
measured rCBF and in the second study (Study III) the NK1 receptor system 
was investigated.  

A significant difference in Patlak slope values (reflecting NK1 receptor 
availability) between the phobic and non-phobic condition was obtained only 
in the right amygdala (Study III). Also, a negative correlation between the 
differences in slope values between phobic and non-phobic stimulation and 
anxiety ratings was obtained in the right but not the left amygdala. 

Several other studies have indicated that neural activity in the right, but 
not the left amygdala (e.g. Fredrikson & Furmark 2003; Phelps et al. 2004), 
relate to behavioural and physiological measures of fear and anxiety. 
Positive correlations between subjective ratings of fear and distress and right 
amygdala activity have also been reported previously in individuals with 
specific animal phobia (Fredrikson & Furmark 2003), in patients with social 
phobia (Tillfors et al. 2001; Straube et al. 2005; Phan et al. 2006) as well as 
in PTSD patients (Pissiota et al. 2002b). Our results (Study III) supplement 
these previous findings, and suggest that right amygdala activation during 
negative affect may include alterations in endogenous SP release and/or 
uptake of SP.  
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The rCBF-response was significantly lower after pharmacological 
treatment in the perirhinal, entorhinal and parahippocampal cortices as well 
as the amygdala in both the NK1 receptor antagonist and the SSRI 
(citalopram) treatment groups (Study II). This pattern was bilateral in 
citalopram subjects but localized mainly to the left hemisphere in the NK1 
group. No significant changes were observed in the placebo group. Follow-
up analyses revealed that responders, irrespective of treatment modality, 
exhibited significantly lowered rCBF after treatment bilaterally in the rhinal 
and parahippocampal cortices as well as the amygdala region. A between-
group comparison showed that rCBF in the previously noted MTL domain 
was more reduced in responders (CGI-I ≤ 2) than in patients that did not 
change (CGI-I = 4), but this pattern was significant only in the right 
hemisphere. 

In the last study (Study IV) we demonstrated more available NK1 
receptors bilaterally in the amygdala in PTSD patients than healthy controls 
after correcting for age. The study was performed during rest, which might 
have influenced this finding. 

Thus, the laterality pattern is not easily described or captured by a single 
common theoretical concept, but seems to reflect several processes or 
interactions between multiple factors. 

The startle response 
Involvement of ACC BA32 in startle modification has previously been 
reported in an imaging study using the prepulse inhibition (PPI) paradigm 
(Hazlett et al. 2001). The differential responding of BA32, with relatively 
increased activity during the startle-alone condition in relation to the startle 
inhibition conditions in Hazlett’s study, and increased activity during startle 
potentiation (Study I), supports the involvement of BA32 in startle 
modulation.  

Frings and colleagues (2002) found increased rCBF in the medial 
cerebellum during fear-conditioned startle potentiation. The absence of 
significant activations in the cerebellum (Study I) as compared to those 
reported by Frings and colleagues (2002) may reflect the fact that different 
contrasts were used in the two studies to capture fear-potentiation of the 
startle response and that potential motor effects are largely cancelled out by 
the use of a factorial design.  

In animals, the amygdala has a known neuromodulatory role on brainstem 
activity associated with startle potentiation through its direct projections to 
the nucleus reticularis pontis caudalis, or PnC (Davis et al. 1993; Groenink 
et al. 2000; Walker & Davis 2002). The increased activity in the amygdala 
cortex we observed (Study I) most likely reflects this modulatory effect on 
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the startle circuit, although we could not demonstrate increased activity in 
the PnC itself during startle potentiation. 

The activation pattern we observed in Study I does not represent phobic 
fear per se, since the effect of fear is cancelled out by the use of a factorial 
design. Thus, the observed activations correspond to startle potentiation by 
fear and not to fear itself.  

Although the affective significance of the stimulus (i.e. the fact that snake 
and spider stimuli signify danger) is probably determined by the amygdala, it 
is possible that emotionally determined attention to environmental cues, like 
startle stimuli, may be guided by the ACC. From our results (Study I) one 
cannot determine the entire network through which the ACC exerts its 
modulatory effects on the startle pathway. It could be by projections via the 
amygdala (basolateral nucleus) or by direct or indirect projections to the 
PnC.  

There is, of course, the possibility that the ACC itself does not participate 
in modulation of the startle response but rather ‘mirrors’ activation 
elsewhere. Thus, activation in the ACC could be caused by direct inputs 
from the amygdala as well as from the thalamus, or both. There are, 
however, findings that support an active modulatory role for this particular 
ACC region. For example, BA32 has recently been implied also in pain 
modulation by anxiety (Ploghaus et al. 2001), with increased activity 
observed during intensification of pain by anxiety. Thus, the affective ACC 
may have a general regulatory role in the processing of emotionally aversive 
experiences, for example during fear, pain and anxiety, with an activation in 
this area associated with heightened attention to unpleasant and threatening 
stimuli. Also, some studies suggest that the ACC has an inhibitory control 
over amygdala activity (e.g. Etkin & Wager 2007). Most of these studies are 
based on emotional perception of emotional facial displays rather than 
fearful encounters of stimuli that generate vivid emotions. Collectively this 
support both inhibitory and excitatory roles for the ACC in controlling 
amygdala and emotional activity. 

A question for the future is which neurotransmitter systems that are involved 
in modulating the startle response in humans. In animal studies amygdala 
dependent fear-potentiated startle is enhanced by NK1 receptor agonists 
(Krase et al. 1994) and attenuated by NK1 receptor antagonists (Zhao et al. 
2009), which has not been addressed in human studies.  

Limitations 
There are limitations with the studies presented in this thesis, many of which 
comply with all four studies and some that are more study specific in nature. 



 58 

Group size – power problems 
The numbers of persons investigated in each of the four studies are rather 
small (Study I and Study III include 16 persons, Study II 3 groups of 12 
subjects in each, and Study IV 11 and 9 subjects). It is possible that this 
could lead to power problems when analysing the results, even though 
Andreasen and colleagues (1996) suggested that good replicability occurred 
with a sample size of 10–20 subjects in studies of human cognition using 
[15O]-water PET. Andreasen and colleagues (1996) also found that as sample 
size decreased, false negatives began to appear, with some loss of pattern 
and peak detection; but there was no corresponding increase in false 
positives. This means that while small sample sizes might give as a result 
that true differences are missed, the differences that are found tend to be 
robust. Thus, the significant differences that are found are probably valid 
although some existing differences might have been overlooked. 

In Study II the groups were perhaps too small when analysing behavioural 
measures. As measures of brain activity may have greater sensitivity than 
behavioural measures when evaluating emotional reactions (Hariri et al. 
2002) a larger sample sizes than 12 persons might be required to verify 
differences between active treatment and placebo on behavioural measures.  

The number of participants is to some extent explained by the fact that 
PET studies are very expensive to conduct and take a lot of time and 
personnel into account. Depending on patient group under study it can be 
very hard to find suitable subjects that are willing to participate. Most other 
PET studies include a similar number of individuals. 

The most severe cases will never agree to participate in the studies, 
because agreeing to participate would mean to face your greatest fears for 
most of them, and not everyone is willing to do that.  

The perfect control group 
Ideally we would have control groups that were matched by age, education, 
ethnical background, previous experiences, and all other relevant variables 
possibly affecting outcome measures, but we would still not be able to match 
them on a genetic level, which might be as important or maybe even more 
important than the other factors usually utilized when patients and controls 
are matched. We try to control for as many aspects as possible to keep the 
groups homogenous, but that might lead to limited generalizability of the 
findings. 

Personal structural magnetic resonance images 
Personal structural magnetic resonance (MR) images of the subjects could 
have simplified the procedure of outlining the amygdala (Study III). It would 
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also have given the opportunity to investigate other aspects like size of 
different brain structures. On the negative side, including one more 
investigation in the study would probably have reduced the number of 
subjects willing to participate and thus further reduced the power of the 
findings. But the use of a predetermined brain template increases the 
comparability with the huge imaging literature using this approach. 

Novelty aspect in the PET scanner 
Every PET session begins with a 10-minute transmission scan, when the 
subjects have to lie still in the scanner. The venous catheter is usually 
flushed with saline solution at this time, which to a certain extent mimics a 
tracer injection. This procedure might help reduce potential novelty effects 
of being exposed to a PET scan for the very first time.  

The specific phobia studies (Study I and Study III) started each scanning 
session with two short rCBF PET scans during visual provocation followed 
by the 60 min NK1-receptor scan, all with the same class of stimuli; and the 
water scans could potentially influence the NK1/SP system. However, one 
positive feature of this procedure is that it reduces possible novelty effects of 
being subjected to a PET scan for the first time when analysing the NK1 
receptor data. The water scans were also counterbalanced with respect to 
startle or no startle as well as fearful or non-fearful visual stimuli, 
minimizing the novelty effects. If not, at least the novelty effect is evenly 
spread over the different scans and possibly balanced away by using the 
factorial design in the analysis. 

Sex 
In Study I and Study III the participants were all women which to a certain 
extent reflect the sex distribution in the patient group, with women being two 
to three times more likely to be affected by specific phobia than men 
(Fredrikson et al. 1996). But because there are sex-related influences in brain 
function in general (e.g. Cahill 2006) and in the NK1 receptor system in 
particular (Nyman et al. 2007) our results may not generalize to men. In 
Study IV we have the opposite problem, as there were only men included, 
which in turn is a reflection of the type of trauma (war and/or torture trauma) 
which is more common for men with PTSD. 

Habituation 
In Study I and Study III visual stimuli were used to induce fear. Repeated 
presentations induce habituation that reduces amygdala activity (Fischer et 
al. 2000b). To minimize habituation effects a large number of different 
pictures were used during all PET scans as well as different viewing times. 



 60 

Differences between phobic and non-phobic conditions cannot be attributed 
to differences in visual complexity, as all persons were exposed to all 
pictures and acted as their own controls.  

Disorder specific findings 
The different findings might be limited to persons with certain anxiety 
disorders. For example we use specific phobia as a fear model. Ideally we 
would have had a non-phobic control group too, as it would be very 
interesting to determine whether the NK1 receptor distribution differs 
between subjects with specific phobia and healthy controls, and also to see if 
subjects with specific phobia differ from healthy controls when watching 
pictures that they are not afraid of, as a baseline condition. However, the 
way the participants were chosen in Study I and Study III (to be afraid of 
only one of the conditions), they expressed fear only when faced with their 
feared stimuli, which was confirmed by the STAI-S and SUDs ratings. 

It could be argued that the observed pattern of fear-potentiated startle in 
Study I is exclusive for persons with specific phobia. Subjects with specific 
phobia show startle potentiation while viewing fear-relevant as compared to 
neutral pictures, but do not appear to differ from non-phobic controls in 
response to standard pictorial material (Cook 1999). Moreover, the EMG 
responses presented in Study I are similar to previous startle data in healthy 
volunteers from our laboratory (Pissiota et al. 2002a).  

Study II cannot determine whether true normalization of MTL activity 
occurred after treatment, because pretreatment rCBF-values were not 
compared with non-fearful control subjects. We previously observed that the 
amygdalo-hippocampal response to a stressful speaking task was enhanced 
in untreated patients with social phobia relative to non-anxious controls 
(Tillfors et al. 2001). Thus, treatment may normalize pre-existing 
abnormalities in the MTL. However, at baseline, subjects with phobia and 
controls differed also in widespread cortical regions (Tillfors et al. 2001) that 
remained unaffected in the present but also in our previous (Furmark et al. 
2002) treatment study.  

Drug treatment 
The 4 and 6 weeks of active drug treatment in Study II was quite a short time 
to really see effects of the drug treatments, but could not be prolonged due to 
limited documentation of the aversive effects of the NK1 receptor antagonist 
GR205171 used. In clinical practice longer treatment periods are generally 
required to obtain robust and enduring therapeutic effects. For the SSRIs the 
anxiolytic effect is typically seen after 2-6 weeks (Bandelow & Stein, 2004) 
but additional improvement may continue over a considerable time span 
(Blomhoff et al. 2001). A clear differential response between drug treatment 
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and placebo was found only on the STAI-S and CGI-I whereas robust 
between-group differences were not observed on the LSAS-SR or the 
secondary measures. This could also be due to short treatment-periods and 
limited scale sensitivity.  

Experimental setup 
In Study I and Study III the participants watched still pictures on a computer 
screen while lying down in the scanner. In Study II the subjects were asked 
to perform a public speaking task lying down in the PET camera. Both set-
ups might differ from a natural anxiety-provoking situation, which may limit 
the response to provocation and maybe also the generalizability. 

PTSD trauma 
We only studied PTSD patients (Study IV) with war and/or torture related 
trauma. Women often have a different type of trauma. As this might show a 
different activation pattern, women were not included in the present study. 
On the other hand, only studying men limits the possibility to generalize the 
findings to women. 

For the PTSD study (Study IV) the control group should preferably have 
been age matched, have the same ethnical background, and have been 
exposed to similar trauma but without PTSD. Geracioti and colleagues 
(2006) showed that both depressed and PTSD patients had significantly 
elevated basal SP concentrations in cerebrospinal fluid (CSF) as compared to 
healthy controls. It would be interesting to know whether trauma exposed 
persons without PTSD had lower number of NK1 receptors. 

NK1 receptors and age 
Nyman and colleagues (2007) have demonstrated that the amount of NK1 
receptors decrease with age and the two groups included in Study IV were 
not perfectly age matched. The age differences between the two groups were 
therefore statistically and not experimentally controlled for (the variance 
caused by age was controlled for by treating age as a nuisance variable in the 
SPM2 analysis in Study IV). It was decided that this was necessary to do 
because there was a strong negative correlation between NK1 receptor slope 
values and age in the left ([-28,-4,-12]; z=3.38; p<0.001 for patients; and for 
controls [-20,-10,-8]; z=3.08; p=0.001) and right amygdala ([24,-3,-18]; 
z=4.50; p<0.001 for patients; and [28,-3,-22]; z=3.34; p<0.001 for controls). 

In Study III we did not correct for age because participants were not 
compared using a group approach but acted as their own controls.  
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Conclusions 

Specific phobia and startle 
The first study provides evidence from functional brain imaging for a 
modulatory role of the amygdala on startle reactions in humans. Fear-
potentiated startle was associated with increased rCBF in the left 
amygdaloid-hippocampal region and the anterior cingulate cortex (ACC). 
These findings point to an involvement of the affective ACC in the 
processing of startle stimuli during emotionally aversive experiences. The 
amygdala and the ACC are closely interconnected, and the present results 
suggest that a neural network dedicated to attention and orientation toward 
danger might be activated, and that this network also is involved in the 
potentiation of startle by fear, exerting a modulatory effect on the startle 
circuit.  

Social phobia before and after medical treatment 
The outcome following pharmacological treatment in the second study 
indicated that an NK1 receptor antagonist was equally good as the traditional 
“on-the-market” SSRI citalopram at reducing public speaking anxiety in 
persons with social phobia. This was paralleled by rCBF reductions in the 
medial temporal lobe (MTL) region. Both drugs were superior to placebo in 
terms of symptom improvement and reduction of public speaking state 
anxiety. Within the NK1 and SSRI-groups, the rCBF-decrease was mediated 
predominantly by subjects showing a large reduction of public speaking state 
anxiety from pre- to posttreatment. This indicates that NK1-antagonists may 
act in the same way as serotonin reuptake inhibitors by attenuating neural 
activity in a medial temporal lobe network.  

Specific phobia, fear and substance P/NK1 receptors 
In the third study we demonstrated emotional modulation of the SP/NK1 
receptor system in the human brain in vivo for the first time. Specifically, 
visually induced fear in individuals with specific phobia resulted in lower 
tracer uptake in the amygdala. Because tracer uptake is proportional to the 
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amount of available receptors, imaging data support reduced NK1 receptor 
availability during fearful symptom provocation. This is consistent with an 
increased endogenous SP release occupying the NK1 receptors, thus 
preventing the [11C]-labelled NK1 receptor antagonist from binding. We 
speculate that negative affect influence activity in the SP/NK1 receptor 
system in humans. This influence was restricted to the right amygdala in the 
present study.  

NK1 receptors in amygdala in PTSD compared to 
controls 
The fourth study is, to our knowledge, the first study to examine the NK1 
receptor system in PTSD patients. We observed an increased resting state 
binding of an NK1 receptor preferring PET tracer in the amygdala of 
patients with PTSD as compared to healthy controls, suggesting an increased 
amount of available NK1 receptors. This could constitute a risk factor 
present before the development of PTSD or reflect trauma induced 
alterations. Longitudinal studies could test if NK1 receptor availability is a 
biomarker predictive of PTSD development. 

Table 6 summarizes the aims, hypotheses and conclusions of the studies 
included in the thesis. 

In summary 
• Amygdala modulates fear-potentiated startle in humans. 
• Drug treatment with an NK1-blocker reduced activity in the MTL 

region. 
• Fear in humans seems to modulate the endogenous SP release in the 

amygdala. 
• PTSD patients had a higher amount of available NK1 receptors than 

controls at rest. 

Taken together, fear and fear-potentiated startle modulates the human 
amygdala, possibly through the SP/NK1 receptor system. 
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Table 6. Overview of the aims, hypothesis and conclusions of the four studies 
included in this thesis 

 Aim Hypothesis Conclusion 
Study I Investigate the neural 

correlates of affective 
startle modulation in a 
group of subjects with 
specific phobia  

Activation by startle 
during visually induced 
fear would increase 
rCBF in the amygdala, 
ACC, cerebellum 

Fear-potentiated startle is 
associated with activation 
of the affective part of 
the ACC and the 
amygdaloid–
hippocampal area. No 
significant change in the 
cerebellum. 
 

Study II Evaluate the effects of 
short-term treatment with 
GR205171, compared 
with the SSRI 
citalopram, on brain 
activity (rCBF) in 
patients diagnosed with 
social phobia 

Anxiety reduction would 
be associated with 
decreased neural activity 
in the MTL region, 
comprising the amygdala 

Short-term treatment 
with both the NK1-
receptor antagonist 
GR205171 and 
citalopram reduced 
public speaking state 
anxiety and neural 
activity in the MTL. Both 
drugs were superior to 
placebo. 
 

Study III Investigate whether fear 
resulting from fear 
provocation in 
individuals with specific 
animal phobia would 
affect activity in the SP-
NK1 receptor system in 
the amygdala 

Fear provocation in 
individuals with specific 
phobia would be 
associated with a 
decreased uptake of a 
radiolabelled NK1 
receptor antagonist in the 
amygdala 

Phobic reactions to 
visually induced fear 
affect the SP-NK1 
receptor system in the 
right amygdala.  
There was a significant 
negative correlation 
between change in STAI-
S ratings and change in 
NK1-receptor 
availability. 
 

Study IV Investigate NK1 receptor 
availability in the 
amygdala in PTSD 
patients as compared to 
healthy controls at rest 

NK1 receptor availability 
would be altered in 
PTSD patients as 
compared to healthy 
controls in the amygdala 

Increased resting state 
binding of a NK1 
preferring PET tracer in 
the amygdala of patients 
with PTSD suggest an 
increased amount of 
available receptors. 
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Future 

After performing the studies there are still questions unanswered and new 
questions that have emerged.  

Future studies could explore the interaction between fear-potentiated 
startle and SP release in humans, as it has been shown to be connected in 
animals (Krase et al. 1994, Zhao et al. 2009). It would also be of interest to 
explore if the same pattern is present in men with phobia as in women, since 
the normal non-phobic male and female brain seems to process emotive 
stimulation using slightly different neurophysiological underpinnings (Cahill 
2003).  

Anxiety and fear in individuals with specific phobia could be compared 
with healthy volunteers to determine if the alterations in the SP/NK1 
receptor system specifically characterises phobic patients or is a more 
general phenomenon associated with negative affect. 

The pretreatment rCBF-values in Study II should be compared with non-
fearful control subjects to further investigate if there are differences in brain 
activation patterns, and whether true normalization of MTL activity occurred 
by treatment. 

Future imaging studies of medical treatment could use more extended 
treatment periods, more assessment points and relate anxiety reduction not 
only to changes in rCBF, but also to neurotransmitter/receptor functions such 
as serotonin synthesis and NK1-receptor occupancy.  

Longitudinal studies could test if NK1 receptor availability is a biomarker 
predictive of PTSD development. Also, looking at women with PTSD would 
be interesting because their condition usually result from different trauma 
types as compared to men, and also because there seems to be sex-related 
differences in the SP/NK1 receptor system in the human brain (Nyman et al. 
2007). 
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Appendix I 

PET tracer syntheses and scanner information 

Synthesis of the tracer [11C]GR205171 
The tracer [11C]GR205171 is synthesised through radioactive labelling of a 
precursor (see figure 10). To the precursor dissolved in dichloromethane 
(CH2Cl2) is added tetrabutylammonium hydroxide (Bu4NOH). The mixture 
is heated and the solvent evaporated. The residue is redissolved in 
dimethylformamide (DMF) and [11C]methyl iodide (11CH3I) is trapped in 
this solution. After HPLC (High Performance Liquid Chromatography) 
purification, the solvent is evaporated and the residue redissolved in sterile 
phosphate buffer and sterile filtered. A sample is analysed using HPLC to 
confirm purity (Bergström et al. 2000). 
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Figure 10. [11C]-labelling of the NK1 receptor antagonist GR205171. Picture kindly 
provided by Gunnar Antoni, Uppsala Imanet AB. 

Synthesis of the tracer [15O]H2O 
[15O]-oxygen gas (15O2) is produced online and is streamed together with 
hydrogen gas (H2) through a column packed with active carbon at room 
temperature to a platinum oven heated to 405°C (see figure 11). The 
vaporised water steam that is formed is passed through a sterile filter and 
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captured in a sterile injection vial containing 5 ml of sterile saline (from a 
standard production protocol in use at Uppsala Imanet AB). 

15O2

H2

Pt, 405 °C
H215O

 
Figure 11. Production of [15O]-labelled water for PET examinations of regional 
cerebral blood flow. Picture kindly provided by Uppsala Imanet AB. 

The PET scanner 
The type of PET scanner used at Uppsala Imanet AB, GE Healthcare 
(formerly Uppsala University PET Centre) is a whole body CTI/Siemens 
ECAT Exact HR+ camera (Knoxville, TN, USA). The scanner consists of a 
total of 18,432 bismuth germante (BGO) block detector elements, covering 
an axial field of view of 155 mm with a patient port of 56.2 cm. The 155 mm 
axial field of view allows the whole brain to be imaged through the 
acquisition of 63 contiguous planes of data with a 2.46 mm plane spacing 
and an in-plane resolution of 4 mm. The scanner is equipped with extendable 
tungsten septa for two-dimensional (2D) measurements, as well as three 68Ge 
line sources for transmission scans and daily quality control. (Brix et al. 
1997) 

The person under study is placed inside the patient port, i.e. the detectors in 
the scanner are placed around the patient. All detectors are coupled in 
coincidence with detectors on the opposite side. If two detectors are hit 
simultaneously (within 10 nanoseconds), the PET scanner assumes that it has 
been hit by two photons originating from the same decay. A straight line is 
defined by the known position of the two detectors, and it is assumed that the 
decay has occurred somewhere close to that line. The resolution is affected 
by the distance that the positron travels in the tissue before annihilation 
([11C] max range 4.1 mm, mean range 1.2 mm, half-life 20.4 minutes; [15O] 
max range 8.2 mm, mean range 2.8 mm; half-life 2.07 minutes) the angular 
deviation from 180° between the gamma rays, and the size of the detectors. 

In a PET examination, two different types of measurements are made, 
transmission and emission. The transmission scan is made using the line 
source containing a long-lived positron emitter (68Ge/68Ga, half-life 68 
minutes), which is rotated outside and around the object but inside the ring 
of detectors. Coincidence detection is used, as one photon hits the detector 
directly and the other has to path through the object to hit an opposite 
detector. This is called a transmission scan as an external source of radiation 
is used. The data is collected in two-dimensional (2D) mode, and produces 
an anatomical picture of the object. The emission scan is performed in three-
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dimensional (3D) acquisition mode, and the source of radiation is the 
injected positron-emitting tracer. By combining the transmission scan and 
the emission scan, the emission scan is corrected for attenuation in the body 
and can then give a correct quantification within a few percent. 

The positron emitting nuclides are produced using a particle accelerator, a 
Scanditronix MC17 cyclotron. 
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Appendix II 

Anxiety and distress ratings 
During the symptom provocation tests and following each PET examination 
subjective units of distress (SUDs) and fear were rated, and the state part of 
the Spielberger State-Trait Anxiety Inventory (STAI-S; Spielberger et al. 
1983) was given as an interview. 

SUDs and fear 
Subjective units of distress and fear are rated using a visual analogue scale 
ranging from 0 (= not at all distressed/afarid) to 100 (= impossible to 
bear/worst imaginable). 

STAI-S 
The STAI-S lists 20 statements to evaluate the level of state anxiety.  

The scale ranges from 1 to 4, where 1 = not at all (in Swedish “inte alls”), 
2 = somewhat (“något”), 3 = moderately so (“en hel del”), and 4 = very 
much so (“väldigt mycket”).  

Examples of statements are: 1) I feel calm (“Jag känner mig lugn”) 2) I 
feel at ease 3) I am afraid etc. The sum of the answers ranges from 20 to 80, 
with low points equalling no or little anxiety, and higher points more 
anxiety. 
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Appendix III 

Patlak calculation 
The classical experimental PET protocol usually involves injection of the 
test substance into the blood of a person followed by measurements of the 
concentration of the substance in both plasma and various tissue regions over 
a period of time. If the substance is irreversibly trapped, Patlak and Blasberg 
(1985) suggest a transformation of the kinetic data (see below), which will 
result in a straight line. If plasma data is not available, one can use a tissue 
region with no irreversible binding as a reference. 

It has been shown that the tracer [11C]GR205171 binds irreversibly to the 
NK1 receptor for an extended amount of time (not published). It has also 
been observed that the cerebellum of rhesus monkey lacks NK1 receptors, 
and that Patlak calculation could be applied successfully (Bergström et al. 
2000). The human cerebellum has very low levels of the NK1 receptor 
(Hietala et al. 2005), and it was assumed that the model presented here could 
be applied to the PET data from Study III and Study IV. 

The general tracer kinetic model is a system consisting of a homogeneous 
tissue region, in this case areas of grey matter in the brain. The tissue region 
may consist of a number of compartments that communicate freely with the 
blood. There must also be at least one or multiple other compartments that 
the test substance enters in an irreversible manner, and from which it cannot 
return neither to the reversible compartment nor the blood. 

Let us now consider a system with a single reversible compartment1 and a 
single irreversible compartment2. The tracer [11C]GR205171 enters the 
reversible compartment from the blood plasma with a rate constant k1 and 
can leave the reversible compartment in two ways. It can move back into the 
blood with a rate constant k2 or it can enter the irreversible compartment 
with a rate constant k3. In cerebellum k3 = 0, as cerebellum lacks receptors 
binding the tracer. 
 

                                                 
1 Representing free tracer distribution in brain tissue 
2 Representing binding to NK1 receptors 
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where: 
Ats(t) amount of test substance in selected tissue at time t 
Ats

cbl(t) amount of test substance in cerebellum at time t 

generates a straight line, described by a slope and an intercept value. For 
detailed formulas see Patlak and Blasberg (1985). 

The Patlak model thus reduces the information to two values, intercept and 
slope. The intercept reflects the immediate perfusion, uptake or inflow of the 
tracer into a structure as compared to cerebellum. The slope of the curve is 
thought to reflect the affinity and number of receptors in the structure under 
examination, the steeper the slope the more receptors (or receptors with 
higher affinity) are found in that structure. 

The Patlak calculations using cerebellum as the reference structure applied 
pixel-by-pixel produce Patlak images (activity images scaled according to 
the uptake in cerebellum), Patlak intercept images, and Patlak slope images.  

The Patlak slope images were used for further analyses. 
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