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General introduction

Panic disorder: Setting the stage

Symptomatology and epidemiology
Every fifth person in the general population experiences a panic attack (PA) at least once in
life (Kessler et al., 2006). PAs are characterized by the sudden, unexpected onset of intense
fear and/or discomfort, accompanied by a number of somatic and cognitive symptoms.
According to the current Diagnostic and Statistical Manual of Mental Disorders (DSM)-5
(American Psychiatric Association, 2013) at least four of the following symptoms have to
develop abruptly, reaching a symptomatic peak within a few minutes:

1) palpitations or accelerated heart rate

2) sweating

3) trembling or shaking

4) sensations of shortness of breath or being smothered

5) feeling of choking

6) chest pain or discomfort

7) nausea or abdominal distress

8) feeling dizzy, unsteady, lightheaded or faint

9) derealization (feelings of unreality) or depersonalization (being detached from

oneself)

10) fear of losing control or going insane

11) sense of impending death

12) paresthesias (numbness or tingling sensations)

13) chills or hot flushes

Recurrent PAs represent the hallmark of panic disorder (PD), which has a prevalence of
about 4% in the general population (Norton et al., 2008; Pane-Farre et al., 2014). Women
are more often affected than men (Dick et al., 1994; Gater et al., 1998) and have an earlier
onset, commonly between 25 to 34 years compared to 30 to 44 years in men (Wittchen
and Essau, 1993). The frequency of attacks differs considerably between patients: from
a few attacks a month, periods with frequent attacks separated by weeks with few or
no attacks, to experiencing several attacks every week (Faravelli and Paionni, 2001). As
PAs are highly distressing periods, most patients develop anxiety about the occurrence of
future attacks, which is referred to as “anticipatory anxiety”. To meet the DSM-5 criteria
for PD, anticipatory anxiety and/or a significant change in behavior related to the attacks
have to be present for at least one month. About one third to half of the patients start
avoiding places and situations in which previous PAs occurred, in which an attack might
be embarrassing (e.g., being in a restaurant) or in which it might be difficult to seek help
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Chapter 1

(e.g., driving a car, in an elevator). This avoidance behavior (“agoraphobia”) commonly
develops within the first year after the first PA (White and Barlow, 2002).

Diagnosis

The diagnosis of PD is mainly based on self-reports obtained by (semi-)structured clinical
interviews. As PAs do not occur exclusively in the context of PD, other potential anxiety
disorders such as specific phobia and social anxiety disorder are taken into account.
A distinction can be made based on the nature of the stimulus: PAs in specific phobia
and social anxiety disorder are caused by a particular external stimulus such as direct
exposure to the fearful stimulus, while PAs in PD occur unexpectedly and are believed to
be of bodily origin. Moreover, medical conditions such as hyperthyroidism or drug abuse
have to be excluded. For instance, a physical examination and the Mental International
Neuropsychiatric Interview (M.L.N.l.; Sheehan et al., 1998) or the Structured Clinical
Interview for DSM-IV Axis | Disorders (SCID-I; First et al., 1996) are used to determine
whether the general criteria of PD with or without the presence of agoraphobia are met.
The frequency and severity of PAs and agoraphobia are then further quantified by means
of other questionnaires such as the Panic Disorder Severity Scale (PDSS; Shear et al., 1997)
or the Panic and Agoraphobia Scale (PAS; Bandelow, 1995).

Treatment

The two main treatments for PD are cognitive behavioral therapy (CBT) and pharmacotherapy.
One form of CBT is exposure therapy, in which the patient is repeatedly exposed to the
frightened stimulus to experience that there are no life-threatening consequences. With
regard to PAs, the focus is on provoking the arousing bodily sensations associated with the
occurrence of an attack such as dizziness, palpitations, and feeling of shortness of breath.
Commonly used approaches include intentional hyperventilation (Meuret et al., 2005),
breathing through a straw (Lee et al., 2006), running on the spot, shaking the head from side
to side, and spinning in a chair (Ito et al., 2001). All of these, however, only cause a fraction
of a full-blown PA (Antony et al., 2006; Lee et al., 2006). In case of agoraphobia, patients
can undergo a program in which they are exposed to situations associated with varying
intensities of discomfort. Situations include, for instance, going into a small shop or a large
supermarket, eating in a busy restaurant, or taking the train. In the beginning, a therapist
is commonly present, who increases the physical distance to the patient in the course of
the treatment until the patient is able to face the situation alone. Exposure therapies are
performed until the discomfort decreases and clinically relevant effects are observed.

With regard to pharmacotherapy, the first-choice treatment represents selective serotonin
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General introduction

reuptake inhibitors (SSRIs). SSRIs such as citalopram, fluoxetine, and paroxetine inhibit the
serotonin transporter (5-HTT) that is located in the membrane of presynaptic serotonergic
neurons and is responsible for the reuptake of serotonin (5-HT) out of the synaptic cleft.
Inhibition of the 5-HTT, in turn, prolongs 5-HT neurotransmission. Based on current
knowledge (Batelaan et al., 2012), in case of no clinical improvement, it is recommended to
test a second SSRI before switching to tricyclic antidepressants (TCAs) such as imipramine.
TCAs also inhibit the 5-HTT and additionally norepinephrine reuptake. The third option is
the use of benzodiazepines (e.g., diazepam), which bind to the gamma-aminobutyric acid
A (GABA,) receptor, enhancing the efficiency of the inhibitory neurotransmitter GABA.
The fourth choice is a monoamine oxidase-A (MAO-A) inhibitor like befloxatone. MAO-A is
the enzyme that deaminates neurotransmitters such as 5-HT. Inhibition of this enzyme is
thus related to a relatively longer availability of 5-HT in the synaptic cleft and a prolonged
5-HT signal transmission. A general difficulty in the use of pharmacotherapy is the high
rate of side effects, which include, among others, headache, various types of sexual
dysfunction, dry mouth, nausea, insomnia, weight changes, and mood swings (Batelaan
et al., 2012; Cascade et al., 2009). In addition, the onset of antidepressants is relatively
slow and several weeks are required to exert positive effects. In contrast, benzodiazepines
are effective as soon as a clinically relevant dose is administered, but a major limitation
in their use is the development of dependence (Batelaan et al., 2012). Furthermore, the
effect is mainly on the anticipatory anxiety and less on the PAs. To effectively treat those,
higher dosages are often necessary, at the cost of sedation (Griez and Schruers, 1998).
Any treatment aims at achieving full symptomatic remission. However, although both
exposure therapy (Craske et al., 1997) and the above mentioned medical compounds
(Baldwin et al., 2014; Batelaan et al., 2012) have been shown to be clinically effective,
many patients do not respond to the first-line interventions (Baldwin et al., 2014) and a
number of patients remain symptomatic (Craske et al., 1997; Craske and Zucker, 2001) or
relapse after treatment, particularly after drug discontinuation with relapse rates up to
70% (Craske and Zucker, 2001).

Impact on quality of life and social costs

The sudden occurrence of symptoms such as palpitations, chest pain, feelings of shortness
of breath, and dizziness is highly frightening for the individuals. When the first PAs occur,
the individuals typically seek help in an emergency department because they believe that
they experience a heart attack. Frequently, many extensive (cardiovascular) tests are done
(Fleet et al., 1996; Katon, 1996), often without receiving an explanation or treatment.
Being declared physically “healthy” and not knowing the reasons for their recurrent

13



Chapter 1

problem, is extremely frustrating for patients. Until PD is finally diagnosed, it is commonly
a lengthy process and several other disorders as well as the use of substance abuse have
to be excluded before the final diagnosis can be made. Further, the unpredictable onset
of PAs is often associated with anticipatory anxiety and agoraphobia. These can become
so severe that the patients’ daily life is substantially affected by being less productive at
work or not being able to leave the house anymore, resulting in missing working days,
associated with financial loss for the patients as well as employers, and becoming socially
isolated. In addition, even at home, severe impairments in household activities and
living situation are observed (Davidoff et al., 2012). Comorbidities with other disorders,
in particular depression and social phobia, constitute an additional major impairment
in the daily functioning (Bonham and Uhlenhuth, 2014). Therefore, the quality of life is
considerably decreased in comparison with healthy individuals (Mendlowicz and Stein,
2000). Moreover, although current treatments are effective in general, the many side
effects of pharmacological interventions are frequently not well tolerated by the patients,
often leading to a lower compliance of taking the medication (Batelaan et al., 2012),
concomitant with high relapse rates (Craske and Zucker, 2001). Altogether, the utilization
of health care services is higher in PD patients in comparison with patients of other
psychiatric disorders (Deacon et al., 2008). At the population level, the costs of PD are
tremendous, namely comparable to the combined costs of simple phobia, social phobia,
and generalized anxiety disorder (Batelaan et al., 2007).

Etiology from a biological perspective

To improve the patients’ quality of life by more effective treatment strategies, the current
understanding into the pathophysiology of PD needs to be improved. A challenge is that
PD is a very heterogeneous disorder: it consists of different aspects, namely PAs, anxiety
in anticipation of future attacks, and often avoidance behavior, and all of these vary widely
in their intensity between patients.

Nowadays, it is generally recognized that anxiety, fear, and panic are distinct entities and
are subserved by divergent brain structures. A behavioral response is determined by the
“defensive distance” to the threatening stimulus, such as a predator or an environmental
cue (McNaughton and Corr, 2004). According to this concept, at a large distance, when
a threat is potentially present, anxiety predominates, associated with activation of the
frontal cortex and risk assessment as well as approach behavior. With decreasing distance,
brain activation shifts to more subcortical, primordial structures, which is linked to a fast,
primitive behavioral response. Thus, fear predominates at a small defensive distance with
the direct presence of a threat, which relates to activation of limbic structures and the
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brainstem, and defensive avoidance as well as fight-or-flight behavior. At the smallest
distance possible, which is conceptually from within the body, the triggered response is
panic (PAs), associated with primarily brainstem activation.

The focus of the present thesis is on PAs and their within-body origin. Their unexpected
nature makes it challenging to assess PAs in real-life, but PAs represent a rare example of a
pathophysiological phenomenon that can be reliably provoked in an experimental setting.
A number of methods exist (Esquivel et al., 2008), of which particularly inhalation of an
excess concentration of carbon dioxide (CO,) has a long-standing history. It represents a
well-established model as it fulfills the criteria for an ideal experimental model previously
proposed (Guttmacher et al., 1983). First, the use of a CO, inhalation is safe and the effects
are only short-lasting. Second, inhaling 35% CO, induces the majority of symptoms of a
naturally occurring PA in PD patients (Nardi et al., 2006; Schruers et al., 2004). Third, there
is a relatively high specificity for a heightened response to CO, in PD patients (Griez et al.,
1990; Kent et al., 2001; Perna et al., 1999; Verburg et al., 1994). Noteworthy, when using a
higher CO, concentration, a similar response can be triggered in healthy individuals (Griez
etal., 2007), suggesting that basic mechanisms are involved in the panic-related sensitivity
to CO,. Fourth, the clinically effective drugs like SSRIs (Bertani et al., 2001; Perna et al.,
2004; Perna et al., 1997; Schruers and Griez, 2004), TCAs (Bertani et al., 1997; Perna et al.,
2002; Perna et al., 1997), benzodiazepines (Nardi et al., 1999; Sanderson et al., 1994), and
an MAO-A inhibitor (Perna et al., 1994) have been shown to reduce the response to a CO,
inhalation. Finally, the effects are reproducible, with good test-retest reliability (Coryell
and Arndt, 1999; Verburg et al., 1998).

Interestingly, a similar approach can be applied in experimental animals. In rodents, it has
been shown that exposure to CO, decreases brain pH (Ziemann et al., 2009; Ziemann et
al., 2008). The effective use of CO, as human experimental panic model suggests that a
disturbance in the brain acid-base homeostasis is involved in the pathophysiology of PAs.
Many areasin the brain are sensitive to changesin pH, examples are the amygdala (Ziemann
et al., 2009), the hypothalamus (Johnson et al., 2012), the locus coeruleus (Biancardi et
al., 2008), the nucleus tractus solitarii (Dean et al., 1990), the retrotrapezoid nucleus
(Mulkey et al., 2004), the ventrolateral medulla (da Silva et al., 2010), the medullary raphe
(Putnam et al., 2004; Richerson, 2004), and raphe nuclei (da Silva et al., 2011; Severson
et al., 2003). There is no consensus on which brain structure should be considered as key
player in detecting changes in pH and triggering the behavioral fear response to CO,. In
a series of rodent experiments, it was shown that the amygdala was essentially involved
in these processes (Ziemann et al., 2009). However, no other candidate structures were
investigated and in a recent human study, involving patients with a dysfunctional amygdala
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due to Urbach-Wiethe disease who unexpectedly experienced PA-like symptoms to a 35%
CO, inhalation (Smoller et al., 2014). This study indicates that, at least in humans, the
amygdala may not be the sole player in panic-related chemosensitivity. Furthermore,
another unsolved question is what molecules sense the changes in pH in neurons that
can evoke a behavioral fear response. In rodents, the acid-sensing ion channel 1a (ASIC1a)
was put forward as prime candidate (Ziemann et al., 2009). In humans, just recently, an
association between the human homologue gene amiloride-sensitive cation channel 2
(ACCN2) and the diagnosis of PD has been found (Smoller et al., 2014). However, the
direct link to a change in brain pH, as evidenced by rodent studies using CO, exposure, is
missing. Therefore, whether the human ACCN2 gene is involved in differential sensitivity
to CO, remains to be elucidated.

Aims and outline of this thesis

The overall aim of this thesis was to further investigate the pathophysiology of PD, with a
focus on PAs and the relationship with differential sensitivity to changes in the acid-base
homeostasis. As human models are limited in their potential to provide insights into the
molecular mechanisms underlying a disorder, a translational, cross-species approach was
used, in which healthy individuals, PD patients, and rodents were exposed to an excess
concentration of CO,. In addition, we aimed to use similar outcome measurements in both
species to maximize the translation of knowledge between the two research domains.

Chapter 2 provides a literature review on the use of inhaling CO, as experimental panic
model in humans and rodents. Covered topics include methodological approaches and
the cardio-respiratory response. In addition, the relationship between CO,, changes in pH,
the 5-HT system, and adaptive responses are critically summarized. Based on this, current
knowledge gaps are highlighted and future directions are discussed.

In Chapter 3, we investigated the response of healthy individuals to four concentrations
of CO,. As (experimentally provoked) PAs are characterized by intense fear and discomfort
as well as physiological symptoms such as palpitations, we complemented the commonly
used self-reports with continuous measurements of the cardiovascular system using a
novel customized computerized system.
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In Chapter 4, we assessed brain activation to inhaling CO, in humans with differential
sensitivity using functional magnetic resonance imaging (fMRI). More specifically, we
explored which brain areas are activated by CO, and whether there is a difference in
activation between PD patients, healthy individuals, and experienced divers, representing
three groups with descending CO, sensitivity.

Chapter 5 addresses the effects of genetic variants in the ACCN2 gene, the human
homologue of the rodent gene encoding the pH-sensitive ion channel ASICla, on the
emotional and cardiovascular response to a CO, inhalation in healthy volunteers and PD
patients.

The work described in Chapter 6 expands on the previous studies by exposing mice to CO,
using an innovative, fully controlled CO, chamber, allowing monitoring of freely moving
mice. In addition to studying the behavioral response to CO, exposure in two tests, the
cardio-respiratory response was monitored, and the roles of ASICla and 5-HTT were
examined.

Chapter 7 presents insights from the used translational approach to judge the acceptability
of euthanizing lab animals using CO,. The behavioral as well as the cardio-respiratory

response to CO, was analyzed and compared across species.

In Chapter 8, the main results of the work presented in this thesis are integrated and
discussed. In addition, clinical implications and future perspectives are addressed.
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Chapter 2

Abstract

Panic attacks (PAs), the core feature of panic disorder, represent a common phenomenon
in the general adult population and are associated with a considerable decrease in quality
of life and high health care costs. To date, the underlying pathophysiology of PAs is not
well understood. A unique feature of PAs is that they represent a rare example of a
psychopathological phenomenon that can be reliably modeled in the laboratory in panic
disorder patients and healthy volunteers. The most effective techniques to experimentally
trigger PAs are those that acutely disturb the acid-base homeostasis in the brain: inhalation
of carbon dioxide (CO,), hyperventilation, and lactate infusion. This review particularly
focuses on the use of CO, inhalation in humans and rodents as an experimental model
of panic. Besides highlighting the different methodological approaches, the cardio-
respiratory and the endocrine responses to CO, inhalation are summarized. In addition,
the relationships between CO, level, changes in brain pH, the serotonergic system, and
adaptive physiological and behavioral responses to CO, exposure are presented. We aim
to present an integrated psychological and neurobiological perspective. Remaining gaps in
the literature and future perspectives are discussed.
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Introduction

Panic attacks (PAs) are common psychopathological phenomena that affect about 23% of
the general population at least once in their lifetime (Kessler et al., 2006). PAs represent
abrupt surges of intense fear or discomfort, even though no real danger is present,
accompanied by various physical or cognitive symptoms. According to the current
criteria in the Diagnostic and Statistical Manual of Mental Disorders (DSM) - 5 (American
Psychiatric Association, 2013), at least four out of the following thirteen symptoms
have to develop abruptly with a symptomatic peak within a few minutes after onset:
palpitations or pounding heart; sweating; trembling or shaking; sensation of shortness of
breath or smothering; feeling of choking; chest pain or discomfort; nausea or abdominal
distress; feeling of dizziness, lightheadedness or faintness; depersonalization (feeling of
being detached from oneself) or derealization (feeling of unreality); fear of losing control
or going crazy; fear of dying; paresthesia (numbness or tingling sensations); and chills
or hot flushes. As several symptoms closely resemble those of a cardiac arrest or acute
asthma, cardiac- and/or emergency departments are frequently visited. Patients often
receive costly tests such as angiography and echocardiography (Zaubler and Katon, 1998),
without finding an explanation for their complaints.

PAs can occur in any anxiety or mental disorder as well as in many medical conditions
(American Psychiatric Association, 2013), but are most prominent in panic disorder (PD).
PD occurs in about 4% in the general population (Norton et al., 2008; Pane-Farre et al.,
2014), with the onset commonly between the ages of 25 to 34 years in women and
30 to 44 years in men (Wittchen and Essau, 1993). PD has a high heritability of about
40% (Hettema et al., 2001; Maron et al., 2010) and is characterized by PAs that occur
more than once and unexpectedly (i.e., “out of the blue” and not caused by a medical
condition or the use or withdrawal of a drug) (American Psychiatric Association, 2013).
The frequency of the attacks can vary widely: a few attacks a month, several attacks each
week or having periods with frequent attacks separated by weeks or months with less or
no attack (Faravelli and Paionni, 2001). In addition to recurrent unexpected PAs, at least
one of the following criteria is required for a period of at least one month: persistent
concern about having additional attacks or the implications of the attack (anticipatory
anxiety), and/or a significant maladaptive change in behavior related to the attacks.
Frequently, patients develop agoraphobia, the avoidance of places and situations that are
associated with the occurrence of previous attacks or in which having an attack may be
embarrassing or in which it may be difficult to get help (for instance, being alone outside
the home, being in a crowd or travelling in a bus or car). This avoidance behavior can
become so severe that patients are confined to their homes. Due to the unpredictability
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of PAs, avoidance behavior, and the common comorbid anxiety disorders (Tilli et al., 2012),
patients experience a marked decrease in their quality of life (Mendlowicz and Stein,
2000). Therefore, costs associated with an individual having PD are substantial (Salvador-
Carulla et al., 1995). At the population level, the costs associated with PD are comparable
with the combined costs associated with social phobia, simple phobia, and generalized
anxiety disorder (GAD) (Batelaan et al., 2007).

Etiology of panic from a neurobiological perspective: The concepts of anxiety, fear,
and panic

According to the current DSM-5 (American Psychiatric Association, 2013), PD is classified
as an anxiety disorder and is characterized by unexpected PAs (including intense fear)
as well as anticipatory anxiety. Research has indicated that anxiety, fear, and panic are
distinct entities involving divergent brain structures and behaviors. The main factor that
determines the specific behavioral response is the “defensive distance” to the threat
(e.g., a predator). According to this concept, first introduced by Blanchard and Blanchard
(1990), at a large defensive distance, i.e. in the presence of a potential threat, anxiety
predominates and the individual displays non-defensive behavior such as complex risk
assessment and approach behavior (defensive approach). In contrast, at a small defensive
distance, i.e. in the direct presence of a threat, fear will be predominant, leading to a fast
primitive response to avoid or leave the dangerous situation (i.e., fight-or-flight response,
defensive avoidance).

Graeff (1994) mapped distinct neural structures to these concepts, primarily based on his
research in small mammals. These structures were later integrated into a two-dimensional
behavioral defense system model by McNaughton, Gray, and Corr (2004; 2000). A large
distance to a threat is associated with more rostral, cortical brain structures, including the
prefrontal cortex, to evaluate the threat. The smaller the defensive distance, the more
important is a fast, primitive response, which is linked to a caudal shift to subcortical,
primordial structures. Extrapolating this concept to the clinic, a large defensive distance
is associated with rostral neural structures and complex anxiety as seen in obsessive
compulsions and in social anxiety. In contrast, with more proximal threats, a fear response
is induced, which is associated with limbic and brainstem structures. The smallest
defensive distance possible, which is from within a subject’s own body, is related to PAs
and is likely associated with primordial brainstem structures (Figure 1).

Recently, this concept was confirmed in a seminal functional imaging study by Mobbs et
al. (2007). Participants were chased in a virtual predator paradigm, in which they received
either no electrical shock or a low or high intensity shock, when captured.
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Figure 1. Schematic presentation of a two-dimensional behavioral defense system. Distinct neural structures
are mapped to the defensive distance to the threat and the behavioral response (adapted from McNaughton
and Gray, 2000).

Participants were informed about the condition before the trial. Results showed that as
the distance to the predator shortened, brain activity shifted from the prefrontal cortex
to the periaqueductal gray (PAG), particularly when a high intensity electrical shock was
expected. In addition, PAG activity correlated with an increased degree of dread of being
chased and decreased confidence of escape. In spite of the sophisticated approach,
conceptually, this study did not model the smallest defensive distance possible and the
within-body origin of PAs.

Etiology of panic from a psychological perspective

From a psychological point of view, there are at least two prominent theories regarding
panic: the cognitive theory and the learning theory.

In cognitive theories such as Clark’s model (1986) PAs are the result of the catastrophic
misinterpretation of somatic sensations believed to signify an imminent harmful
consequence. For instance, converging evidence exists for an increased interoceptive
sensitivity to stimuli arising from the cardiac system in anxiety disorders (for comprehensive
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review see Domschke et al., 2010). The misinterpretation of harmless heart pounding as a
heart attack can further intensify the symptoms and reinforce misinterpretation, resulting
in a full-blown PA. As a consequence, the person becomes chronically hypervigilant
for bodily sensations. This attentional bias towards somatic cues associated with the
occurrence of a PA can make someone more prone to misinterpret somatic sensations,
eventually leading to a vicious circle of misinterpretations culminating in PAs. Spontaneous
catastrophic misinterpretations of bodily sensations are therefore assumed to play a major
role in the transition of a PA into PD and are considered as a hallmark of PD. Several studies
provide support for catastrophic misinterpretations of bodily sensations in PD, however,
most of those studies are based on self-reports (Austin and Kiropoulos, 2008) that do not
capture the spontaneous nature of the misinterpretations. In this view, indirect measures,
such as priming paradigms, have been suggested to provide a good alternative. In such a
priming paradigm, the response time can be measured to, for instance, word pairs that
are either panic-related (e.g., breathlessness - suffocate; bodily PA symptom - catastrophic
misinterpretation) or neutral (e.g., flowers - picking). However, the results of those studies
have been inconsistent (Hermans et al., 2010; Schneider and Schulte, 2007). In a study from
our group (Hermans et al., 2010), significant priming effects were not only observed in PD
patients, but also in a group of mental health professionals without a history of PD. This
observation raises doubts about the pathogenic nature of catastrophic misinterpretations.
In addition, an important critique on cognitive theory is the observation that PAs also occur
in situations in which no catastrophic misinterpretation can be identified, such as during
sleep (Craske and Tsao, 2005; Freire et al., 2007; Mellman and Uhde, 1989; Sarisoy et al.,
2008). Importantly, there is currently no experimental support for the hypothesized causal
role of catastrophic misinterpretations in PD (De Cort et al., 2013).

In contrast to the cognitive theory that mainly explains the transition of a PA into PD, the
learning theory is the first that attempts to explain the unexpected “non-clinical” PAs in the
general population. It is based on the proposition that individuals can “learn” to develop
certain symptoms. An early theory by Barlow (1988) is known as the “alarm theory” and
distinguishes three types of alarms: true, false, and learned. Atrue alarmis an unconditioned
fear reaction to an actual threat, whereas a false alarm is an alarm that occurs in the
absence of a real threat. PAs can be true or false alarms, depending on the actual presence
of a threat. The occurrence of an alarm, whether true or false, can become associated
with an external or internal cue. The individuals “learn” that a specific cue is connected to
the alarm and become fearful of that cue because it may be a predictor for the onset of
another alarm (i.e., a PA). Consequently, they may develop anxiety and avoidance behavior
regarding future attacks. In a modern learning theory account, Bouton and colleagues
(2001) further specified that a false, learned alarm is not necessarily pathological. The key
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process between experiencing a PA and the progression to PD is the development of anxiety
that is focused on the occurrence of the next potential PA. In this respect, it is hypothesized
that interoceptive conditioning is of particular importance in the pathogenesis of PD. For
instance, a bodily stimulus that preceded the onset of a previous PA (e.g., slight increase
in heart rate) becomes associated with the occurrence of the PA, thereby becoming a
learned stimulus that predicts intense arousal and induces anxiety. Experienced anxiety,
in turn, generates more intense and additional stimuli (e.g., a further increase in heart
rate, sweating), which, in turn, intensifies anxiety. This spiraling process can lead to a panic
state. To date, a role of learning mechanisms in PD is supported by various experimental
studies. Support is found for enhanced resistance to extinction (Michael et al., 2007),
impaired discriminatory learning, and overgeneralization in PD patients (Lissek et al., 2010;
Lissek et al., 2009) during fear conditioning paradigms. Recently, neural substrates were
provided for alterations in PD patients during fear conditioning. Activations were found in
the dorsal inferior frontal gyrus during differential conditioning and in the midbrain during
safety signal processing. These results were interpreted as altered top-down and bottom-
up processes, reflecting changes in risk assessment/behavioral inhibition and defensive
reactivity, respectively (Lueken et al., 2014). Further, increased baseline activations were
found in structures such as hippocampus and amygdala in patients that did not respond
to cognitive behavioral therapy. Treatment response was related to an intact inhibitory
functional anterior cingulate cortex-amygdala coupling (Lueken et al., 2013). A limitation
of the current studies is that they employ external cues, which do not reflect the within-
body nature of the sensations that are associated with PAs. Despite their clear relevance,
interoceptive conditioning studies in the framework of PD are rather scarce. Interoceptive
conditioning has recently been established in healthy volunteers through respiratory
loads/breathing occlusions (Pappens et al., 2012), and inhalations of 20% (Acheson et al.,
2007) or 35% CO, (De Cort et al., 2012). Yet again, there is a paucity of interoceptive studies
with PD patients or persons at risk for developing PD. Recently, we (De Cort et al., 2014)
applied a differential interoceptive conditioning paradigm using pentagastrin and 35% CO,
in subjects scoring low or high on anxiety sensitivity, a risk factor for PD (Naragon-Gainey,
2010). Anxiety sensitivity refers to, partially heritable (Stein et al., 1999), inter-individual
differences in anxiety-related sensations that are associated with harmful consequences
(McNally, 2002; Reiss, 1997). Discriminatory learning was impaired in subjects with high
anxiety sensitivity, causing them to overpredict danger. Therefore, the progression from the
initial insult towards the development of PD may be due to impairment in discriminatory
learning and overgeneralization rather than excessive conditioning.
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Experimental models of panic attacks and scope of the review

PAs can be studied in two ways, i.e. by means of ambulatory assessment of naturally
occurring PAs, or by provoking the sensations from within the body using experimental
stimuli. Given the spontaneous occurrence of PA, which makes ambulatory assessment
challenging, the possibility to trigger PAs in the lab has been tested using a large number
of different techniques (for review see Esquivel et al., 2008b). These include CO, exposure;
hyperventilation; or administration of lactate, cholecystokinin (CCK, a peptide hormone
activating CCK-B receptors), flumazenil (a benzodiazepine receptor antagonist), caffeine
(an adenosine receptor antagonist), agents affecting the serotonergic (5-HT) system such
as fenfluramine (acute 5-HT enhancer) and metachlorophenylpiperazine (m-CPP, primarily
a 5-HT,, , receptor agonist), and agents with effects on the noradrenergic system such as
yohimbine (an alpha2-antagonist) and isoproterenol (a beta-agonist).

Five criteria have been proposed that an ideal experimental model should fulfill
(Guttmacher et al., 1983). First, safety is an essential consideration in any experiment
involving humans. The evoked symptoms should be temporary and readily reversible,
and without any predictable health risks. Second, there should be convergence (i.e. the
induced symptoms should reflect the real-life ones). Third, the model should be specific
and should differentiate between those with and without the disease (discrimination).
Fourth, the effects should be replicable when consecutive trials are performed. Fifth, after
a clinically effective treatment (e.g., drugs or cognitive behavioral therapy) individuals
should respond markedly less than individuals who did not receive that treatment (clinical
validation). Based on these criteria, to date, there are three models that are relatively well
validated: CO, exposure, hyperventilation, and lactate administration. All three have in
common that they alter the pH within the body.

We have previously proposed that an acutely disturbed acid-base homeostasis, involving
an entire network within the brain, underlies the occurrence of PAs (Esquivel et al.,
2009). Under normal circumstances, the acid-base homeostasis is tightly regulated
within a narrow range around a pH of 7.4. A shift out of this normal range can have a
severe impact on chemical reactions and enzymatic functions, with potentially fatal
consequences. Therefore, sensing a change in pH and triggering adaptive responses are
of pivotal importance for survival. Neurons sensitive to COZ/H+ and thus to changes in pH
have been found in many brain regions such as the amygdala (Ziemann et al., 2009), the
hypothalamus (Johnson et al., 2012a; Williams et al., 2007), and various brainstem nuclei
(Biancardi et al., 2008; Dean et al., 1990; Dias et al., 2007; Mulkey et al., 2004; Putnam et
al., 2004; Richerson, 2004; Severson et al., 2003). Combined with the defensive distance
model proposed by McNaughton (2004; 2000) and the functional imaging predator study
by Mobbs et al. (2007), these chemosensitive brainstem regions would be of particular
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Figure 2. Brain activity in response to inhaling CO,. CO, activated the brainstem, particularly in panic disorder
patients compared to healthy controls (Goossens et al., 2014). Copyright © 2014 by Sage Publications Inc.
Reprinted by permission of SAGE.

interest in the pathophysiology of PAs. The only missing component to validate the
brainstem model in humans was evidence of a threat stimulus originating from within
the body, which would represent the most proximal defensive distance possible. We
recently provided this missing component by applying CO, inhalations to human subjects
(Goossens et al., 2014), showing that breathing CO, resulted in brainstem activation in PD
patients in comparison with healthy controls (Figure 2).

To unravel the molecular mechanisms underlying such brainstem activation as well as
the properties of neurons that sense changes in pH, the number of rodent studies on
panic increased over the past few years, as this concept is difficult to study in humans.
Important progress has been made with regard to the PAG (Johnson et al., 2014; Paul et
al., 2014), the raphe nuclei (Richerson, 2004; Severson et al., 2003), and the role of the
5-HT system (Richerson, 2004). As the role of the PAG in relationship to panic has been
elaborated extensively elsewhere (Johnson et al., 2014; Paul et al., 2014), it will not be
discussed in this review.
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In the present review, we focus on CO, as panic-provoking method in both humans and
animals to discuss the relationship between CO,, changes in brain pH, the 5-HT system,
and associated adaptive physiological and behavioral responses.

CO, exposure as experimental model of panic attacks in
humans

CO, is an end-product of carbohydrate metabolism and is continuously produced within
the body. The majority of bodily CO, is readily processed by the bicarbonate buffering
system to maintain a physiological acid-base balance. CO, reacts with water to form
carbonic acid, which in turn dissociates into hydrogen ions and bicarbonate (CO, + H,0
<> H,CO, <> H* + HCO,). Bicarbonate compensates the hydrogen ions. Without this
buffering, hydrogen ions would accumulate, resulting in a decrease in pH. When the CO,
concentration increases strongly, the partial pressure of CO, increases rapidly, which is
associated with a decrease in pH. This is followed by adaptive bodily responses such as
an increase in respiration rate to expirate the excess CO,, leading to respiratory alkalosis
(Griez et al., 1987a).

As PAs originate within the brain, the effects of PAs or a CO, inhalation on brain pH are
more important than the peripheral effects. In rodents, CO, exposure causes a decrease in
brain pH (Schuchmann et al., 2006; Ziemann et al., 2009; Ziemann et al., 2008). In humans,
however, studies investigating the direct link between breathing CO, and brain pH are
lacking. Indirect evidence for brain acidification comes from a study using intravenous
infusion of bicarbonate that caused a decrease in brain pH as shown by magnetic
resonance spectroscopy (Nakashima et al., 1996). Moreover, PD patients display a larger
increase in brain lactate to visual stimuli compared to healthy subjects (Maddock et al.,
2009). As work in rodents showed that an increase in lactate is associated with a decrease
in pH (Erlichman et al., 2008), a similar effect can be expected in humans.

Methodology

Procedure and assessment

Three decades ago, Van den Hout and Griez (1984) investigated the effects of a single vital
capacity breath of 35% CO,. They showed that this CO, concentration has panicogenic
properties and proposed it as an effective tool for exposure therapy in PD patients. Later,
the same research group reported that PD patients appeared to be more vulnerable to a
35% CO, inhalation than healthy participants, more frequently reporting fear in response
to the procedure (Griez et al., 1987b). In addition, patients rated the induced symptoms
as strikingly similar to the ones experienced during a naturally occurring PA.
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Following this study, CO, inhalation became one of the most extensively used experimental
models for panic. Exposure to a low concentration of CO, (5 - 7%) for up to 20 min, or
taking a single breath of a high concentration (35%) CO, are widely used. To the best of
our knowledge, there are no systematic studies assessing adverse effects, but in general
CO, inhalation is a safe and well-tolerated procedure, with some reports of mild headache
in some individuals (criterion safety of an ideal experimental model). In addition, inhaling
35% CO, also does not prime individuals at risk, i.e. first-degree relatives of PD patients,
to develop PD (Perna et al., 1999b). With regard to the use of a low concentration of co,,
the administration method varies between studies (Coryell et al., 2001; Kent et al., 2001).
After inhalation of 35% CO,, subjects usually hold their breath for either 4 (Schruers et al.,
2011; van Beek and Griez, 2000; Verburg et al., 1995; Verschoor and Markus, 2011) or 8 s
(Nardi et al., 2006; Valenca et al., 2002a). It was shown that particularly an inhalation of
35% CO, induces a response reflecting the majority of symptoms of naturally occurring PA
(Nardi et al., 2006; Schruers et al., 2004), thereby fulfilling the criterion of convergence
required for an ideal experimental model (Guttmacher et al., 1983).

The response to CO, is commonly evaluated using self-reports about the presence and
intensity of fear and panic symptoms in line with the DSM criteria, although there is a
wide variability in the exact cut-off threshold for defining a PA (Rassovsky and Kushner,
2003). In addition, most studies use the change in reported discomfort, thus calculating
the difference between post- and pre-inhalation rating, whereas others focus on post
CO, ratings (Verburg et al., 1998). Other variations in the assessment method include
obtaining a direct statement regarding whether a subject had experienced a PA (Holt and
Andrews, 1989) or judgment by the investigator based on observation (Gorman et al.,
1994; Papp et al., 1997).

Specificity of CO, hyperreactivity in panic disorder

The third criterion for an ideal experimental model concerns the ability to discriminate
individuals affected by a disorder from those who are not affected (Guttmacher et al.,
1983). It has been repeatedly shown that PD patients are responsive to a CO, inhalation
(e.g., Esquivel et al., 2008a; Nardi et al., 2006; Papp et al., 1993; Perna et al., 1995c;
Schmidt et al., 1997). Compared to healthy subjects, PD patients are more sensitive to
a CO, challenge (e.g., Fyer et al., 1987; Perna et al., 1994a). Among a group of patients
with mixed anxiety disorders, only patients with PD reported an increase in fear, implying
that the CO,-elicited effects are independent of baseline fear (Griez et al., 1990b). Other
patient groups suffering from GAD (Perna et al., 1999a; Verburg et al., 1995), animal phobia
(Verburg et al., 1994), post-traumatic stress disorder (Talesnik et al., 2007), obsessive-
compulsive disorder (Griez et al., 1990a; Perna et al., 1995b), and major depression (Kent
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et al., 2001; Perna et al., 1995a) responded significantly less than PD patients. However,
it has to be noted that there are some exceptions to the specificity of CO,-hyperreactivity
for PD. Patients with social anxiety disorder have an elevated responsivity to CO,, which
is intermediate between healthy controls and patients with PD (for meta-analysis see
Schutters et al., 2012). Furthermore, individuals with sporadic PAs who did not meet the
DSM-1II-R criteria responded comparably to PD patients, suggesting that they belonged to
the same vulnerability spectrum (Perna et al., 1995c). Twin studies (Battaglia et al., 2007;
Battaglia et al., 2008; Bellodi et al., 1998; Roberson-Nay et al., 2013) and assessments
of familial-genetic risk (Perna et al., 1996) suggest an association between genetics and
CO, hypersensitivity. In line with this, healthy first-degree relatives of PD patients have
an elevated CO, reactivity (Coryell, 1997) that is intermediate between healthy controls
without a familial PD history and PD patients (van Beek and Griez, 2000). Therefore, the
specificity of heightened CO,-vulnerability is relatively high, though not absolute, for PD.
It has been proposed that panic is associated with evolutionarily evolved, fundamental
mechanisms (Klein, 1993) and primitive brain structures such as the periaqueductal gray
(McNaughton and Corr, 2004; McNaughton and Gray, 2000). If this is in fact true, it may
be expected that every individual would react to CO, and not just patients with PD. It
is likely that the response degree differs between individuals, with PD patients reacting
most strongly. In accordance with this notion, it was shown that CO, can also trigger panic
in healthy volunteers (Griez et al., 2007). The adverse reaction to CO, increases dose-
dependently (Griez et al., 2007; Kaye et al., 2004; Leibold et al., 2013; Schruers et al.,
2011), and is especially profound with a double vital capacity breath of 35% CO,. The
double vital capacity inhalation leads to a higher concentration of CO, within the body and
effectively elicits the emotional response associated with naturally occurring PAs, thus
comparable to the effects of a single breath in PD patients (Griez et al., 2007). In healthy
volunteers, experimental PAs are successfully triggered in 37% (Griez et al., 2007) to 68%
(Leibold et al., 2013) of subjects, whilst in PD patients 43% to 94% of the participants
fulfill the criterion of having experienced a PA during the CO, inhalation (for overview
see Colasanti et al., 2012). Several factors are likely to explain part of this variability. For
instance, study samples often differ in terms of age and sex. In healthy volunteers, it has
been demonstrated that the sensitivity to CO, decreases with increasing age (Griez et al.,
2007), showing the necessity for homogeneous samples and/or large sample sizes. With
regard to sex, epidemiological data imply that women are more often affected by PD than
men (Dick et al., 1994; Gater et al., 1998). However, CO, panic provocation studies did not
find this sex effect consistently. Several studies did not find a sex effect (Griez et al., 2007;
Leibold et al., 2013; Nardi et al., 2007; Perna et al., 2004b; Poonai et al., 2000), whereas
in others a higher reactivity was observed in females (Bunaciu et al., 2012; Kelly et al.,

34



The brain acid-base homeostasis and serotonin

2006; Nillni et al., 2012). Environmental factors such as socialization processes cause
women to report greater fear, whilst the expression of anxiety or fear may be inconsistent
with the male role and less tolerated in men (McLean and Anderson, 2009). In addition,
personality traits such as anxiety sensitivity may be associated with the response to a
CO, challenge (McNally, 2002), but were not evaluated in all studies. Furthermore, the
variety in assessment methods (Rassovsky and Kushner, 2003) can result in different panic
rates. In addition, most studies use the change in reported discomfort, thus calculating
the difference between post- and pre-inhalation rating, whereas others solely focus on
post-CO, ratings (Verburg et al., 1998). In spite of methodological differences associated
with some variability in the reported efficacy of CO, as panic-provoking stimulus, there is
a large and convincing amount of evidence that CO, effectively triggers panic symptoms,
to a different degree, in both PD patients and unaffected people, thereby supporting the
postulation of a role of fundamental mechanisms in panic. Noteworthy, reactivity to a CO,
inhalation appears to be a predictor for the future development of PAs (Schmidt et al.,
2007b; Schmidt and Zvolensky, 2007), but not for PD (Schmidt et al., 2007b). However, in
combination with anxiety sensitivity, interactive effects were found beyond the separate
effects of the two risk factors to develop an anxiety disorder, including PD (Schmidt and
Zvolensky, 2007).

Test-retest reliability

Another criterion that is used to evaluate an experimental model is its ability to elicit
reproducible effects (Guttmacher et al., 1983). Both in PD patients and in healthy subjects
the within-subject test-retest reliability of CO, inhalations has been assessed. With regard
to lower concentrations of CO,, 7% CO, inhalations proved to have good test-retest
reliability when a second inhalation was applied one week later (Poma et al., 2005). Using
asingle vital capacity breath of 35% CO, with a week between the two inhalations showed
good reliability at the level of reported subjective fear (Kaye et al., 2004; Verburg et al.,
1998) as well as in panic symptoms (Verburg et al., 1998), with some variation between
the distinct panic symptoms (Verburg et al., 1998). In addition, no significant habituation
of psychological responses was observed (Kaye et al., 2004). Similarly, high correlations
were found between the majority of individual symptom ratings obtained by a single
breath of 35% CO, with a retest after about 29 days (Coryell and Arndt, 1999). Although
repeated exposure to high concentrations of 20% (Beck and Wolf, 2001) and 35% (Beck
and Shipherd, 1997; Beck et al., 1999; Beck et al., 1997; Griez and van den Hout, 1986;
van den Hout et al., 1987) has been shown to result in desensitization to some extent, the
response to a few consecutive trials with CO, exposure shows good test-retest reliability
(Kaye et al., 2004; Verburg et al., 1998).
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Robustness against contextual manipulations

The response to CO, has been shown to be robust against contextual factors such as
manipulation of safety signals (e.g. objects or persons signaling safety such as presence
of a doctor), instructions or control. For instance, Rapee et al. (1991) assessed the role
of safety cues in mediating the response to CO, in PD patients. In the safety condition,
a “senior” and a “professional junior experimenter” were present during the procedure
and in personal contact with the patient, whilst in the non-safety condition, the “senior
experimenter” was called to an emergency and only a “student” was present who left the
patients alone during the experiment. No difference in panic rates was found between
the two conditions. Only one study reported that absence of a “safe” person during the
CO, challenge was associated with slightly more distress and arousal in PD patients when
compared to when a “safe” person was present (Carter et al., 1995). In another study
(Papp et al., 1995), the instructions before the inhalation were manipulated by informing
one group about the expected symptoms and the reassurance that these symptoms
were caused by inhaling CO_-enriched air, whilst the second group only received an
explanation about the procedure without reassurance. This manipulation did not result in
any difference in subjective ratings between the two groups. Similarly, instructions such
as standard information about the study in comparison with an extensive reassurance
regarding any perceived dangerousness of the inhalation did not affect panic rates among
PD patients and controls. In the reassurance group, less subjective breathlessness was
reported, which was not reflected in the actual respiratory measurements (Welkowitz et
al., 1999). Moreover, healthy volunteers scoring high in cardiac sensitivity (i.e., high cardiac
concerns) experienced more fear and were more likely to panic in response to inhalation
of 35% CO, when a cardiac defibrillator was brought into the experimental room before
the inhalation (Telch et al., 2010). This is in line with a study showing that the level of
anxiety sensitivity in combination with the instructional set could influence the response
to CO, to some extent (Telch et al., 2011). With regard to perceived control, patients who
were told they could decrease the amount of CO, in a 5.5% CO, inhalation procedure, by
turning a knob, which did not actually do anything, reported less panic symptoms in terms
of number and intensity, less anxiety, and were less likely to report PAs (Sanderson et al.,
1989). However, this result was not replicated in a later study by another group (Welkowitz
etal., 1999). Furthermore, the unpredictability of administration of 20% CO, did not alter
subjective fear levels compared to when the administration was predictable (Yartz et al.,
2008). In summary, the response to CO, is robust against manipulations, but there are
some dispositional tendencies that may potentiate or mitigate panicogenic effects.
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Pharmacological manipulation with a focus on the serotonergic system

The first-line pharmacological treatment, selective serotonin reuptake inhibitors (SSRls),
aims at normalizing the 5-HT neurotransmitter system. 5-HT is a monoamine that is
involved in a large number of functions within the brain (Lesch and Waider, 2012). Its
principal source is a brainstem cluster of nine nuclei of 5-HT neurons (Lesch and Waider,
2012). The rostral subdivision, consisting of the dorsal and the median raphe nucleus,
projects primarily to the forebrain, thereby mediating emotional states, circadian rhythms,
sleep-wake regulation, food intake, and cognition. The caudal subdivision, comprising the
raphe pallidus, the raphe obscurus, and the raphe magnus, projects to the spinal cord and
cerebellum, and is involved in motor activity and regulation of the autonomic nervous
system (Lesch et al., 2012). 5-HT is synthesized from the amino acid tryptophan, which
is an essential amino acid. Most tryptophan is protein-bound, only about 5% is free and
transported across the blood-brain barrier (Bell et al., 2001). Within the brain, tryptophan
is further processed to 5-hydroxy-tryptophan by the enzyme tryptophan hydroxylase 2
(TPH2), followed by the conversion to 5-HT by the enzyme amino acid decarboxylase.
In this metabolic pathway, the TPH2-mediated step is the rate-limiting step (Lesch et al.,
2012).

Studies during the past two decades frequently used tryptophan depletion to assess
5-HT-related mechanisms in the pathophysiology of panic (e.g., Goddard et al., 1994;
Miller et al., 2000; Schruers et al., 2000). Tryptophan depletion is a method to acutely
deplete dietary tryptophan leading to a pronounced reduction in plasma tryptophan and,
therefore, reduced 5-HT production and release within the brain (Bell et al., 2001). The
most effective method to reduce tryptophan is to consume a drink containing other amino
acids such as valine, leucine, isoleucine, phenylalanine, and tyrosine. These five amino
acids compete with tryptophan for transport across the blood-brain barrier, thereby
limiting the entry of tryptophan into the brain. In addition, the drink stimulates protein
synthesis in the liver, which depletes tryptophan that is already present in the plasma
(Bell et al., 2001). In PD patients, tryptophan depletion alone failed to have panicogenic
effects (Goddard et al., 1994). However, in combination with CO, as panic-provoking
stimulus, it enhanced the panic response (Miller et al., 2000; Schruers et al., 2000) and
led to a higher rate of PAs during the CO, inhalation (Miller et al., 2000). Moreover, we
showed that acute administration of the 5-HT precursor L-5-hydroxytryptophan, leading
to increased brain 5-HT levels, reduced the panic response triggered by a CO, inhalation
(Schruers et al., 2002). In healthy volunteers, in combination with a CO, inhalation, an
increase in neurovegetative symptoms was found (Klaassen et al., 1998), which, however
was not replicated in later studies (e.g., Hood et al., 2006), and even a blunted response
to CO, was reported by others (Colasanti et al., 2011). The varying results between
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studies may be due to differences in methodology such as the exact tryptophan depletion
mixture (Sobczak and Schruers, 2014). For instance, Klaassen et al. (1998) used a mixture
consisting of various amino acids excluding tryptophan, whilst a gelatin-based mixture
was used by Colasanti et al. (2011). Therefore, depending on the exact composition, the
efficacy of the drink to deplete central tryptophan is likely to vary. In addition, changes
in the tryptophan metabolism may also interfere with neurotransmitter systems such as
glutamate or gamma-aminobutyric acid (GABA). Therefore, future studies should use a
more standardized approach to confirm that depletion of tryptophan, and hence 5-HT,
enhances the panicogenic effects of CO,.

SSRIs target the 5-HT transporter (5-HTT) (Ravindran and Stein, 2010), which normally
transports extracellular 5-HT back into the presynaptic neuron, thereby terminating the
action of 5-HT in the synaptic cleft. As such, inhibition of the 5-HTT leads to a prolonged
availability of 5-HT in the synaptic cleft. SSRIs markedly attenuated the CO, reactivity
after a short treatment of seven days (Bertani et al., 2001; Bertani et al., 1997; Perna
et al., 2004a; Perna et al., 2002; Perna et al., 1997) as well as after a longer treatment
for up to 4 - 6 weeks (Perna et al., 2002; Pols et al., 1996; Schruers and Griez, 2004).
Interestingly, the decrease in CO, reactivity after one week of SSRI treatment, thus before
full therapeutic efficacy is obtained, predicted the clinical outcome after one month of
treatment (Perna et al., 2002). Noteworthy, genetic variants in the gene encoding the
5-HTT have been shown to naturally influence the availability of extracellular 5-HT by
altering the expression, and/or regulation of 5-HTT. A well-described functional variant is
a length polymorphism in the promoter region of the 5-HTT gene, referred to as the 5-HTT
gene-linked polymorphic region (5-HTTLPR) (Lesch et al., 1996). When the 5-HTTLPR was
discovered, two variants were described influencing the transcriptional activity of the
5-HTT gene: a long (L)-allele with 16 repeats and a short (S)-allele with 14 repeats. The
L-allele is associated with an about two times higher 5-HTT expression relative to the
S-allele as shown by in vitro studies. Only a few years later, a third variant was reported
(Nakamura et al., 2000), which is a single nucleotide substitution of A to G in the L-allele
and is associated with gene expression levels similar to the one of the S-allele (Hu et al.,
2006). To date, genetic studies assessing the effects of the 5-HTTLPR on CO_-induced panic
yielded inconsistent results. In a study in healthy volunteers, homozygous L-allele carriers
were hyperreactive to a single breath of 35% CO, in comparison with S-allele carriers
(Schmidt et al., 2000). In line with this and using a larger sample, we showed that the fear
reaction to a CO, inhalation is dose-dependent and moderated by the 5-HTTLPR (Schruers
et al., 2011). More specifically, homozygous carriers of the L-allele reported the strongest
fear, particularly at an intermediate dosage of 17.5% CO.. In contrast, in a sample of PD
patients, no relationship between the 5-HTTLPR polymorphism and CO,-reactivity could
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be found (Perna et al., 2004c). However, the same group reported a better treatment
response to the SSRI paroxetine for homo- and heterozygous female L-allele carriers,
supporting a role of the 5-HT system in PD.

Similarly to the effects of SSRIs, a reduced reactivity to CO, was observed after treatment
with tricyclic antidepressants (Bertani et al., 1997; Perna et al., 2002; Perna et al., 1997),
the reversible monoamine oxidase type A inhibitor toloxatone (Perna et al., 1994b),
and the 5-HT-norepinephrine reuptake inhibitor venlafaxine (Bertani et al., 2003).
Panicolytic effects were also reported for benzodiazepines (Beckett et al., 1986; Nardi
et al.,, 1999; Pols et al.,, 1991; Sanderson et al., 1994; Valenca et al., 2000; Valenca et
al., 2002b), which are used in the daily clinic when the earlier treatment options have
failed (Baldwin et al., 2014). In contrast, acute administration of drugs without clinical
efficacy such as propranolol, hydroxyzine, and flupentixol did not reduce the reactivity to
CO, (Papadopoulos et al., 2010). Therefore, CO, exposure fulfills the criterion of clinical
validation of a good experimental model (Guttmacher et al., 1983).

Hypothalamo-pituitary-adrenal axis and physiological response

Lack of hypothalamo-pituitary-adrenal axis activation in CO,-induced panic attacks

PAs are associated with high levels of subjective distress and are generally believed to be
an expression of a dysfunctional, hypersensitive fear system. Therefore, it can be expected
that the stress experienced during a PA activates the hypothalamo-pituitary-adrenal
(HPA) axis. The HPA axis is a central endocrine system that consists of three secretional
levels (Kandel et al., 2012). In the hypothalamus, the paraventricular nucleus secretes
vasopressin and corticotrophin-releasing hormone, which binds to specific receptors on
the anterior pituitary and stimulates the release of adrenocorticotropic hormone into
the blood stream. Adrenocorticotropic hormone, in turn, stimulates the adrenal cortex
to synthesize and secrete glucocorticoids. This end-product of the HPA axis, cortisol in
humans and corticosterone in rodents, induces a variety of acute adaptive changes such as
increasing heart rate and mobilizing energy resources to ensure an appropriate response
to the stressful situation. Under normal conditions, cortisol is secreted in a pulsatile
fashion as its secretion is regulated by negative feedback systems to keep the levels within
a physiological range (Lightman and Conway-Campbell, 2010). To activate the negative
feedback, cortisol binds to glucocorticoid receptors located in the anterior pituitary gland,
the hypothalamus, and the hippocampus, thereby downregulating the further release.
However, stress can override the feedback mechanisms leading to increased cortisol
secretion.

Cortisol is the hormone that has been most commonly measured as an index of the HPA
axis activity. Due to the spontaneous nature of naturally occurring PAs, only a few studies

39



Chapter 2

have assessed cortisol levels outside the laboratory. In those studies, elevated cortisol
levels were found during the PA (Bandelow et al., 2000; Cameron et al., 1987; Woods
et al., 1987). However, some methodological considerations such as small sample size
(Cameron et al., 1987) or triggering the PA in phobic situations (Bandelow et al., 2000)
limit the generalizability of these results. Given that PAs occur unpredictably, and that
there is circadian variability of the HPA axis, most studies have focused on experimentally
induced PAs. Several studies applying a low concentration of 5% CO, in patients with
PD and/or healthy subjects did not find significant increases in cortisol levels after the
inhalation compared to baseline (Coplan et al., 2002; Kaye et al., 2004; Woods et al.,
1988). One study reported a decreased cortisol level in panicking PD patients during
the CO, inhalation phase compared to room air inhalation (Sinha et al., 1999). No prior
baseline difference was found between patients who panicked, patients who were not
sensitive to CO,, and healthy controls. However, after administration of a higher dosage
of 7.5% CO,, a slight increase in cortisol levels was observed in healthy subjects (Woods et
al., 1988). Therefore, it was proposed that a higher percentage of CO, would be needed
to sufficiently activate the HPA axis (Argyropoulos et al., 2002). Based on the wide-spread
use of 35% CO, as a panic-provoking stimulus, this concentration has been applied
in @ number of studies to assess HPA axis reactivity. In healthy subjects, a single vital
capacity breath resulted in an increase in cortisol, with the most robust effect after 15
min compared to baseline values (Kaye et al., 2004) or after 20 min compared to room air
inhalation (Argyropoulos et al., 2002). However, the invasive nature of blood sampling and
the methodological design in the second study (i.e. always performing the CO, inhalation
40 min after the air inhalation) does not allow differentiation of the effects of the CO,
inhalation from the effects of the prolonged experimental procedure. Mixed results were
obtained by Wetherell et al. (2006). They observed an increase in cortisol levels in six
healthy subjects, but no response or negative reactivity in ten other healthy subjects.
Responders experienced a CO,-induced increase in negative feelings to a greater extent
than non-responders, possibly contributing to the differences between the individuals.
Other studies failed to replicate the CO_-induced HPA axis activation (Brambilla et al., 2013;
Meiri et al., 2001; van Duinen et al., 2004a, b; Verschoor and Markus, 2011). In general,
use of a randomized order design for administering CO, and placebo air inhalations is
most preferable to prevent order effects (Meiri et al., 2001; van Duinen et al., 2004a).
In addition, the timing of sample collection is important in studies examining the stress
response given the time delay for a stressful event to induce a measurable change in
cortisol excretion. Based on the studies by Kaye et al. (2004) and Argyropoulos et al.
(2002) 15 - 20 min seem to be most appropriate. Similarly to healthy subjects, results
are contradictory in patients with PD as shown by a series of experiments performed by
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our research group. In the first study (van Duinen et al., 2004b), no cortisol increase was
found after inhaling 35% CO, compared to baseline. In a follow-up study (van Duinen et
al., 2005), a second baseline sample was obtained directly before the CO, inhalation in
addition to the one sampled 30 min before. All subjects started the trial at the same day to
control for circadian variation in cortisol secretion. These methodological improvements
facilitated evaluation of the direct effects of the CO, exposure and revealed a small, but
statistically significant cortisol increase in response to CO,. However, it has been proposed
that PD patients may be hyperreactive to novelty cues and that the experimental context
stimulates the HPA axis in patients, which may explain the positive findings in some
studies (Abelson et al., 2007). In a follow-up study comparing PD patients with healthy
controls, inhaling 35% CO, increased cortisol levels in both groups to a similar small extent
(van Duinen et al., 2007). No distinction of the two groups was possible based on the
neuroendocrinological response to CO,.

Despite that experiencing panic is a very stressful period accompanied by marked
sympathetic activation, it is not necessarily associated with a strong activation of the
HPA axis. This contradicts the notion that, in general, stress stimulates the HPA axis.
However, it is in line with the earlier introduced model by McNaughton and Corr (2004)
stating that panic is associated with a fast response caused by a threat coming from
the smallest distance possible, which is in this case from within the body. PAs occur
spontaneously and are accompanied by an immediate bodily response. The HPA axis, in
contrast, is not immediately activated. Based on these considerations, the general lack
of HPA axis activation by the panicogenic stimulus CO, can be considered as consistent
with McNaugthon and Corr’s defense model. In addition, it was suggested that the
HPA axis activation may be suppressed as acute activation would counterproductively
increase catabolic activity and oxygen demand (Preter and Klein, 2008). In contrast to
PAs, anticipatory anxiety may activate the HPA axis (Graeff and Zangrossi, 2010). As PD
patients often fear the occurrence of the next PA it seems logical that patients may have
chronically increased cortisol levels. In this respect, baseline differences between patients
and controls have been investigated, showing that some, but not all patients have elevated
levels (for overview see Wedekind et al., 2000). To conclude, in contrast to anticipatory
anxiety, (experimentally-induced) PAs are generally not accompanied by a strong HPA axis
activation.

Cardio-respiratory response to a CO, inhalation

Human studies mostly rely on self-reports to study the response to CO,. Some components
of PAs such as the experienced fear can be best assessed by reports of the individual,
but PAs are also accompanied by physiological symptoms. Previously, we have proposed
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(in line with Denton, 2006; Denton et al., 2009) that PAs can be considered an instance
of primal emotion aimed at protecting an individual against a vital threat. In general,
emotions consist of two elements: sensation and intention. The conscious perception
of a disturbed bodily function is referred to as sensation, whilst intention is an adaptive
response to restore the homeostasis. Maintaining the internal milieu is essential for bodily
well-being and normal functioning. When a survival-threatening disturbance occurs and
the sensation is triggered interoceptively, the emotion can merge into the stream of
conscious awareness as primal emotion. In this respect, PAs may be rooted in primitive,
instinctual behavior associated with an immediate threat to the individual’s existence.
A metabolic disturbance within the brain may spread from subcortical regions such as
the brainstem into higher cortical areas, including regions involved in affective responses.
Thus, it permeates into conscious awareness of a full-blown emotion (Colasanti et
al.,, 2012). Considering that PAs are an instance of a primal emotion and that PAs are
subjective experiences associated with profound physiological symptoms, we believe that
assessing either biological or psychological measurements does not capture the entire
phenomenon. Therefore, to complement self-reports about the fear and panic symptoms
felt during the experiment physiological parameters such blood pressure, heart rate, and
respiratory parameters are also worth measuring.

Activation of the cardiovascular system

The interest in the cardiovascular system is based on the observation that PAs are discrete
episodes of autonomic arousal. This is supported by ambulatory assessment studies
of naturally occurring PAs (Freedman et al., 1985; Taylor et al., 1986). However, due to
the unexpected nature of PAs, ambulatory studies are relatively scarce. Given the close
resemblance of real-life and CO,-induced PAs, several studies studied the cardiovascular
response to a CO, inhalation.

Early provocation studies conducted more than two decades ago, demonstrated that
administration of 5% CO, for an extended time period could to affect the cardiovascular
system. More specifically, a PA induced by inhaling CO, was associated with an increase in
diastolic blood pressure (Gorman et al., 1988). Another study demonstrated an increase
in heart rate in subjects who panicked during the 5% CO, inhalation (Sasaki et al., 1996).
A later study reported an increase in systolic and diastolic blood pressure and in heart
rate in panic patients and healthy controls when inhaling 5% and 7% CO, (Martinez et
al., 1998). In line with this, Woods et al. (1988) reported a dose-related increase in blood
pressure and heart rate in a healthy sample. Similarly, other research groups reported a
CO,-induced stimulation of systolic blood pressure (Bailey et al., 2005), the diastolic blood
pressure (Bailey et al., 2007), and heart rate (Bailey et al., 2005; Gregor and Zvolensky;,
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2008; Nillni et al., 2012; Papadopoulos et al., 2010). No effect of treatment with the SSRI
paroxetine for 21 days was found on any cardiovascular measurement in response to 7.5%
CO, in healthy subjects (Bailey et al., 2007). A direct comparison of panic patients and
controls showed that patients had a tendency towards a higher heart rate during eight
inhalations of 20% CO, (Blechert et al., 2010). Yet other studies failed to find an effect in
patients (Bystritsky and Shapiro, 1992) and healthy subjects (Kaye et al., 2004). In addition
to studying a mere increase in a specific outcome parameter, also the variability/variation
of that parameter may be of interest (e.g., Bystritsky et al., 2000; Bystritsky and Shapiro,
1992). In this respect, it was reported that PD patients had high blood pressure variability,
particularly in the diastolic blood pressure. The pattern and the degree of fluctuations
differed depending on the severity of the PA (Bystritsky and Shapiro, 1992). Patients who
panicked during the CO,-inhalation already had a significantly different baseline blood
pressure variability compared to non-panicking patients as well as controls (Bystritsky
et al.,, 2000). Reviewing those studies, it becomes clear that PAs seem to affect the
cardiovascular system, but there is no consistent pattern in the cardiovascular response to
low concentrations of CO,. Similarly, studying the effects of a relatively high concentration
of CO, (35%) on the cardiovascular system also did not result in a consistent pattern to
date. Some groups reported an (overall) reduction in heart rate (Argyropoulos et al., 2002;
Kaye et al., 2004; Wetherell et al., 2006), whilst others observed an increase in heart rate
(Poonai et al., 2000; Richey et al., 2010). In addition, no difference was found between PD
patients and healthy volunteers (Fleet et al., 2014).

Evidently, there is some variability in the observed responses to CO,. In part, this may be
explained by limitations of the technical devices used in the past; however, more advanced
technical equipment has become available. We recently exposed healthy volunteers to four
concentrations of CO, (0%, 9%, 17.5%, and 35% CO,), and for the first time continuously
measured the heart rate and blood pressure response to all four concentrations (Leibold et
al., 2013). We used a customized computer system including a cardiovascular monitor and
capnography that allowed a detailed analysis of the bodily response to CO,. In our study,
heart rate was hardly affected by CO,. It appeared that instead of an increase or decrease
in frequency, mainly the variation, thus fluctuations in heart rate, correlated with fear,
discomfort, and panic symptom ratings. With regard to blood pressure, we observed a dose-
dependent increase. The systolic blood pressure, however, reached a plateau at 17.5% CO,,.
In contrast, the diastolic blood pressure was the most sensitive parameter to discriminate
between the concentrations. In addition, it reflected the dose-dependent increase in the
emotional response. A robust increase in systolic (Richey et al., 2010; Wetherell et al.,
2006) as well as diastolic (Richey et al., 2010) blood pressure is in line with previous studies,
confirming a strong stimulation of the autonomic nervous system during CO, exposure.
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Most studies to date have focused on the immediate effects of CO, on the cardiovascular
system. Detailed assessment of the recovery period (for instance, 10 - 20 min) after a CO,
inhalation is very scarce. In a small study evaluating the effects of 5.5% CO,, no difference
between panic patients and controls was found (Bystritsky and Shapiro, 1992). However,
with a larger sample size the same research group observed that patients had a slower
heart rate recovery after breathing 5% CO, for 20 min (Bystritsky et al., 2000). In line
with this, a tendency towards higher heart rates and a prolonged recovery time was also
observed in patients after taking a single breath of 35% CO, (Niccolai et al., 2008).

In sum, the majority of studies in the past, reporting inconsistent findings, made use of
technologies that were limited in their resolution in addition to methodological variability
in CO, concentrations, analysis strategies (e.g., calculating means over various time
periods), and recruited samples (e.g., age and sex). However, the more technologically
sophisticated approaches indicate that CO, inhalation induces a general activation of the
autonomic nervous system in a dose-dependent manner.

Activation of the respiratory system

The respiratory system plays a key role in maintaining the partial pressure of CO, (pCO,), O,,
and the pH within a narrow physiological range in the body. An increase in pCO, is the most
robust stimulant for respiration under normal circumstances in mammals. Sensitive central
chemoreceptors are widely located in the brain and by increasing respiration the excess of
CO, is exhaled, lowering the pCO, level. To a lesser extent, also peripheral chemoreceptors
are sensitive to pCO, (Rassovsky and Kushner, 2003). Peripheral chemoreceptors are located
in the carotid body near the bifurcation of carotid arteries and in aortic bodies and primarily
detect arterial hypoxemia (Nattie, 2006), which, however, hardly affects respiration
(Rassovsky and Kushner, 2003). PAs can be experimentally triggered by some respiratory
challenges such as CO, inhalation, suggesting a link between respiration and PAs.
Respiratory symptoms such as breathlessness and air hunger are components of most
PAs. Given the unexpected nature of PAs and the limited likelihood to occur during the
assessment period in the lab, it is difficult to study PAs under normal conditions. Therefore,
examining baseline respiration (for recent meta-analysis see Grassi et al., 2013) or the
respiratory response to CO,, to which PD patients are particularly vulnerable, has become
of interest. Despite the increased lifetime prevalence of respiratory disorders in PD
patients and a certain degree of phenomenological overlap, there is no causal relationship
between a history of respiratory conditions and CO, reactivity (van Beek et al., 2003).
However, evidence suggests the existence of a PD subtype, characterized by a relatively
high number of pronounced respiratory symptoms during a PA and a higher reactivity to
CO, (Freire and Nardi, 2012).
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To assess the respiratory response to CO_-induced PAs in more detail, various parameters
have been investigated. In an early study, no difference in respiration rate, defined as the
number of breaths per minute, to a 35% CO, inhalation was observed compared to a room
airinhalationin PD patients and healthy volunteers (Gorman et al., 1990). Tidal volume (the
amount of gas displaced with each breath during rest) and minute ventilation (the volume
inhaled per minute) significantly increased in both groups, with no difference between the
groups. However, binning data into 15-s epochs may mask small, transient fluctuations.
Others (Bystritsky and Shapiro, 1992) reported that inhaling low concentrations of CO,
increased the respiration rate in PD patients, with the most pronounced effect in patients
who panicked (Sasaki et al., 1996). In addition, PD patients had a higher variability in
respiration rate and irregular breathing patterns with frequent pauses (Bystritsky and
Shapiro, 1992). A more detailed analysis by another research group (Papp et al., 1997)
showed that healthy controls and PD patients who did not panic mainly responded to
the CO, inhalation by increasing their tidal volume, whilst patients who panicked had a
blunted tidal volume response and an exaggerated respiration rate. More specifically, the
breathing frequency in patients who panicked rose rapidly, with an increase observed
within the first 5 min. Subjects who panicked also had a continued rise in end-tidal CO,
(EtCO,, the concentration of CO, at the end of an exhaled breath), while EtCO, stabilized
quickly in those that did not panic and control subjects. Of note, both patient groups had
a lower baseline EtCO, than controls. Low EtCO, and high minute ventilation variance at
baseline predicted the occurrence of a PA during the 5% CO, inhalation (Papp et al., 1997).
Further, increased tidal volume was also observed after repeated inhalations of 20% CO,
(Blechert et al., 2010). Controls habituated to some extent across inhalations, which did
not occur in patients with PD. The authors suggested a respiratory hypersensitivity in
PD patients. In healthy volunteers, exposure to CO, was associated with an increase in
respiration rate in “responders”, defined by an increase of at least one point for at least
four symptoms of the panic symptom list (Poma, et al., 2005) and additionally an increase
of at least 25% in the visual analogue scale rating in a later study (Poma et al., 2013). In
that particular subgroup, 7% CO, significantly increased respiratory rate, tidal volume,
minute ventilation, and EtCO,. After discontinuation of CO,, EtCO, and minute volume
returned to baseline within a few minutes (Poma et al., 2005). Further, PD patients had
an increased variability in the respiration rate as well as in the partial pressure of CO,
compared to healthy controls during the recovery period after inhaling CO, (Niccolai et al.,
2008). In addition, in patients with PD, the tidal volume remained elevated for a longer
period of time in comparison with controls (Papp et al., 1997). It has been suggested that
the homeostatic control of the physiological equilibrium, which becomes disrupted by
inhaling CO,, is less effective in PD patients than in healthy subjects (Niccolai et al., 2008).
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Studies assessing the effects of 5-HT agents on the respiratory response to a CO, inhalation
are relatively scarce. Treatment with anti-panic medication for 2 (Coryell and Rickels,
2009) to 12 weeks (Gorman et al., 2004) did not alter the respiratory response to a CO,
inhalation. However, methodological drawbacks such as the short administration time,
in which SSRIs do not yet exert clinical benefits, and a small sample as well as the use of
several medications in the second study limit drawing general conclusions regarding the
role of the 5-HT system in CO,-induced discomfort.

To conclude, current data imply that CO,-induced PAs are associated with alterations in
the respiratory system to restore the acid-base homeostasis. Patients with PD may need
more time to recover from an acute disruption of their homeostasis. Factors with the
potential to influence respiration, such as anxiety sensitivity (Blechert et al., 2013), should
be taken into account in future studies.

Conclusion panic provocation in humans via disturbance of brain pH

In conclusion, studying PAs seems the most efficient using brief inhalations of 35%
CO,, though also exposure to a low concentration of CO, for a prolonged period elicits
experimental PAs. Based on the criteria proposed by Guttmacher et al. (1983) 35%
CO, can be considered a good experimental model. It is a relatively easy, non-invasive
technique that reliably triggers a transient, intense emotional response and symptoms
resembling naturally occurring PAs in patients with PD. These symptoms are also elicited
in healthy volunteers, when using a high dosage of 35% CO.,. It proved to have good test-
retest reliability and also fulfills the criterion of pharmacological validation. However, as
the onset of effects occurs rapidly, no behavioral measurements can be taken over time.
For this, voluntary hyperventilation and particularly lactate administration, two additional
models influencing the acid-base homeostasis (for review see Esquivel et al., 2008b), may
be more suitable.

CO, exposure in rodents as panic model affecting acid-base
homeostasis

Human models are limited in their potential to investigate the molecular mechanisms
underlying a disorder. Animal research is a valuable tool in this respect. Similar to the
human panic models, two models affecting the acid-base homeostasis have been applied
in rodents: exposure to CO, and lactate administration. In contrast to human studies, self-
reports about the presence and intensity of emotions and symptoms cannot be obtained
in rodents. Therefore, the traditional outcome parameter in animals is the behavioral
response in anxiety- and fear-related tasks in relation to molecular mechanisms of interest.
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In contrast to the study of PD in human subjects where CO, exposure has been used for
over three decades, significant progress with the use of CO, inhalation for the study of
panic in rodent models has been made only recently (Johnson et al., 2005; Ziemann et
al., 2009).

Methodology

Since rodents cannot be instructed to take one or two vital capacity breaths of CO,, as is
done in humans, animals are commonly exposed to a lower concentration of CO, for a
prolonged period of time. In an early study in 1981 (Elam et al.), 3 - 20% CO, was supplied
for 1 min using a funnel that was placed in front of a tracheal cannula. However, since
methods like this may be associated with stress, non-invasive approaches are preferable.
Few early panic-related studies used a hermetically closed box to expose rodents to
35% for 1 min (Barbaccia et al., 1994; Concas et al., 1993; Cuccheddu et al., 1995; Sanna
et al.,, 1992). To date, to allow studying real-time behavioral performance during CO,
exposure, over a prolonged time period, it is more common to use chronic exposure to
more moderate CO, concentrations as elegantly done by two groups (Johnson et al., 2005;
Ziemann et al., 2009). Compared to the tracheal cannula approach, the major advantages
of using CO,-filled compartments are the non-invasiveness and that animals can move
freely allowing real-time behavioral assessment. Therefore, anxiety- and fear-related
behavior in response to CO, can be studied whilst minimizing confounding effects. Animals
are placed into a box before infusing the hypercapnic gas mixture (Johnson et al., 2011;
Johnson et al., 2005; Johnson et al., 2012b) or into a pre-filled box (Ziemann et al., 2009).
In previous studies, the behavioral response was examined either during the hypercapnic
exposure in a large Plexiglas box (Ziemann et al., 2009) or immediately after exposure in
flow cages (Johnson et al., 2011; Johnson et al., 2012b). Results showed that exposure to
10% and 20% CO, for 20 min increased anxiety- and fear-related behavior, as indicated by
less activity in the center zone of the open field arena (Ziemann et al., 2009). Similarly,
rodents tested directly after a 5 min infusion of 20% CO,, leading to a gradual increase in
CO, reaching 20% at the end of the period associated with an arterial pH of 7.01 (Johnson
et al., 2012b), also showed an increase in negative affect. Animals spent more time in the
outer (Johnson et al., 2011) or middle (Johnson et al., 2012b) wall zone of the open field
arena compared to animals previously exposed to room air control gas. To evaluate the
aversive effects of CO,, mice are placed in a testing box divided into two chambers, one
filled with air and one with CO,. The two chambers are connected by a swinging door to
allow free crossing, whilst limiting gas mixing (Ziemann et al., 2009). When one chamber
was filled with 10% CO, mice avoided that chamber and spent more than 90% of the time
in the chamber filled with air. The same research group also assessed freezing, which
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is defined as the absence of any movements apart from respiration and is considered
as a correlate of fear and panic in mice. Breathing 10% CO, for 10 min elicited a robust
freezing response, whilst no effect was observed after 5% CO, (Ziemann et al., 2009).
Evidently, exposure to CO, elicits a marked behavioral fear response in rodents. However,
it is difficult to translate the exact level of distress the animals experience to the human
perspective. Observed behavior in rodents is not interchangeable with verbal self-reports
in humans. In this respect, heart rate, blood pressure, and respiration rate are promising
complements to the behavioral assessment as those parameters can be measured in both
humans and rodents to facilitate comparison.

Cardio-respiratory response to CO, exposure and link to the serotonergic system
To date, the cardio-respiratory response to CO, has been studied only rarely in the direct
framework of panic. For instance, in rats, exposure to a hypercapnic gas mixture of 5%
CO, increased respiration rate, tidal volume, and minute volume (Annerbrink et al., 2003).
This increase was dose-dependent, an effect that was attenuated by treatment with the
SSRI paroxetine for 15 weeks (Olsson et al., 2004). In addition, when rats were treated
with the 5-HT synthesis inhibitor parachlorophenylalanine, tidal volume variability and
minute volume variability were significantly higher at baseline and during CO, exposure
than in untreated control rats (Annerbrink et al., 2003). Furthermore, recordings of the
phrenic nerve, important in breathing, of anesthetized rats with a mean arterial blood pH
of 7.22, showed an increase in amplitude (Dumont et al., 2011). In addition, the mean
blood pressure and heart rate were also increased. Decreasing the pH even more to 7.01
(at the end of the CO, exposure period) was associated with an elevation in respiration
rate and mean arterial blood pressure, and decreased heart rate in conscious rats, whilst
under anesthesia respiration rate decreased (Johnson et al., 2012b). This difference may
be explained by a combined effect of the anesthetic ketamine on the arousal system,
opioid systems, and anxiety circuits.

Conclusion panic induction in rodents via disturbance of brain pH

To conclude, CO, is known to affect behavior and breathing and important insights into
the involved mechanisms and the disease entities to which they are relevant (e.g., Li and
Nattie, 2008) have been gained. However, in rodents, the cardio-respiratory response to
CO,-induced panic has not been assessed as extensively as done in human studies of CO-
induced panic, and pharmacological validation is mostly lacking. The translation between
human and animal research is often hampered by the differences in outcome measures
(i.e., verbal self-reports in humans compared to observed behavioral response in rodents).
To maximize translation of knowledge and thereby making rodent research more efficient,
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experiments in humans and rodents should be performed as similar as possible. In this
respect, assessing the same outcome measurements in both species such as the cardio-
respiratory response in addition to the classical behavioral measurements and combining
the data may be a promising approach for future studies.

Integrating animal and human data: The link between brain
acidosis, the serotonergic system, and adaptive responses

The brainstem as important structure in sensing changes in pH

There are a number of neurons having properties consistent with being chemoreceptors.
Neurons sensitive to CO,/pH are found in the amygdala of mice (Ziemann et al., 2009), in
the hypothalamus (Johnson et al., 2012a; Williams et al., 2007), and in rodent brainstem
nuclei such as the locus coeruleus (Biancardi et al., 2008; Filosa et al., 2002; Oyamada et
al., 1998; Pineda and Aghajanian, 1997), the nucleus tractus solitarii (Dean et al., 1990),
the retrotrapezoid nucleus (Mulkey et al., 2004), the ventrolateral medulla (da Silva et
al., 2010), the medullary raphe (Putnam et al., 2004; Richerson, 2004), the dorsal raphe
(Severson et al., 2003), and other subsets of the raphe nuclei (da Silva et al., 2011; Dias
etal., 2007).

The key neuroanatomical brain areas involved in PAs are still under discussion (Dresler
et al., 2013; Johnson et al., 2014), but given that respiratory symptoms are a cardinal
feature in PAs, it can be assumed that there is an overlap between neurons involved
in a defensive/panic response and neurons stimulating respiration. Based on previous
research in humans and mice, the amygdala has been a highly promising candidate in the
past few years (Pfleiderer et al., 2007; Ziemann et al., 2009). However, a recent landmark
study in humans produced contradictory findings. The sensitivity to a 35% CO, inhalation
was tested in patients with a bilaterally damaged amygdala due to Urbach-Wiethe disease
(Feinstein et al., 2013). This is an extremely rare disease associated with an infiltration
of a hyaline (lipoid) material into skin, membranes, and organs including the brain.
Considering the amygdala as key player and its dysfunctionality in those patients, it was
hypothesized that they would show a blunted response to CO,. However, unexpectedly,
all patients experienced a PA. This study shows that the CO,-induced effects are, at least
in part, attributable to structures other than the amygdala, but as this study focused on
the behavioral response to CO, no candidate structures were suggested. More recently,
we used a functional imaging study (Goossens et al., 2014), in which healthy volunteers
and PD patients breathed CO, within a magnetic resonance imaging scanner. Activation
of the right anterior insula correlated with a subjective feeling of breathlessness. With
regard to chemosensitive areas, we observed that breathing CO, activates the brainstem,
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an effect that was more pronounced in PD patients than in healthy subjects (see Figure
3 for overview). Considering CO, as a stimulus that induces adverse effects from within
the body, brainstem activation is consistent with the two-dimensional defense model by
McNaughton (2000). However, due to the limited spatial resolution of the used functional
imaging scanner it remains to be determined which brainstem nuclei are activated in
response to CO,.

In rodents, a hypercapnic gas exposure with up to 20% CO, induced a functional cellular
response (i.e., induction of c-fos, an inducible transcription factor encoded by an
immediate early gene) in various structures such as the medulla (Okada et al., 2002), the
nucleus tractus solitaries (Pete et al., 2002; Teppema et al., 1997), the PAG (Johnson et
al., 2011), and the raphe nucleus (Johnson et al., 2005; Niblock et al., 2010; Pete et al.,
2002). Interestingly, there is a fair similarity to the structures activated after exposing
rodents to cat odor, an unconditioned fear-provoking stimulus (Dielenberg et al., 2001).
Therefore, CO, activates brain areas that are involved in unconditioned, stress-related
behavioral responses. Given the symptomatology of PAs, the PAG and the raphe nuclei are
of particular interest in this respect. The role of the PAG has been extensively elaborated
elsewhere (Johnson et al., 2014; Paul et al., 2014). Therefore, in the present review, the
role of the raphe nuclei in relationship to chemosensitivity is discussed.

The role of the serotonergic system in brainstem chemosensitivity

Medullary serotonergic raphe neurons mediate the respiratory response to CO,

In vitro studies in cultured rat brain slices and isolated tissue showed that a subset of
medullary raphe neurons (i.e., about 15-20%) is highly sensitive to changes in CO,
(Richerson, 1995; Wang et al., 1998) and that the mean increase in firing rate is about
300% when the pH drops from 7.40 to 7.19 (Wang et al., 1998). In a later study, the same
research group proved that all acidosis-stimulated neurons of the medullary raphe were
serotonergic, whilst this was not the case for another subset of neurons that was inhibited
by CO, (Wang et al., 2001). To prevent synaptically-mediated effects of CO,, ionotropic
GABAergic and glutamatergic receptors were blocked (Wang et al., 2001). In addition,
the cells were microdissected and physically isolated, which implies that 5-HT cells are
intrinsically chemosensitive and not dependent on input from other brain regions.
Intriguingly, 5-HT neurons are tightly juxtaposed to large medullary arteries, with neuronal
processes wrapping around those arteries, coming for up to 2 um within the vessel
lumen (Bradley et al., 2002). This proximity to arteries makes them ideally situated for
accurately monitoring arterial blood CO, levels. Neurons in the medullary raphe project
to major respiratory nuclei such as hypoglossal and phrenic motor neurons (Corcoran et
al., 2009) and have been associated with driving respiratory adaptations to restore the
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disturbed pH/CO, homeostasis (Richerson, 2004) (see Figure 3 for overview). In line with
this, exposure to 10% CO, for 20 min strongly stimulated breathing in rats as shown by an
increase of 256% in minute ventilation (Kondo et al., 2000). In addition, focal acidosis in
the raphe induced by microinjection of acetazolamide (Bernard et al., 1996), a carbonic
anhydrase inhibitor, or microdialysis using artificial cerebrospinal fluid equilibrated with
25% CO, (Nattie and Li, 2001) stimulated ventilation, with an increase in frequency by
15 - 20% in rats (Nattie and Li, 2001). A non-specific lesion of neurons in the medullary
raphe caused by ibotenic acid reduced the ventilatory response to CO, in rats (Dias et al.,
2007) and by 26.8% three to seven days post treatment in goats (Hodges et al., 2004).
Moreover, disruption of 5-HT neurons has been shown to alter the hypercapnic ventilatory
response. For instance, a saporin-induced reduction of nearly 30% of 5-HT neurons was
associated with a decreased ventilatory response to 7% CO, exposure (Nattie et al., 2004).
After treatment with the 5-HT neuron-selective toxin 5,7-dihydroxytryptamine (5,7-DHT)
in neonatal rats, these animals had a blunted ventilatory response to CO, in adulthood
(Mueller et al., 1984). Further support for an important role of 5-HT neurons in stimulating
breathing is provided by an optogenetics study showing that selectively stimulating
medullary raphe 5-HT neurons induces a large increase in respiratory frequency in mice
(Depuy et al., 2011).

Midbrain serotonergic raphe neurons mediate the behavioral and emotional response
to CO,

Similarly to medullary 5-HT neurons acting as central chemoreceptors, a high percentage
of midbrain raphe neurons are highly chemosensitive (i.e., acidosis-stimulated increase
in firing rate of about 400%) and serotonergic as shown by their electrophysiological
properties (Severson et al., 2003). In line with this, exposure to hypercapnia led to an
increasein c-fosin various rodent brain structures. It was shown that c-fosimmunoreactivity
was present in cells positively stained for tryptophan hydroxylase (TPH), indicating c-fos
expression in 5-HT neurons (Johnson et al., 2005). Furthermore, as it is the case in the
medulla, a large proportion of those 5-HT neurons are located next to large arteries in
the midline, allowing to monitor the acid/base status of blood (Severson et al., 2003). In
contrast to medullary raphe neurons, midbrain neurons project rostrally, thereby possibly
mediating non-respiratory related responses such as arousal (from sleep), an intense
feeling of anxiety, and alterations in cerebrovascular tone (Richerson, 2004).

Genetically modified rodents: Further support for a role of the serotonergic system in

mediating adaptive responses to CO,
Experiments in genetically modified rodents provided further evidence for a role of 5-HT
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Figure 3. Schematic representation of integrating rodent and human research regarding sensing changes in brain
€O, and pH and adaptive responses. a) CO, exposure in rodents provided evidence for chemosensitive neurons
located in the amygdala and the brainstem. Recently, it was reported that a CO, inhalation unexpectedly induced
panic attacks in Urbach-Wiethe patients, who have a bilaterally dysfunctional amygdala. This study suggests that
the amygdala is not essentially involved in CO,-induced fear and panic attacks. A more recent functional imaging
study by our group showed that inhaling CO, activates the brainstem in PD patients. Altogether, current evidence
points towards the brainstem as important structure in sensing changes in pH and triggering adaptive responses.
b) An increase in CO, associated with a decrease in pH activates medullary and midbrain 5-HT neurons to restore
the acid-base homeostasis. Medullary 5-HT neurons project to respiratory nuclei such as hypoglossal and phrenic
motor neurons, thereby driving respiratory adaptations. Midbrain 5-HT neurons project to the forebrain, mediating
emotional states such as arousal and anxiety. CO,, carbon dioxide; fMRI, functional magnetic resonance imaging;
LC, locus coeruleus; PAG, periaqueductal gray; PD, panic disorder; RTN, retrotrapezoid nucleus; VLM, ventrolateral
medulla; 5-HT, serotonin.
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neurons in responding to changes in CO,/pH and driving physiological adjustments to
restore the homeostasis. Pheochromocytoma 12 ETS factor-1 (Pet-1) is a transcription
factor that is selectively expressed in 5-HT neurons and is proposed to be a key factor in
the development of the 5-HT system (Hendricks et al., 2003). Mice lacking Pet-1 exhibit
a 70% loss of 5-HT immunoreactive neurons (Hendricks et al., 1999). Male mice had
normal resting ventilation, but showed a significant deficit in the breathing response
to hypercapnia, which was not observed in females (Hodges et al., 2011). Knock-out of
the transcription factor LIM homeobox transcription factor 1 beta (Lmx1b), which is also
considered to be a major factor in the development of 5-HT neurons, in Pet-1 expressing
5-HT neurons results in a loss of more than 99% of central 5-HT neurons (Zhao et al.,
2006). The hypercapnic ventilatory response in these genetically altered mice was
markedly blunted by up to 50% compared to wildtype animals (Hodges et al., 2008).
Notably, this deficit was rescued by intracerebroventricular infusion of 5-HT (Hodges et
al., 2008). In addition, the response to a hypoxic challenge was not dependent on the
genotype, implying a specific effect for CO,. Moreover, these mice showed a strongly
increased arousal latency (i.e., transition from sleep to wakefulness), with some animals
not waking up during a 10 min period of exposure to 10% CO,, an effect that was not
observed in wildtype mice (Buchanan and Richerson, 2010). 5-HT is, therefore, not only
strongly involved in breathing, but also in arousal and wakefulness.

Another interesting rodent strain concerns the 5-HTT. Homozygous 5-Htt knock-out
mice have a 66% reduction in the spontaneous firing rate of dorsal raphe neurons, while
heterozygous knock-out mice have a reduction of 35% in comparison with wildtype animals
(Gobbi et al., 2001). It was shown that deletion of the 5-HTT is associated with a reduced
breathing response to a hypercapnic challenge. In that study (Li and Nattie, 2008), the
response was markedly reduced in knock-out mice compared to wildtypes, with a more
pronounced effect in males. Notably, this deficit was already present at postnatal days 15
and 25, which may explain the blunted CO, response in later life. Mice lacking the 5-HTT
are characterized by an increased extracellular concentration of 5-HT within the brain. In
particular, homozygous knock-out mice have an enhanced synaptic availability of 5-HT at
somatodendritic 5-HT,, autoreceptors that provide negative feedback to downregulate
the firing activity of 5-HT neurons. Thereby, these mice may have impaired ventilatory
drive. However, in another study (Gobbi et al., 2001), desensitization of the autoreceptors
was observed in hetero- and homozygous 5-Htt knock-out mice. Thus, although the exact
mechanisms are not yet fully understood, genetic deletion of the 5-HTT accompanied by
alterations in the 5-HT system seems to be associated with a reduced breathing response
to CO, exposure.
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Potential candidate molecules acting as chemoreceptors

A large amount of research demonstrates that 5-HT cells have chemosensitive properties
and may play an important role in eliciting physiological as well as defensive behavioral
responses. The mechanism of how the cells sense changes in extracellular pH is still to be
revealed. A large variety of molecules have the potential to sense pH fluctuations within
the brain (Wemmie, 2011). Two may be of particular interest and are elaborated upon
here.

In a seminal series of studies, Ziemann et al. (2009) showed that exposure to CO,-enriched
air induces fear-related behavior in mice. Using various approaches including genetic
deletion and pharmacological intervention, they demonstrated that the behavioral effect
was strongly dependent on acid-sensing ion channels, especially acid-sensing ion channel
la (ASICla). In general, ASICs are voltage-independent, proton-gated channels that
belong to the degenerin/epithelial sodium channel family (Sherwood et al., 2012) and
are permeable to sodium and calcium (Xiong et al., 2004; Yermolaieva et al., 2004). The
ASICla subtype becomes activated half-maximally when the extracellular pH drops to 6.5
— 5.9 (Kellenberger and Schild, 2002). In their study, Ziemann et al. (2009) demonstrated
that CO,-induced fear-related behavior was dependent on ASICla located within the
amygdala. However, ASIC1 is widely expressed throughout the entire brain (Wemmie et
al., 2003) including 5-HT-rich cell regions such as the brainstem (Price et al., 2014), which
may underlie the link between 5-HT cells and their function as chemoreceptors. Genetic
deletion of ASIC1 did not affect the arousal response (transition from sleep to wakefulness)
to 7% CO, (Price et al., 2014), which was markedly blunted in animals lacking central 5-HT
neurons (Buchanan and Richerson, 2010). Nevertheless, ASIC1 seems to be involved in
innate fear-like behavior as shown by a blunted freezing response during exposure to fox
feces in mice with a genetic deletion of ASIC1 (Price et al., 2014). Recently, the human
homologue gene, amiloride-sensitive cation channel 2 (ACCN2), has been highlighted
as new prime candidate gene (Smoller et al., 2014) in PD. In that study, variants in the
ACCN2 gene were associated with PD, and in healthy volunteers with amygdala volume
and function to visual presentation of emotional faces, leading to the conclusion that
the association might reflect enhanced sensitivity to reduced pH secondary to neuronal
activity. In this study, no stimulus was employed acting directly on chemosensitive
receptors, however. Future studies should incorporate such a stimulus. For this, CO, is a
logical candidate.

Another molecule that is a likely candidate to be involved in chemosensitivity is the
TWIK-related acid sensitive K* channel (TASK). TASK is a two-pore domain channel that
helps to maintain the resting membrane potential and is sensitive to small fluctuations
in the extracellular pH in a narrow physiological range (Enyedi and Czirjak, 2010). A small
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pH reduction of 0.1 is sufficient to inhibit the TASK-1 subtype channels, thereby leading
to an increase in the electrical membrane potential and the likelihood of generating
action potentials (Buckler, 2010). Contrary to this, alkalosis excites TASK and reduces the
likelihood of membrane depolarization (Enyedi and Czirjak, 2010). Interestingly, in motor
neurons, it has been shown that TASK-1 is inhibited by various neurotransmitters including
5-HT (Talley et al., 2000). The exact mechanism is largely unknown, but might involve
interaction with 5-HT, _receptors. Another link to the 5-HT system is the spatial expression
of the channels. In addition the lateral lemniscal region, the intertrigeminal region, TASK-
2 is expressed in the dorsal raphe nucleus (Gestreau et al., 2010). In contrast to TASK-2
expression that is limited to specific brainstem nuclei, TASK-1 and TASK-3 are expressed
throughout the brain including the brainstem (Talley et al., 2001). It was demonstrated
that the latter channels are expressed in the majority of dorsal and caudal raphe 5-HT
neurons (Washburn et al., 2002). Knock-out of TASK-1 and TASK-3 in mice abolished the
pH-sensitivity of 5-HT raphe neurons, but not in the retrotrapezoid nucleus. However,
the ventilatory response to 3%, 5%, and 10% CO, was fully retained in those mice and
no difference in CO,-sensitivity was found compared to control mice, questioning an
essential role of TASK channels in central respiratory chemosensitivity (Mulkey et al.,
2007). In fact, TASK-1 deficiency strongly reduces the carotid sinus nerve chemoafferent
discharge to CO, in the carotid body, implying a role of TASK-1 in peripheral rather than
central chemosensitivity (Trapp et al., 2008).

Conclusion section integrating human and animal data

Taken together, there is accumulating and convincing evidence that, in humans, the
brainstem plays a major role in chemosensitivity and that the chemosensitive properties
of brainstem 5-HT neurons are intrinsic in nature. However, most research has not been
done in the direct framework of panic. Combining human and animal research in this
respect could advance the current insights into the underlying pathophysiology of PD. This
is supported by the finding that the chemoreceptive properties of 5-HT neurons seem not
be specific for rodents, but to exist across species (e.g., Larnicol et al., 1994; Veasey et al.,
1995, 1997). Therefore, 5-HT cells may play a key role in the inborn central suffocation
detection system. In this respect, also the specific roles the pH-sensitive molecules remain
to be investigated.

Discussion and future perspectives

PD is a prevalent disabling condition that is associated with a considerable decrease in
quality of life and accounts for a large amount of health care costs. It consists of two
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main components: panic and (anticipatory) anxiety. The underlying etiology is not well
understood, but both neurobiological models (McNaughton and Corr, 2004) and modern
learning theories (Bouton et al., 2001) make a clear distinction between these two
components. Anxiety is associated with more distant threats and higher cortical processing,
whilst panic is triggered by a threat coming from the most proximal distance possible - the
subject’s own body. After experiencing a PA, (anticipatory) anxiety is believed to play a
major role in the progression to PD (Bouton et al., 2001). In the hierarchical model, panicis
a distinct primitive defensive reaction associated with activation of subcortical, primordial
brain structures. This concept is in line with human functional imaging data (Mobbs et
al., 2007), showing that a decreasing distance to a virtual predator was associated with
brain activity shifts from the prefrontal cortex to the PAG. Additional evidence comes
from a recent study by our group (Goossens et al., 2014), in which we demonstrated that
CO,, causing a threat stimulus from within the body, activates the brainstem in healthy
volunteers and to a greater extent in PD patients. In accordance with previous studies in
our lab, showing that CO, induces a dose-dependent increase in fear in healthy volunteers
(Griez et al., 2007; Leibold et al., 2013; Schruers et al., 2011), this study suggests the
existence of a CO_-sensitivity continuum.

Compatible with these models and observations is a theory by Klein (1993), in which he
proposed that every individual is equipped with an evolutionarily evolved brain alarm
system that detects metabolic threats from bodily origin. For instance, changes in CO,
levels and associated changes in pH alert individuals of imminent asphyxia by activating
their suffocation detection system, causing an emotional and behavioral response such
as acute panic. A dysfunctional system, however, may erroneously be activated without
the presence of a real vital threat, eventually triggering a PA. The neural basis for Klein’s
suffocation monitor is not known to date.

In recent years, progress has been made in understanding central chemosensitivity at
the cellular and functional level using various technical approaches. The amygdala has
been considered to have a key role in sensing changes in pH and eliciting the adaptive
behavioral fear response (Ziemann et al., 2009). However, there is convincing evidence
that brainstem cells mediate the adaptive physiological and emotional response to CO,
(Richerson, 2004; Severson et al., 2003). How can these findings be reconciled? Neurons
sensitive to COZ/pH are located throughout the brain (Biancardi et al., 2008; Dean et al.,
1990; Richerson, 2004; Severson et al., 2003; Ziemann et al., 2009) and seminal evidence
against the amygdala as sole key structure in chemosensitivity in humans was recently
provided (Feinstein et al., 2013). In that study, patients with a bilaterally damaged
amygdala unexpectedly experienced a robust fear response to a CO, inhalation. However,
as no functional imaging was included no other candidate structures were suggested. We
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(Goossens et al., 2014) recently demonstrated brainstem activation during inhalation of
CO,. Combined with the great deal of evidence that 5-HT raphe neurons have intrinsic
chemosensitive properties and elicit various adaptive responses such as changes in
respiration and arousal state (Richerson, 2004; Severson et al., 2003), the brainstem may
be the most important brain region involved in chemosensitivity in humans. Therefore,
PAs may originate in the brainstem and the 5-HT system may be one of the key players
involved. In this respect, 5-HT cells may represent the neural basis for the oversensitive
central suffocation alarm system, which was previously proposed to underlie PAs (Klein,
1993; Preter and Klein, 2008). The remaining question is how do 5-HT neurons sense
changes in pH, and which chemoreceptors are involved? Previously, it was shown that
CO,-induced fear-related behavior is dependent on ASICla within the amygdala (Ziemann
et al., 2009). Since ASICla is not exclusively expressed within the amygdala, but also in
brainstem nuclei (Price et al., 2014), this ion channel is a likely candidate to be located
in 5-HT raphe cells. However, experimental evidence for this notion and its contribution
to physiological and behavioral adaptive response is lacking to date. Use of e.g. spatial
conditional genetically modified mice and pharmacological manipulations regarding
potential molecules such as ASICla and the 5-HT system may shed more light into the
molecular mechanisms that are implicated in chemosensitivity. This is particularly
important as extending our understanding of the pathophysiology in pH disturbances
associated with changes in respiration and arousal states is not exclusively relevant for
panic, but also for other disorders such as sudden infant death syndrome, sleep apnea,
and possibly sudden unexpected death in epilepsy (Richerson and Buchanan, 2011).

The current main treatment options for PD consist of pharmacological interventions such
as SSRIs and exposure therapy, a form of cognitive behavioral therapy. In addition, studies
suggest breathing training as another treatment option. Exposure therapy is based on
the repeated exposure to the frightened stimulus to experience that the sensations
are not associated with life-threatening consequences. In PD, approaches such as
hyperventilation (Meuret et al., 2005), spinning in a chair, shaking the head from side to
side, or running on a spot (Ito et al., 2001) induce some PA symptoms, but only a fraction
of a full-blown PA (Antony et al., 2006; Lee et al., 2006). CO, inhalation with its efficacy to
induce the emotional and panic symptom response might provide a powerful alternative
here. Breathing training is used to normalize respiratory patterns that are associated with
symptoms such as breathlessness during a PA. By receiving auditory and visual feedback
via a capnographic biofeedback system patients become aware of the impact of changes
in breathing and learn to adapt, for instance, their breathing frequencies (Meuret et al.,
2001). The limited number of studies to date does not allow drawing final conclusions on
the efficacy of that technique, but current studies show promising potential as therapeutic
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intervention (Meuret et al., 2010; Meuret et al., 2003, 2008). Most panic research and
assessments of the potential of intervention strategies have been performed in PD
patients. However, given the previously described CO,-sensitivity spectrum, important
insights into the fundamental mechanisms underlying chemosensitivity and related PAs
can also be gained by studying healthy volunteers, which has a number of advantages.
Healthy volunteers not taking medication can be sampled to ensure that no effects are
masked by medication, which may be the case in PD patients. In addition, larger samples
can be studied in a relatively short period of time, and PD patients do not have to
undergo the burden of experiencing experimentally what they are most afraid of, i.e. PAs.
Moreover, interestingly, it was shown that the sensitivity to a CO, inhalation predicts the
onset of PAs later in life (Schmidt et al., 2007b; Schmidt and Zvolensky, 2007), though not
for PD (Schmidt et al., 2007b). However, in combination with anxiety sensitivity interactive
effects were found beyond the effects of the two factors separately to develop an anxiety
disorder, including PD (Schmidt and Zvolensky, 2007). Therefore, the combination might
represent a biomarker for future psychopathology. This provides the opportunity for early
preventive interventions in subjects at high risk, i.e. individuals with a strong reactivity
to CO, and a high anxiety sensitivity level. It is shown that anxiety sensitivity is not stable
over time (Maltby et al., 2005) and can be decreased by targeted interventions such as
providing educational information about the benign nature of stress and the effects on
the body, and behavioral exercises (e.g. spinning or breathing through a straw) focusing
on reducing interoceptive conditioning to bodily cues by repeated exposure to the fear
provoking sensations (Schmidt et al., 2007a). Targeted interventions decreasing anxiety
sensitivity showed positive effects on the likelihood of anxiety pathology, including PAs
and PD (Gardenswartz and Craske, 2001; Schmidt et al., 2007a).

While humanresearch (healthy subjects or PD patients) and experimental models can further
extend our understanding of the pathophysiology underlying panic and chemosensitivity by
for instance assessing gene - environmental interactions, they are limited in their potential
to examine the neurobiological mechanisms underlying a disorder. Animal research is an
important approach in this respect. To be able to translate the knowledge between human
and animal research, the comparison of aspects between the two research domains has
to be maximized. In contrast to the long-standing use of CO, as panic-provoking agent in
humans, comparable animal models are relatively scarce. There are some studies that
used the same stimulus, CO,. However, the main outcome parameter in those studies, the
behavioral response, is difficult to compare with the main outcome parameter in human
panic studies, i.e. self-reports about the experienced discomfort. Therefore, the field would
greatly benefit from adding outcome parameters that can be obtained in both humans
and rodents. In this respect, careful assessment of, for instance, parameters with regard
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Figure 4. Proposed translational, cross-species approach. Applying the same experimental stimulus (e.g., CO,)
and obtaining the same outcome measurements (e.g., physiology such as cardio-respiratory parameters) in
addition to the commonly used behavioral assessments will improve the translation of knowledge between
research domains. CO, reactivity in rodents can then be used as model for humans and the CO, reactivity in
healthy volunteers serves as model for the CO, reactivity in panic disorder (PD) patients.

to the cardiovascular and respiratory system may be a useful scientific addition to the
presently employed behavioral tests (Figure 4). In healthy subjects, these measurements
can be easily incorporated using existing technical devices as previously done (e.g., Blechert
et al., 2013; Leibold et al., 2013). Cardiovascular parameters such as blood pressure and
heart rate can be assessed non-invasively using a finger cuff and respiratory parameters
such as respiration rate using a mask connected to a capnograph. In PD patients, obtaining
respiratory parameters may be more difficult as wearing a mask throughout the entire
inhalation period may not be accepted or could cause strong discomfort that could interfere
with the parameters of interest. In rodents, devices for measuring blood pressure, heart
rate, and respiration in freely moving animals are also available. Regarding sodium lactate
infusion, a number of rodent studies have incorporated physiological measurements (e.g.,
Johnson et al., 2013; Johnson et al., 2008). However, rodent CO, studies with physiological
measurements in the direct framework of panic are still largely missing. Particularly
obtaining the same physiological measurements in response to the same stimulus in both
humans and rodents is highly useful for a direct translation.
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When the same experimental stimuli such as CO, and outcome measures are combined,
the CO, reactivity in rodents can be used as model for humans and new pharmacological
treatments may be identified. The current pharmacological first-line treatment SSRls are
accompanied by many side effects (Cascade et al., 2009). In addition, new drugs frequently
fail in the clinical phase. This is, in part, due to the divergence of animal and human models
for a disease. However, when using the same stimulus and outcomes in both rodents and
humans, the likelihood of obtaining an effective drug in humans based on a promising
one in the rodent model will significantly increase. New drugs and decreasing the time
to test them is of pivotal importance for patients to return to a normal daily life, which
also has a large impact on society and the costs associated with the disorder. In addition,
given the spectrum of CO, reactivity and to reduce the burden for patients with PD, the
CO, reactivity in healthy subjects can be used as model for the reactivity in PD patients.
The potency of new therapeutics can thus be evaluated in healthy subjects before testing
in patients.

To conclude, despite considerable progress that research has made during the past
few years, the exact pathophysiology underlying PD and PAs is still largely unknown.
Accumulating evidence supports the hierarchical defense model. First, growing evidence
indicates PAs are associated with primitive brain structures and originating in the
brainstem. Second, PAs seem to occur at the most proximal distance, which is in this case
from within the body. As an acute disturbance in brain pH can be life-threatening, CO,
triggers negative affect, which can culminate in panic, in most individuals. Further, CO,
also triggers fear-related behavior in rodents. Therefore, rodent models can extend our
understanding of the molecular mechanisms underlying CO,-induced fear and PAs such
as the role of the 5-HT system and pH-sensitive ion channels like ASIC1a. In this respect,
conditional genetically modified rodents and advanced techniques such as optogenetics
are also highly useful to modulate specific systems, whilst in humans, studies focusing on
gene - environmental interactions can further shed light into the complex pathophysiology
of panic. The most powerful approach, however, will be when animal and human studies
are combined. To accomplish this, the field would greatly benefit from interdisciplinary
and more translational approaches. Using the same experimental stimulus (e.g., CO,)
and same outcome measurements (e.g., physiology) will greatly improve the translation
and application of knowledge between the different species. Then the reactivity to CO, in
rodents can be used as model for humans and the reactivity to CO, in healthy volunteers
can be used as model for the reactivity in PD patients. Altogether, this approach can
extend our understanding of the etiological mechanisms, aiding to a revised definition of
PAs depending on the etiological basis and will contribute to the development and testing
of new therapeutic options for this incapacitating and highly prevalent condition.
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Chapter 3

Abstract

Inhaling carbon dioxide (CO,)-enriched air induces fear and panic symptoms resembling
real-life panic attacks, the hallmark of panic disorder. The present study aimed to describe
the emotional and cardiovascular effects evoked by inhaling CO,, taking shortcomings of
previous studies into account. Healthy volunteers underwent a double inhalation of 0,
9, 17.5, and 35% CO,, according to a randomized, cross-over design. In addition to fear,
discomfort, and panic symptom ratings, blood pressure and heart rate were continuously
monitored. Results showed a dose-dependent increase in all self-reports. Systolic and
diastolic blood pressure rose with increasing CO, concentration, whereas heart rate
results were less consistent. Diastolic blood pressure and heart rate variation correlated
with fear and discomfort. Based on this relationship and the observation that the diastolic
blood pressure most accurately mimicked the degree of self-reported emotions, it might
serve as a putative biomarker to assess the CO,-reactivity in the future.
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The relationship between emotions and cardiovascular physiology

Introduction

About 23% of the general population experiences a panic attack (PA) at least once in their
lives (Kessler et al., 2006). PAs are spontaneous periods of irrational intense fear and/or
discomfort accompanied by respiratory, neurovegetative and cognitive symptoms such
as shortness of breath, choking, dizziness, palpitations, chest pain, paresthesia, fear of
losing control, and derealization. The symptomatic peak is reached within 10 minutes
after onset of the attack.

Recurrent PAs form the core of panic disorder (PD). In addition to PAs, PD is characterized
by concerns about future attacks or concomitant consequences, often accompanied by
behavioral changes (American Psychiatric Association, 2000). PD has a prevalence of
about 4% in the general population (Weissman et al., 1997) and is accompanied by a
considerable decrease in quality of life and high health care costs (Andlin-Sobocki and
Wittchen, 2005; Olesen et al., 2012). In spite of a large amount of research into the
underlying mechanisms of panic, there is still no scientific consensus on its pathogenesis.
From a biological point of view, converging evidence points towards a role of
chemosensitivity in the pathophysiology of PAs. An early theory was postulated by
Klein (1993; Preter and Klein, 2008), stating that every individual is equipped with a
phylogenetically evolved suffocation alarm system that is sensitive to metabolic threats
from bodily origin (e.g., carbon dioxide (CO,) levels and CO,-induced changes in pH).
When activated, the individual is alerted of imminent asphyxia, leading to an emotional
and behavioral response such as acute panic. An erroneous triggering of the alarm
system, however, signals a vital threat without the presence of a real danger. In other
words, according to Klein’s theory, PAs are false alarms due to a dysfunctional suffocation
detection. However, a neural substrate for that suffocation detector system remains to be
elucidated.

On a molecular level, it has been shown that brainstem serotonergic cells act as
chemosensors that detect a decrease in pH due to an increased concentration of CO,
(Corcoran et al., 2009; Richerson, 2004; Severson et al., 2003). These serotonergic cells
are closely associated with large arteries, thereby being ideally situated to sense arterial
blood CO, levels and to initiate behavioral and autonomic responses aimed at maintaining
pH homeostasis (Bradley et al., 2002). As projection areas of these cells include the limbic
system, it has been suggested that these serotonergic cells are involved in the affective
response to CO,. In this respect, these cells may mediate arousal and feelings of anxiety
and suffocation to CO, (Richerson, 2004).

A recent study further increased the insights into the mechanisms underlying the
effects of CO,. In this rodent study, it was demonstrated that the acid-sensing ion
channel 1a (ASICla) also detects changes in pH. Exposure to CO, was shown to reduce
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the pH within the amygdala, which activates amygdalar ASICla that, in turn, is strongly
involved in triggering fear behavior (Ziemann et al., 2009). These data are in accordance
with a previous hypothesis that PAs might involve an acute disturbance in the acid-base
balance in certain brain areas (Esquivel et al., 2010).

We have previously proposed (in line with Denton 2006; 2009) that PAs can be considered
as the expression of an emotion aimed at maintaining the individual’s homeostasis.
In this view, emotions consist of two components, namely sensation and intention.
Sensation is the conscious perception of disturbed bodily functions, stimulating an
adaptive response (intention). When the sensation is evoked by internal body states
(i.e., interoceptor driven) and is linked to survival, thus signaling that the organism’s
existence is instantly threatened, the emotion may pervade the conscious awareness
as primal emotion (Colasanti et al., 2012; Denton, 2006; Denton et al., 2009). In this
respect, we believe that PAs are rooted in instinctual behavior and are an instance of
primal emotion to protect the individual against a vital threat. Therefore, it would be
meaningless to assess PAs using exclusively biological or psychological measures.

PAs can be reliably provoked in the laboratory. Numerous pharmacological substances
and other techniques have been used (for review see Esquivel et al., 2008), of which
some influence the acid-base homeostasis: voluntary hyperventilation, lactate infusions,
and CO, inhalations.

When comparing the different methods, it is apparent that CO, inhalation has a number
of advantages, which made it an often applied and well-established experimental model
for human panic during the last few decades. CO, inhalation is a relatively easy, non-
invasive, safe, and reliable technique to trigger intense, but short-lasting, fear and panic
symptoms in PD patients (e.g. Nardi et al., 2006; Perna et al., 2004b; Verburg et al.,
1995; Verburg et al., 1998). These sensations closely resemble the symptomatology
of naturally occurring PAs (Nardi et al., 2006; Schruers et al., 2004). Over the last
few years, it has been shown that panic can also be induced in healthy subjects by
inhaling CO,. More specifically, CO, dose-dependently elicits negative affect, provoking
the emotional and physical sensations of a PA in accordance with the formal DSM-IV
criteria, particularly when using a double vital capacity breath of 35% CO, (Colasanti et
al., 2008; Griez et al., 2007; Schruers et al., 2011). These studies demonstrate that panic
symptoms can, to a differing extent, be triggered in most individuals, depending on
the concentration of CO, used. This implies the existence of a CO,-reactivity continuum
and that the response to CO, is based on a common mechanism. Therefore, studying
healthy volunteers can provide important insights into the fundamental mechanisms
underlying CO,-reactivity. Additional reasons to investigate the basic mechanisms of
panic in healthy volunteers are the high comorbidity with other psychiatric disorders
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and the frequent use of medication by PD patients, both of which may mask the effects
of interest.

The response to CO, is commonly measured using self-reports on the presence and
intensity of fear and panic symptoms. PAs are accompanied by profound physiological
symptoms that are also classically assessed by self-reports. A primal emotion consists
of the conscious perception of disturbed bodily function as well as an adaptive
homeostatic response. The former can be reported by the individual, whereas the
latter is not completely covered by self-reports. Therefore, focusing on the classical self-
reports seems too narrow to examine a PA in all its aspects. Incorporating physiological
measures may be an important approach to assess the homeostatic response and to
complement self-ratings, thereby refining the assessment and diagnosis of PAs. In
recent years, various (psycho)physiological parameters have been increasingly included
(e.g., Bailey et al., 2005; Blechert et al., 2010, 2013; Bystritsky et al., 2000; Gorman et
al., 2001; Papadopoulos et al., 2010; Pappens et al., 2012; Poma et al., 2005).

When focusing on the cardiovascular system, blood pressure and heart rate are the
parameters of interest. More than two decades ago, some attempts were already made
to include those measurements to assess the cardiovascular response to a CO,-inhalation.
For instance, in PD patients and controls, Gorman et al. (1990) did not find any significant
alteration in blood pressure after inhaling 35% CO,. Similarly, Bystritsky and Shapiro (1992)
did not observe any blood pressure response in healthy subjects, when inhaling a low dosage
of 5.5% CO,. However, small sample sizes and analyzing means over prolonged periods of
time (Gorman et al., 1990) limit the generalizability of these results. Using larger samples,
other research groups did report CO,-induced increases in blood pressure (Martinez et al.,
1998) and heart rate (Martinez et al., 1998; Poonai et al., 2000). Using more advanced beat-
to-beat monitoring revealed that 35% CO, elicited a relative rise in systolic blood pressure,
whereas heart rate was not affected, when comparing the change between 10 s before to
10 s after the CO, inhalation. Analyzing the first post-inhalation minute showed a relative
CO,-induced rise of the systolic blood pressure, concomitant with an overall decrease of
heart rate, possibly compensatory to the elevated blood pressure (Argyropoulos et al.,
2002). A correlation analysis on these data yielded no significant relationship between
cardiovascular parameters and self-reported fear (Bailey et al., 2003). Further, in other
studies, an increase in systolic (Bailey et al., 2005; Kaye et al., 2004; Wetherell et al., 2006),
but not diastolic (Bailey et al., 2005; Kaye et al., 2004), blood pressure was reported after
inhaling CO,-enriched air. Assessing heart rate yielded inconsistent results in these studies,
with reports on a positive (Bailey et al., 2005) and negative (Kaye et al., 2004; Wetherell et
al., 2006) effect of a COZ-inhaIation. In contrast, more recent studies observed an increase
in heart rate (Nillni et al., 2012; Papadopoulos et al., 2010; Richey et al., 2010), but diverge
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regarding the effects of CO, on blood pressure. Papadopoulus et al. (2010) did not find any
effect caused by inhaling 7.5% CO,, whereas Richey et al. (2010) reported an increase in
systolic as well as diastolic blood pressure after taking a single breath of 35% CO,,.

Taken together, the results of studies assessing the cardiovascular physiology in response
to a CO_-inhalation are fairly inconsistent, which may be explained by several identifiable
variations and shortcomings in terms of methodology, technical equipment, and performed
analyses. For instance, an insufficient number of measurements over time accompanied
by analyzing overall means or means over several seconds (e.g., Gorman et al., 1990)
masks time courses and brief fluctuations, which are of importance to gain more insight
into a short-lived phenomenon such as panic. Similarly to early studies, more recent studies
employing beat-to-beat measurements frequently used small sample sizes and/or focused
on a single concentration of CO, (e.g., Argyropoulos et al., 2002; Bailey et al., 2005; Bailey et
al., 2003; Papadopoulos et al., 2010). In addition to methodological issues, confounders may
also contribute to varying results. For instance, it has been reported that the CO,-reactivity
decreases with age (Griez et al., 2007), indicating the importance of a large sample size and/
or restriction of the sample’s age range. Other possible confounders include, for instance,
smoking (Abrams et al., 2008; Knuts et al., 2010), caffeine intake (Nardi et al., 2007; Vilarim
et al., 2011), alcohol use (Cosci et al., 2005; Kushner et al., 1996), and physical exercise
(Esquivel et al., 2012; Smits et al., 2009).

The objective of the present study was to describe the emotional and cardiovascular
response to CO, to assess the psychobiological phenomenon PA in all its aspects, taking the
abovementioned identifiable shortcomings of previous studies into account, and thereby
refining the assessment of PAs. Accordingly, to investigate the response to CO, in more
detail, we challenged 120 healthy volunteers with four different CO, concentrations that
have been proven to evoke a dose-dependent increase in negative affect. In addition to
the commonly used self-reports, we used a computerized system that allowed continuous
and accurate monitoring of the physiological parameters blood pressure and heart rate
throughout the entire procedure. Of note, both parameters were previously validated in a
pilot study. We hypothesized that the cardiovascular measures would mimic the degree of
self-reported fear, discomfort, and panic symptoms.
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Materials and Methods

Subjects

One hundred and twenty healthy volunteers participated in this study (35 males, 85
females, mean age 24.01 years, SD=7.24). Subjects were recruited via advertisements at
Maastricht University, the Netherlands, to ensure a homogenous sample in terms of age
(Griez et al., 2007). All potential subjects were screened by an experienced psychiatrist
or psychologist using a routine medical examination and the Mini International
Neuropsychiatric Interview (M.L.N.l., Sheehan et al., 1998). Inclusion criteria were
age between 18 and 65 years, and a good past and present physical as well as mental
condition. Exclusion criteria were current or past pulmonary or cardiovascular disease,
current hypertension (systolic >170 mmHg, diastolic >100 mmHg), cerebral aneurysm,
pregnancy, epilepsy, excessive smoking (>15 cigarettes/day), use of adrenergic receptor
blockers or psychotropic medication, and having a first-degree relative suffering from
PD. Subjects were instructed to refrain from coffee on the test days. Each subject gave
written informed consent according to the principles of the Declaration of Helsinki. A
financial compensation was paid for participation. The study was approved by the Medical
Ethics Committee of Maastricht University and the Maastricht University Hospital.

Procedure

The study was performed as previously described (Griez et al., 2007; Schruers et al., 2011;
Verburg et al., 2001) and extended by physiological measurements (see Cardiovascular
measures). Using a randomized, cross-over design, subjects underwent a standardized
double inhalation of four CO, concentrations: 0% (room air), 9%, 17.5% and 35% CO,. Each
mixture also contained 20% O, and 80%, 71%, 62.5%, or 55% N,, respectively. Subjects
were seated in a comfortable armchair during the entire procedure. A soft plastic nasal-
oral mask, connected to a capnograph (medair, Delsbo, Sweden) and a computer, was
fixed to the subjects’ head. First, the vital capacity of a double breath was measured using
a flowmeter. Subjects were instructed to exhale to the maximum, to inhale as much as
possible, to exhale and inhale to the maximum again, and to hold their breath for 4 s (to
increase alveolar gas exchange). Subsequently, the CO, inhalation took place. Subjects
were told that the following breath of the CO, mixture may cause effects, ranging from
some vague sensations up to fear, depending on the CO, concentration and the individual
susceptibility. However, all sensations would be short-lived. The words “panic attack”
were not mentioned to avoid cognitive bias due to expectation. The inhalation procedure
was identical to the one previously used for assessing the double breath vital capacity,
including the use of the same flowmeter to motivate the subjects to inhale at least 80% of
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the measured vital capacity. Inhalations took place on four separate days, each day at the
same time for each subject, to avoid effects of fluctuations in circadian rhythms.

Self-report measures

Self-reports were assessed in accordance with the DSM-IV criteria, which define a PA as “a
discrete period of intense fear or discomfort”, accompanied by at least 4 out of 13 defined
symptoms that develop abruptly and reach a peak within 10 min after onset (American
Psychiatric Association, 2000). In line with this definition, subjects were asked to evaluate
their subjective feeling of fear and discomfort by means of a Visual Analogue Scale (VAS-
Fear and VAS-Discomfort, respectively). The scale consists of a horizontal line of 100
mm length and ranges from 0 (not at all) to 100 (the worst imaginable). Panic symptoms
were evaluated using the Panic Symptom List (PSL)-1V, which lists the 13 symptoms
characterizing a PA according to the DSM-IV criteria such as palpitations, shortness of
breath, feeling of chocking, dizziness, and fear of losing control or of dying. The list ranges
from O (absent) to 4 (very intense).

Self-reports were obtained immediately before (how the subjects felt at that particular
moment) and immediately after the CO, inhalation (how the subjects felt at the worst
moment of the inhalation) (Schruers et al., 2011). An increase of at least 25 in the fear
or discomfort rating in combination with an increase of at least four points in the panic
symptom rating was defined as occurrence of a PA (Esquivel et al., 2012).

Cardiovascular measures

Blood pressure and heart rate were continuously measured throughout the entire
procedure (baseline, CO, inhalation, recovery) using a computerized system (Carbon
Dioxide Tolerance Tester, CTT, Maastricht Instruments B.V., Maastricht, the Netherlands).
A finger cuff was attached to the mid-phalanx of the third finger of the non-dominant
hand and was connected to a cardiovascular monitor (Nexfin, BMEYE B.V., Amsterdam,
the Netherlands) and a computer equipped with the software CO, Challenge (IDEEQ,
Maastricht Instruments B.V.,, Maastricht, the Netherlands). All measurements were
calibrated and subsequently recorded using a sampling rate of 2 Hz. To minimize
movements, the hand rested on the arm of the chair.

The parameters of interest were chosen based on a previous pilot study (unpublished
data), in which we assessed blood pressure, heart rate, various respiratory parameters, skin
conductance, and pupil diameter in response to inhaling 35% CO,. Blood pressure and heart
rate appeared to be the most sensitive outcome parameters (in addition to respiration rate
and end-tidal CO,, which were also measured but will be discussed in a separate paper) and
were incorporated in a customized computerized system prior to this study.
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Statistical analysis

Due to technical failure in the physiological monitoring in at least one of the four CO,
concentrations, 16 subjects were excluded. The final sample for all analyses with regard to
physiology consisted, therefore, of 104 subjects (30 males, mean age 24.57 years, SD=7.21;
74 females mean age 23.20 years, SD=6.01). Changes (pre-score subtracted from post-
score) in fear, discomfort, and panic symptoms across the four CO, concentration levels
were examined by means of multilevel models (with the four responses nested within
subjects) with an unstructured variance-covariance matrix to account for the fact that the
same subjects were tested under all four conditions. A significant overall test suggesting
differences between at least two of the four CO, concentration levels was followed up by
tests of all pairwise differences using Holm’s method to control the familywise error rate
(Holm, 1979).

Physiological measures were analyzed in terms of systolic and diastolic blood pressure
and heart rate. To reduce the amount of data, we first used locally weighted polynomial
regression (Cleveland and Devlin, 1988) for the data of each subject in order to avoid
strong effects of outliers. Based on the smoothed data, we then calculated the area under
the curve (AUC), peak, and range (peak minus minimum) within the first 60 s after inhaling
the second breath of CO, (see Supplementary Figure 1 for an illustration of the outcomes).
In addition, the amount of fluctuations around the smoothed data (standard deviation,
SD) was calculated. To avoid confusion with the term “heart rate variability”, which is
usually assessed by means of spectrum or spectral analysis, fluctuations are denoted as
“variation”. These derived outcomes were then again analyzed with multilevel models as
described previously. A log transformation was applied to the outcome variation to obtain
residual distributions closer to normality.

Effect sizes (Cohen’s d) were calculated using standardized mean gains, indicating the
change in the mean standardized by the standard deviation of the scores for the lower
CO, concentration (Becker, 1988).

To assess the proportion of subjects who did not recover, that is, who did not return
to a stable blood pressure or heart rate within 60 s after inhaling CO,, we fitted rolling
regression models to the data with a 20 s window. Within each time window, the slope
of the regression line and the residual standard deviation were obtained. Stability was
defined as the first 20 s window, in which the slope was below 0.10 in absolute value and
the residual SD below 5.0 (see Supplementary Figure 1). Then, Cox proportional hazard
models were applied, in which robust estimators of the standard errors were used to
account for the fact that subjects were measured in all four CO, concentrations. When
significant, main effects were further analyzed by means of pairwise comparisons using
Holm’s method.
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Correlation analyses between the change in self-reports and the derived cardiovascular
outcome measures were performed using a permutation test, which accounts for the
fact that each subject took part in all four CO, inhalations, thereby leading to dependent
values. First, the blocks of four values belonging to the same subjects were permutated.
Subsequently, the four values were permutated within each block for each subject. This
process was repeated 100,000 times, after which the proportion of correlations that were
more extreme than the observed correlation was calculated.

To examine whether the presence of any carry-over effects may have influenced the
conclusions of the previous analyses, a four-level factor was coded that indicated the
sequence of treatment given (Senn, 2002). This factor was included in the model together
with its interaction with the factor of the actual CO, concentration.

All presented p-values are already adjusted for multiple testing. For all analyses,
significance was set at p<0.05. Statistical analyses were performed using the software
R (version 2.14.0, 2011, R Development Core Team, Vienna/Austria). For the multilevel
models, the nlme package was used (version 3.1-102).

Results

Effects of CO, on self-report measures

A significant main effect of CO, concentration on subjective fear, discomfort, and panic
symptoms (p<0.001) was present. The CO,-induced increase in all self-report measures
was strongly dose-dependent (p<0.001, except for fear and discomfort when comparing
9% to 0%: p=0.006 and p=0.015, respectively) (Figure 1). There was no effect of sex on
self-report measures. The panic rates, defined as an increase of at least 25 in fear or
discomfort in addition to an increase of at least four points on the panic symptom scale,
were 46.67% and 67.5% for fear and discomfort, respectively.

Effects of CO, on cardiovascular measures

A variety of outcome measures of the systolic and diastolic blood pressure as well as heart
rate was analyzed in response to 0%, 9%, 17.5%, and 35% CO, (Supplement, Figure 1, one
subject forillustration). In general, with regard to both systolic and diastolic blood pressure,
the AUC, peak and time needed to return to a stable level increased dose-dependently. In
contrast, only minor effects of CO, concentration on heart rate were observed. The results
of the group means with regard to the AUC, peak, range, and proportion of subjects
that did not recover as well as variation within a 60 s phase after the CO, inhalation are
presented in the following subsections. Women had a lower blood pressure after inhaling
0% CO,. However, since the increases in response to CO,-enriched air were not statistically
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different between women and men, the physiological effects are not presented per sex.
Analyses of carry-over effects did not indicate any significant effects.

Figure 1. Effects of increasing CO, concentrations on the change in fear (VAS-F, top left), discomfort (VAS-D,
top right) and panic symptoms (PSL, bottom). A main effect of CO, concentration on fear, discomfort and panic
symptoms was observed (p<0.001, Multilevel models). CO, increased both emotions and panic symptoms
dose-dependently (p<0.001, except for fear and discomfort when comparing 9% to 0%, p=0.006 and p=0.015,
respectively; pairwise comparisons using Holm’s method, corrected for multiple testing). Bars represent mean
change + standard error of the mean.

Systolic blood pressure

Effects of increasing CO, concentrations on group means of the systolic blood pressure over
time (means per second) are depicted in Figure 2 (top panel), showing that CO, induced a
brief drop in the first seconds, followed by a rise and another brief drop. Approximately 8
s after inhaling CO, an abrupt rise occurred, reaching a peak, followed by quickly declining
levels until stability was reached. These effects were dose-dependent until 17.5% CO,.
However, the time to return to a stable systolic blood pressure was longer in the 35% CO,
condition in comparison with all other CO, dosages.

Analysis of the derived cardiovascular outcomes (based on the 60 s recovery phase starting
immediately after the second breath of CO,) revealed a main effect of CO, concentration
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on the systolic AUC (p<0.001) and the CO,-induced peak (p<0.001). The increase in the
systolic AUC as well as the peak was dose-dependent until 17.5% CO,, indicating reaching
a plateau (see Table 1 for means and Table 2 for all p-values and effect sizes). Further,
an overall effect of CO, dosage was observed concerning the range of the systolic blood
pressure (p<0.001). Multiple comparisons revealed that 0% and 9%, not different from
one another (p=0.833), induced a significantly smaller range than 17.5% (both p<0.001)
and 35% CO, (both p<0.001). The proportion of subjects who did not recover within 60
s after the CO, inhalation was also dependent on the CO, concentration (main effect
p<0.001) (Supplement, Figure 2, top panel, left). The highest proportions, i.e. the lowest
number of subjects who did not recover within the 60 s time window, were observed after
inhaling 17.5% and 35% CO, (Supplement, see Table 1 for means and Table 2 for p-values).
Similarly to the previous analyses, a main effect of CO, concentration on variation was
observed (p<0.001), with a relative increase in variation with increasing dosage of CO,
dosage.

Table 1. Effects of increasing CO, concentrations on the mean peak, range, and on the variation of the systolic
as well as diastolic blood pressure and heart rate within the 60 s after the inhalation. Values represent means
over the entire analyzed 60 s phase.

0 135 83 109

9 146 89 109
Peak

17.5 156 97 108

35 156 100 107

0 a4 32 43

9 45 29 45
Range

17.5 55 37 48

35 57 42 49

0 0.16 -0.15 0.23

9 0.39 0.11 0.58
Variation

17.5 0.45 0.30 0.78

35 0.62 0.51 1.03
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Figure 2. Effects of increasing concentrations of CO, on mean systolic blood pressure (top panel), diastolic
blood pressure (middle panel), and heart rate (bottom panel) over time (means per second). The dashed
line indicates the end of a double breath of CO,. Top panel: Inhaling CO, induced two brief decreases in systolic
blood pressure, after which a rise could be observed, followed by a recovery phase in which the blood pressure
returned to stable levels. The effect of CO, was dose-dependently, with the exception of 35% CO,, which caused
a lower systolic blood pressure peak than 17.5% CO,. However, at 35%, the systolic blood pressure took longer
to return to a stable level compared to the other CO, concentrations. Middle panel: CO, induced two short
decreases in diastolic blood pressure, after which the levels increased dose-dependently until reaching a peak,
similar to the systolic blood pressure. Subsequently, the diastolic blood pressure decreased again, eventually
reaching stable levels again. Bottom panel: CO, induced a short steep rise in mean heart rate, after which a drop,
followed by second, longer rise could be observed. Subsequently, heart rate quickly returned to a stable level.
CO,-induced alterations in heart rate were not dose-dependent.
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Diastolic blood pressure

Effects of increasing CO, concentrations on group means (per second) of the diastolic blood
pressure are shown in Figure 2 (middle panel). Similar to the systolic blood pressure, CO,
caused two brief declines within the first 8 s, after which a steep dose-dependent rise
eventually reaching a peak was observed. This was followed by a decrease until stable
levels were reached. In addition, after inhaling 35% CO,, it took longer to return to a stable
level compared to lower CO, concentrations.

Within the 60 s recovery phase after the double breath of CO,, an overall effect of CO,
concentration on the AUC of the diastolic blood pressure (p<0.001) and on the CO_-elicited
peak was observed (p<0.001). CO, caused a dose-dependent rise in the diastolic AUC and
peak. However, with respect to the peak, a plateau was reached at 17.5% CO, (see Table 1
for means and Table 2 for p-values and effect sizes). A main effect of CO, was also observed
in the range of the diastolic blood pressure (p<0.001), with an increase in the range when
inhaling higher concentrations of CO,. In addition, all ranges differed significantly from one
another. Further, analysis of the proportion of subjects that did not recover within 60 s
after inhaling CO, (overall effect p<0.001) revealed that most of the subjects did return to
a stable diastolic blood pressure after inhaling 0% and 9% CO, (Supplement, Figure 2, top
panel, right). This proportion was strongly reduced after inhaling 17.5% and particularly
35% CO, (Supplement, see Table 1 for means and Table 2 for p-values) An overall effect
of CO, concentration was also present on the variation of the diastolic blood pressure
(p<0.001). The rise in variation showed a distinct dose-dependent pattern (all p<0.001).

Heart rate

Effects of increasing CO, concentrations on mean heart rate before, during, and after the
CO, inhalation (mean per second) are illustrated in Figure 2 (bottom panel). CO, caused a
brief rise for about 3 s, followed by a drop and another, though slightly longer, rise after
about 9 — 16 s. Subsequently, heart rate promptly returned to a stable level. In contrast to
blood pressure, no dose-dependent relationship was present.

With regard to the analysis of the 60 s phase after inhaling CO,, the observed main
effect of CO, concentration on the AUC of the heart rate was highly significant (p<0.001).
Interestingly, inhaling 17.5% CO, showed the smallest AUC compared to all other CO,
concentrations (see Table 1 for means and Table 2 for p-values and effect sizes). No
significant overall effect regarding a CO,-elicited heart rate peak was present. With respect
to the range of the heart rate, a main effect of CO, dosage was observed (p<0.001).
Pairwise comparisons using Holm’s method revealed that inhalation of the two highest
CO, concentrations, i.e. 17.5% and 35%, was associated with an increased range compared
to 0% CO, (p<0.001 and p=0.001, respectively). A main effect was also present regarding
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the proportion of subjects that did not recover within 60 s after the inhalation (p=0.001)
(Supplement, Figure 2, bottom panel), indicating that all CO, concentrations resulted in a
larger proportion compared to the 0% condition (Supplement, see Table 1 for means and
Table 2 for p-values). Furthermore, an overall effect of CO, dosage on heart rate variation
was found (p<0.001), with a dose-dependent rise in variation. Effects of all CO, dosages
differed significantly from one another (all p<0.001).

Table 3. Correlations (represented as R-values) and corresponding p-values (permutation test) between mean
change in fear (VAS-F), discomfort (VAS-D), and panic symptoms (PSL) and the outcome measures of the
diastolic cardiovascular outcome measures as well as heart rate.

R 0.22 0.19 0.19
AUC
p-value 0.009** 0.069 0.098
_— R 0.24 0.19 0.22
ea
Systolic blood p-value 0.013* 0.190 0.139
pressure R 0.21 0.19 0.26
Range
p-value 0.053 0.163 0.047*
R 0.16 0.23 0.26
Variation
p-value 0.138 0.074 0.036*
e R 0.24 0.25 0.23
p-value 0.006** 0.013* 0.066
) R 0.34 0.31 0.33
Pea
Diastolic blood p-value 0.002** 0.037 0.065
pressure R R 0.29 0.29 0.36
ange
p-value 0.021* 0.078 0.023*
R 0.32 0.36 0.39
Variation
p-value 0.016 0.012 0.013*
. R 0.04 -0.07 -0.03
AU
p-value 0.56 0.38 0.69
- R 0.06 -0.03 0.00
ea
p-value 0.21 0.47 0.96
Heart rate
R R 0.13 0.14 0.18
ange
p-value 0.051 0.050* 0.007**
R 0.34 0.39 0.43
Variation
p-value 0.006** 0.003** <0.001***
*p<0.05
**p<0.01
***p<0.001
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Correlation analyses between self-reports and cardiovascular outcomes

Correlation analyses between the change in fear, discomfort, and panic symptoms, and
the cardiovascular outcomes revealed several significant correlations (see Table 3 for an
overview). Both the AUC and the peak of the systolic blood pressure were significantly
correlated with fear only (R=0.22, p=0.009 and R=0.24, p=0.013, respectively). The range as
well as the variation in systolic blood pressure was correlated with panic symptoms (R=0.26,
p=0.047 and R=0.26, p=0.036, respectively). Additionally, all outcomes of the diastolic blood
pressure were significantly correlated with fear, in particular the AUC and the peak diastolic
blood pressure (R=0.24, p=0.006 and R=0.34, p=0.002, respectively). Moreover, most
outcomes of the diastolic blood pressure also correlated with discomfort. With regard to
heartrate, strong correlations were found between the heart rate variation and fear (R=0.34,
p=0.006), discomfort (R=0.39, p=0.003), as well as panic symptoms (R=0.43, p<0.001).

Discussion

Inthe present study we aimed to describe the emotional and cardiovascular effects provoked
by four different concentrations of CO,, ranging from 0% (room air) to 35% CO,, in a large
sample of healthy volunteers. In addition to replicating a dose-dependent fear response to
CO,, we substantially extended our previous studies by including continuous monitoring
of cardiovascular effects. The results show CO,-induced increases in most outcomes of
the blood pressure, with highest discriminability for the diastolic blood pressure. Heart
rate was mainly affected in terms of variation. Correlation analyses revealed a significant
relationship between fear and heart rate variation as well as several outcome measures of
the diastolic blood pressure.

Effects of CO, on self-reports

CO, proved to provoke an immediate dose-dependent increase of fear, discomfort, and
panic symptoms. This observation is consistent with previous studies by our group,
demonstrating that increasing concentrations of CO, are associated with increased negative
affect in healthy subjects. Particularly 35% CO, has been shown to be an effective dosage to
induce the emotions and symptoms associated with naturally occurring PAs in PD patients,
conforming to the DSM-IV criteria for PAs (Griez et al., 2007; Schruers et al., 2011). In this
respect, this study corroborates the use of CO, as a reliable, fast, and relatively simple
laboratory model for PAs.

Further, no sex differences were found. This result diverges from epidemiological data
showing that women are more often affected by PD than men (Dick et al., 1994; Gater et
al., 1998). Previous research failed to show consistent results with regard to sex differences
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in CO,-reactivity. While some research groups did report more fear and panic (Kelly et
al., 2006), stronger increases in anxiety (Bunaciu et al., 2012) or higher levels of panic
symptoms (Nillni et al., 2012) in women compared to men, others did not find a sex effect
(Griez et al., 2007; Nardi et al., 2007; Perna et al., 2004a; Poonai et al., 2000). It has been
proposed that environmental factors such as socializing may prime women to be more
likely to report distress, whilst fearful behavior may be less accepted in men (McLean and
Anderson, 2009). Other factors such as anxiety sensitivity (Schmidt and Zvolensky, 2007),
which were not assessed in the present study, may also play a confounding role.

Effects of CO, on cardiovascular outcomes

In the present study, an immediate activation of the autonomic nervous system in response
to CO, was observed, with a rapid increase in both systolic and diastolic blood pressure.
Except for variation, the outcome measures of the systolic blood pressure showed no
statistical difference between 17.5% and 35% CO,, though subjective emotions and panic
symptoms increased dose-dependently, which was well mimicked by the diastolic blood
pressure. These diverging results may be explained by a ceiling effect in the case of the
systolic blood pressure. Further, these observations also imply that diastolic blood pressure
has a better discriminability and higher sensitivity compared to systolic blood pressure and
is therefore preferable in analyzing the reactivity to CO,. Notably, no carry-over effects
were present for any outcome measure, implying that the effects of the CO, concentrations
were not affected by the order given.

Since this is the first study that assessed both the emotional and cardiovascular response
to 0%, 9%, 17.5%, and 35% CO,, and analyzed a variety of physiological outcomes, we are
unable to directly compare these outcome measures with previous studies. However,
general effects of CO, inhalations have been described previously. The 35% CO,-induced
rise in systolic blood pressure is consistent with previous studies (Argyropoulos et al.,
2002; Griez and Van den Hout, 1983; Kaye et al., 2004; Kaye et al., 2006; Richey et al.,
2010; Shufflebotham et al., 2009; Wetherell et al., 2006). With regard to the diastolic
blood pressure, an immediate CO,-induced increase has also been reported previously
in some (Griez and Van den Hout, 1983; Kaye et al., 2006; Richey et al., 2010), but not
all studies (Argyropoulos et al., 2002; Bailey et al., 2005; Bailey et al., 2007; Kaye et al.,
2004; Papadopoulos et al., 2010). The discrepancies between our results and those of
other studies might be explained by differential methodology. For instance, a single vital
capacity breath of 35% CO, (Argyropoulos et al., 2002; Kaye et al., 2004), in contrast to a
double vital capacity breath in the present study, exposure to lower CO, concentrations
such as 7.5% for 20 min (Bailey et al., 2005; Bailey et al., 2007; Papadopoulos et al., 2010),
and differences in terms of sample size (Argyropoulos et al., 2002; Bailey et al., 2005),
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as well as methods of analysis (Gorman et al., 1990) can contribute to varying results. In
comparison with these other studies the present study has several advantages. Since it has
been shown that in healthy volunteers specifically a double breath of 35% CO, provokes
emotions and panic symptoms resembling a real-life PA (Griez et al., 2007; Schruers et
al., 2011), our approach may be seen as more robust to induce a panic response with
a rapid onset. Moreover, our large sample size on top of measuring the effects of four
concentrations of CO, in each subject presumably yielded more reliable results. In addition,
analytical methods such as calculating averages over 15 s intervals (Gorman et al., 1990)
can mask small and brief fluctuations, resulting in a possibly inappropriate interpretation
of the results. This emphasizes the need for continuous monitoring and analysis of the data
obtained in short time frame such as twice per second as in the present study.

With regard to heart rate, contrary to our hypothesis, the outcome measures did not
increase in a dose-dependent manner and were, in general, hardly affected by any CO,
concentration. More specifically, the AUC of the heart rate decreased with increasing CO,
concentration, with the strongest effect in the 17.5% CO, condition. This effect might be
compensatory to the increased blood pressure and was also observed in previous studies
using a single (Argyropoulos et al., 2002; Kaye et al., 2004; Shufflebotham et al., 2009;
Wetherell et al., 2006) and a double vital breath of 35% CO, (Verschoor and Markus, 2011).
However, other studies reported an increase in heart rate (Bailey et al., 2005; Poonai
et al., 2000; Richey et al., 2010; Sasaki et al., 1996) or did not find any effect (Bailey et
al., 2007; Bystritsky and Shapiro, 1992). These discrepancies may be again explained by
differential methodology as previously described. Interestingly, a clear dose-dependent
increase in the heart rate variation was observed, i.e. the level of heart rate fluctuations
increased with a rising dosage of CO,. This observation suggests that panic symptoms such
as palpitations may be more related to fluctuations in heart rate rather than to a mere
increase in frequency.

In the present study, the increases in blood pressure and heart rate were comparable
in men and women in all CO_-enriched air conditions. Similarly, Kelly et al. (2006) failed
to reliably discriminate between men and women when assessing the response to 12
inhalations of 20% CO, for 20 s. However, this result is not uniform as some other studies
did report sex differences in the physiological response to inhaling CO,. For instance, in a
recent study by Nillni et al. (2012), when administering 10% CO, for 4 min, women had
higher heart rate levels during the inhalation when compared to men, an effect which
could not be attributed to baseline differences in heart rate. This result is in line with a
previous study using the same concentration of CO, and administration time (Gregor and
Zvolensky, 2008). Taken together, future research should further clarify whether women
are more physiologically reactive to laboratory-induced PAs than men.
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Correlations between self-reports and cardiovascular outcome measures

Correlation analyses between self-report measures and cardiovascular outcomes revealed
the most significant relationship between fear and heart rate variation. As previously
mentioned, this observation may imply that fluctuations caused by a homeostatic
disturbance play a more important role in CO,-induced fear than, e.g., an increase in heart
rate itself. In addition to heart rate, fear and discomfort were associated with most of
the outcomes of the diastolic blood pressure, particularly the AUC and the CO_-induced
peak. Correlation analysis of a previous study by Bailey et al. (2003) did not reveal any
relationship between blood pressure or heart rate and fear. Evidently, analyzing several
outcome measures such as the AUC, peak, and variation in distinct cardiovascular
parameters in a temporal manner gives a more detailed view into the complex relationship
between physiology and panic, thereby revealing correlations that might not be detected
when focusing on, for instance, the mean blood pressure and heart rate alone.

Regarding the systolic blood pressure, fewer correlations with self-reports were present.
This result, in combination with the observation that the diastolic blood pressure mimicked
the degree of fear, discomfort, and panic symptoms, suggests that the diastolic blood
pressure is the most favorable parameter to assess the physiological response to CO,.

Limitations

Various factors are known to have a potential influence on the individual response to
inhaling CO,. In the present study, several confounding effects were minimized using strict
exclusion criteria. For instance, heavy smokers (Abrams et al., 2008; Knuts et al., 2010),
alcohol users (Cosci et al., 2005; Kushner et al., 1996) and users of drugs/medications that
are considered to have an effect on the nervous or cardiovascular system were excluded
during the screening procedure. In addition, subjects were instructed to refrain from coffee
on all test days to avoid possible anxiogenic effects of caffeine (Nardi et al., 2007; Vilarim
et al., 2011). However, other potential confounders such as anxiety sensitivity (Blechert
et al., 2013; Schmidt and Zvolensky, 2007) and physical activity (Esquivel et al., 2012;
Smits et al., 2009) were not assessed. Moreover, due to practical reasons, we also did
not control for menstrual cycle phase (Perna et al., 1995). Including those measurements
would improve the study design and may increase the reliability of the results.

Panic as an instance of a primal emotion

We have previously proposed (in line with Denton et al. 2006; 2009) that PAs are the
expression of a primal emotion (Colasanti et al., 2012). The interoceptor-driven sensation
of a bodily disturbance linked to immediate threat of the individual leads to a compelling
intention (i.e., adaptive homeostatic response) to protect the individual against that

98



The relationship between emotions and cardiovascular physiology

vital threat. In accordance with this notion, we showed in the present study that self-
reports, representing sensations that emerge into consciousness, and the physiological
response to CO, are closely related. The present results are in accordance with previous
data showing that neuronal activation of (para)limbic brain areas and deactivation of
other areas in response to CO, are congruent with the pattern observed with a subjective
experience of other primal emotions such as extreme thirst, hunger or pain (Liotti et al.,
2001). Together, the close relationship of self-reports and physiology in the present study
as well as the congruency of (de)activation of brain structures in response to CO, in other
primal emotions supports our proposition that PAs are an instance of a primal emotion.

Clinical implications and future perspectives

The symptoms experienced during a PA such as palpitations, chest pain, breathing
difficulties, and dizziness are not specific or automatically attributable to a PA. Up to 20%
of patients suffering from chest pain and seeking help in emergency departments meet
the official criteria for PD (Huffman and Pollack, 2003). This observation emphasizes the
need for a fast and refined assessment of PAs.

In the present study, the overall heart rate response to inhaling CO, was not strongly
affected. The variation in heart rate, however, increased dose-dependently. This
may indicate that panic symptoms such as palpitations are associated with heart rate
fluctuations (i.e. brief disturbances in the homeostasis) rather than, for instance, a mere
increase in frequency. Furthermore, among the assessed cardiovascular parameters, the
diastolic blood pressure appears to be the most sensitive and robust measure, deeming
it a putative biomarker for (experimentally induced) panic. Therefore, we propose
that diastolic blood pressure measurements should be included in future studies to
complement other measures such as self-reports.

It has been previously demonstrated that CO, inhalation is a reliable technique to provoke
intense, but transient, fear and/or discomfort and various sensations in PD patients as
well as healthy subjects. These sensations closely resemble the symptomatology of real-
life PAs. In PD patients, a single vital capacity breath of 35% CO, is sufficient, whereas in
healthy subjects, a double breath of 35% CO, is particularly effective in triggering those
symptoms. These observations suggest the existence of a CO,-reactivity continuum based
on a common mechanism, thereby opening the possibility of referring to healthy subjects
for the study of panic, which has several advantages. First, patients do not need to be
burdened unnecessarily. Second, the potency of new therapies to modulate the response
to CO, can also be evaluated in healthy volunteers before eventually testing promising
interventions in patients with PD. Third, sampling and testing healthy volunteers provides
insights into the fundamental mechanisms underlying CO,-reactivity and panic, without
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possible masking effects of comorbidity and medication.

Bouton et al. (2001) proposed that conditioned anxiety about future PAs in response to
extero- or interoceptive cues is a key process in the progression of PAs into PD. This process
can also be best modeled in healthy subjects, because PD patients have progressed beyond
the initial conditioning. Experimentally, the use of interoceptive cues is challenging given
their internal nature. As inhaling 35% CO, reliably causes an immediate intense emotional
response, we recently used CO, inhalation as unconditioned stimulus to examine selective
interoceptive conditioning (De Cort et al., 2012). In that study, we showed that CO, may be
a valuable agent for establishing an effective interoceptive cue in conditioning research.
This is particularly interesting to investigate the role of interoceptive conditioning in
the development from spontaneous PAs to PD. In future studies, it would be therefore
worthwhile to also study patients with anxiety disorders to examine the difference
between the adaptive nature of fear conditioning and the dysfunctional nature of anxiety
disorders (Beckers et al., 2013).

Furthermore, the use of CO, as an interoceptive cue may be a promising technique in the
treatment of PD. In spite of its effectiveness (Sanchez-Meca et al., 2010), interoceptive
exposure is not yet commonly used in daily practice. When it is included in therapy,
symptom induction exercises such as hyperventilation or spinning are most often used.
However, these exercises only induce a fraction of the panic symptoms (Antony et al., 2006;
Lee et al., 2006). Therefore, we propose to include 35% CO, inhalation in interoceptive
exposure therapy. The congruency with naturally occurring PAs will putatively increase
the learning of how to deal with future PAs and thereby improve the effectiveness of
cognitive behavioral therapies.

While CO, inhalation in humans is a well-established experimental model for panic and
increased the knowledge about that psychobiological phenomenon, it is limited in its
potential to contribute to molecular insights. These can be better assessed in animal
research. Inarecent rodent study (Ziemann et al., 2009), it was shown that exposure to co,
also triggers fear behavior in mice. Various techniques were used to provide a molecular
substrate for this effect. It was demonstrated that the fear response is dependent on
the pH-sensitive ion channel ASICla located within the amygdala. More specifically, CO,
reduces the pH within the amygdala, thereby stimulating amygdalar ASIC1a and triggering
fear behavior. Knockout of the gene encoding ASIC1a blunted this particular effect. Main
outcome measures in this study were a series of behavioral tests. In order to be relevant
for translation into a human perspective, animal studies should ideally use stimuli and
outcome measures that are as similar as possible to those of human studies. In most
human panic provocation studies, symptom reports are used as outcome. It is obvious that
observed behavior in animals and symptom reports in humans are not interchangeable.
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Physiology, however, is measureable in both rodents and humans, which makes it a
valuable addition to assess the response to CO, in different species. We therefore propose
to extend the methods from the present study to animal studies, where physiological
outcome measures are not yet commonly used. Thereby, the comparability between
animal and human research can be considerably improved, thus contributing to a better
translation of knowledge gained in the laboratory back to the clinic.

Conclusion

In sum, the present study addressed identifiable shortcomings in previous studies
such as small sample sizes, and methodological as well as technical limitations, to
comprehensively investigate the reactivity to CO, in healthy volunteers. The results
show a dose-dependent subjective emotional and panic symptom response to CO,.
This pattern was best represented by the diastolic blood pressure, indicating a better
sensitivity and discriminability compared to the systolic blood pressure and heart rate.
Further, particularly significant correlations were found between self-reports and heart
rate variation as well as several outcome measures of the diastolic blood pressure. These
results indicate that the combination of both subjective self-reports and cardiovascular
measures is a promising method to obtain a more refined and reliable assessment of
PAs and to assess PAs in all its aspects as an instance of a primal emotion. Particularly
the diastolic blood pressure appears to be a robust and putative biomarker to assess the
reactivity to CO, in future studies.
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Supplement

Figure 1. Example profiles of one subject for the analysis of cardiovascular measurements (left: systolic,
middle: diastolic blood pressure, right: heart rate). From upper to lower panel: 0%, 9%, 17.5%, and 35% CO,.
Indicated are (from left to right within one plot): the baseline phase, inhalation phase (first two vertical dashed
lines), recovery phase (60 s) after inhalation, end of recovery phase (right-most dashed line), AUC (gray area),
peak (top horizontal dotted line), minimum (bottom horizontal dotted line), and the time window in which
stability is reached (two vertical dotted lines; only indicated when stability is actually reached, i.e. when the
subject recovered). Regarding blood pressure, the peak and AUC increase the higher the CO, dosage, with a shift
to the right of reaching a stable value within 60 s. Heart rate was affected to a lesser extent, showing no large
alterations with increasing CO, dosage.
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Figure 2. Proportion of subjects that did not recover regarding systolic blood pressure (top panel, left),
diastolic blood pressure (top panel, right), and heart rate (bottom panel) within 60 s after the CO, inhalation.
Top panel, left: Regarding systolic blood pressure, the proportion of subjects increased with higher CO,
concentrations, though statistical significance was only reached for increased CO, concentrations compared
to 0% CO,, and 9% compared to 17.5%. Top panel, right: Concerning diastolic blood pressure, the proportion
of subjects increased with gradually increasing CO, concentrations. However, 9% did not differ from 0% CO,.
Bottom panel: All administered CO, concentrations resulted in higher proportions who did not recover within 60
s compared to 0% CO,. The effects of CO, itself was comparable in all concentrations. For p-values see Table 2 in
publication (pairwise comparisons using Holm’s method, adjusted for multiple testing).
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Table 1. Effects of increasing CO, concentrations on the proportion of subjects who did not recover (compared
to 0% CO,) regarding the systolic as well as diastolic blood pressure and heart rate within the 60 s after the
inhalation. Values represent means over the entire analyzed 60 s phase.

0 - = -
Proportion non-recovery 9 16 1.0 15
(compared to 0% CO,) 17.5 25 1.7 15

35 23 2.3 1.7
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Chapter 4

Abstract

Background: The biological basis of uncued panic attacks is not yet understood. An
important theory concerning the nature and cause of panic disorder is the “suffocation
false alarm theory”. This alarm is supposed to be over-sensitive in panic disorder patients
and can be triggered by CO,. No neurobiological substrate has been identified for such
an alarm. The present study investigates differences in brain activation in panic patients,
healthy individuals and experienced divers in response to CO,, representing three groups
with descending sensitivity to CO.,,.

Method: Brain activation was measured with functional magnetic resonance imaging.
Subjects breathed through a mouthpiece delivering a continuous flow of 100% oxygen for
2 min, followed by a hypercapnic gas mixture (7% CO,) the next 2 min. Statistical analysis
was performed using SPM8.

Results: There was a significant main effect of group in response to the CO,. Patients
show increased brainstem activation in response to hypercapnia compared to controls
and divers. Subjective feelings of breathing discomfort were positively correlated with
brain activation in the anterior insula in all groups.

Conclusion: This is the first study showing that the behavioral response to CO, that
characterizes panic disorder patients is likely due to increased neural sensitivity to CO, at
brainstem level.
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Introduction

The biological basis of uncued panic attacks, a core and unique part of panic disorder (PD),
is not yet fully understood. Two decades ago, Klein (1993) proposed that these attacks
occur when a brain suffocation monitor erroneously signals a lack of useful air. According
to this theory, this monitor is present in everyone but is over-sensitive in PD patients.
Triggering causes a physical and psychological state of alarm (panic) in situations where
there is no actual risk for suffocation. To date, no neurobiological substrate has been
identified for such a monitor.

It has been proposed that spontaneous panic attacks are the result of an oversensitive
pH-monitoring network (Esquivel et al., 2009). Given that respiratory symptoms such
as feelings of suffocation or choking are cardinal features of spontaneous panic attacks,
it is plausible that a degree of overlap exists between the chemosensitive neurons that
serve respiration and those that are involved in triggering panic (Colasanti et al., 2008).
Accordingly, challenge tests involving breathing of excess concentrations of CO, are an
established experimental model to elicit panic in the laboratory.

Detection of carbon dioxide and the accompanying changes in pH occurs mainly in
brainstem regions (Esquivel et al., 2009). Several of these same structures have also been
implicated in defensive behavior, including panic (Bailey et al., 2003).

Imaging studies involving CO, in the light of panic are very scarce. However, there have been
functional imaging studies administering gas mixtures with an elevated CO, concentration
in the framework of breathing research. As predicted from chemosensitivity studies in
animals, breathing research confirms brainstem involvement in the human response to
hypercapnia (Gozal et al., 1994, Brannan et al., 2001). Brannan and colleagues (Liotti et al.,
2001) further report that primarily limbic and paralimbic brain regions are associated with
consciousness of breathlessness. Breathlessness, or shortness of breath, is a key feature
in dyspnea (subjective experience of breathing discomfort that subsumes qualitatively
distinct sensations with variable intensity), which in turn is a core symptom of a panic
attack (Perna et al., 2004). Several studies point to the insular cortex as the internal
monitor of the subjective feeling of breathing discomfort/dyspnea (Banzett et al., 2000,
Craig, 2002, Von Leupoldt et al., 2008).

Given the hypothesis of an oversensitive pH-monitoring network and the availability
of CO,-inhalation as a well-established panic provocation procedure, it is a logical step
to study brain activation in response to CO, in PD patients. The present study seeks to
explore the neurobiology of panic attacks, which constitute the core phenomenon at the
onset of the disorder. In line with this emphasis on the attacks and the abovementioned
importance of chemoreceptive brain regions therein, the present study focused on the
brainstem. Three brainstem regions in particular have been proposed to be involved in
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both panic and chemosensitivity: the periaqueductal gray (PAG), the raphe nuclei (RN) and
the locus coeruleus (LC). The effects of CO, have been proposed to be mediated via the
noradrenaline network. In vitro and animal studies suggest that CO, may directly activate
neurons in the LC (Bailey et al., 2003), although direct in vivo evidence in humans is
lacking up to date. Serotonin producing cells in the raphe have also been identified as CO,
sensors, acting to maintain pH homeostasis and have been proposed to form the cellular
basis of the link between serotonin, chemoreception and panic (Richerson, 2004). The RN
have strong projections to the PAG and a sizeable portion of the efferent projections of the
LC, mainly from the A1 and A5 cell groups, also reach the PAG (Nieuwenhuys et al., 2008).
The PAG has been implicated in the origin of panic since the observation that electrical
stimulation of this structure in awake patients undergoing a neurosurgical procedure
caused symptoms remarkably similar to those reported by PD patients during their panic
attacks (Del-Ben et al., 2009). Functional neuroimaging confirms an increasingly important
role for the PAG in responses towards threats as they approach the subject (Mobbs et al.,
2010).

Recently, a dose-response relationship to CO, has been demonstrated in healthy
volunteers: depending on individual vulnerability, experimental panic occurs at high
dosages (Griez et al., 2007). These data support the hypothesis of individual sensitivity to
increasing concentrations CO, as a continuously distributed trait (Klein, 1993, Pine et al.,
2000) and point to the existence of a response spectrum, with PD patients at the highest
end of the spectrum. At the other end are individuals with a low sensitivity to CO,, such
as individuals suffering from “congenital central hypoventilation syndrome” (CCHS). These
patients have a deficient response to hypercapnia. When exposed to elevated levels of
CO,, CCHS patients do not feel discomfort or the need to breathe (Harper et al., 2005).
Similarly, divers also show a decreased sensitivity to CO, (Delapille et al., 2001).

In order to use the full spectrum of CO, sensitivity, the present study involved a group
of experienced divers, next to PD patients and normal healthy volunteers. Based on the
above-mentioned studies we hypothesized increased CO,-induced brainstem activation in
PD patients, but decreased activation in the divers, both versus normal controls.

Methods

Subjects

Fifteen PD patients (seven males; mean age: 38.3 years, standard deviation (SD): 10.4;
for details on clinical characteristics see Table 1) visiting the outpatient clinic of the
Academic Anxiety Center in Maastricht, meeting the Diagnostic and Statistical Manual
of Mental Disorders (DSM) criteria (APA, 2000) for PD (with or without agoraphobia),
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were recruited for this study. Patients were excluded if they had any current comorbid
axis | diagnosis. Patients on any psychotropic medication underwent a washout period
and were medication free for at least 4 weeks before inclusion. Twelve healthy control
subjects (seven males; mean age: 38.7 years, SD: 10.9) were matched in age and sex to
the patients. Healthy controls were free of any psychopathology. Control subjects were
excluded if they had a positive result on the 35% CO_-inhalation test. A second control
group of 15 experienced divers (9 males, mean age: 47.6 years, SD: 6.5) participated in
the study. Divers were free of any psychopathology and had an experience of at least 200
diving hours.

Psychiatric diagnosis (or absence thereof) in patients, controls and divers was assessed by
a structured psychiatric interview (Mini International Neuropsychiatric Interview, M.I.N.1.;
Sheehan et al., 1998). Written informed consent was obtained from each participant
before the experiment. The study was approved by the local ethics committee.

Table 1. Clinical characteristics of the panic disorder patients.

1 2 41 35 20 19 2

2 10 45 39 28 26 n.k.
5 0 33 37 28 21

6 17 55 61 6 16 6

7 6 46 42 6 19 3

8 5 53 37 4 13 13
9 8 46 38 44 28 4
10 6 43 54 53 23 3
11 7 42 42 40 14 28
12 6 38 38 27 19 4
13 15 53 49 51 26 7
14 9 47 54 29 19 1
Mean 7.58 45.17 43.83 28 20.25 4.7
SEM 1.39 1.86 2.46 4.9 1.38 1.03

FQ: Fear Questionnaire; MADRS: Montgomery Asberg Depression Rating Scale; n.k.: not known; PAS: Panic and
Agoraphobic Scale; SEM: standard error of the mean; STAI: State-Trait Anxiety Inventory.

CO, set-up

The set-up was adapted from van der Zande et al. (2005). The gas mixture was released in
an open circuit at a rate of 15 L/min, designed to allow ad libitum breathing with minimal
positive pressure or resistance. Subjects were instructed to breathe normally. Compliance
was monitored by capnometry (Normocap 200, Datex, Helsinki, Finland) at the mouthpiece
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Figure 1. The breathing device. Schematic drawing of the breathing device.

level, which shows the amount of CO, in the system. A researcher was always present in
the scanning room to ensure continuous breathing through the mouthpiece. A schematic
of the breathing device can be found in Figure 1.

Procedure

All subjects underwent a 35% CO, challenge on the screening day. The inhalation apparatus
and the general procedures used in our laboratory have been described in detail elsewhere
(Verburg et al., 2001). A positive response was defined by an increase of 20 mm or more
on the visual analogue scale of fear (VAS-F) and a rise of at least 4 symptoms on the panic
symptom list (PSL).

On the test day, all subjects were familiarized with the breathing procedure before the
start of the scan session, with the table positioned outside the magnet bore. Subjects
underwent three consecutive scanning runs of 4 min during which they breathed through
the mouthpiece. The 4 min were divided in a two-minute continuous flow of 100% oxygen
followed by two-minute flow of a high CO, gas mixture (7% CO,, 93% O,). A fitted nose
clip ensured that the subject breathed through the mouthpiece. Subjects inserted the
mouthpiece immediately before the start of the functional scan. Subjects were allowed
to remove the mouthpiece between runs and scanning would proceed at the subject’s
own pace. The reactivity to CO, was assessed with the increments of subjective symptoms
registered on the PSL, VAS-F and a visual analogue scale for discomfort (VAS-D). The PSL
and both scales were administered twice: immediately before scanning and directly after,
asking to score the worst moment.
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Image acquisition

Brain images were acquired using a 3.0 Tesla Philips Achieva scanner equipped with an
8-element receive-only head coil. For functional images, 80 T2*-weighted echoplanar
images with blood-oxygenation level-dependent (BOLD) contrast were acquired three
times for each subject [echo time = 33 ms, repetition time = 3000 ms, flip angle = 90°,
slice thickness 4.0 mm, interslice gap 0 mm, field of view = 230x230x136 mm, matrix size
80 x 80, in-plane resolution = 2.88x2.88 mm)]. Thirty-four sagittal slices per volume were
positioned at an angle between the line crossing the anterior and posterior commissure
(AC-PC line) and a line paralleling the medial tentorium cerebelli in order to reduce
susceptibility artifacts. In addition, a high-resolution T1 anatomical image was obtained
for each subject using a standard 3D magnetization-prepared rapid acquisition gradient
echo (MP RAGE) sequence with 1mm? isotropic voxels.

fMRI Data Analysis

Data quality assurance consisted of visual inspection of the raw and pre-processed data
for susceptibility artifacts and other global aspects (e.g. lines in scans, artifacts in the
brainstem). Furthermore, data sets were excluded when head movement exceeded 3 mm
in either direction (x, y, or z axis). In total, 7 subjects were excluded from further image
processing (3 patients, 1 control subject, and 3 divers). A final sample 35 subjects was
included in the imaging analyses: 12 patients, 11 controls and 12 divers.

The functional images were realigned to the first volume of the time series to correct for
head movements (four dummy images at the beginning of each time series were discarded
for further analysis). After co-registering functional images to the anatomical image, they
were spatially normalized to the standard space of the Montreal Neurological Institute
brain (MNI brain). All functional images were sub-sampled to a voxel size of 2x2x2 mm.
Normalized images were smoothed with a Gaussian kernel of 6 mm full width at half
maximum.

First-level statistical analysis was done for all subjects in the context of the General Linear
Model. The 7% CO, condition was modeled as a boxcar epoch-related function. The model
was convolved with a hemodynamic response function and its time derivatives in the
general linear model. Movement parameters were included as a null regressor. Temporal
filtering was not done due to the potential confound between linear drift and CO, induced
activation. For the same reason, global BOLD signal correction was not employed. Individual
contrast images were used in a second-level random effects analysis, which accounts for
both scan-to-scan and subject-to-subject variability, to determine CO,-specific regional
responses for within- and between-group statistical comparisons.

Because of our a priori hypothesis regarding the response in the brainstem, a region of
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interest (ROI) analysis was conducted. The ROl comprised the LC, the PAG and the RN. The
LC ROI was based on Keren et al. (2009). ROIs for the PAG and the rostral RN were drawn
on the basis of Duvernoy’s atlas of the human brainstem and cerebellum (Naidich et al.,
2009). The three ROIs were combined to a single continuous volume consisting of 504
voxels (4032 mm?3). The significance level was set at p<0.05, and corrected for multiple
comparisons using the family-wise error rate.

The subjective feeling of respiratory distress during the 7% challenge was correlated with
brain activation to CO, by means of a second-level multiple regression analysis in SPM8.
The subjective feeling of respiratory distress was composed by the delta scores on items of
the PSL that characterize the respiratory component of a panic attack, namely “sensation
of shortness of breath” and “feeling of choking”. We have previously shown that this
component is the best predictor of the subjective distress in experimentally provoked
panic attacks (Colasanti et al., 2008). The significance level of the regression analyses was
set at p<0.05, and corrected for multiple comparisons using the family-wise error rate for
the insula (4188 voxels).

Global BOLD signal

Average values from all voxels were calculated for each image volume in the first run,
resulting in a time course of the global signal during the first challenge for each subject.
Signal intensities were normalised against the first five scans, i.e. each volume in a series
was scaled to a percentage of the mean volume intensity of the first five images. The
resulting global time series were analysed using repeated measures analysis of variance
(ANOVA) to determine differences in response between patients, controls, and divers.

Statistical analysis on behavioral and capnometric data

The within-group pre- and post-challenge scores on the PSL, VAS-F, and VAS-D were
analyzed with the Wilcoxon Signed Ranks test. The difference in delta scores between
groups was analyzed by the Kruskal-Wallis test. Post-hoc testing was done by Mann-
Whitney U tests.

The mean percentage of end-tidal CO, (PET-CO:) and the respiratory rate (RR) were
extracted from the capnometric data employing the software R (version 2.14.0, 2011, R
Development Core Team, Vienna, Austria). A repeated measures ANOVA with run (1/2/3)
and condition (CO,/0,) as within-subject factors, and group as between-subject factor
was used to analyse differences in PET- CO, and RR.
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Results

Behavioral and capnometric data

The 35% CO, challenge during the screening interview induced a significant increase
in subjective fear and panic symptoms in all three groups as measured with the VAS-F
(patients: z=-2.93, p=0.003; controls: z=-2.81, p=0.005; divers: z=-2.23, p=0.026) and the
PSL (patients: z=-2.93, p=0.03; controls: z=-2.81, p=0.005; divers: z=-3.07, p=0.002). As
expected, the delta VAS-F was significantly higher in the patient group than in controls
(z=-3.43, p<0.001) and divers (z=-4.11, p<0.001). The controls scored significantly higher
on the VAS-F than the divers (z=-2.67, p=0.007).

The 7% challenge inside the scanner evoked higher fear scores in the patients than in the
controls (z=-2.53, p=0.01) and the divers (z=-3.00, p=0.002). However, the VAS-F scores
did not differ between controls and divers during the 7%-challenge. In contrast with 7%
VAS-F score, the amount of symptoms experienced during the 7%-challenge differed only
significantly between the patients and the divers (z=-3.00 p=0.002). There is a significant

Table 2. Descriptive data. Mean and standard error of the mean (SEM) values of behavioral data.

Patients 3.7 (1.1) 21.9(3.3) 13.3(3.8) 24.1(6.6) 80.4 (6.5) 42.9(9.7)
Controls 0.6(0.3) 8.5(2.1) 2.8(0.9) 3.3(17) 15.7(5.2) 2.6(0.9)
Divers 0.8(0.3) 7.5(1.2) 6.2(1.2) 1.8(0.9) 53(2.2) 3.2(2.0)

Patients 3.7 (1.6) 15.0(2.7) 7.5(2.7) 14.2(3.6) 46.0(8.4) 31.7(6.5) 17.00 (4.9) 57.2(8.7) 40.2 (7.6)
Controls 0.3(0.2) 4.4(1.0) 3.0(1.0) 3.2(1.4) 13.1(4.5) 9.9(3.6) 7.0(1.6) 35.6(8.2) 28.6(7.2)
Divers  0.3(0.2) 3.3(0.9) 27(3.0) 0.6(0.3) 45(2.1) 3.9(21) 1.5(0.6) 10.07(3.5) 9.2(3.9)

Table 3. Capnometric data. Mean and standard error of the mean (SEM) values of behavioral data.

Patients 4.12 (0.87) 6.21(0.58)
PET-CO, (%) Controls 4.38(0.62) 6.25 (0.36)
Divers 4.72 (0.76) 6.39 (0.39)

) Patients 14.75 (2.44) 14.08 (2.03)
Respiratory rate Controls 12.79 (1.80) 13.00 (1.51)
(breaths/minute)

Divers 12.19 (1.32) 12.22 (1.61)
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increase in discomfortin all three groups during the scanning test. There is only a significant
difference between the delta VAS-D scores of patients and divers (z=-3.00, p=0.002).
Descriptive data of the behavioral measures are depicted in Table 2; capnometric data are
displayed in Table 3.

As expected, the 7% CO, challenge induced a significant increase in PET-CO, in all groups
(main effect of condition: F=101.72, p<0.001). There was no main effect of group, nor a
significant group by condition interaction (Main effect of group: F=1.61, p=0.23; group x
condition interaction: F=0.42, p=0.67). Hence, there was no baseline difference in PET-
CO2 between the groups, and the induced rise in PET-CO, did not differ between groups.
The ANOVA for the RR did not yield significant results. There were no baseline differences

Figure 2. Main effect of group. Top and bottom left: Activation maps showing the main effect of group in
the brainstem. Bottom right: The graph displays the mean percentage of signal increase for each group in the
brainstem cluster (standard error of the mean (SEM) error bars). The activation maps show the voxels with a
significant main effect of group overlaid on a template T1 image. The graph shows the mean percentage of
BOLD signal increase in these voxels for the three different groups.
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present between groups. The 7% CO, challenge did not induce a significant increase in
breathing frequency.

Global BOLD signal
The increase in global BOLD signal was not significantly different between groups (F=0.281,
p=0.76).

Imaging data

The ROI analysis revealed a significant main effect of group in the brainstem (MNI
coordinates and statistical values of peak activation: [2 -32 -30], F(2,32)=9.59, P,,,.=0.043)
(Figure 2). Post-hoc two-sample t-tests showed significantly higher brain activation at
the above cluster in patients compared to the controls (MNI coordinates and statistical
values of peak activation: [4 -34 -28], t=3.10, P, .=0.012) and divers (MNI coordinates and
statistical values of peak activation: [4 -30 -28], t=3.99, P, .=0.002).

A correlation analysis between brain activation and the subjective ratings of the respiratory
cluster of PSL symptoms was significantly positive in all three groups with brain activation
in the right anterior insula (MNI coordinates and statistical values of peak activation: [34
8 18], t=4.68, P, ,=0.033, r=0.66) (Figure 3).

Figure 3. Positive correlation at the anterior insula with the subjective score of feelings of shortness of breath
and choking. Left: Activation map showing voxels in the anterior insula significantly correlated the subjective
score. Right: Graph depicting the positive correlation at the most significant voxel.
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Discussion

The present study is the first to show increased brainstem activation in response to
hypercapnia in PD patients compared to normal controls. A second comparison group of
experienced divers displayed a decreased response in comparison to the normal controls.
Subjective feelings of shortness of breath and choking were positively correlated with
brain activation in the anterior insula in all three groups: the higher the increase in the
subjective feelings, the higher the activity in the anterior insula.

The brainstem finding is consistent with our hypothesis. The identified cluster is situated
in the rostral dorsal pons and located in the rostral raphe ROI of our brainstem mask.
Previously, the administration of increased CO, during functional magnetic resonance
imaging (fMRI) was used to study CCHS (Harper et al., 2005). CCHS patients show a lack
of fear and breathlessness in response to hypercapnia. Accordingly, results of that study
revealed clusters of decreased response to CO,, extending from the thalamus through
the midbrain to the dorsolateral pons. The data from the present study are in line with
these findings: In participants displaying a decreased behavioral response to CO, (divers)
a decreased activation of an overlapping part of the brainstem was demonstrated, while
in those who show an increased behavioral response to CO, (PD patients), an increased
activation occurred.

The rostral raphe nuclei have widespread axonal projections to limbic structures implicated
in comprehensive neuroanatomical models of PD such as the amygdala, prefrontal cortex
and anterior cingulate cortex (Hornung, 2003). Serotonergic neurons are the major
constituents of the RN. There is a large body of evidence implicating serotonin in the
neurobiology of PD. For instance, combining tryptophan depletion, lowering serotonin
availability to the brain, with a 35% CO, panic challenge results in an increased panic
response in PD patients (Schruers et al., 2000). Conversely, increasing serotonin availability
through administration of its precursor 5-hydroxy-tryptamine blocks the panic response
(Schruers et al., 2002). Further pointing to a 5-HT-related dysfunction in PD patients,
positron emission tomography (PET) imaging studies show reduced binding to the 5-HT,,
receptor in the raphe region (Nash et al., 2008).

Furthermore, a chemosensitive function has been ascribed to midbrain serotonergic
neurons (Severson et al., 2003). The authors proposed that midbrain raphe neurons are
responsible for non-respiratory related effects of carbon dioxide, such as arousal and
fear. This proposal provides an essential link between serotonin and panic: serotonergic
neurons in the rostral raphe nuclei can account for oversensitive central chemoreception
leading to a “false suffocation alarm”.

While activation of the raphe nuclei seems the most parsimonious explanation of the
current data, other possibilities have to be taken into account since categorical statements
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about the precise anatomical location of brainstem activations cannot be made with the
current spatial resolution of fMRI. A similar brainstem cluster was also found in studies
into functional neuroanatomy of the brainstem respiratory control network, using
inhalation of CO, (Brannan et al., 2001, Pattinson et al., 2009). The authors interpret the
findings as due to activity in the parabrachial Kélliker-Fuse complex. From animal studies
it is known that this complex plays an essential role in respiratory modulation. However,
it has also been shown in rats that this complex has strong connections with the limbic
system, including the insula (Pattinson et al., 2009).

Neuroanatomical models of PD as a whole, of which panic attacks are only one part,
proposed the involvement of several other brain structures in addition to the brainstem
such as the prefrontal cortex, amygdala, anterior cingulate cortex (ACC) (Esquivel et al.,
2009), thereby putatively accounting for symptoms such as anticipatory anxiety and
avoidance behavior as well. The distinction between panic attacks on one hand and
anticipatory anxiety on the other in PD is comparable to the way ethoexperimental
analyses of defense strategies divide defensive behavior into fear and anxiety (Mcnaughton
et al., 2004). This theory, mainly based on animal models, distinguishes different types of
defensive strategies depending on the distance to a (potential) threat. In this view, panic
(attacks) can be regarded as a primal defensive reaction towards the most proximal form
of threat, originating from within one’s own body. Accordingly, a recent seminal study by
Feinstein et al. (2013) showed that the amygdala is not necessary for fear/panic evoked
by a CO, inhalation. Despite the widely accepted view that the amygdala is essential for
fear, three patients with focal bilateral amygdala lesions, due to Urbach-Wiethe disease,
did experience a panic attack following a CO, challenge.

Activity in the right anterior insula was positively correlated with subjective feelings
of respiratory distress experienced during the challenge inside the scanner. The more
breathing distress people sensed, the higher their activity in the anterior insula was.

Our observation is in line with studies explicitly examining dyspnea. Two former studies
made use of a resistive load which elicits a sensation of uncomfortable or difficult
breathing (Peiffer et al., 2001, Von Leupoldt et al., 2008), while others stimulate breathing
via chemosensitive pathways, comparable to the present study (Banzett et al., 2000, Liotti
et al., 2001). Right anterior insula activation was prominent in all of these studies.

These findings are consistent with current theories on interoception, the processing of
internal bodily signals. The anterior insula is seen as the site of conscious awareness of
“how you feel” (Craig, 2004). The posterior insula, in contrast, is regarded as the primary
interoceptive cortex. Putatively, in the context of the present study, the internal sensation
caused by different levels of CO, would be represented in this part of the brain. We
detected no differences in activity in the posterior insula, consistent with the fact that the
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same amount of CO, was administered to each subject. However, the same amount of CO,
apparently resulted in different levels of subjective discomfort, represented by differential
activation of the anterior insula.

Very strict criteria were used for inclusion of PD patients in the present study regarding
comorbidity and medication use. As comorbidity, mainly with anxiety and mood disorders,
is very common in PD patients with agoraphobia (PDA), the present sample may not be
entirely representative for daily clinical practice. However, because of the study focus on
underlying neurobiology of the panic attacks, we preferred to select a “pure” sample of
PDA patients. To elaborate this further, future studies with a similar focus might consider
including patients with (predominantly) nightly panic attacks, as this might represent a
“core panic” subtype due to the presence of mainly uncued panic attacks (Uhde, 2000).
MRI scanning involves placing people in the confined space of the magnet bore. PDA
patients are typically afraid in situations where escape is difficult in the event of a panic
attack and therefore the scanning procedure could lead to more stress and concomitant
movement artifacts. However, image quality appeared similar between all three groups
in this study. A previous study did report a slightly lower image quality in PD patients.
The authors traced this back to claustrophobic anxiety of the participants. But also in this
study, this did not lead to higher dropout rates in the patient group (Lueken et al., 2011).
Interpreting the results, one has to take into consideration that only experienced divers
were included in the study. Divers had to meet the criterion of more than 200 hours of
diving experience, which led to a significantly higher age in this study group. Changes
in cerebral blood flow have been reported with age. However, age-related reductions
in perfusions were mainly found in cortical areas, while subcortical CBF was relatively
preserved in aging (Chen et al., 2011)

The limitation of poor signal to noise in the brainstem should also be taken into account
while interpreting the results of the present study. This part of the brain is particularly
susceptible to respiratory noise due to magnetic field changes caused by the varying lung
volume during the respiratory cycle (Windischberger et al., 2002), and cardiac noise, due
to varying effects of blood and cerebrospinal fluid flow during the cardiac cycle (Dagli
et al.,, 1999). Future studies might reduce this noise by using the recently proposed
advanced fMRI sequences, optimized for brainstem imaging such as cardiac-gated dual-
echo EPI (Beissner et al., 2011). Image quality in the brainstem is also influenced by natural
elongation and contraction movements of the anatomically nearby glottis. Debriefing of
subjects of the present study revealed that the feeling of a “dry mouth” probably caused
extra swallowing. This is a limitation inherent to the present breathing device set-up.
Future studies might consider moisturizing the inhaled air mixture.

The present study made use of a hyperoxic mixture. Behavioral studies into the
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pathophysiology of panic in our lab classically involve the use of inhalations of increased
concentrations of carbon dioxide (up to 35%) in oxygen. With this background in
mind, a hyperoxic mixture was also used in the present study. Recent data show that
this combination of hyperoxia and hypercarbia is likely to dampen the BOLD response
(Gauthier et al., 2011). This may have affected the probability of detecting brain activation
due to hypercarbia in the present study. However, the results of the current study show
a significant between-group difference in BOLD-response in a hypothesis-driven ROI
without significant difference between groups in the global BOLD signal increase. Future
studies would benefit from multimodal imaging combining arterial spin labeling and BOLD
imaging (Chiarelli et al., 2007), to disentangle the physiological effects from actual neural
activity.
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Abstract

Until recently, genetic research into panic disorder (PD) has had only limited success.
Inspired by rodent research, demonstrating that the acid-sensing ion channel (ASIC) 1a
is critically involved in the behavioral fear response to carbon dioxide (CO,) exposure,
variants in the human homologue gene amiloride-sensitive cation channel (ACCN2) were
shown to be associated with PD. However, the relationship between changes in brain pH
and ACCN2, as done in rodents by CO, exposure, has not been investigated yet in humans.
Here, we examined this link between the ACCN2 gene and the response to CO, exposure
in two studies: in healthy volunteers as well as PD patients and using both behavioral and
physiological outcome measures. In total, 183 PD patients and 107 healthy volunteers
underwent a 35% CO, inhalation. Negative affect was assessed using visual analogue scales
and the panic symptom list, and, in healthy volunteers, cardiovascular measurements. The
single nucleotide polymorphism rs10875995 was significantly associated with a higher
emotional response in PD patients and with an increase in systolic as well as diastolic
blood pressure in healthy subjects. In all measurements, subjects homozygous for the
T-allele showed a heightened reactivity to CO,. Furthermore, a trend towards a rs685012
genotype effect on the emotional response was found in PD patients. We provide the first
evidence that variants in the ACCN2 gene are associated with differential sensitivity to
CO, in PD patients as well as healthy volunteers, further supporting ACCN2 as a promising
candidate for future research to improve current treatment options.
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Introduction

Panic disorder (PD) is a highly prevalent and debilitating condition characterized by
recurrent, unexpected panic attacks (PAs) (American Psychiatric Association, 2013). Based
on clinical and epidemiological data, a division in subtypes is made, with predominant
respiratory or cardiovascular symptoms compromising a “core panic type” (Roberson-Nay
and Kendler, 2011). PD is associated with high health care costs (Batelaan et al., 2007) and
in spite of available treatments, long-term effects are modest and relapse rates are high
(Yonkers et al., 2003). Insight into the molecular and genetic mechanisms of the disorder
would arguably be beneficial in the search for improved and new treatments.

Until recently, genetic research into PD has been relatively scarce and less successful
compared to other psychiatric disorders (Smoller, 2011). Inspired by previous work in
mice, attention has been turned to the amiloride-sensitive cation channel (ACCN2), the
human homologue to the rodent acid-sensing ion channel 1a (ASIC1a). ASIC1la was shown
to play an important role in conditioned fear (Wemmie et al., 2003; Wemmie et al., 2004),
but the interest in ASIC1a in relation to PD was boosted by a seminal study (Ziemann et
al., 2009) showing that ASIC1a is also essentially involved in the unconditioned behavioral
fear response to carbon dioxide (CO,) exposure by acting as a chemosensor that detects a
decrease in extracellular pH.

Analogues can be drawn to humans, in whom CO, exposure has been used for many years.
Nowadays, the use of low percentages of CO, (e.g. 5%) for prolonged periods of time is
considered to relate to generalized anxiety disorder, arousal, and threat processing (Bailey
etal., 2011; Garner et al., 2011), while exposure to a high concentration of CO, has proven
to be areliable experimental model for panic. It is well established that PD patients display
a higher fear and panic response to CO, when compared to healthy volunteers (Griez
et al., 1990; Griez et al., 1987). A brief inhalation of 35% CO, triggers short lasting, but
intense symptoms resembling the ones of a naturally occurring PA in PD patients (Nardi
et al., 2006; Schruers et al., 2004). We proposed that an acutely disturbed acid-base
homeostasis represents the mechanism underlying the occurrence of PAs (Esquivel et al.,
2009). CO, exposure was shown to cause a decrease in brain pH in rodents (Schuchmann
et al., 2006; Ziemann et al., 2009; Ziemann et al., 2008). While studies investigating the
direct effects of breathing CO, on brain pH in humans are lacking, indirect evidence for
brain acidification comes from a study using intravenous infusion of bicarbonate, which
caused a decrease in brain pH as shown by magnetic resonance spectroscopy (Nakashima
et al., 1996). The acid-base homeostasis is tightly regulated within a narrow range and
a shift out of the normal range can have fatal consequences (Rhoades and Bell, 2009).
Therefore, sensing a change in pH and triggering adaptive physiological and behavioral
responses are of crucial importance for an individual’s survival. Hence, genes encoding
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for molecules involved in chemosensation such as ACCN2 present a pivotal link between
pH and panic.

To date, only a few studies investigated the link between ACCN2 and PD. In a first study
(Hettema et al., 2008), results were inconsistent given that the replication of a significant
association failed in a second larger sample. This is probably due to assessing a group of
mixed anxiety disorder patients of whom only a subset had PD. In a recent large case-
control study, Smoller and colleagues (2014) demonstrated that the C-allele of the single
nucleotide polymorphisms rs685012, located in the 5’ putative promoter region, and of
rs10875995, located in intron 3, was associated with increased probability of having the
diagnosis of PD. Moreover, in healthy volunteers, the C-allele was associated with a larger
amygdala volume and heightened amygdala reactivity to visual presentation of fearful
and angry faces.

The proposed mechanism linking ACCN2 and panicin humans involves an altered threshold
for sensing acidosis (Smoller et al., 2014). More specifically, variants in the ACCN2 gene
may lead to a lower threshold for detecting a decrease in pH, resulting in a heightened
sensitivity to cues from within the body (caused by, e.g., CO, exposure). This mechanism
is highly plausible, but experimental evidence linking differential CO, reactivity in humans
to variants in the ACCN2 gene is currently lacking. For many years it was assumed that, in
contrast to PD patients, healthy volunteers are not sensitive to breathing CO, (Griez et al.,
2007). However, by now, a dose-response relationship between CO, and reported fear and
bodily symptoms has been repetitively shown (Griez et al., 2007; Schruers et al., 2011),
whereby a double inhalation of 35% CO, elicits a response that closely resembles the
one reported by PD patients to a single vital capacity inhalation. In addition, twin studies
showed that individual differences in the response to CO, can be, in part, attributed to
genetic factors (Battaglia et al., 2007; Battaglia et al., 2009; Roberson-Nay et al., 2013),
with a large overlap with the genetic constituents of PD (Battaglia et al., 2009). These
observations imply the existence of a CO,-reactivity continuum and that panic symptoms
can be provoked in most individuals, depending on the concentration of CO, used. The
findings suggest that CO, inhalation activates basic fear mechanisms that are present
in every individual. This opens the avenue of studying panic-related fear in healthy
volunteers, thus bridging the gap between animal models and research in PD patients.
The present study sought to investigate the relationship between the response to CO, and
the ACCN2 gene, with a focus on the two gene variants previously found to be associated
with PD and amygdala reactivity. In the first study, we assessed the response to CO, in
healthy individuals. To capture the emotional and the physiological reactivity, we examined
the effects of CO, on self-reported emotions as well as the cardiovascular system. In the
second study, in light of clinical relevance, the self-reported emotional response to CO,
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was evaluated in PD patients. We hypothesized that in both samples the C-allele would be
associated with a higher reactivity.

Methods and materials

Study 1: Healthy individuals

Subjects

One-hundred and seven Caucasian adult healthy volunteers participated in this study
(mean age 23.76 years, SD=6.96; 27 males). Subjects were recruited via advertisements at
Maastricht University, the Netherlands. Eligibility was confirmed using a standard medical
examination and a semi-structured psychiatric interview including the Mini International
Neuropsychiatric Interview (M.I.N.l., Sheehan et al., 1998) performed by an experienced
psychiatrist or psychologist. Exclusion criteria included current or past cardiovascular or
pulmonary disease, hypertension (systolic/diastolic >170/100 mmHg), familial or personal
history of cerebral aneurysm, excessive smoking (>15 cigarettes per day), pregnancy,
epilepsy, use of psychotropic medication or adrenergic receptor blockers, and a first-
degree relative with PD. All participants gave written informed consent prior to the study,
which was approved by the Medical Ethics Committee of Maastricht University and the
Maastricht University Hospital.

€O, inhalation

The standardized protocol for CO, inhalations in healthy volunteers has been described
previously (Griez et al., 2007). In brief, subjects were informed that CO, might cause
some effects, ranging from minor sensations up to fear. However, all effects would be
short-lasting. Subjects took a double vital capacity breath of 35% CO, (premixed gas
tanks obtained from Nederlandse Technische Gasmaatschappij B.V., Landgraaf, the
Netherlands). All subjects inhaled at least 80% of their vital capacity as measured using a
flowmeter. Subjects were instructed to refrain from caffeine containing beverages on all
inhalation days.

Self-reports

The affective response to CO, was evaluated in accordance with the DSM-IV criteria for
a PA (American Psychiatric Association, 2000). Fear and discomfort were assessed using
the Visual Analogue Scale (VAS-F and VAS-D, respectively), consisting of a horizontal line
of 100 mm length and ranging from 0 (not at all) to 100 (the worst imaginable). Panic
symptomatology was evaluated using the Panic Symptom List (PSL), a questionnaire listing
the 13 DSM PA symptoms such as palpitations, sweating, shortness of breath, dizziness,
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and choking, and ranging from 0 (absent) to 4 (very intense). Self-reports were obtained
directly before and immediately after the inhalation.

Cardiovascular recordings

Blood pressure and heart rate were measured continuously throughout the entire
procedure in healthy volunteers using a computerized system (Carbon Dioxide Tolerance
Tester, CTT, Maastricht Instruments B.V., Maastricht, the Netherlands). Both parameters
were measured by means of a finger cuff that was connected to a cardiovascular monitor
(Nexfin, BMEYE B.V., Amsterdam, the Netherlands). All measurements were acquired with
custom-made software (IDEEQ, Maastricht Instruments B.V., Maastricht, the Netherlands).

Study 2: Panic disorder patients

Subjects

One-hundred and eighty-three Caucasian PD patients (mean age 36.14 years, SD=10.94; 71
men) participated in this study. Patients were recruited from the outpatient setting of the
Academic Anxiety Centre, Maastricht, the Netherlands. PD (with or without agoraphobia)
as main diagnosis was established via a semi-structured psychiatric interview by an
experienced psychiatrist, including the M.I.N.I. (Sheehan et al., 1998) (see Supplementary
Table S1 for assessment scores). Patients underwent a standard medical examination to
confirm eligibility. Exclusion criteria were current or past cardiovascular or pulmonary
disease, hypertension (systolic/diastolic >170/100 mmHg), familial or personal history
of cerebral aneurysm, pregnancy, and epilepsy. In total, 106 patients had one or more
comorbid disorders. Patients were free of antidepressant and benzodiazepine treatment
for at least four or two weeks, respectively, before taking part in the experiment. Written
informed consent was obtained from each subject before participating. The study was
approved by the Medical Ethics Committee of Maastricht University and the Maastricht
University Hospital.

€O, inhalation

In PD patients, CO, inhalations took place according to a standardized protocol as described
previously (Klaassen et al., 1998). Subjects were informed that the subsequent inhalation
might cause some effects, ranging from minor sensations up to fear. However, all effects
would be short-lasting. Subjects took a single vital capacity breath of 35% CO, (premixed
gas tanks obtained from Nederlandse Technische Gasmaatschappij B.V., Landgraaf, the
Netherlands). Using a flowmeter it was ensured that at least 80% of their previously
measured vital capacity was inhaled.
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Self-reports

In line with the DSM-IV criteria for a PA (American Psychiatric Association, 2000),
experienced fear was evaluated using the Visual Analogue Scale for fear (VAS-F), consisting
of a horizontal line of 100 mm length and ranging from 0 (not at all) to 100 (the worst
imaginable). Panic symptoms were assessed by means of the Panic Symptom List (PSL),
a questionnaire listing the 13 DSM PA symptoms, and ranging from 0 (absent) to 4 (very
intense). Self-reports were obtained directly before and immediately after the inhalation.

Genotyping

Saliva was collected from all subjects using Oragene® saliva self-collecting kits (DNA
Genotek Inc, Ontario, Canada). Genomic DNA was isolated using the AutoGenFlex DNA
Isolation system (Autgen, Hilliston, MA, USA) according to manufacturer’s instructions
and subsequently genotyped using Tagman SNP Genotyping Assays for rs10875995 and
rs685012 (Life Technologies). The selection of these particular polymorphisms (D’=0.94)
was based on the results of the recent study by Smoller et al. (2014), in which an association
with PD and amygdala reactivity was found. Results were independently scored by two
experienced technicians.

Data and statistical analysis

Primary analyses

Differences in the change of self-reported emotions and symptoms depending on the
genotype were analyzed using univariate Analysis of Variance (ANOVA). Six PD patients
were excluded from the rs685012 analysis due to genotyping failure (final sample mean
age 36.14 years, SD=10.94; 71 men).

To analyze physiological measurements in healthy subjects, locally weighted polynomial
regression (Cleveland and Devlin, 1988) was used to avoid strong effects of outliers. Based
on smoothed data, the area under the curve (AUC), the maximum, and the standard
deviation (log transformed) were calculated within the first 60 s after inhaling CO,. Due
to a technical failure, the final sample for physiological analyses consisted of 92 subjects
(mean age 23.56 years, SD=0.44; 24 men).

Secondary analysis

Patients with predominantly respiratory symptoms during their panic attacks have been
proposed as forming a “core” panic subtype (Roberson-Nay and Kendler, 2011). Smoller
et al. (2014) showed a particularly strong relationship between ACCN2 genotype and such
a respiratory panic subtype. We have previously demonstrated the existence of a similar
respiratory subtype in response to a CO, challenge (Colasanti et al., 2008). Analysis of
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the respiratory cluster was based on this previous cluster analysis study (Colasanti et al.,
2008). The cluster consisted of the symptoms shortness of breath, feeling of choking,
dizziness, sweating, palpitations, and chest pain. The effect of genotype on the sum of the
change scores of these six symptoms was analyzed by means of univariate ANOVA.
Based on Smoller et al. (2014), C-allele carriers were compared to T/T homozygotes in
all analyses for both polymorphisms. Significance was set at p<0.05. All analyses were
performed using the Statistical Package for the Social Sciences (SPSS 20.0.0.1 for Mac;
SPSS Inc., Chicago, IL) or the software R (version 3.1.1, 2014, R Development Core Team,
Vienna/Austria).

Results

Demographical data of healthy volunteers and PD patients are represented in Table 1. The
distribution of ACCN2 genotypes was in Hardy-Weinberg equilibrium for both samples.
Genotypes did not differ with respect to sex and age and the duration of PD. The linkage
disequilibrium for the two variants was D’=84 in the healthy sample and D’=96 in PD
patients.

Table 1. Demographics of healthy volunteers and panic disorder (PD) patients.

N 55 52 56 51
Healthy ¢\ (% male) 21 29 20 30
volunteers
Age (SD) 23.70 (7.02) 23.83 (7.22) 24.04 (7.17) 23.45 (6.78)
N 90 93 91 86
Sex (% male) 40 38 36 42
PD patients
Age (SD) 36.06 (11.55) 36.22 (10.37) 36.18 (11.63) 36.31 (10.36)
Duration PD (years (SD)) 11.08 (11.30)  8.82 (9.84) 11.12 (11.31)  9.05 (10.07)

Self-reports to CO, inhalation in healthy volunteers

In healthy volunteers, no effect of the rs10875995 genotype on the change score
regarding VAS-F (p=0.264, Figure 1a), VAS-D (p=0.208, see supplementary Table S2 for all
means), and PSL (p=0.196) was present. No rs685012 genotype effect was found on VAS-F
(p=0.646, Figure 2a), VAS-D (p=0.131, see supplementary Table S3 for means), and PSL
ratings (p=0.453).
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Figure 1. Effects of CO, on the VAS-F ratings depending on the rs10875995 genotype. a) No effect of genotype
on the VAS-F was found in healthy subjects. b) In panic disorder (PD) patients, homozygous T-allele carriers
scored significantly higher than C-allele carriers. *p<0.05. Data represent means + SEM.
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Figure 2. Effects of CO, on the VAS-F ratings depending on the rs685012 genotype. a) No effect of genotype
was present in healthy subjects. b) In panic disorder (PD) patients, a trend towards a higher change score was
found in carriers homozygous for the T-allele in comparison with C-allele carriers. #0.05<p<0.1. Data represent
means + SEM.

Cardiovascular response to CO, inhalation in healthy volunteers

Healthy subjects homozygous for the T-allele of rs10875995 showed a significantly higher
AUC (p=0.043, see supplementary Table S4 for all means) and a tendency towards a higher
peak (p=0.089) of the systolic blood pressure after the CO, inhalation. Similarly, also the
AUC (p=0.049, Figure 3a) and the peak (p=0.030, Figure 3b) of the diastolic blood pressure
were elevated after inhaling CO, compared to C-allele carriers. No effect was found on any
outcome of heart rate (AUC p=0.357, peak p=0.698). With regard to rs685012, no effect
was present on any outcome (see supplementary Table S5).
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Figure 3. Effects of the rs10875995 genotype on the diastolic blood pressure in response to CO, in healthy
subjects. a) Homozygous T-allele carriers had a significantly higher area under the curve (AUC) after inhaling CO,
compared to subjects of the C/C and C/T genotype. b) The same effect was observed with regard to the peak
after inhaling co,. *p<0.05. Data represent means + SEM.

Self-reports to CO, inhalation in PD patients

In PD patients, subjects homozygous for the rs10875995 T-allele scored significantly higher
on the VAS-F in comparison with C-allele carriers (p=0.032, Figure 1b), whilst no effect of
genotype on reported PSL scores was found (p=0.388). With regard to rs685012, there
was a trend towards higher VAS-F ratings in subjects with the T/T genotype in comparison
with C-allele carriers (p=0.061, Figure 2b). No significant effect of ACCN2 genotype on PSL
scores was observed (p=0.519).

Secondary analysis: Respiratory cluster analysis in PD patients

We next analyzed the effect of genotype on the respiratory symptom cluster in the
response to the CO, challenge, as defined in a previous study. There was no main effect
of rs10875995 (p=0.659) or rs685012 genotype (p=0.889) (see Supplementary Tables S2
and S3 for all means).

Discussion

The neurobiological mechanisms underlying PAs are not yet fully understood. Here, we
show for the first time an association between two genetic variants in the ACCN2 gene,
selected based on prior data (Smoller et al., 2014), and CO, sensitivity in two human
samples (PD patients and healthy volunteers) and two types of outcome measures (self-
reports and cardiovascular physiology). More specifically, PD patients of the rs10875995
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T/T genotype scored higher on the VAS-F, and healthy subjects of the T/T genotype
displayed a higher systolic and diastolic blood pressure response to a CO, panic challenge
than C-allele carriers.

The ACCN2 gene is the human orthologue of the rodent gene encoding the pH-sensitive
ion channel ASIC1a, which was shown to be critically involved in conditioned (Wemmie
et al., 2003; Wemmie et al., 2004) as well as unconditioned, CO_-induced fear behavior
in mice (Ziemann et al., 2009). Therefore, ASICla is a prime candidate to be involved in
the molecular pathophysiology of panic in humans. To date, two previous human studies
investigated an association between the ACCN2 gene and PD. The first study (Hettema
et al., 2008) found a significant association, which could not be replicated in a second
larger sample. This is unsurprising as the focus of that study was on anxiety spectrum
disorders rather than on PD, samples were very heterogeneous and only a subset in fact
had PD. More recently, however, in a large case-control study, Smoller et al. (2014) found
a significant association between variants in ACCN2 with the diagnosis of PD as well as
a larger amygdala volume and heightened functional amygdala reactivity in a sample of
healthy C-allele carriers of the rs10875995 genotype. The authors suggested that this
observed association might reflect an increased sensitivity to a decrease in pH, secondary
to neuronal activity to process the visual emotional stimulus. The elevated sensitivity
would be associated with ACCN2 gene variants that contribute to a decreased threshold
for sensing acidosis. Furthermore, they speculated that “such activation would clearly be
less direct (and less intense) than that induced by a direct CO, inhalation”. Here, we provide
the effects of a 35% CO, panic challenge, showing an rs10875995 genotype effect on the
emotional as well as cardiovascular reactivity. In PD patients, VAS-F ratings were higher in
carriers homozygous for the rs10875995 T-allele compared to C-allele carriers, whereas
no effect was found in healthy volunteers. Although panic-like sensations can be reliably
induced with 35% CO, in healthy volunteers (Griez et al., 2007), PD patients on average still
show a higher sensitivity to the challenge (Colasanti et al., 2012). We have previously shown
that double vital capacity inhalation of 35% CO, in healthy volunteers induced a condition
complying with the formal criteria of panic in the current psychiatric nosology (Griez et al.,
2007). However, this constitutes a qualitative comparison. To date, a direct quantitative
comparison is still lacking. This might explain, together with the smaller sample size in the
healthy group, why the effect of genetic variation can be detected more easily in patients.
Further, in patients, a moderating effect of the ACCN2 genotype on VAS scores, but not on
reported bodily symptoms, may be explained by the finding that the VAS is a more specific
instrument than the PSL to measure reactivity to a 35% CO, challenge (Battaglia and Perna,
1995; Verburg et al., 1998). Similar effects were found for rs685012, which is likely caused
by the high correlation and linkage disequilibrium between the two variants.
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Given that PAs are accompanied by profound physiological symptoms, we also included
objective cardiovascular measurements in healthy volunteers to complement self-reports.
This is also relevant given that ASICla interacts with ASIC2, a channel implicated in
baroreceptor sensitivity and thus blood pressure regulation (Lu et al., 2009). In addition,
interaction of the two channels can shift the pH sensitivity (Wemmie et al., 2013). Therefore,
variants in the ACCN2 gene that potentially increase the pH sensitivity might be associated
with an elevated autonomic response. Consistent with an elevated emotional response
in patients of the T/T genotype, we also found a heightened cardiovascular response in
healthy T/T carriers. A logical next step would be to apply the validated measurements in
PD patients, which we did not obtain in the present study, possibly also in relationship to
variants in the human homologue gene encoding ASIC2. A further useful addition would
be the inclusion of respiratory measures, given the common respiratory symptoms during
PAs. Panic attacks with prominent respiratory symptoms have been proposed as a core
panic subtype (Roberson-Nay and Kendler, 2011) and the link between such a subtype
and ACCN?2 is a logical one. Accordingly, Smoller et al. (2014) showed a particularly strong
association between the ACCN2 genotype and the respiratory subtype in a secondary
analysis. We could not confirm this in the present study, possibly due to methodological
differences between the studies. We based our definition of a respiratory subtype on a
cluster of six PSL sub-items in response to the CO, inhalation, that we previously identified
using a principal component factor analysis (Colasanti et al., 2008), whilst Smoller (2014)
grouped patients depending on the predominance of certain symptoms during real-life
PAs, assessed via diagnostic interview.

Overall, the results of the present study extend previous data (Smoller et al., 2014),
although an important difference should be noted, i.e., that the present study showed
a stronger response in T/T allele carriers, whereas in the study by Smoller et al. (2014)
the C-allele was considered the risk allele. Observing opposite alleles associated with risk
disease between studies is a known phenomenon in association studies and is referred
to as “flip-flop phenomenon” (Lin et al., 2007). Although the exact cause is unknown it is
assumed that it occurs when the focus is on one genetic locus while in fact many genetic
variants or environmental factors, and their mutual interaction, contribute to complex
phenotypes such as neuropsychiatric disorders. In addition, in spite of similar ethnicities,
two populations can differ in terms of linkage disequilibrium between the two genetic
loci, leading to differences in the direction of the association between studies (Lin et al.,
2007). Moreover, Clarke and Cardon (2010) have calculated that the probability of finding
at random flip-flop associations is negligible. Therefore, this phenomenon may have
biological implications.

In addition, the examined phenotypes in the present study and in that of Smoller et al.
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(2014) are not entirely similar. In Smoller’s study, the C-allele was shown to be associated
with the diagnosis of PD and with amygdala volume and function, whereas the present
study showed a relationship between the T-allele and experimentally provoked fear/panic
sensations. The amygdala has been implicated in rodent (Ziemann et al., 2009) and human
(Holmes et al., 2012) fear behavior as well as in enhanced reactivity to emotional threats
in humans (Shin and Liberzon, 2010). Furthermore, altered amygdala structure and
functioning has been reported in PD patients (Kim et al., 2012). However, PD is a complex
disorder and consists of different aspects (PAs, anticipatory anxiety, and avoidance
behavior), which are likely subserved by different parts of the brain and not solely by the
amygdala. While the amygdala may be most important in the conditioning process leading
to avoidance behavior, the nature of PAs might be more related to other structures such
as the brainstem (Goossens et al., 2014). Therefore, focusing on a complex disorder
(diagnosis of PD) or a phenotype (response to CO,) might lead to different results.

Previously, we have proposed that PAs are caused by an acute metabolic disturbance of the
acid-base homeostasis as can be induced by inhaling CO, (Esquivel et al., 2009). Neurons
intrinsically sensitive to CO,/pH are located within many brain structures (Biancardi et
al., 2008; da Silva et al., 2011; Dean et al., 1990; Mulkey et al., 2004; Putnam et al., 2004;
Ziemann et al., 2009). Some of those structures most likely serve different functions such
as breathing as well as defensive behavior (Esquivel et al., 2009). The exact contribution of
these brain structuresin CO, sensitivity, sensing changes in pH and eliciting a fear and panic-
related behavioral response, is still elusive. Rodent research identified the amygdala as an
essential brain structure in this process (Ziemann et al., 2009). The association between
variants in ACCN2 and amygdala reactivity to visual emotional stimuli reported by Smoller
and colleagues (2014) further supports a role of the amygdala. However, that study did
not include CO, exposure. Significant evidence against a crucial role of the amygdala in the
behavioral and physiological response to a 35% CO, challenge was recently provided by a
study in patients with Urbach-Wiethe disease (Feinstein et al., 2013). These patients have
bilaterally dysfunctional amygdalae due to infiltration of hyaline. Based on the proposed
role of the amygdala, it was expected that these patients would show a reduced response,
in terms of self-reported negative affect, to CO,. However, contrary to expectations,
Urbach-Wiethe disease patients did experience a panic-like response to inhaling 35%
CO,, thus demonstrating that the amygdala is not required in the CO,-induced response.
As this study did not include functional imaging, not other candidate structures could
be investigated. We recently (Goossens et al., 2014) performed a functional magnetic
resonance imaging (MRI) study, demonstrating stronger brainstem activity in response to
inhaling CO, in PD patients compared to healthy volunteers. These results suggest that,
at least in humans, the brainstem is the principal brain area in sensing changes in CO,/
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pH. The neuronal molecular players that act as brainstem chemosensor have not yet
been identified, but as ASIC1a is expressed throughout the entire central nervous system
including the brainstem (Price et al., 2014), it is a likely candidate.

Future studies should address the relationship between variants in the ACCN2 gene and
the locus of brain activity in response to CO,. The aforementioned study (Goossens et
al., 2014) could not address this due to insufficient sample size for genetic analyses. In
addition, given the “flip-flop association” in the present study, in the future, other genetic
variants should be taken into account to map potential causative loci, and the functional
consequences of those variants should be investigated. Further, the exact effects of
inhaling CO, on brain pH in humans remain to be elucidated. In rodents, it was shown that
exposure to CO, decreases brain pH (Ziemann et al., 2009). In humans however, direct
evidence for such a CO,-induced brain acidosis is lacking. Indirect evidence is available,
provided by MRI studies showing that PD patients have a larger brain lactate response to
visual stimuli (Maddock et al., 2009) and after lactate infusion (Dager et al., 1999; Dager
et al., 1997), compared to healthy controls. Work in rodents showed that an increase in
lactate causes a decrease in brain pH (Erlichman et al., 2008), suggesting that a similar
effect may occur in humans. Combining CO, administration and MR spectroscopy, able to
non-invasively detect brain pH changes, may provide the lacking direct evidence.

The results of this study should be interpreted keeping in mind some potential limitations.
First, the different results between our study and Smoller’s investigation regarding the
direction of the genetic effect might be due to both studies investigating a non-causal
variant that is in high linkage disequilibrium with a not yet studied causal variant.
Second, in the present study we did not correct for multiple testing. However, given our
confirmatory and clear hypothesis-driven approach of two highly correlated variants, this
would be overly conservative. Moreover, converging translational and clinical evidence
strongly underscores a genuine effect of the gene in PD. Rodent studies showed that
ASICla is essential in the fear-related behavioral response to CO, exposure (Ziemann
et al., 2009). In line with this, Smoller et al. (2014) demonstrated an association of the
ACCN2 gene with the diagnosis of PD, an effect of the gene on amygdala size in healthy
volunteers, and an effect of the gene on amygdala function in (a subset of these) healthy
volunteers. To that, the present study adds an effect of the gene on physiological response
to CO, in healthy volunteers and an effect on the fear response to CO, in PD patients.
Third, we clustered C-allele carriers into one group instead of a possibly more sensitive
quantitative (0-1-2 alleles) approach, due to the low number of subjects homozygous for
C. Fourth, family history of PD was an exclusion criterion in the healthy volunteers group.
With hindsight, this may have led to the inclusion of a “hyper-normal” group, thereby
increasing the possibility of type Il error. This might explain the less homogeneous results
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in the healthy group. To increase the sensitivity on outcome measurements, future
studies should include samples with a larger variation in anxiety, such as individuals with
differential anxiety sensitivity or first-degree relatives of PD patients.

To conclude, the results of the present study extend on those of previous studies into the
mechanisms of panic and provide the first evidence for a relationship between the ACCN2
gene and the reactivity to a CO, panic challenge in humans. Thereby, the association
between the ACCN2 gene and PD is strengthened and the importance of investigating
both the role of variants in the ACCN2 gene in humans as well as ASIC1a in rodents in the
pathophysiology of panic is further supported. In the long-term, ACCN2 may become a
potential therapeutic target in the treatment of PD, a suggestion that is also supported
by rodent research in which pharmacological inhibition of ASICla reduced fear-behavior
(ziemann et al., 2009).
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Table S1. Clinical assessment in panic disorder patients. MADRS, Montgomery-Asberg Depression Rating Scale;

FQA, Fear Questionnaire subscale agoraphobia; PAS, panic and agoraphobia scale.

MADRS
FQA
PAS

13.13 (0.61)
17.02 (0.95)
22.07 (0.81)

Table S2. Effect of rs10875995 genotype on self-reports in healthy volunteers and panic disorder patients. Data
represent means (SEM).

Change in fear
Change in
discomfort
Change in panic
symptoms
Respiratory
cluster

35.07 (3.19)
46.27 (3.36)

13.45 (0.89)

29.88 (3.34)
40.23 (3.38)

11.79 (0.94)

0.264
0.208

0.196

36.13 (2.31)

12.80 (0.88)

8.13 (3.94)
(n=75)

43.01 (2.19)

13.84 (1.41)

8.41 (3.69)
(n=73)

0.032

0.388

0.659

Table S3. Effect of rs685012 genotype on self-reports in healthy volunteers and panic disorder patients. Data
represent means (SEM).

Change in fear
Change in
discomfort
Change in panic
symptoms
Respiratory
cluster

33.57 (3.17)
46.79 (3.11)

13.11 (0.88)

31.43 (3.41)
39.55 (3.63)

12.14 (0.94)

0.646
0.131

0.453

36.56 (2.32)

12.92 (0.92)

8.25(3.82)
(n=76)

42.72 (2.30)

13.72 (0.84)

8.34 (3.76)
(n=71)

0.061

0.519

0.889
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Table S4. Effect of rs10875995 genotype on cardiovascular outcome measurements in healthy volunteers.
Data represent means (SEM). AUC, area under the curve.

AUC 7610 (173.77) 8068 (138.44) 0.043
Systolic blood pressure

Peak 153 (3.01) 162 (3.15) 0.089

AUC 4589 (89.94) 4816 (68.69) 0.049
Diastolic blood pressure

Peak 97 (2.26) 104 (1.79) 0.030

AUC 4884 (107.67) 4743 (107.84) 0.357
Heart rate

Peak 109 (2.03) 108 (1.98) 0.698

Table S5. Effect of rs685012 genotype on cardiovascular outcome measurements in healthy volunteers. Data
represent means (SEM). AUC, area under the curve.

AuC 8015 (163.08) 7612 (152.61) 0.074
Systolic blood pressure

Peak 161 (33.69) 153 (23.08) 0.119

AuUC 4755 (73.65) 4621 (90.18) 0.249
Diastolic blood pressure

Peak 102 (1.96) 99 (2.24) 0.281

AUC 4694 (656.58) 4932 (793.43) 0.117
Heart rate

Peak 107 (14.86) 110 (11.77) 0.356
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Chapter 6

Abstract

Previous research implicated disturbances in the brain acid-base homeostasis and the
serotonergic (5-HT) system in the pathophysiology of panic disorder (PD). Inhaling
an excess concentration of carbon dioxide (CO,) represents a well-validated human
experimental model of panic attacks, the core symptom of PD. We previously showed
that the fear response to CO, is moderated by variants in the serotonin transporter (5-
HTT) gene and the amiloride-sensitive cation channel 2 (ACCN2) gene. ACCN2 is the
human homologue of the rodent gene encoding the acid sensing ion channel 1a (ASIC1a),
which is essentially involved in the behavioral fear response to CO, exposure in mice. A
missing link is the possibly functional relationship between the sensitivity to CO,, the 5-HT
system, and ASIC1a. As a follow-up of those previous studies, we investigated the effects
of CO, exposure on fear-related behavior and the cardio-respiratory response in wildtype,
hetero-, and homozygous 5-Htt knock-out mice. Quantitative real-time polymerase
chain reaction (qRT-PCR) was used to assess ASIC1A levels in various brain regions. CO,
exposure resulted in a marked fear-related behavioral response in the open field and the
two-chamber test, which was accompanied by a robust freezing response in comparison
with air exposure. Furthermore, homozygous 5-Htt knock-out mice showed more anxiety-
related behavior under air exposure in comparison with wildtype and heterozygous 5-Htt
mice, while they were less sensitive to exposure to CO,, the behavioral effects of which
were particularly observed in wildtype mice. The respiratory system was strongly activated
by CO,, whereas heart rate decreased compared to air exposure. No genotype effect was
observed at the cardiorespiratory system. ASIC1a levels are currently being assessed and
will be related to genotype and the response to air and CO, exposure. To conclude, CO,
is a robust fear-inducing stimulus, with most pronounced effects in wildtype mice, in line
with our previous human study. Ongoing analyses will show whether ASICla expression
is linked to the extent of fear-related behavior. In the long-term, ASICla may become a
target for the pharmacological treatment of PD.
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Introduction

Panic attacks (PAs) are the core symptom of panic disorder (PD) and represent a rare
psychopathological phenomenon that can be reliably induced in an experimental setting.
Some of the widely used panic provocation procedures acutely disturb the acid-brain
homeostasis (Esquivel et al., 2009). One of these is an inhalation with an increased
concentration of carbon dioxide (CO,). It has been repetitively shown that a heightened
CO,-sensitivity is relatively specific for PD (Griez et al., 1990; Kent et al., 2001; Perna et al.,
1994; Perna et al., 1999; Talesnik et al., 2007). However, when a higher concentration of
CO, is given, a similar fear response can also be triggered in healthy individuals (Griez et
al., 2007). Therefore, insights into the molecular basis of CO,-sensitivity may increase the
current understanding of the pathophysiology of PAs.

Important progress was made when rodent research demonstrated that the acid-sensing
ion channel 1a (ASIC1a) plays a critical role in the unconditioned behavioral fear response
to CO, exposure (Ziemann et al., 2009), in addition to being involved in acquired fear
behavior (Coryell et al.,, 2008; Wemmie et al.,, 2003; Wemmie et al., 2004). ASICla
belongs to the family of degenerin/epithelial sodium channels (for review see Sherwood
et al,, 2012) and is distributed widely throughout the brain (Price et al., 2014; Wemmie
et al., 2003). It is located in dendrites, dendritic spines, neuronal cell bodies (Wemmie
et al., 2002; Zha et al., 2009; Zha et al., 2006), as well as glial cells (Lin et al., 2010).
Upon activation by a drop in extracellular pH, ASIC1la becomes permeable to sodium and
calcium (Xiong et al., 2004; Yermolaieva et al., 2004), leading to membrane depolarization
and signal transduction (Wemmie et al., 2013). In addition, ASIC1a contributes to synaptic
plasticity, likely by interacting with Ca*/calmodulin-dependent protein kinase Il (CaMKII)
(zha, 2013).

Recently, the human analogue gene to ASIC13, i.e. the amiloride-sensitive cation channel 2
(ACCN2), has been associated with PD, amygdala volume as well as reactivity to emotional
faces (Smoller et al., 2014). As the underlying mechanism, a genetically determined
lowered threshold for detecting acidosis was proposed. However, in that study, no direct
experimental link to a change in pH was made. We (Leibold et al., submitted) provided
this missing link by using a technique similar to the one applied in rodents, namely a CO,
inhalation in PD patients and healthy individuals. Results showed a differential sensitivity
to CO,, depending on the ACCN2 genotype. These data put forward ACCN2 as a new prime
candidate for future research and potentially as a therapeutic target in the treatment of
PD.

In addition to a critical role of detecting and reacting to changes in pH, the effective clinical
use of antidepressants in the treatment of PD implies the involvement of the serotonergic
(5-HT) system (Batelaan et al., 2012). For instance, selective serotonin reuptake inhibitors
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(SSRIs) are the first-line pharmacological choice. SSRIs exert their effects by inhibiting
the serotonin transporter (5-HTT) (Ravindran & Stein, 2010), leading to prolonged 5-HT
signaling. Other medication includes tricyclic antidepressants, inhibiting both the uptake
of 5-HT and norepinephrine, and inhibitors of monoamine oxidase-A, the enzyme that is
responsible for the breakdown of 5-HT (Batelaan et al., 2012).

While research supports both a role of chemosensitivity and the 5-HT system in the
pathophysiology of PAs, experimental panic studies have also shown a link between both.
For instance, tryptophan depletion, a method to reduce brain 5-HT levels, increased the
fear response to a CO, inhalation in PD patients and healthy individuals (Miller et al., 2000;
Schruers and Griez, 2003; Schruers et al., 2000), whereas administration of a 5-HT precursor,
leading to increased brain 5-HT levels, reduced the panic response (Schruers et al., 2002).
We also showed that the dose-dependent fear reaction to CO, is moderated by a functional
polymorphism in the promoter region of the gene encoding the 5-HTT (5-HTTLPR), with
subjects homozygous for the L-allele reporting more fear than S-allele carriers at an
intermediate CO, concentration (Schruers et al., 2011). A remaining questions is which brain
structure links pH detection and the behavioral phenotypes associated with 5-HT system
(dys)function? Rodent research showed that several brain regions such as the amygdala
(Ziemann et al., 2009), the hypothalamus (Johnson et al., 2012; Williams et al., 2007),
and the brainstem (Brust et al., 2014; Richerson, 2004), all of which receive serotonergic
innervation, are sensitive to CO,. Recently, we demonstrated that, in humans, inhaling
CO, activates the brainstem (Goossens et al., 2014). In addition, on the molecular level,
it was shown that a large proportion of medullary and midbrain 5-HT neurons are highly
chemosensitive and tightly juxtaposed to large arteries, allowing an accurate monitoring of
arterial blood CO, levels (Richerson, 2004; Severson et al., 2003). As medullary and midbrain
5-HT neurons are known to regulate respiration and arousal, respectively (Richerson, 2004),
which are both associated with the symptomatology during a PA, it is plausible to consider
the brainstem as a key neuroanatomical structure in PD.

To date, it remains largely elusive which molecules act as chemoreceptors within the 5-HT
brainstem cells. ASIC1aseemsallikely candidate for this. Ziemann et al. (2009) demonstrated
in their study that the CO_-provoked behavioral fear response was dependent on ASICla
in the amygdala. However, ASICla is widely expressed in the brain (Wemmie et al., 2003),
including the brainstem (Price et al., 2014), which was not investigated in the study by
Ziemann and colleagues (2009).

The overall aim of the present study was to further explore the relationship between
differential chemosensitivity and the 5-HT system in view of PD. As translational follow-up
to our previous human study, showing a moderating effect of the 5-HTTLPR in CO_-induced
fear (Schruers, et al., 2011), wildtype (WT), hetero- (+/-), and homozygous (-/-) 5-Htt
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knock-out mice were exposed to CO, using an innovative and fully controlled CO, chamber,
allowing live monitoring during CO, exposure. The response to CO, was examined in terms
of anxiety- and fear-related behavior, and by monitoring the cardio-respiratory response.
To study whether behavioral differences were dependent upon ASICla, expression levels
were analyzed in regions of the fear circuit. Accordingly, we hypothesized that ASICla
is located within 5-HT brainstem cells, thereby providing a molecule that senses CO,
changes in 5-HT cells.

Experimental procedures

Assessment of anxiety- and fear-related behavior

Animals

In total, 84 male WT, 5-Htt +/-, and 5-Htt -/- mice (background C57BL/6) were housed
individually in ventilated cages within a temperature-controlled environment (21+1°C)
and under a reversed day/night cycle (12hr light/12hr dark cycle). Standard rodent chow
and water were provided ad libitum. From postnatal day 90 onwards, mice were subjected
to fear-related behavioral tasks. For this purpose, mice were divided over 6 experimental
groups (n=14/group): 1) WT mice exposed to 0% CO,, 2) 5-Htt +/- mice exposed to 0% CO,,
3) 5-Htt -/- mice exposed to 0% CO,, 4) WT mice exposed to 10% CO,, 5) 5-Htt +/- mice
exposed to 10% CO,, 6) 5-Htt -/- mice exposed to 10% CO,. All procedures of this study
were executed according to protocols approved by the Animal Ethics Board of Maastricht
University, the Netherlands.

Behavioral tests

Open field test

The set-up of the open field chamber was based on a previous study (Ziemann et al.,
2009), with several methodological improvements. It consisted of a transparent Plexiglas
square (50x50x40 cm), covered with a clear lid. CO, or air was infused using a gas infusion
port on the upper part of the box to avoid blowing, which may be aversive to mice. Two
holes at the opposite site prevented the building of overpressure. In addition, two CPU
fans (5x5 cm, 26 dB), fixed to the lid, were used to ensure a homogenous concentration
of the infused gas throughout the entire chamber. The CO, concentration was constantly
controlled using a 30% CO, Sampling Data Logger (CO, meter, Ormond Beach, FL, USA).
The floor was subdivided into a 30x30 cm central zone, 10x10 cm corners, and 30x10
cm walls. Mice were placed in the center of the chamber that was pre-filled with either
10% CO, or compressed air (i.e., 0% CO,; premixed gas tanks obtained from Nederlandse
Technische Gasmaatschappij B.V., Landgraaf, the Netherlands) depending on the
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experimental group. Movements were scored automatically with a computerized system
(Ethovision Color Pro, Noldus, the Netherlands) for 20 min. Time spent in the different
zones and total distance moved were analyzed. All behavioral testing was performed
under low light conditions and by an investigator blind to genotype.

Two-chamber test

The apparatus consisted of two Plexiglas chambers (each 50x25 cm with 40 cm high walls)
that were connected by an open door (3.5x3.5 cm) to allow free crossing, whilst limiting
mixing of the gasses between the chambers. Each chamber had a gas infusion port, a
hole to prevent overpressure, and a CPU fan (5x5 cm, 26 dB) to ensure a homogenous
concentration throughout the entire chamber.

For mice subjected to CO, exposure, one chamber was pre-filled with 10% CO, and the other
one with air (premixed gas tanks obtained from Nederlandse Technische Gasmaatschappij
B.V., Landgraaf, the Netherlands). For mice assigned to air exposure, both chambers were
filled with air. The concentration of CO, was continuously controlled using a 30% CO,
Sampling Data Logger (CO, meter, Ormond Beach, FL, USA; a steady state of 9% and 2%
was reached in case of CO, administration). The chamber that was filled with CO, and the
chamber in which mice were placed were randomized. Movements, number of crossings,
and time spent in each part were automatically scored with a computerized system across
animals (Ethovision Color Pro, Noldus, the Netherlands) for a period of 10 min.

CO -evoked freezing

Freezing, defined as absence of any movements apart from respiration, was scored by
a trained observer. Freezing is considered to reflect fear-related behavior in rodents
(Mongeluzi et al., 2003).

Stress-induced plasma corticosterone secretion

To assess the hypothalamo-pituitary-adrenal (HPA) axis responsiveness to stress, plasma
corticosterone levels were determined. Immediately after taking the mice from the home
cage, the first blood sample was drawn via saphenous vein puncture (basal level) using
heparinized blood collection tubes (Microvette CB300, Sarstedt, Germany). Then, mice —
remaining in their home cage — were exposed to 10% CO, for 20 min, after which a second
blood sample was drawn (stress level). Blood samples were kept on ice and centrifuged at
2000 g for 10 min at 4°C. Plasma was collected and stored at -80°C until further processing.
Corticosterone levels were analyzed using radioimmunoassay. An ImmunuChem Double
antibody corticosterone ?°| RIA Kit for rodents (MP Biomedicals, Orangeburg, NY, USA)
was used according to the manufacturer’s instructions. Per sample 5 ul plasma was
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diluted in steroid diluents (1:100 for basal samples and 1:200 for stress samples). Fifty
ul of corticosterone **°l and 100 ul anti-corticosterone were added per 50 ul of diluted
sample, after which the tubes were incubated for 2 h at room temperature. Then, 250
ul precipitant solution was added to each sample and subsequently centrifuged at 2300
rpm for 15 min. After removing the supernatant the precipitation was counted in a Wizard
gamma counter 2470 (PerkinElmer, Waltham, MA, USA).

Assessment of the cardio-respiratory response

Animals

Based on the results of behavioral testing, and in light of clinical relevance and logistic
considerations, male WT and 5-Htt +/- knock-out mice (background C57BL/6, n=20/
genotype) were housed in pairs of the same genotype within a temperature-controlled
environment (2521°C) and under a reversed day/night cycle (12hr light/12hr dark cycle).
Animals had access to standard rodent chow and water ad libitum. All procedures were
approved by the Institutional Animal Care and Use Committee at Yale University, New
Haven, CT, USA.

Breathing and heart rate recordings

Breathing and heart rate were recorded simultaneously in a custom-made whole body
Plexiglas chamber (350 cm3), to which mice were habituated for 30 min (with room
air infusion) before starting the actual experiment. Measurements were obtained for
exposure to air for 20 min, followed by 9% CO, for 10 min. Flow rates were controlled with
a digital flowmeter (0.4 liter/min; WU-32446-33, Cole-Parmer, Inc., Hoffman Estates, IL,
USA). Breathing was measured using a low pressure transducer (DCO02NDR5; Honeywell
International, Inc.; Minneapolis, USA) that was fitted to the recording chamber. Pressure
oscillations induced by breathing were calibrated with 150 pulses/min (300 ul). Heart
rate was measured non-invasively using two electrodes placed on the sides of the shaved
thorax. The electrodes were connected to an amplifier (Model 440 Instrumentation
Amplifier, Brownlee Precision Co., San Jose, USA). Ambient temperature (temperature
(BAT-12 microprobe, Physiotemp Instruments, Inc., Clifton, USA) and relative humidity
(HIH-4602-A sensor; Honeywell International, Inc., Minneapolis, USA) within the chamber
were recorded throughout the entire experiment. Immediately after the experiment,
the animal’s temperature was measured rectally (BAT-12 microprobe, Physiotemp
Instruments, Inc., Clifton, USA). Signals were digitized (PCI-6221 or USB-6008 National
Instruments Corp., Austin, TX, USA) and displayed in Matlab (version R2011b, Mathworks
Co., Natick, MA, USA) with a custom-written acquisition program. Assessments were
made under low-light conditions.
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Brain processing

At postnatal day 120, mice were sacrificed. Brains were dissected out, freshly frozen, and
stored at -80°C. Brains of half of the animals per group (n=7/group) used for behavioral
testing were processed for quantitative ASICla expression analyses. For this purpose, the
hippocampus, the amygdala, the dorsal raphe nucleus region, and the periaqueductal
gray (PAG) were dissected by two investigators. To ensure homogeneity a particular region
was done by the same investigator in all mice and the order of mice was randomized.

RNA extraction

Frozen tissue was incubated with 500 ul QlAzol lysis reagent for 5 min and homogenized
in a Tissuelyser (20 Hz, 1 min; Qiagen, Hilden, Germany). After subsequent incubation
with 100 ul trichlormethan/chloroform (Carl Roth, Karlsruhe, Germany) for 5 min, tubes
were centrifuged (5 min, 14°C, 12,000 rpm). The water phase was mixed with 250 ul 70%
ethanol. For the following washing steps, and DNase treatment to remove genomic DNA,
the protocol of the RNeasy Mini kit (Qiagen, Hilden, Germany) was followed accordingly
to the manufacturer’s instructions.

For assessing RNA yield and quality, concentrations and AZGO/Zgoand A g3 Fatios were
measured using a Nano-Drop® ND-1000 spectrophotometer (peglab, Erlangan, Germany).
An additional quality check was done using the Experion™ RNA StdSens Analysis kit and
the Experion gel electrophoresis system (Bio-Rad Laboratories, Inc., Munich, Germany)
accordingly to the instructions of the manufacturer. RNA integrity was checked by agarose
gel electrophoresis, stained with ethidium bromide.

cDNA synthesis and quantitative real-time polymerase chain reaction (qRT-PCR)

Extracted RNA was converted to cDNA using iScript™ cDNA Synthesis kit (Bio-Rad
Laboratories, Inc., Munich, Germany). ASICla expression was quantitatively assessed
by means of quantitative real-time polymerase chain reactions (qRT-PCR). For this
purpose, 900 ng of cDNA for hippocampus and 450 ng for the amygdala, the dorsal
raphe region, and the PAG were analyzed with the use of the SYBR® Select Master Mix
(applied biosystems, Carlsbad, USA) in a RT-PCR cycler (Bio-Rad, Munich, Germany).
Reactions were performed in duplo and normalized to the following housekeeping
genes: CTCF, GDI2, GJA, and SNIP. Specific primers for ASICla were designed with the
NCBI designing tool Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and produced by metabion international AG (Martinsried, Germany). Primers had the
following sequences: sense strand 5’-GAGCAGGGCATGACATTCGA-3’ and anti-sense strand
3’-TGGCCCGAGTTGAATGTGTA-5". Data were analyzed with the gBase Plus2 Software
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(Biogazelle NV, Zwijnaarde, Belgium) and normalized to the two most robust reference
genes. Both protocols were in accordance with the manufacturer’s instructions.

Statistical analysis

Data are represented as mean + standard error of the mean (SEM). Behavioral data were
analyzed using 3x2-way analysis of variance (ANOVA) to assess interaction effects of
genotype (WT, 5-Htt +/- or 5-Htt -/-) and exposure (CO, or air), which were followed by
separate ANOVA and post-hoc Tukey tests. Data of the two-chamber test were additionally
analyzed within exposure condition. Corticosterone levels were In-transformed before
using repeated measures ANOVA and separate ANOVAs for distinct time points. gRT-PCR
data will be linked to the behavioral performance using ANOVA.

With regard to physiological parameters, about 400 breathing-induced pressure changes
were analyzed using the second half of each gas exposure. Artifacts due to moving,
coughing, sniffing, and sighs were excluded. Animal temperature and body weight were
included to calculate tidal volume (amplitude) and ventilation. Heart rate was analyzed
in terms of 30 sec of the second half of each gas exposure and the quick peaks gadget
in Origin 9.0 (Origin Lab Corp., USA). Data were In-transformed before analyzed using
repeated measures ANOVA. Statistical significance was considered as p<0.05. All analyses
were done using the Statistical Package for the Social Sciences (SPSS 20, Inc., Chicago, IL,
USA).

Results

Anxiety- and fear-related behavior

Open field test

In the open field test, regarding total distance moved, significant overall effects of
genotype (p<0.001), exposure (p<0.001), and a genotype x exposure interaction (p<0.001)
were observed (Figure 1a). Post-hoc analysis showed that within genotypes, CO, exposure
strongly reduced the distance covered compared to air exposure (p<0.001). In addition,
when exposed to air, 5-Htt -/- mice covered less distance in comparison with both WT
animals and 5-Htt +/- mice (p<0.001), while there was no genotype difference when
exposed to CO, (p=0.985 and p=0.837, respectively).

With regard to time spent in center (Figure 1b), there was no overall genotype effect
(p=0.149), but a significant exposure effect (p=0.008) and a genotype x exposure
interaction (p=0.011). Post-hoc follow-up revealed that CO, exposure decreased the time
spent in the center zone within WT mice only (p=0.003). Furthermore, the duration spent
was shorter in 5-Htt -/- air-exposed mice compared to WT air-exposed mice (p=0.022),
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indicative of relatively more anxiety- and fear-related behavior in 5-Htt -/- mice. However,
under CO, exposure, 5-Htt -/- and 5-Htt +/- mice showed descriptively less fear-related
behavior when compared to WT animals as indicated by spending more time in the center
zone (p=0.884 and p=0.603), respectively.

Moreover, with regard to freezing, overall analysis showed that there was no overall
main effect of genotype (p=0.933), but of exposure (p<0.001). The interaction genotype
x exposure was not significant (p=0.229). When exposed to CO,, mice showed a robust
freezing response in comparison with air exposure (Figure 1c), reflecting fear-related
behavior (Mongeluzi et al., 2003).
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Figure 1. Assessment of the behavioral performance in the open field test. a) While under air exposure, 5-Htt
-/- mice covered less distance than the other groups, exposure to CO, significantly reduced the total distance
moved in all genotypes. b) During air exposure, 5-Htt -/- mice spent less time in the center zone in comparison
with WT mice. Time spent in center was reduced in WT animals when exposed to CO, compared to air, whereas
exposure to CO, did not affect time spent in the center in 5-Htt +/- and 5-Htt -/- mice. c) CO, exposure resulted
in a robust freezing response compared to air exposure. Bars represent mean + SEM. WT, wildtype mice; +/-,
heterozygous 5-Htt knock-out mice; -/-, homozygous 5-Htt knock-out mice. *p<0.05, ***p<0.001; same letters
indicate a difference of p<0.001.

Two-chamber test

In the two-chamber test, with one chamber filled with CO, and one with air, or both filled
with air, overall effects of genotype (p=0.005), exposure (p<0.001), and an interaction
of genotype x exposure (p=0.043) on total distance moved were present (Figure 2a). In
line with the open field test, when exposed to co, the distance covered was significantly
reduced in all genotypes when compared to air exposure (p<0.001). Again, under
air exposure, 5-Htt -/- mice travelled less than WT mice (p=0.006) and 5-Hit +/- mice
(p=0.012), a difference that disappeared when exposed to CO, (p=1.000 and p=0.936,
respectively).
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Further, genotype did not significantly affect the number of crossings between the
chambers (p=0.559; Figure 2b). There was an overall exposure effect (p<0.001), but not a
genotype x exposure interaction (p=0.549). Within all genotypes, the number of crossings
was reduced under CO, exposure compared to air exposure (p<0.001).

Regarding time spent in each chamber, when both chambers were filled with air, there was
no overall effect of genotype (e.g., left chamber p=0.653). Likewise, when one chamber
was filled with CO,, there was no genotype difference in the duration spent in the CO,
chamber (p=0.253).

As in the open field test, overall, there was no genotype effect (p=0.286), but a significant
exposure effect (p<0.001), and a genotype x exposure interaction (p=0.006) on the total
freezing duration (Figure 2c). Post-hoc analyses showed that within genotype, both WT
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Figure 2. Assessment of the behavioral performance in the two-chamber test. a) The total distance moved was
strongly reduced under CO, exposure. 5-Htt -/- mice covered less distance than WT and 5-Htt +/- mice during air
exposure. b) Under CO, exposure the number of crossings was significantly lower than during air exposure. c)
When exposed to air, no genotype differences were found. When exposed to CO,, a marked freezing response
was observed in WT and 5-Htt +/- mice only compared to air-exposed mice. d) The percentage of time spent
freezing per chamber indicated that WT and 5-Htt +/- mice froze longer in the chamber filled with CO, than 5-Htt
-/- mice. No effect was found within the chamber filled with air. Bars indicate mean + SEM. WT, wildtype mice;
+/-, heterozygous 5-Htt knock-out mice; -/-, homozygous 5-Htt knock-out mice. ***p<0.001; a, d, difference of
p<0.05; b, c, difference of 0.05<p<0.1.
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and 5-Htt +/- mice froze significantly more under CO, exposure than mice exposed to air
(p<0.001), which was marginally not the case for 5-Htt -/- mice (p=0.052). When exposed
to CO,, 5-Htt -/- mice froze less than WT mice (p=0.027) and displayed a similar tendency
compared to 5-Htt +/- mice (p=0.071). Separate analyses for within exposure revealed a
genotype effect in the CO, chamber in animals exposed to CO, in one chamber and to air
in the other (p=0.029). Post-hoc follow-up showed that 5-Htt -/- mice froze less than WT
mice (p=0.039) and tended to have a shorter freezing duration in the CO, chamber than
5-Htt +/- mice (p=0.079).

Evidently, the freezing duration influences the time spent in a particular chamber. To
correct for this, the percentage of time spent freezing per chamber was calculated for
mice exposed to CO, (Figure 2d). Within the CO, chamber, an overall effect of genotype
was found (p=0.016). Post-hoc analysis revealed that the percentage freezing tended to be
lower in 5-Htt -/- mice compared to WT (p=0.057) and was significantly lower than in 5-Htt
+/- mice (p=0.020). No overall genotype effect was found in the air chamber (p=0.469).

Stress-induced plasma corticosterone secretion

Repeated measures ANOVA on plasma corticosterone levels under basal conditions and
after CO, exposure for 20 min showed no genotype effect (p=0.359), but a significant
condition effect (p=0.002; Figure 3), with increased levels after CO, exposure. There was
no interaction effect of genotype and condition (p=0.925). Analysis of the distinct time
points showed no genotype differences in corticosterone levels (basal p=0.247; stress
p=0.166).
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Figure 3. Plasma corticosterone secretion during basal conditions and after exposure to 10% CO, for 20
min (stress). CO, exposure strongly increased corticosterone levels in mice of all genotypes (#, condition
effect p=0.002). Bars represent means + SEM. WT, wildtype mice; +/-, heterozygous 5-Htt knock-out mice; -/-,
homozygous 5-Htt knock-out mice.
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ASICla expression (in progress)
gRT-PCR analysis to determine ASICla expression is currently in progress. Levels will be
linked to genotype and performance during behavioral testing.

Breathing and heart rate recordings

Analyzing the behavioral response of WT and 5-Htt +/- mice only, i.e. excluding 5-Htt -/-
mice, revealed a significant genotype x exposure interaction (p=0.047) on the time spent
in the open field test, with WT animals spending less time in the center when exposed

Figure 4. Respiratory and cardiovascular monitoring during exposure to air and CO,. a) Schematic representation
of a 2 sec epoch of pressure-induced changes to assess breathing frequency and tidal volume (amplitude) during
inhaling air (top) and CO, (bottom). b, c) CO, strongly increased breathing frequency (b) and tidal volume (c;
corrected for bodyweight) in comparison with air exposure. d) Heart rate decreased during inhaling CO,. No
genotype effect was present in any outcome measurement. Bars represent mean + SEM. WT, wildtype mice; +/-,
heterozygous 5-Htt knock-out mice. ***p<0.001.
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to CO, compared to air-exposure, while there was no difference in 5-Htt +/- animals.
Therefore, and in light of clinical relevance and logistic considerations, the cardio-
respiratory response was assessed in WT and 5-Htt +/- mice only.

Repeated measures analysis showed that regarding breathing frequency, no main effect
of genotype (p=0.178) and no genotype x exposure interaction were present (p=0.276,
Figure 4). However, a strong overall exposure effect was observed (p<0.001), with an
increased breathing frequency during CO, compared to air exposure. Similarly, overall,
tidal volume was not affected by genotype (p=0.446), but by exposure (p<0.001), and a
tendency towards an interaction of both (p=0.078). CO, appeared to increase tidal volume
in comparison with air exposure. Further, there was no overall effect of genotype (p=0.295)
and no genotype x exposure interaction (p=0.111) on ventilation (see Supplement Table
1 for means + SEM). However, a main effect of exposure was present (p<0.001), with
increased ventilation when exposed to CO, compared to air. With regard to heart rate,
there was no genotype effect (p=0.481), but overall, CO, exposure decreased the mean
heart rate compared to air exposure (p<0.001). No interaction of genotype x exposure
was observed (p=0.143).

Discussion

In the present study, as translational follow-up to our previous study in humans showing
a differential fear response to CO, depending on the 5-HTTLPR genotype (Schruers et al.,
2011), we further investigated the relationship between chemosensitivity and the 5-HT
system by exposing WT, 5-Htt +/-, and 5-Htt -/- mice to CO,. In brief, it was shown that CO,
induces a robust fear-related behavioral response, with 5-Htt +/-, and particularly 5-Htt
-/- mice, showing less fear than WT mice. Analyses regarding ASIC1a are currently ongoing
and will be linked to behavioral performance.

CO, exposure is a stressful stimulus that induces fear-related behavior and a
pronounced cardio-respiratory response

The acid-base homeostasis within the body is tightly regulated. CO, is continuously
produced as end-product of the carbohydrate metabolism, but readily buffered by the
bicarbonate system. However, CO, exposure, causing a robust increase in the CO, level,
has been shown to be associated with a drop in brain pH in rodents (Schuchmann et al.,
2006; Ziemann et al., 2009; Ziemann et al., 2008). Such a shift in the acid-base balance can
have life-threatening consequences, leading to emotional and physiological responses.

In line with this, exposure to CO, induced a robust fear-related behavioral response. More
specifically, total distance moved and, additionally in the two-chamber test, frequency
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of crossings were strongly decreased in comparison with air exposure. In addition, in the
open field test, under CO, exposure, the duration spent in the center zone, an outcome
measurement that is relatively independent on locomotor activity, was strongly reduced
in WT mice. Such a CO,-induced behavioral phenotype confirms previous reports in
rodents (Johnson et al., 2011; Johnson et al., 2012; Ziemann et al., 2009). In addition with
the marked freezing response in all behavioral tests, considered to reflect fear-related
behavior (Mongeluzi et al., 2003), this further emphasizes the robust fear-inducing effects
of CO,,.

Moreover, in the open field test, when exposed to air, 5-Htt -/- mice showed more anxiety-
related behavior concerning distance moved in comparison with WT and 5-Htt +/- mice. In
presence of CO,, however, this difference disappeared. A similar pattern was observed with
regard to time spent in center, indicating that 5-Htt -/- mice display more anxiety-related
behavior under basal conditions, while they are hyposensitive to CO, when compared to
WT mice. WT mice, in turn, appear to be particularly sensitive to the fear-inducing effects
of CO,, as demonstrated by the highly significant reductions in distance moved as well as
the time spent in the center zone.

In the two-chamber test, with one chamber being filled with CO,, it is assumed that mice
spend more time in the chamber filled with air to avoid the fear-inducing effects of CO,
(Ziemann et al., 2009). Unexpectedly, we did not observe this effect, in contrast with a
previous study in mice, in which WT mice spent about 90% of the time in the chamber
filled with air (Ziemann et al., 2009). This discrepancy can be explained by the immense
freezing response observed when CO, was used in one chamber in the present study,
which prevented the animals from leaving the CO, chamber. This notion is also supported
by the strongly reduced crossing frequency between both chambers in the presence of
CO,. Noteworthy, the total freezing duration was increased under CO, exposure in WT and
5-Htt +/- mice only. Altogether, 5-Htt -/- mice seem to perform relatively better under a
stressful stimulus such as CO, compared to the other genotypes.

The observed increase in plasma corticosterone further emphasizes the stressful nature of
CO, exposure. There was no genotype difference, implying that differences in behavioral
performance are not primarily dependent on HPA axis reactivity.

Furthermore, the effects of air and CO, exposure on the cardio-respiratory system were
explored. The respiratory system was strongly activated by CO,, while heart rate decreased
in comparison to air exposure. In mammals, the partial pressure of CO, is the main drive
for respiration. As an altered pH within the body can lead to a functional disturbance,
the acid-base balance is readily restored by the bicarbonate buffer system and triggering
adaptive physiological responses such as increasing the breathing rate to expirate excess
CO,. In addition to this effect, in the present study, we observed an elevated tidal volume
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in response to CO,. In the framework of panic, these results are consistent with those
previously reported in freely moving rats (Annerbrink et al., 2003) as well as phrenic nerve
recordings of anesthetized rats under CO, exposure (Dumont et al., 2011). Furthermore,
we did not observe any genotype difference. Previous studies showed that 5-Htt -/- mice
(Li and Nattie, 2008) and mice lacking more than 99% of central 5-HT neurons (Zhao et al.,
2006) had a blunted breathing response to CO, compared to WT mice. This contradictory
finding (i.e., both an increase as well as absence of extracellular 5-HT associated with
a reduced ventilatory response to CO,) might be explained by an enhanced negative
feedback of 5-HT,, autoreceptors on 5-HT cells in 5-Htt -/- mice, leading to an impaired
respiratory response to CO,. In this study, we did not assess breathing in 5-Htt -/- mice.
Possibly, the lack of a genotype difference between WT and 5-Htt +/- mice is caused by
5-HT neurons sufficiently acting as chemosensors and initiating an adaptive response
(Richerson, 2004), independent of 5-HT availability, or that the difference in extracellular
5-HT availability is functionally not large enough to exert effects in this respect. Moreover,
under CO,, a decrease in heart rate was observed, possibly compensatory to an increase
in blood pressure, which, however, was not measured in this study as monitoring blood
pressure in freely moving animals requires prior surgery.

Overall, CO, triggered a marked fear-related behavioral response, particularly in WT mice.
With regard to several outcome measurements, there was no genotype effect. It might
be assumed that a ceiling effect prevented revealing subtle genotype effects and that
a lower CO, concentration would be less intensive. However, for instance, in the two-
chamber test in both studies presented, a steady state of 9% CO, was reached, which is
lower than the reached concentration of 15% CO, in the study by Ziemann et al. (2009).
In addition, care was taken to use an optimized methodological approach, including
fans to homogenize the air, continuous measurement of the CO, concentration, and a
randomization regarding side of CO, administration and side, in which mice were placed
at the beginning of the test. A difference to the set-up used by Ziemann et al. is the size of
the chamber. Possibly, the larger box in our study in combination with CO, exposure was
too intense. An additional factor that contributes to variability between studies may be
the differences in genetic background of the mice.

Integrating the behavioral and cardio-respiratory effects of CO, exposure in rodents
with human CO, panic studies

In humans, the use of a CO, inhalation as experimental panic-stimulus is well established
(for review see Leibold et al., accepted). It has been demonstrated that the fear and panic
symptoms associated with naturally occurring PAs in PD patients can also be provoked
in healthy individuals by an increased concentration of CO, (Griez et al., 2007), which is
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suggestive of a role of pH changes in panic as well as the involvement of fundamental
neurobiological mechanisms.

Increasing evidence implies a role of the 5-HT system, including the 5-HTTLPR, in
chemosensitivity and panic. In human studies, healthy individuals homozygous for the
L-allele of the 5-HTTLPR were hyperreactive to a CO, inhalation (Schmidt et al., 2000;
Schruers et al., 2011). Despite that no such association was found in PD patients (Perna
et al., 2004), which may be due to a relatively small sample size for such a heterogeneous
disorder, the LL genotype may be considered as hypersensitive. In line with this, overall,
WT mice showed the most pronounced fear-related behavioral response to CO,.

On the molecular level, the 5-HTTLPR is a functional polymorphism that alters the
transcriptional activity of the 5-Htt gene. More specifically, the expression of the 5-HTT is
about two times higher in the L-allele compared to the S-allele (Nakamura et al., 2000).
A higher expression of 5-HTT leads to a relatively faster 5-HT re-uptake and therefore
shorter availability of 5-HT in the synaptic cleft. As it has been proposed that 5-HT exerts
inhibitory actions on the brainstem and thereby panic-related responses (Graeff, 1991;
Graeff and Zangrossi, 2010), a relatively high expression of 5-HTT, as it is the case in humans
of the LL genotype, is associated with less serotonergic inhibition on a panic response.
In line with this, CO, induced a fear-related behavioral response in WT mice, which was
more pronounced than in 5-Htt -/- mice that have a relatively longer availability of 5-HT
to inhibit panic-like responses. This function of 5-HT is consistent with the repetitively
reported clinical effects of 5-HT agents such as SSRIs (Baldwin et al., 2014; Batelaan et
al., 2012; Maron and Shlik, 2006) and experimental studies showing that depletion of
the 5-HT precursor tryptophan increases the fear response to a CO, inhalation (Schruers
et al., 2000), while administration of a 5-HT precursor blunts the CO,-induced response
(Schruers et al., 2002). Therefore, the current data further support a substantial impact
of the 5-HT system on panic and show corresponding effects between the animal model
used in this study and previous effects reported in humans.

With regard to the cardio-respiratory response, in mice, we observed an increase in
respiratory parameters such as breathing frequency and tidal volume, while heart rate
was decreased during CO, exposure. An activation of the respiratory system is in line
with previous human experimental studies (Blechert et al., 2010; Bystritsky and Shapiro,
1992; Gorman et al., 1990; Sasaki et al., 1996), although not regarding all aspects due to
methodological limitations (e.g., Gorman et al., 1990, not finding an increased breating
rate). To date, there is no entirely consistent pattern in the reported cardiovascular
response to a CO, inhalation (Bailey et al., 2005; Martinez et al., 1998; Richey et al., 2010).
However, more recent studies using advanced technical equipment showed an immediate
activation, with an increase in blood pressure (e.g., Bailey et al., 2005; Leibold et al.,
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2013) and a, potentially compensatory, decrease in heart rate (Leibold et al., submitted-a;
Verschoor and Markus, 2011). Although blood pressure was not included in this study to
the invasiveness nature of commonly used procedures, the reduction in heart rate during
CO, exposure in mice in this study is in line with human reports.

Altogether, behaviorally, WT mice were most reactive to CO,, whilst there was no genotype
difference on the physiological level. Overall, the CO,-induced behavior and physiological
response in mice reflects the one observed in humans relatively well. Therefore, this
rodent study offers the opportunity to complement human research in order to increase
the insights into the neurobiological underpinnings of chemosensitivity and panic than
cannot be fully studied in humans.

ASICla and the link with the 5-HT system in CO,-induced fear

Theinterestin ASIClain the framework of CO,-sensitivity and panicis based on the seminal
study by Ziemann et al. (2009), in which they demonstrated that ASIC1a is a key player
in sensing pH changes and in the subsequent adaptive behavioral fear response to CO,
exposure. In arecent human study, an association between variantsin the orthologue gene
ACCN2 and the diagnosis of PD as well as amygdala reactivity to the visual presentation
of emotional faces was found (Smoller et al., 2014). We complemented that study by
showing that the fear response to a CO, inhalation is moderated by those variants in
the ACCN2 gene (Leibold et al., submitted). As previously mentioned, ample evidence
supports a role of the 5-HT system in panic. The link with ASIC1a, however, has not been
investigated yet. Therefore, integrating these data may provide important insights into the
mechanisms underlying differential CO,-sensitivity and the pathophysiology of PD.

As there is no consensus about the neurobiological key structure in CO_-provoked fear, we
are currently assessing the localization of ASIC1la and its expression in various regions of
the fear circuit. In the study by Ziemann et al. (2009), the amygdala was emphasized as the
key player in the behavioral fear response to CO, in mice. However, in humans, contrary to
expectations, Urbach-Wiethe disease patients with a bilaterally dysfunctional amygdala
experienced a marked fear response to inhaling CO, (Feinstein et al., 2013), indicating
that the amygdala may not be the sole key structure in the response to CO,. In support
of this notion, in a recent study in our lab (Goossens et al., 2014), we demonstrated that
inhaling CO, specifically activates the brainstem, to a greater extent in PD patients than in
healthy individuals. As a subset of brainstem 5-HT cells was shown to be highly sensitive
to changes in pH (Brust et al., 2014; Richerson, 1995; Severson et al., 2003; Wang et al.,
1998) and increases its firing rate about 300% when the pH drops about 0.2 units to 7.19
(Wang et al., 1998), the link between pH detection and behavioral phenotypes associated
with 5-HT system dysfunction may be the brainstem. An unresolved question is which
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molecule serves as the primary chemoreceptor within 5-HT cells? In this respect, ASICla
is a candidate: Its expression is not limited to the amygdala, but was observed throughout
the brain including brainstem nuclei (Price et al., 2014). Therefore, we will determine
whether ASICla co-localizes with brainstem 5-HT cells and will correlate expression
levels in brainstem nuclei (i.e., dorsal raphe region and PAG) as well as structures of the
fear circuit (e.g., amygdala) to genotype and behavioral performance under CO, and
air exposure. ASICla and the 5-Htt genotype may interact to increase proneness to a
hypersensitivity to CO, and PAs.

Future directions and conclusion

A body of research implicates differential chemosensitivity in the pathophysiology of PAs
and PD. Both rodent and human research emphasizes a potential role of ASIC1la and the
ACCN2 gene, respectively, in addition to a contribution of the 5-HT system in this respect.
To date, in humans, there is no direct experimental evidence whether inhaling CO, causes
a drop in brain pH as it has been shown in rodents (Ziemann et al., 2009; Ziemann et al.,
2008). Magnetic resonance spectroscopy provides a useful and non-invasive tool for this
purpose. Furthermore, in the present study, we hypothesized that the brainstem is the
key structure in this respect. In a next conceptual step, in humans, it should be assessed
whether variants in the ACCN2 gene, possibly in interaction with the 5-Htt genotype, are
associated with differences in the locus and level of brain activity in response to inhaling
CO,. In this respect, it is also important to characterize the genetic variants regarding
their functional consequences. Given the limitations in human research to explore the
molecular mechanisms in the pathophysiology of a disorder, rodent research can be a
useful addition. For instance, exploring whether inhibition of ASIC1a reduces the response
to CO,, depending on the 5-Htt genotype, may lead to a more targeted treatment approach
in humans in the long-term. As in this study the general direction of the behavioral and
physiological response of mice to CO, resembled the one in humans, with WT mice
being most sensitive to CO,, this approach provides the opportunity to further unravel
the role of ASIC1a and the 5-HT system in chemosensitivity and the pathophysiology of
PD, eventually contributing to new potential therapeutic targets and a more personalized
treatment strategy in PD.
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Supplement

Table 1. CO,-induced changes in cardio-respiratory measurements. Values represent mean (SEM). WT, wildtype; 5-Htt +/-, heterozygous 5-Htt knock-out mice.

Outcome

Breathing Frequency Ventilation (ml/g/min) Heart rate (beats/min)
Genotype Air
WT 250 (19) 363 (23) 0.14 (0.09) 0.25 (0.15) 37.18 (23.99) 93.26 (55.31) 623 (38) 533 (34)
5-Htt +/- 224 (17) 354 (21) 0.05 (<0.01) 0.11 (0.01) 11.64 (2.60) 40.70 (2.82) 677 (12) 520 (23)
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Abstract

Each year, millions of animals are euthanized for scientific research, often by exposure to
carbon dioxide (CO,) although it remains unclear whether this method can be considered
as a “humane” way of sacrifice. Panic research, in which CO, exposure represents a well-
established human experimental model, can provide useful information for a better
judgment. We show that CO, exposure causes a robust fear response in terms of behavior
in mice and self-reports in healthy volunteers and panic disorder patients. To improve
comparability and translation between rodent and human research we next assessed the
physiological response to CO,, demonstrating corresponding effects across both species.
This similarity on the physiological level implies that mice experience strong aversive
effects in response to CO, exposure comparable to the CO,-induced panic response
observed in humans. Hence, the use of CO, ought to be regarded as a highly stressful
rather than a “humane” method of animal sacrifice.
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Introduction

Each year, millions of animals are euthanized for the purpose of research. In Great Britain
alone, 4.11 million experiments on a living animal were started in 2012 (Home Office,
2013). This equates to 11,260 per day. The exact numbers are unknown, but exposure
to CO, is likely the most common method to euthanize laboratory animals (Conlee et al.,
2005) despite data showing that CO, is aversive (Kirkden et al., 2008; Leach et al., 2002; Niel
et al., 2008), that the estimated time to death can take up to several minutes (Burkholder
et al., 2010; Conlee et al., 2005), and that severe adverse effects such as seizures and
nasal hemorrhage can occur prior to death (Conlee et al., 2005). In addition, it is unclear
whether tissue damage in the form of hemorrhages and lung edema (Burkholder et al.,
2010; Conlee et al., 2005), as revealed by post-mortem analyses, is caused prior or after
the loss of consciousness (Conlee et al., 2005). Therefore, to which degree CO, exposure
represents a “humane” practice of euthanasia is a topic of considerable debate (Cressey,
2013; Hawkins et al., 2006). To date, it has been a major problem to “translate” the
experience of animals during this procedure into human terms that would allow for a
more informed judgment as to its acceptability.

In humans, exposure to CO, is used in psychiatric research as an experimental model
of panic disorder. Similar to how an exercise stress test in cardiology is used to provoke
cardiac ischemia, breathing a high concentration of CO, is used to induce panic attacks,
the core symptom of panic disorder. This well-validated human experimental panic model
makes use of a brief inhalation of 35% CO, (Coryell et al., 2006; Esquivel et al., 2009;
Feinstein et al., 2013; Nardi et al., 2006; Perna et al., 2004; Schruers et al., 2011; Schruers
et al., 2004) Recently, similar to human studies, exposure with up to 20% CO, has been
used to investigate the basic mechanisms of fear in rodents (Johnson et al., 2011; Johnson
et al., 2012; Johnson et al., 2010; Ziemann et al., 2009). Accordingly, CO, exposure in rats
induces the immediate early gene transcription factor c-fos in various brain structures
including the periaqueductal grey (Johnson et al., 2011), similar to the areas activated by
unconditioned fear stimuli, such as cat odor (Dielenberg et al., 2001).

The results of the studies using CO, to provoke fear in humans or animals may be
informative for the debate on the use of CO, for euthanizing laboratory animals. However,
the majority of outcome measures used in studies in animals and humans differ widely,
hampering the translational validity of results. Animal studies primarily use behavioral
assays to assess the fear and distress evoked by CO,, while most human studies rely on
self-reports of fear and discomfort levels. In some cases these are complemented by
physiological outcome measures (Leibold et al., 2013; Papadopoulos et al., 2010), thus
covering representative features of panic symptom spectrum. Here we aimed to bridge
the current translational gap between rodents and humans by quantitatively comparing
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data from mice to data collected in healthy volunteers and panic disorder patients. We
used the same fear-evoking stimulus, CO,, as well as the same physiological outcome
parameters, in addition to common behavioral tests and symptom reports in order to
maximize data comparison between species (see Supplementary Figure 1). This cross-
species model provides a unique opportunity to evaluate the “human” use of CO, to
euthanize laboratory rodents.

Methods

Mice

Animals

Twenty male wildtype C57BL/6 mice were housed within a temperature-controlled
environment (25+1°C) and under a reversed day/night cycle (12hr dark/12hr light cycle).
Animals had access to standard rodent chow and water ad libitum. For behavioral
testing, mice were assigned to either CO, exposure (n=10) or air exposure (n=10). The
physiological response to room air and CO, exposure was tested in all animals (n=20).
Groups were matched for age and testing was performed from a mean age of 58 days
onwards under low light conditions. All procedures and experiments were approved by
the Institutional Animal Care and Use Committee at Yale University, New Haven, USA.
Animals were handled in accordance with the institutional guidelines.

CO, exposure and behavioral testing

Open field test

For the open field test a transparent Plexiglas square chamber (60x60x40 cm), covered
with a clear lid, was used. The floor was subdivided into a 30x30 cm central zone, 15x15
cm corners and 30x15 cm walls. Depending on the experimental group, the chamber was
pre-filled with 9% CO, or air (compressed air tanks, Airgas East, Cheshire, CT, USA). Gas
infusion ports were located on the upper part of the box to avoid blowing, which may be
aversive to mice. Two CPU fans (21 dB, Ebm papst, St. Georgen, Hungary), fixed to the
lid, were used to ensure a homogenous concentration of CO, throughout the chamber.
The concentration of CO, was constantly controlled using a digital CO, meter (30% CO,
Sampling Data Logger, CO, meter, Ormond Beach, FL, USA). After pre-filling the chamber
with gas mice were placed in the center of the chamber and were allowed to explore
the chamber for 20 min. Movements were recorded automatically with a computerized
system (Ethovision Pro, Noldus, the Netherlands; Fujinon DN camera, Fujinon corporation,
China). The number of fecal pellets was scored at the end of each trial by the experimenter.
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Two-chamber test

The testing apparatus consisted of two chambers (each 30x30 cm with 40 cm high
walls), which were connected by an open door (3.5x3.5 cm) to allow free crossing. Each
chamber had a gas infusion port and a CPU fan (21 dB, Ebm papst, St. Georgen, Hun) to
ensure a homogenous gas concentration throughout the entire part. For mice subjected
to CO, exposure, one chamber was pre-filled with CO, and the other one with air. Gas
concentrations were controlled continuously using a digital CO, meter (30% CO, Sampling
Data Logger, CO, meter, Ormond Beach, FL, USA; reaching a steady state of 9% and 2% CO,,
respectively). For mice assigned to air exposure, air was used in both chambers. Side of
CO, administration and side in which a mouse was placed were randomized. Movements
were recorded automatically with a computerized system (Ethovision Pro, Noldus, the
Netherlands; Fujinon DN camera, Fujinon corporation, China) for a period of 10 min. The
number of fecal pellets was scored at the end of each trial by the experimenter.

CO -evoked freezing

Freezing was scored in both behavioral tests by a trained observer blind to experimental
condition (CO, or air exposure). Freezing was defined as absence of any movements apart
from respiration.

Breathing and cardiovascular recordings

Mice were placed into a custom-made whole body recording chamber (Plexiglas, 350 cm?3).
Animals were habituated to the chamber for 30 min (with room air infusion). Then the
physiological response was measured to room air exposure for 20 min and subsequently
to 9% CO, for 10 min. Flow rates (0.4 liter/min) were controlled with a digital flowmeter
(WU-32446-33, Cole-Parmer, Inc., Hoffman Estates, IL).

Breathing recordings were obtained non-invasively and simultaneously with cardiovascular
recordings. Breathing was assessed using a low volume pressure transducer (DCO02NDRS5;
Honeywell International, Inc.; Minneapolis, USA) that was fitted to the recording chamber.
Breathing-induced pressure changes were calibrated with 150 pulses per min, each 300
ul. Relative humidity (HIH-4602-A sensor; Honeywell International, Inc., Minneapolis,
USA) and ambient temperature (BAT-12 microprobe, Physiotemp Instruments, Inc.,
Clifton, USA) were measured continuously within the recording chamber. Electrodes for
electrocardiogram (EKG) measurements were placed on both sides of the shaved thorax
and connected to an amplifier (Model 440 Instrumentation Amplifier, Brownlee Precision
Co., San Jose, a, USA). Blood pressure was not assessed as common methods such as the
use of a tail cuff do not allow monitoring in freely moving animals or require prior surgery
as it is the case in telemetry. Animal temperature was measured rectally immediately
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after completion of the recording (BAT-12 microprobe, Physiotemp Instruments, Inc.,
Clifton, USA). All signals were digitized with an analogue-to-digital converter (PCI-6221 or
USB-6008 National Instruments Corp., Austin, TX, USA) and displayed in a custom-written
acquisition program in Matlab (version R2011b, Mathworks Co., Natick, MA, USA).

Healthy volunteers

Participants

In total, 136 adult healthy volunteers (mean age 22.81 years, SD=8.89, 44 males)
were recruited via advertisements at Maastricht University, the Netherlands. Before
participating eligibility was confirmed using a medical examination and a semi-structured
psychiatric interview (including the Mini International Neuropsychiatric interview
(Sheehan et al., 1998)). Exclusion criteria were current or past cardiovascular or pulmonary
disease, hypertension (systolic/diastolic >170/100 mmHg), familial or personal history of
cerebral aneurysm, excessive smoking (>15 cigarettes per day), pregnancy, epilepsy, use of
psychotropic medication or adrenergic receptor blockers, and a first-degree relative with
PD. All participants gave written informed consent prior to the study, which was approved
by the Medical Ethics Committee of Maastricht University and the Maastricht University
Hospital.

€O, inhalation and fear/panic symptom scores

All CO, inhalations took place according to a standardized protocol as previously described
(Leibold et al., 2013). After being seated in an armchair a nasal-oral mask was fixed to
the participant’s head. The vital capacity of a double breath was measured using a digital
flowmeter. All participants were told that the subsequent CO, inhalation might cause
some effects, ranging from vague sensations up to fear. However, all effects would be
short lasting. Participants took a double vital capacity breath of four CO, concentrations
according to a double-blind, randomized, cross-over design: 0%, 9%, 17.5% and 35% CO,
inair (21% O, and balanced N,, premixed gas tanks obtained from Nederlandse Technische
Gasmaatschappij B.V., Landgraaf, the Netherlands). Participants were motivated to inhale
at least 80% of the vital capacity. Inhalations took place on four separate days, each day at
the same time for each participant. Participants were instructed to refrain from caffeine
containing beverages on the inhalation days.

Presence and intensity of fear and panic symptoms were obtained twice: Immediately
before the inhalation patients were asked to rate their sensations at that particular
moment and after the inhalation to rate the sensations at the worst moment of the
inhalation. Feelings of fear were evaluated using the Visual Analogue Scale for fear
(VAS-F), a horizontal line of 100 mm length that ranges from 0 (not at all) to 100 (the
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worst imaginable). Panic symptoms were assessed using the Panic Symptom List (PSL),
consisting of the 13 DSM panic attack symptoms and ranging from 0 (absent) to 4 (very
intense).

Breathing and cardiovascular recordings

Physiological parameters were measured continuously throughout the entire procedure
using a computerized system (Carbon Dioxide Tolerance Tester, CTT, Maastricht
Instruments B.V. Maastricht, the Netherlands). A soft plastic nasal-oral mask was fixed
to the participant’s head and was connected to a capnograph device (medair, Delsbo,
Sweden) to measure respiration rate. A finger cuff, connected to a cardiovascular
monitor (Nexfin, BMEYE B.V., Amsterdam, the Netherlands), was fixed to the middle
finger of the non-dominant hand to assess heart rate and blood pressure (sampling rate
2 Hz). All measurements were acquired with custom-made software (IDEEQ, Maastricht
Instruments B.V., Maastricht, the Netherlands).

Patients with panic disorder

Participants

Ninety-eight adult patients with PD (mean age 35.21 years, SD=11.65, 63 males) from
the outpatient setting of the Academic Anxiety Centre, Maastricht, the Netherlands,
voluntarily participated in this study. PD (with or without agoraphobia) as main
diagnosis was established via a semi-structured psychiatric interview (including the Mini
International Neuropsychiatric interview, M.I.N.l.; Sheehan et al., 1998) by an experienced
psychiatrist. In addition, a medical examination took place. Exclusion criteria were current
or past cardiovascular or pulmonary disease, hypertension (systolic/diastolic >170/100
mmHg), familial or personal history of cerebral aneurysm, pregnancy, and epilepsy. All
participants provided written informed consent. The study was approved by the Medical
Ethics Committee of Maastricht University and the Maastricht University Hospital.

€O, inhalation and fear/panic symptom scores

All CO, inhalations were performed according to a standardized protocol (Klaassen et al.,
1998; Schruers et al., 2004). Patients were seated in an armchair and instructed into the use
of a self-administering nasal-oral mask. The vital capacity of a single breath was measured
using a digital flowmeter. Then patients were informed that the subsequent CO, inhalation
might cause some effects, ranging from vague sensations up to fear. However, all effects
would be short lasting. Patients took a single vital capacity breath of 35% CO, (premixed
gas tanks obtained from Nederlandse Technische Gasmaatschappij B.V., Landgraaf, the
Netherlands) and were motivated to inhale at least 80% of the previously measured vital
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capacity. Patients were instructed to refrain from caffeine containing beverages on the
inhalation day.

Likewise to the assessment in healthy volunteers, fear and panic symptom scores were
obtained immediately before and after the CO, inhalation. The VAS was used to assess
fear (ranging from 0 — not at all to 100 — the worst imaginable) and the PSL for assessing
the 13 symptoms of a panic attack (ranging from 0 — absent to 4 — very intense).

Breathing and cardiovascular recordings

A computerized system (Carbon Dioxide Tolerance Tester, CTT, Maastricht Instruments B.V.
Maastricht, the Netherlands) was used to record the physiological response continuously
throughout the entire procedure. Measuring the respiration rate implies using a mask fixed
to the head. This appeared not to be feasible in patients. Heart rate and blood pressure
were measured using a finger cuff that was fixed to the middle finger of the non-dominant
hand (sampling rate 2 Hz). The finger cuff was connected to a cardiovascular monitor
(Nexfin, BMEYE B.V., Amsterdam, the Netherlands). All measurements were collected and
displayed in custom-made software (IDEEQ, Maastricht Instruments B.V., Maastricht, the
Netherlands).

Data and statistical analysis

Behavioral data

Rodent behavior was analyzed using univariate analysis of variance. Regarding the two-
chamber test, within a group, repeated measures analysis was applied. To take the
freezing duration into account a ratio was calculated: freezing in the particular chamber
divided by the time spent in that chamber. In humans, self-reports were analyzed in terms
of change in fear and panic symptoms as calculated by subtracting the rating prior to
the CO, inhalation from the post rating. In healthy volunteers, multilevel models with
an unstructured variance-covariance matrix were used to account for the fact that the
subjects underwent four CO, concentrations. A significant overall test was examined
in more detail by testing pairwise comparisons using Holm’s method to control for the
familywise error rate (Holm, 1979). Controls and healthy volunteers were compared using
univariate analysis.

Physiological measurements

In rodents, about 400 breathing-induced pressure oscillations were analyzed of the
second half of each gas exposure phase. Moving artifacts, coughing, sighs, and sniffing
were excluded. Inter-breath interval, tidal volume, and ventilation were calculated for
all mice. The animal temperature obtained immediately after the recording was used to
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calculate tidal volume and ventilation, which were corrected to animal weight in grams.
With regard to EKG data, 30 sec were analyzed of the second half of each gas exposure
phase. EKG data were further analyzed using the quick peaks gadget in Origin 9.0 (Origin
Lab Corp., USA).

In humans, due to technical failure the final sample varied per outcome and CO,
concentration: healthy volunteers — cardiovascular parameters n=117-136, respiratory
outcomes n=47-62; PD patients — cardiovascular parameters n=98. Physiological data
were averaged to means per second. Ten seconds before the inhalation were taken as
baseline and 30 sec after inhaling CO, (starting after breath holding for 4 sec) to assess the
effects of the exposure.

To be able to compare the effects between mice and humans, effect sizes were calculated
for physiological parameters by subtracting the mean value during air exposure from the
mean value of the CO, exposure, which was then divided by the standard deviation of the
air exposure. Effect sizes were statistically compared between conditions using z-tests,
corrected for multiple testing.

For all analyses, statistical significance was set at p<0.05 (two-tailed). Analyses were done
using the software R (version 3.1.1, 2014, R Development Core Team, Vienna/Austria) or
the Statistical Package for the Social Sciences (SPSS 20.0.0.1 for Mac; SPSS Inc., Chicago, IL).

Results

Behavioral response to CO, exposure

During open field testing mice exposed to 9% CO, for 20 min (Ziemann et al., 2009)
covered significantly less distance (p<0.001, Figure 1a), spent less time in the center
zone (p=0.004, Figure 1b), and spent more time in the corner zones in comparison to air-
exposed mice (p<0.001, see Supplementary Table 1). Mice also showed a marked freezing
response, considered to be a reflection of fear-related behavior in rodents (Mongeluzi et
al., 2003), when exposed to CO, compared to exposure to air (p<0.001, Figure 1c). Next,
we used a 10 min two-chamber test (TCT), with one chamber filled with CO, and one with
air, or both chambers were filled with air. Side of CO, administration and starting side were
randomized. Overall, CO, exposure decreased the distance moved when compared to air
exposure only (p<0.001, Figure 1d). In addition, the total number of crossings between
the two chambers was significantly lower in the group exposed to CO, (p=0.011, see
Supplementary Table 1). Time spent did not differ between the chamber filled with CO,
and the one filled with air (p=0.891, see Supplementary Table 1). However, mice showed a
marked freezing response when exposed to CO, in one chamber compared to mice exposed
to air only (p=0.017, Figure 1e). This response was particularly robust in the chamber
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Figure 1. Effect of CO, exposure on behavior in mice. In the open field test (OFT), CO, exposure decreased the
total distance moved a) and the time spent in the center zone b). c) under CO, exposure mice froze significantly
more than under air exposure. d) in the two-chamber test (TCT), mice exposed to CO, in one chamber covered
less distance than mice exposed to air only. ) CO,-exposed mice froze significantly more than animals exposed
to air. f) correcting for the time spent in each chamber confirmed that freezing was strongest in the CO, chamber.
Data represent mean + SEM. **p<0.01, ***p<0.001.

filled with CO, compared to the air chamber (p=0.006, see Supplementary Table 1). As
the freezing duration influences the time spent in the chambers, the ratio of freezing and
time spent in a particular chamber was calculated, confirming that the freezing response
was most pronounced in the CO, chamber (Figure 1f). Further, on average, the number of
fecal pellets, a relative measure of anxiety/fear in rodents (Hetzel and Rosenkranz, 2014),
significantly increased under CO, exposure (p=0.004, see Supplementary Table 1).

In humans, we first measured the behavioral response to CO, by means of a visual analogue
scale for fear (VAS-F) and the panic symptom list (PSL). In healthy volunteers, taking a
double vital capacity breath of four different CO, concentrations up to 35% CO, (Griez
et al., 2007; Schruers et al., 2011), VAS-F and PSL ratings increased dose-dependently
(p<0.001, Figure 2a, b). PD patients, taking a vital capacity breath of 35% CO, (Perna et al.,
2004; Schruers et al., 2004), also reported a strong fear and panic symptom response to
CO, (p<0.001, Figure a, b).
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Figure 2. Effect of CO, on self-reported fear and panic symptoms in healthy volunteers and panic disorder
(PD) patients. In healthy volunteers (gray), both fear a) and panic symptoms b) increased dose-dependently.
Inhaling 35% CO, triggered a more robust response in patients (black) when compared to healthy volunteers.
VAS-F, visual analogue scale for fear; PD, panic disorder; PSL, panic symptom list. Data represent mean + SEM.
*¥p<0.01, ***p<0.001.

Physiological response to CO, exposure

In a next conceptual step, as a more objective quantitative comparison, we measured
the physiological response to CO, exposure (see Supplementary Table 2 for means *
SEM). In mice, exposure to 9% CO, caused a robust increase in respiration rate (Figure
3a, see Supplementary Table 3 for additional respiratory measurements). In healthy
volunteers, no difference was found between 0% and 9% CO,, as both caused a lower
mean respiration rate compared to baseline (Figure 3a). At CO, concentrations of 9%
and higher there was a relative increase in effect size (p<0.001). Only 35% CO, caused an
increase in mean respiration rate compared to baseline. The increase in respiration rate
was more pronounced in mice after prolonged exposure to 9% than in healthy volunteers
after taking a double breath of 35% CO, (p=0.002). Regarding heart rate, a CO,-induced
decrease was observed across species, with a particularly strong effect in mice (Figure 3b).
Further, in healthy volunteers, after inhaling 0% and 9% CO,, the mean blood pressure
decreased, whilst an increase was observed after inhaling an intermediate (17.5%) and
high (35%) concentration of CO,. Pairwise comparisons revealed significant differences
between all CO, concentrations regarding the systolic (p<0.001, except for 17.5% versus
35% CO, p=0.003, Figure 3c) and the diastolic blood pressure (p<0.001, Figure 3d). On
average, the effect size with regard to the systolic blood pressure tended to be higher in
PD patients in comparison with healthy volunteers (p=0.067), whilst the effect size of the
diastolic blood pressure was lower in patients than in healthy volunteers (p<0.001).
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Figure 3. Effect of CO, on respiration rate, heart rate, and blood pressure in mice, healthy volunteers, and panic
disorder (PD) patients. a) In mice (dashed), CO, strongly increased the respiration rate compared to baseline
(vielding a positive effect size), which was also observed in healthy volunteers (gray) after inhaling 35% CO,. b)
CO, exposure decreased heart rate in all groups, particularly in mice. c, d) in healthy volunteers, 17.5% and 35%
CO, increased the blood pressure compared to baseline, which was also the case for PD patients (black) after
35% CO, Data represent effect sizes + SD.

Discussion

The incongruence between rodent and human experiments hampers the translation of
knowledge between the two species. In this study, we bridged this gap by applying the
same stimulus, i.e. CO,, and obtaining the same physiological outcome parameters in
addition to commonly used behavioral phenotypes in mice, healthy volunteers, and PD
patients. Using this approach, we showed that in humans, CO, triggers a marked fear
response associated with an increase in respiration rate and blood pressure, and an
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adaptive decrease in heart rate. In mice, a similar fear response associated with a similar
physiological response was observed. Based on this similarity between humans and mice,
it can be concluded that mice experience a highly aversive response to CO,, comparable
to the frightening experience in humans during inhaling a high concentration of CO, and
during naturally occurring panic attacks. In this respect, it has to be noted that we exposed
mice to a concentration of 9% CO, that is multiple times lower than the CO, concentrations
that are used to euthanize rodents (Conlee et al., 2005). Therefore, the fear experienced
during the euthanasia procedure is likely to be even more intense. As it is imperative to
euthanize laboratory animals using methods that are as “humane” as possible, the use of
CO, cannot be considered to be in congruence with the assumption of “humane” sacrifice
and should be abolished.
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Figure 1. Overview of the translational approach used in the present project. The same experimental stimulus
(carbon dioxide, CO,) was applied and the same cardio-respiratory outcome measurements were obtained in
addition to the commonly used behavioral ones.

Table 1. Effect of CO, on various outcomes of the open field test and the two-chamber test. Data represent

mean values (+ SEM).

Open field test

Two-chamber test

194

Time spent in corners (sec)
Fecal pellets

Distance moved per chamber
(mice exposed to CO,/air; cm)
Number of crossings

Time spent in each chamber
(mice exposed to CO,/air; sec)
Freezing per chamber

(mice exposed to CO,/air; sec)
Fecal pellets

Fecal pellets per chamber
(mice exposed to CO,/air)

Distance moved per chamber
(mice exposed to air only; cm)

Time spent in each chamber
(mice exposed to air only; sec)
Freezing

(mice exposed to air only; sec)
Fecal pellets per chamber
(mice exposed to air only)

682.63 + 14.85
5.60£0.98

1317.89 +318.33

7.3+1.37

304.02 +72.49

96.89 +29.08

1.8+0.76

2.5+0.79

Left air chamber

2402.92 +211.77

326.80 +41.57

0.50 +£0.40

1.10£0.52

913.24 +31.84
6.2 +0.59

635.78 + 105.04
2.56 +£0.88

283.13+74.94

5.00 +2.29
5.22+0.68

2.7+0.85

Right air chamber

1912.58 +345.21

249.39 +43.17

0.20+0.13

0.70+0.33

0.001
0.607

0.078
0.011

0.891

0.017
0.004

0.891

p-value

0.376

0.385

0.394

0.399
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Table 2. Effect of CO, on respiration rate, heart rate, and blood pressure. Data represent mean values (+ SEM).

Respiration rate
17.5

35

Heart rate
17.5

35
0

Systolic blood 9
pressure 17.5

35
0

Diastolic blood 9
pressure 17.5

35

16 +0.62
263 +14.64 382+13.68 16 +0.56
16 + 0.60
16 £ 0.50
91+1.43
661 +13.47 554 +20.16 91+1.37
91+1.43
90 +1.27
129+1.43
134 +1.58
131+1.61
125+1.76
78 £0.77
80+0.92
79 £0.94
76 £0.78

11+1.34
11+1.47
14 +1.80
18+2.38
82+3.37
78 £3.25
76 £2.72
80+3.30
115+4.17
128 £4.70
136 £5.15
137 £5.52
67 +£3.03
75+3.30
81+3.48
84 +3.70

95+1.97 86+ 1.66

137 £1.97 153 £2.50

83+0.99 87+1.12

Table 3. Effect of €O, on inter-breath interval, tidal volume, and ventilation in mice.
Data represent mean values (+ SEM; tidal volume and ventilation corrected for body weight).

Inter-breath interval (s)

Tidal volume (ml/g)

Ventilation (ml/g/min)

0.26 £0.01 0.16 £0.01
0.06 +0.00 0.10 +£0.00
13.37+1.29 37.97+2.63

<0.001
<0.001
<0.001
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General discussion

In spite of important progress of insight into the pathophysiology of panic attacks (PAs)
over the past few years, the neurobiological underpinnings are still not fully understood.
Therefore, it is challenging to improve current pharmacological treatment options, which
are accompanied by many side effects and high relapse rates. The present thesis aimed to
increase the current understanding of PAs by starting in humans (i.e., healthy individuals
as well as panic disorder (PD) patients) using an experimentally provoked threat inducing
acute physiological changes in the body and expanding this paradigm to rodents to
eventually combine these very different research domains. The results of these studies
and implications for future research and clinical applications are discussed here.

The road to understanding panic in humans

The spontaneous nature of naturally occurring PAs makes it challenging to study them in
real-life. However, PAs are a unique and rare example of a psychopathological phenomenon
that can be reliably provoked in an experimental setting, which has led to a long-standing
history of panic research. Among the various models, those that acutely disturb the
brain acid-base homeostasis are the most effective ones: inhalation of an increased
concentration of carbon dioxide (COZ), hyperventilation, and lactate infusion. Particularly
CO, inhalation is a well-validated technique with a number of advantages in comparison
with the other two as reviewed in Chapter 2. Valuable aspects include the non-invasive
administration and the reliability to trigger the intense fear and panic symptoms resembling
real-life PAs in PD patients. For several years, it was believed that the hypersensitivity to
CO, is specific for PD patients. However, by increasing the dosage, a similar effect can be
provoked in healthy individuals, indicating that a fundamental mechanism is involved in
the sensitivity to CO, and thus changes in the acid-base homeostasis. PD patients often
suffer from comorbid psychiatric disorders and have received current or past treatments,
both of which obscure the search for basic mechanisms underlying panic. The possibility
to evoke PAs in healthy people opens the avenue of studying those basic mechanisms first
in healthy individuals before involving PD patients.

PAs consist of intense fear and/or discomfort accompanied by various physiological
symptoms such as palpitations and breathing difficulties. Traditionally, panic studies
rely on self-reports about the presence and intensity of the symptoms. As an emotional
response is highly variable between individuals and in fact a subjective experience, it can
be, indeed, best reported and rated by the individual itself. However, to entirely capture
all aspects of a PA and thus also the physiological response, monitoring parameters such
as heart rate and respiration rate are a useful addition to self-reports. A number of studies
explored the cardio-respiratory response to a CO, inhalation, with inconsistent results
however, mainly due to small sample sizes and technical limitations.
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In light of this background, in Chapter 3, we addressed the methodological drawbacks of
previous studies and assessed the emotional as well as cardiovascular response to four
CO, concentrations in a large sample of healthy individuals. For cardiovascular monitoring,
a novel computerized system was used, in which previously validated physiological
parameters were incorporated. We replicated a previous study in our lab showing a dose-
dependent increase in self-reported panic symptomatology. In addition, we demonstrated
an immediate, profound activation of the cardiovascular system in response to CO,. In
particular, the diastolic blood pressure was a highly sensitive parameter in reflecting the
degree of fear and panic symptoms and may therefore represent a biomarker (i.e., an
objective, measurable, and reproducibly indicator of a biological state) for the reactivity to
CO,. Therefore, the combination of self-reports and the diastolic blood pressure response
may provide the most sensitive and powerful assessment of (experimentally induced) PAs.
This opens the opportunity for a refined diagnosis of PD as explained later (see section
“Roads into the future”).

Another avenue in human research is the identification of specific genes that increase the
risk of developing a disease or are related to, for instance, symptom severity, prognosis
or treatment outcome. With regard to PD, genetic association studies yielded a variety
of potential susceptibility loci, of which the functional polymorphism 5-HTTLPR in the
serotonin transporter (5-HTT) gene and variants in the ACCN2 gene are of relevance for
this thesis (Chapters 5 and 6). The 5-HTTLPR represents a functional polymorphism in the
promoter region of the 5-HTT gene, with a 43 base pairs deletion/insertion, yielding either
ashort S-allele or a long L-allele, respectively. The expression levels of 5-HTT are about two
times lower in the S-allele in comparison with the L-allele. Regarding chemosensitivity, a
first study in healthy volunteers showed that the reactivity to a CO, inhalation was higher
in individuals homozygous for the L-allele compared to S-allele carriers (Schmidt et al.,
2000). This, however, could not be replicated in PD patients (Perna et al., 2004). Possible
explanations are the sample size that may have been too small for revealing subtle
differences in such a heterogeneous disorder and the presence of a third genetic variant,
which was later discovered, leading to 5-HTT expression levels comparable to the S-allele.
A study by our own group, also taking the third variant into account, replicated in a large
sample of healthy individuals that the LL-genotype was hyperreactive to CO, compared to
the SS-genotype, particularly at an intermediate dosage of 17.5% (Schruers et al., 2010).
No significant difference was found after inhaling 35% CO,, which may be due to a ceiling
effect. Further, in PD patients, a more favourable treatment response to paroxetine, an
SSRI targeting the 5-HTT, was reported in carriers of one or two L-alleles (Perna et al.,
2005). In disagreement to these data, it was reported that the low expressing 5-HTTLPR
genotype was related to more severe panic symptoms in PD patients (Lonsdorf et al.,
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2009). However, methodological drawbacks limit the generalizability of these results: the
study sample was rather small with less than 75 patients and the use of medication may
have influenced symptom severity in a genotype-dependent manner.

The second gene of interest in this thesis concerns the ACCN2, which is the human
homologue of the rodent gene encoding the acid-sensing ion channel 1a (ASIC1a). Only
recently, an association between variants in the ACCN2 gene and PD was reported (Smoller
et al., 2014). More specifically, an association was found with the diagnosis of PD in a case-
control study as well as with amygdala volume in a sample of more than 1000 patients. In
addition, another significant relationship was found with the amygdala reactivity to visual
emotional stimuli in a sample of 103 healthy individuals. It was proposed that specific
genetic variants would cause a decrease in the threshold for sensing acidosis. However,
no direct experimental link to changes in pH was included. We provided precisely this
missing link using a CO, inhalation in PD patients and healthy individuals (Chapter 4). We
concluded that the ACCN2 gene is a new and prime candidate to be further investigated
in the pathophysiology of PD.

In general, genetic research on anxiety disorders, including PD, is relatively scarce and has
been less successful compared to other psychiatric disorders. Reasons include the complex
and heterogeneous phenotype and gender-specific effects, leading to the necessity of
large sample sizes. Moreover, differences in ethnicity-dependent allele frequencies
emphasize the need for homogeneous samples. Despite these methodological challenges,
gaining more insights into the genetic basis of PD may significantly move forward the
identification of molecular targets and may contribute to a more personalized treatment
in the future.

The road to appropriate rodent models of panic

In general, the primary outcome measurement in rodent research is the behavioral
response to a stimulus, which is often related to neurobiological mechanisms of interest.
Despite that both lactate administration and exposure to CO, have been applied, rodent
studies in direct relation to PD are relatively scarce (Chapter 2). With regard to the use
of lactate, a major drawback is the invasive nature of the administration, which might
cause stress that interferes with the behavioral response. In contrast, exposure to CO,
can be done non-invasively using flow chambers or hermetically closed boxes. In a few
studies, anxiety- and fear-related behavior has been studied immediately after exposure,
while assessment during exposure has only been applied recently in a seminal study
by Ziemann and colleagues (2009). In that study, the activity in the center zone of the
open field was strongly reduced by CO,, indicating increased anxiety- and fear-related
behavior. In addition, depending on the used concentration, CO, caused robust freezing,
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which is generally accepted to reflect fear. Although this study boosted the interest in
panic research and provided a molecular substrate involved in CO,-induced fear-related
behavior, the question that remains is how to progress from here in light of PD in humans?

Facing roadblocks: Is there a need for translational research?

Nowadays, many different research disciplines exist, among which human research and
basic research including studies in rodents. Each area has advantages, but there are also
limitations regarding the extent each discipline can contribute to increase the insights into
the complex mechanisms and interactions underlying mental disorders such as PD.
Human research, for instance, is particularly suitable for assessing the emotional
components of a disorder. In PD, the intense fear during a PA can best be reported and
evaluated by the individual itself. In addition, the disease does not need to be modeled
and obtained knowledge can immediately be applied to humans. On the other hand,
drawbacks include the common comorbidities, making it necessary to study large groups,
and the considerable variation in factors that may potentially affect the development of
a disorder. For instance, environmental factors can hardly be assessed in complete detail
in retrospect. For such an assessment prospective, longitudinal studies are needed.
However, following a large sample of healthy individuals for many years in order to assess
which factors are related to disease development is very time consuming and costly. A
major roadblock in human research is the limited potential to study the neurobiological
molecular mechanisms of a disease to identify new therapeutic targets. Although
experimental models may indicate a direction for which system is altered, they have not
yet provided any specific target for treatment.

At the point at which the limits of human research are reached, rodent research becomes
of particular importance. Main advantages consist of the access to brain tissue, controlled
environmental conditions, a fast reproduction, and a lifespan of about two years that
make it feasible to study (the development of) a psychopathological phenomenon in a
relatively short time period. Further, the generation of genetically modified animals gives
the opportunity to investigate the function of a particular gene and related proteins in a
disease. Moreover, safety concerns also forbid testing new drugs and dosages in humans,
which is therefore addressed in animals first. In spite of these advantages, the incapability
to model complex diseases in rodents, and instead shifting the focus to specific symptoms,
often limits the use of rodent studies.

Facing roadblocks: Is there a need for translational research? In the past few decades,
pivotal progress has been made in understanding health and disease and many molecular
targets with therapeutic potential have been identified. However, many discoveries of
basic research have not been translated back successfully to clinical practice yet. What
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is the main obstacle that hinders and slows down this process? The most likely answer
may be the gap between basic research in the lab and research in humans and the daily
clinic. The outcome measurements vary widely between studies in rodents and humans.
In rodent experiments, the behavioral response to a stimulus is often primarily explored in
relation to neurobiological alterations, while, for instance, in human panic research, self-
reports about the experienced emotions and symptoms are evaluated. Evidently, observed
behavioral responses in animals and self-reports by humans are not interchangeable. This
difference in outcome measurements hampers the translation of knowledge between
the two species and decreases, for example, the likelihood of discovering a drug that is
not only effective in rodents but also in humans. This is not limited to pharmacological
medication, but to therapeutic strategies in general. Knowledge obtained in basic research
needs to be applicable in humans to have beneficial health effects. To increase the efficacy
of current treatment strategies and to get closer to a more personalized medicine, we
do need translational, cross-species research, in which aspects of fundamental science
and human (clinical) research are combined and experimental stimuli as well as outcome
measurements are as similar as possible in rodents and humans.

Translational research hits the road: moving towards a bi-directional roundabout
As highlighted in the last section, the need for translational, cross-species research
is evident. The concept of translational research emerged already years ago with the
approach “from bench to bedside and back”. The implementation, however, is challenging
and still in need of improvement. In this thesis, inspired by both human and rodent
research, we aimed to go beyond the classical roads and to move towards a bi-directional
roundabout.

A groundbreaking series of studies by Ziemann and colleagues (2009) provided a molecular
substrate that senses a change in pH and triggers the fear-related behavioral response to
CO, exposure. These rodent studies put forward ASICla in the amygdala as prime candidate
for future panic research. In light of this, as mentioned previously, as it was recently shown
that two genetic variants in the human orthologue gene ACCN2 are associated with PD, i.e.
with a diagnosis of PD and amygdala activity to the visual presentation of emotional faces
(Smolleretal.,, 2014). It was proposed that the genetic variants cause a decreased threshold
to sense a drop in pH. However, direct experimental evidence was lacking. We provided
this missing evidence by showing an association between those two genetic variants and
the fear response to a CO, inhalation in PD patients (Chapter 5). In addition, the same
relationship was found with regard to the cardiovascular response in healthy individuals.
Thereby, a role of the pH-sensitive ion channel system in human chemosensitivity and PD
is supported. A remaining question is which brain area represents the key structure in PD
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and panic-related chemosensitivity? In the rodent study by Ziemann et al., the amygdala
was highlighted as the main player. However, a potential contribution of other brain
structures was not investigated. In contrast to this study, Urbach-Wiethe patients, having
a bilaterally dysfunctional amygdala, unexpectedly experienced a strong fear response
to a CO, inhalation in another study (Feinstein et al., 2013), indicating that in humans
the amygdala may not be the sole brain center in detecting changes in pH and triggering
a behavioral response. As this latter study did not include functional imaging, no other
candidate structures were proposed. In Chapter 3, we showed that inhaling CO, causes
brainstem, and not amygdala, activation in humans. This effect was more pronounced
in PD patients than in healthy volunteers. Therefore, we assume that, in humans, the
brainstem plays a primary role in panic-related chemosensitivity.

In addition to detecting and reacting to changes in pH, evidence supports a role of the 5-HT
system in PD. For instance, many of the clinically effective pharmacological treatments
are antidepressants. The first-line medical compounds are selective serotonin reuptake
inhibitors (SSRIs) that target the 5-HTT and thereby prolong 5-HT neurotransmission.
Similarly, tricyclic antidepressants inhibit the 5-HTT and additionally act as norepinephrine
reuptake inhibitors. 5-HT is broken down by the enzyme monoamine oxidase-A (MAO-A).
Pharmacological inhibition of this enzyme also enhances 5-HT signalling, suggesting
that 5-HT exerts inhibitory effects on PAs. Moreover, imaging studies showed a reduced
brainstem 5-HT_, receptor binding in PD patients, possibly a compensatory effect in order
to increase the extracellular availability of 5-HT as antidepressants do.

A growing body of research thus suggests that both a disturbed acid-base homeostasis
and the 5-HT system are involved in the pathophysiology of PD, and beyond that, there is
also evidence for a link between both. Panic provocation studies showed that a reduction
in brain 5-HT levels, caused by depletion of the 5-HT precursor tryptophan, increased the
panic response to a CO, inhalation (Schruers et al., 2000), while increasing brain 5-HT
levels, by means of administration of a 5-HT precursor, decreased the response (Schruers
et al., 2002). In addition, in our lab, it was also shown that the 5-HTTLPR, a functional
polymorphism in the 5-HTT gene, moderates the emotional response to a CO, inhalation
(Schruers et al., 2011). More specifically, carriers of the LL genotype, having a relatively
high number of 5-HTT, were most reactive at an intermediate dosage of CO,. Taken
together, the pH detection system and the 5-HT system seem to interact in PD, although
the exact molecular link between both remains largely to be elucidated. Therefore, in the
framework of translational research, in Chapter 6, we expanded on those previous studies
and used the same experimental stimulus that is used in human panic provocation studies:
CO, exposure. As taking vital capacity breaths of CO, is not feasible in mice, we used a
custom-made, innovative, and fully controlled CO, chamber, allowing live monitoring of
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freely moving animals during the exposure. As direct follow-up of the previously shown
5-HTTLPR moderation in human CO,-induced fear, wildtype, hetero-, and homozygous
5-Htt knock-out mice were used. Likewise to self-reports in human studies, behavioral
assessment showed a marked fear response in different tests under CO, exposure.
Overall, wildtype mice were most reactive, while hetero- and in particular homozygous
knock-out mice were relatively hyposensitive to CO,, thereby further confirming the
fear-reducing effects of 5-HT. In contrast, trait anxiety scores, assessed during normal air
exposure, were more pronounced in homozygous 5-Htt knock-out mice. Further, previous
chemosensitivity research showed that brainstem 5-HT neurons are tightly juxtaposed
to large arteries, making them ideally situated for sensing changes in arterial blood CO,
levels (Richerson, 2004). In addition, a subset of these neurons is highly sensitive to
pH and strongly increases the firing rate in response to a drop in pH. Inspired by those
experiments, it is currently assessed whether ASICla is expressed within 5-HT neurons in
the brainstem. If confirmed that ASIC1a is located on the cell membrane of 5-HT neurons,
possibly only on a subset of those, this study would provide a molecular substrate how
5-HT neurons sense and react to changes in pH. In addition, assessment of expression
levels of ASICla in the dorsal raphe region, PAG, and amygdala are ongoing and will be
related to genotype and the behavioral response to CO,.

Up to this point, we applied the same experimental stimulus to humans and rodents
and incorporated previous knowledge. However, as mentioned in the previous section,
obtaining similar outcome measurements is of equally essential importance to be able
to translate the knowledge more efficiently and faster, and to bridge the gap between
basic science and the clinical setting. To maximize comparability between rodents and
humans, physiological parameters that can be measured in both species would be highly
valuable. With this in mind, we monitored the cardio-respiratory response to CO, in the
next rodent study (Chapter 6), similar to the way we did in healthy individuals and PD
patients (Chapters 3, 5, and 6). Very few studies have done this in the direct framework
of panic research and none did it within one large cross-species project. We measured
all parameters non-invasively in freely moving animals. The results show that, similar to
human studies, respiration rate and tidal volume strongly increased to CO, in mice. In
addition, heart rate decreased during the CO, exposure. This effect has been reported
before and may be compensatory to an increased blood pressure. In this rodent study,
we did not include blood pressure measurements, as commonly used methods either
require restraining the animals or prior surgery. Furthermore, no genotype effect was
found in mice with regard to any physiological outcome parameters, indicating that CO,
exerted similar effects in all genotypes. An explanation might be that the difference in
extracellular 5-HT levels was not large enough between genotypes to cause differential
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effects or that 5-HT neurons act as chemosensors and induced a physiological response,
independent of the 5-HT availability. Moreover, the lack of a genotype effect is relevant
for interpreting the behavioral results, as a lack of a genotype difference indicates that all
animals received the same stimulus and that the behavioral differences are not caused by,
for instance, inhaling different amounts of CO,. No direct comparison with humans can be
made as the 5-HTTLPR genotype has not yet been assessed in relation to the CO_-induced
cardio-respiratory changes. However, these results indicate that though the stimulus and
the physiological response are comparable between genotypes, the emotional response is
not the same. As mentioned above, a differential expression of ASIC1a may be associated
with the degree of fear-related behavior and may further shed light onto whether ASIC1a
could be a potential therapeutic target in the treatment of PD.

To conclude, in this thesis, we combined knowledge of previous rodent and human studies
to perform a cross-species project that we consider an important advance in psychiatric
research to date, as it forms a “bi-directional roundabout”. In addition to applying the same
experimental stimulus, we obtained the same physiological outcome measurements in
humans to make the translation between species more efficiently. In this interdisciplinary
approach, the reactivity to CO, in mice represents a model for the reactivity in humans,
and the reactivity in healthy volunteers serves as a model for the CO, reactivity in PD
patients. The potential of new medication can thus be tested in a CO, model in rodents
first before further assessing promising compounds in healthy volunteers and eventually
in PD patients. Thereby, patients do not need to undergo assessing the effects of drugs
that may not yet work efficiently in humans. In addition, new insights obtained in patients
as for instance by genetic association studies can be directly translated to the field of basic
research to further examine the molecular effects and potential treatment options.

A side path to a more “humane” use of laboratory animals

In spite of that the focus of this doctoral thesis on PD, the used cross-species approach also
provides unique insights into another direction, in which CO, exposure is used: euthanasia
of lab animals (Chapter 6). Biomedical research often relies on animal research as
alternatives such as cell culture do not have the potential to study, for instance, behavior
in relation to neuroanatomical alterations. Millions of animals are euthanized for this
purpose worldwide each year. It is imperative to take care of the animals’ welfare and to
perform the euthanasia in a “humane” way. One of the most commonly used methods
is exposure to 100% CO,, likely because of the ease of use and its relative safety for the
investigator. A number of studies showed behavioral aversion and severe side effects
such as nasal hemorrhages and seizures to CO, exposure. Observations like these led
to a considerable, still ongoing, debate whether CO, euthanasia can be considered as a
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“humane” method of sacrifice (Cressey, 2013). A major challenge in this respect is to judge
what animals’ experience during this procedure. As mentioned earlier, the incongruence
in outcome measurements between rodent and human studies, that is primarily behavior
compared to self-reports, restricts the direct translation between the two species. In
Chapter 6, we overcame this major roadblock by directly and quantitatively comparing
the behavioral and the cardio-respiratory response to CO, exposure assessed in mice,
healthy individuals, and PD patients, thereby allowing a comparison across species and
thus “giving the mice a voice”. In addition to a profound fear-related behavioral response,
mice showed a physiological response similar to that of healthy individuals and PD patients
when experiencing an experimental PA. The similarity on the physiological level implies
that CO, causes a similar, highly aversive, and frightening experience in mice. In light of
animal welfare and ethical handling of lab animals, our study strongly suggests that the
use of 100% CO, exposure ought to be regarded as highly stressful. Therefore, this way
of euthanasia should be urgently reconsidered and replaced by alternative procedures.

The road to the future

The studies in the present thesis represent a basis for several roads into the future,
keeping the roundabout of translational cross-species research in mind. A few directions
are elaborated here.

PAs are highly emotional arousing periods that occur “out of the blue”. When a person
experiences the first PAs, he or she often seeks help at first heart aid departments. However,
as the bodily symptoms such as chest pain, palpitations, and breathing difficulties do not
occur exclusively in the context of PD, PAs are often not recognized as such immediately and
other conditions such as heart-related disorders are assumed. Being physically healthy and
not obtaining a medical explanation for the frightening episode is highly unsatisfactory and
frustrating for the individuals. Therefore and to be able to provide treatment, it is important
to refine the diagnostic options, which are currently based on self-reports. In Chapter 3, we
showed that, in healthy individuals, the diastolic blood pressure might represent a biomarker
for the reactivity to CO,. To be implemented in the clinical setting, this result needs to be
replicated in PD patients first. Once the value is confirmed, incorporating CO, inhalation and
monitoring the diastolic blood pressure in the clinic could be a beneficial addition to self-
reports to support and accelerate the diagnosis. In this respect, future research should also
further study the respiratory response to CO, and potentially reveal additional biomarkers.
In our studies, we made use of a facial mask and it did not appear to be feasible to obtain
respiratory parameters in PD patients due to the inability of supporting the mask against
the face long enough. Equipment with a better tolerability, smaller in size for example, may
contribute to an improved assessment.
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Inhalation of an excess concentration of CO, has been used in human panic research
for the past three decades and represents a well-validated experimental model. It is
assumed that CO, acutely disturbs the brain acid-base homeostasis as CO, exposure in
rodents decreases brain pH (Ziemann et al., 2009). In humans, indirect evidence from
lactate studies points into the same direction, but direct experimental evidence is lacking.
Magnetic resonance spectroscopy combined with inhaling CO, would allow non-invasive
mapping of brain pH in humans and show whether inhaling CO, indeed causes a drop in
brain pH in humans and is associated with negative affect. Further support for a role of
a pH disturbance in PD is provided by our study presented in Chapter 5. In that study,
we found an association between variants in the ACCN2 gene and the reactivity to a
CO, inhalation in healthy volunteers and PD patients. Our study in combination with the
recent case-control study by Smoller et al. (2014), finding a significant association with
PD, emphasizes the need for building further on those results. Smoller and colleagues
suggested that the variants are related to alterations in the threshold of sensing acidosis.
In light of this notion, a further step could be to explore whether the degree of brainstem
activation to inhaling CO, (Chapter 4) is dependent on the ACCN2 genotype. This would
be interesting to investigate in both healthy individuals and in PD patients, but it might
not be readily feasible in the latter group. For genotyping a large sample is required and
patients may not be easily willing to inhale CO,, causing discomfort, whilst lying in a noisy
scanner that is often associated with the experience of claustrophobia to some extent.
Furthermore, the functionality of those genetic variants is currently not known and
should be assessed first. If there is a difference in expression levels of the pH-sensitive ion
channel and a correlation with CO,-sensitivity, in the long-term, inhibition of the channels
might become a treatment option.

At the first stages of new potential pharmacological interventions, animal research is
of particular importance. As mentioned earlier, to maximize knowledge transfer, the
resemblance of stimulus and outcome measurements between animaland humanresearch
should be as close as possible. Testing the efficacy and dosages in such an animal model
would significantly contribute to improve the current process of knowledge translation
and application. This thesis provides a unique example of combining rodents, healthy
individuals, and patients within one large project. We used CO, exposure as experimental
stimulus, and obtained cardio-respiratory outcome measurements in addition to the
commonly used behavioral ones. However, a methodological consideration is that it was
not feasible to obtain all parameters in all groups. As patients did not tolerate the mask
for a prolonged period of time, parameters such as respiration rate and tidal volume could
not be monitored. Breathing, however, is relatively easy to measure in rodents. Further,
we managed to measure heart rate non-invasively in all groups, while blood pressure
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was only assessed in humans as in rodents restraining or prior surgery (e.g., in case of
telemetry) is required. Although a surgery is an invasive and expensive procedure, blood
pressure measurements may be an important addition based on our human data in
Chapter 3, showing that particularly the diastolic blood pressure might be a biomarker for
the CO,-reactivity.

To get closer to a more personalized treatment approach, genetic research aims to
identify susceptibility alleles. However, in general, genetic research in PD has not been
overly successful to date (Smoller, 2011). A relatively new field that may explain part
of the inconsistencies is epigenetics, a system that regulates whether a gene is actually
transcribed into messenger RNA or “silenced”, without changing the nucleotide sequence
of the DNA (Narayan and Dragunow, 2010; Stahl, 2010). One of the main forms of
epigenetic modifications is DNA methylation. DNA methylation occurs at the 5-carbon
position of cytosine residues, often in highly concentrated regions of CG dinucleotides,
referred to as CpG islands. By adding a methyl group, the enzyme DNA methyltransferase
(DNMT) promotes the conversion of cytosine to 5-methylcytosine, which in turn attracts
binding of repressor complexes. In addition, the chromatin structure becomes more
compact, thereby preventing the binding of transcription factors. Thus, generally, high
methylation is associated with a decreased gene transcription. Removing a methyl
group generally leads to a more open chromatin structure and gene expression. DNA
methylation is accomplished by the family of DNMTs: DNMT1 is required for maintenance
of the current methylation pattern, while DNMT2 and DNMT3 are involved in de novo
methylation. Methylation states can be inherited and altered by environmental factors
such as stress and diet, leading to “unwanted” changes in the methylation pattern.
Therefore, epigenetics potentially contribute to making an individual prone to develop a
certain disorder and may act as a mediator in the pathophysiology. Future studies should
not only investigate genes x environment interactions, but also epigenetic patterns should
be taken into account. With regard to PD, few epigenetic studies have been performed to
date. The MAO-A gene, encoding the enzyme that breaks down 5-HT, was reported to be
hypomethylated in female PD patients (Domschke et al., 2012). Negative life events were
related to a relatively decreased methylation, whilst the opposite effect was observed with
increased methylation. The exact functionality of the methylation pattern is not known,
but assuming that hypomethylation is associated with increased gene transcription, the
observed hypomethylation could be related to an increased expression of MAO-A, leading
to a relatively faster 5-HT breakdown. As mentioned earlier, 5-HT is believed to exert
panicolytic effects, thus an association between faster 5-HT breakdown and PD seems
to be plausible. Future studies could address whether the methylation state of genes
such as 5-HTT are related to symptom severity, CO,-sensitivity, treatment response, and
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relapse. In the long-term, this may lead to new and better treatment options and to more
personalized medicine. If relapse could be predicted, for instance identified by a too small
change in the methylation state before and after treatment, additional pharmacological
approaches could be added.

Concluding remarks

In the past few years, both rodent and human research had a tremendous contribution in
understanding the pathophysiology of psychiatric disorders. Yet, the progress is hindered
by the differences in outcome measurements between the two domains. As highlighted
in this thesis, most powerful would be the combination of the different areas and to use
experimental stimuli and outcome parameters that are as similar as possible. In such a
translational, cross-species approach, mice can serve as a model for humans, and healthy
individuals as a model for patients. In that way, we may be able to minimize the burden
for patients as new discoveries in rodents can be verified in healthy individuals first.
Viewed from the other side, once insights of associations between genetic variants and
the diagnosis of PD or epigenetic methylation states and treatment prediction/relapse are
made in PD patients, interventions can be investigated in mice and then, again, tested in
healthy individuals first.

To conclude, more research still has to be done. The use of translational, cross-
species projects can however significantly accelerate the progress of understanding
the pathophysiology of a disorder like PD. In the long-term, this might lead to a new
classification of the diagnostic criteria based on symptomatology and neurobiological
etiology, and to a more individual treatment strategy. The focus of the present thesis
was on PD, but this approach is likely to be highly beneficial for a large number of other
research areas.
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Anxiety, fear, and panic represent emotions with two opposite effects: on the one hand
they serve to protect us from (potential) danger, but on the other hand when dysregulated
they also bear the risk of evolving into mental disorders. One of these disorders is panic
disorder (PD) with its core feature panic attacks (PAs). PAs are a unique and rare example
of a psychopathological phenomenon that can be reliably provoked in the laboratory. One
of the most established techniques is an inhalation with an increased concentration of
carbon dioxide (CO,). The present thesis aimed to further investigate the link between
differential CO, sensitivity and PAs using a translational, cross-species approach that is
unique in psychiatric research to date. We present a series of studies, in which PD patients,
healthy individuals, and mice were exposed to CO,. In addition to the use of the same
experimental stimulus, we aimed to use comparable outcome measurements. In doing so,
various genetic and molecular approaches were applied.

Chapter 2 presents a critical literature review on the relationship between the brain acid-
base homeostasis and PAs. Three experimental panic-inducing techniques that acutely
disturb the acid-base homeostasis are described, with a particular focus on CO, inhalation.
Methodological approaches to expose humans and rodents to CO,, and the effects on the
cardio-respiratory as well as the endocrine system in humans are summarized. Human
and animal data are integrated to discuss the relationship between a change in pH and
adaptive responses. Accordingly, it can be concluded that CO, inhalation is an easy, non-
invasive, reliable, and well-validated human experimental model, while rodent studies
using CO, exposure in the direct framework of panic are still relatively scarce. Yet again,
over the past few years, important progress has been made regarding the molecular
mechanisms underlying chemosensitivity. There is a growing body of evidence that the
brainstem is a key structure in sensing acidosis and that the 5-HT system plays an important
role in this respect. However, it is not yet fully known which molecular players serve as
chemoreceptors within 5-HT cells. To further increase the insights into the mechanisms
underlying chemosensitivity and the pathophysiology of PD, we suggest that combining
human and animal research would be most powerful. However, currently, the translation
of knowledge between the two domains is often hampered by differences in outcome
measurements. Human panic studies classically rely on self-reports about experienced
fear and panic symptoms, while animal studies focus on the behavioral performance. To
maximize comparability, additional outcome parameters that can be obtained in both
species should be included. For instance, monitoring the cardio-respiratory response to
CO, exposure may be a useful addition to the presently used outcomes. We concluded that
using the same experimental stimulus and obtaining the same outcome measurements in
humans and mice will significantly improve the translation of knowledge between the two
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domains and the application of it. Eventually, such a translational approach will contribute
to the development of new therapeutic options for PD.

The study presented in Chapter 3 sought to examine the emotional and cardiovascular
responseto CO_-induced fear. Previousattemptstoinclude physiologicalmeasuresinhuman
panic studies yielded inconclusive results, mainly due to methodological shortcomings.
We addressed these shortcomings and used a novel customized computerized system
to continuously record the cardiovascular effects induced by four CO, inhalations, with
concentrations ranging from 0% to 35%, in 120 healthy individuals. Results showed that
self-reported fear, discomfort, and panic symptoms increased dose-dependently. Various
outcomes such as the peak of the systolic and diastolic blood pressure increased with
rising CO, concentration, but particularly the diastolic blood pressure appeared to reflect
the dose-dependent emotional response. Therefore, it is concluded that the diastolic
blood pressure is the most sensitive parameter and may represent a putative biomarker
to assess the reactivity to CO,.

It is well known that PD patients are more sensitive to a CO, inhalation than healthy
individuals. Two decades ago, it was proposed that every individual is equipped with an
evolutionarily evolved suffocation alarm system that senses metabolic threats from bodily
origin, signals vital danger, and leads to a profound emotional and behavioral response.
PAs are proposed to be caused by a dysfunctional suffocation system that erroneously
triggers an alarm without the presence of a real vital threat. The neurobiological basis for
this system is not yet fully understood. Animal research suggests a role of the brainstem
in the response to hypercapnia. To investigate whether the brainstem is activated by CO,
Chapter 4 presents a functional magnetic imaging (fMRI) study with 15 PD patients, 12
healthy controls, and 15 experienced divers, representing three groups with declining
CO, sensitivity. The reactivity was assessed to inhaling 7% CO, in blocks of 2 min. As
expected, self-reported fear scores were higher in PD patients than in healthy controls
and divers. In addition, inhaling CO, resulted in brainstem activation, an effect that was
more pronounced in PD patients compared to controls and divers. These results provide
further support for an increased sensitivity to CO, in PD patients, possibly caused by an
increased neural sensitivity at the brainstem level.

Rodent research demonstrated that the pH-sensitive ion channel ASIC1a plays an important
role in sensing changes in pH and triggering the fear-related behavioral response to CO,
exposure. Based on this work, two variants in the human homologue gene amiloride-
sensitive cation channel 2 (ACCN2) were shown to be associated with PD and amygdala
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reactivity to the presentation of emotional faces. The proposed mechanism was a lowered
threshold for sensing acidosis, leading to a heightened sensitivity. However, that study did
not include any direct link to a change in pH. Therefore, in Chapter 5, we investigated the
effects of those two variants in the ACCN2 gene on the response to a 35% CO, challenge in
107 healthy individuals and 183 PD patients. The reactivity to CO, was measured using self-
reports about fear/discomfort and panic symptoms, and, in healthy volunteers, additional
continuous blood pressure measurements. Results showed that patients homozygous for
the T-allele reported more fear than C-allele carriers. Healthy individuals homozygous for
the T-allele had a higher area under the curve of the systolic and diastolic blood pressure as
well as a higher peak of the diastolic blood pressure after the CO, inhalation in comparison
with C-allele carriers. At first sight, these results differ from the ones reported in the
previous study that found an association between the C-allele and the diagnosis of PD as
well as amygdala volume and function. However, our study had a different focus, namely
the relationship between ACCN2 and experimentally induced fear/panic using €O, and this
so-called flip-flop phenomenon is not uncommon in association studies. In conclusion, we
provided the first evidence that variants in the ACCN2 gene are associated with differential
sensitivity to CO, in PD patients and in healthy volunteers. Therefore, ACCN2 is a promising
candidate as potential target in the treatment of PD.

As the potential to study molecular mechanisms in humans is limited, Chapter 6 expands
on the studies in humans by exposing mice to CO,. As a follow-up on a previous human
study within our lab, showing that the reactivity to CO, is moderated by the 5-HTTLPR
polymorphisms, male wildtype, hetero-, and homozygous 5-Htt knock-out mice were
exposed to either 10% CO, or normal air using an innovative, fully controlled, and non-
invasive CO, chamber. The response was evaluated in terms of the behavioral performance
in anxiety- and fear-related tasks. CO, appeared to be a robust fear-stimulus, as indicated
by a decrease in distance moved in the open field test and the two-chamber test, in which
one chamber was filled with CO, and one with air, compared to air exposure. In addition,
the number of crossings between the two chambers was lower than when exposed to
air in the latter test. Between genotypes, homozygous knock-out mice showed more
anxiety-related behavior when exposed to air, but performed equally or even relatively
better in presence of CO,, indicative of an adaptive acid-base homeostasis. Furthermore,
evaluating the freezing response showed the same pattern with regard to the effects of
CO, and between-genotype differences. Subsequently, the cardio-respiratory response
was assessed in response to air and CO, in WT and heterozygous 5-Htt knock-out mice,
showing a strong activation of the respiratory system and a decreased heart rate to CO,
exposure. No genotype effect was found.
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Currently, immunohistochemical stainings and quantitative real-time polymerase chain
reaction (QRT-PCR) analyses are ongoing to examine levels of ASIC1ain various brain regions
including brainstem nuclei such as the dorsal raphe. Levels will be linked to behavioral
performance. As ASICla was shown to be an essential player in both conditioned and
unconditioned fear-related behavior, based on the observed under CO, exposure a higher
expression may be expected in wildtype mice compared to homozygous knock-out mice.
In addition, it is hypothesized that ASIC1a is located within 5-HT cells in the brainstem,
thereby providing a molecule substrate for 5-HT cells to sense changes in pH.

In Chapter 7, data obtained from PD patients, healthy individuals, and mice are combined
to judge the acceptability of euthanizing lab animals using CO,. Each year, millions of lab
animals are sacrificed for science using CO.. It remains unclear how aversive animals find
being exposed to CO,. As CO, is a well-validated panic-provoking stimulus in humans,
we question the “humane” nature of CO, euthanasia in animals. We simultaneously
examined, for the first time, CO, exposure and behavioral as well as the same cardio-
respiratory outcomes in 20 mice, 136 healthy volunteers, and 98 PD patients, allowing
a comparison across species. Mice showed robust fear-related behavior in all employed
tests and a physiological response similar to humans, who reported intense fear and panic
symptoms. This study thus strongly suggests that euthanasia in animals using CO, is highly
stressful rather than a “humane” method and hence should be abolished.

In Chapter 8, the studies included in this thesis are discussed and human and animal
work is integrated to provide clinical implications and directions for future research.
The stimulation of translational approaches as in this case is of particular importance to
enable a useful combination of human and animal research, which eventually will improve
current therapeutic options. Despite that the focus of the present thesis is on panic, the
translational, cross-species approach of this thesis is likely to be relevant for many other
research areas.
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Angst, vrees en paniek zijn emoties met twee tegenovergestelde effecten: aan de ene kant
beschermen ze ons voor (mogelijk) gevaar, aan de andere kant, wanneer ze ontregeld zijn,
vormen ze ook een risico voor psychische stoornissen. Eén van deze aandoeningen is een
paniekstoornis met als kenmerkend symptoom paniekaanvallen (PA). PA zijn een uniek en
zeldzaam voorbeeld van een psychopathologisch verschijnsel dat betrouwbaar kan worden
opgewekt in het laboratorium. Eén van de meest gevalideerde technieken is een inhalatie
met lucht die beduidend meer CO, bevat dan normale lucht. Dit proefschrift is gericht op
het verband tussen de gevoeligheid voor CO, en PA, waarbij we gebruik maken van een
zogenaamd translationeel model, dat tot op heden uniek is in psychiatrisch onderzoek.
Wij presenteren een reeks van studies, waarin patiénten met een paniekstoornis, gezonde
vrijwilligers en muizen werden blootgesteld aan CO,. Naast het gebruik van dezelfde
experimentele stimulus, beoogden we vergelijkbare uitkomstmaten te gebruiken. Daarbij
werden verschillende genetische en moleculaire benaderingen toegepast.

Hoofdstuk 2 is een kritisch literatuuroverzicht waarin we de relatie tussen de zuur-base
(pH) balans in de hersenen en PA bespreken. De focus is op CO, inhalaties. De manier
waarop mensen en knaagdieren aan CO, worden blootgesteld, en de effecten op het
cardio-respiratoire en endocriene systeem worden samengevat. Onderzoeken in mensen
en knaagdieren worden geintegreerd om de relatie tussen een pH verandering en
adaptieve responsen te bespreken. Op basis hiervan concluderen wij dat een CO, inhalatie
een eenvoudig, niet-invasief, betrouwbaar en goed gevalideerd experimenteel model in
mensenis. In knaagdieren daarentegen wordt blootstelling aan CO, nog niet vaak toegepast
in het kader van paniekonderzoek. Desondanks werden in de afgelopen jaren belangrijke
inzichten verkregen in de moleculaire mechanismen die een rol spelen bij het detecteren
van en reageren op pH veranderingen (“chemosensitiviteit”). Uit onderzoek blijkt dat
hierbij de hersenstam en het serotonerge (5-HT) systeem een belangrijke rol spelen. Het
is echter nog niet volledig bekend welke moleculen in 5-HT cellen als receptoren dienen
om een pH verandering te detecteren. Om de biologische basis van chemosensitiviteit en
paniekstoornis nader te onderzoeken stellen wij voor studies in mensen en in knaagdieren
te combineren. Tegenwoordig is de vertaling van kennis tussen de twee groepen steeds
moeilijk omdat de uitkomstmaten verschillen. In mensen worden meestal rapportages
van de patiént of proefpersoon gebruikt over hoe veel vrees en panieksymptomen
werden ervaren, terwijl in dierstudies het gedrag wordt bekeken. Om de vergelijkbaarheid
te verbeteren moeten uitkomstmaten worden gebruikt die in mensen zowel als in muizen
kunnen worden gemeten, bijvoorbeeld de respons van het cardio-respiratoire systeem.
Wij concludeerden dat het gebruik van dezelfde experimentele stimulus en dezelfde
uitkomstmaten de vertaling van kennis tussen mens en dier sterk kan verbeteren. Een
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dergelijke translationele aanpak zal uiteindelijk bijdragen aan de ontwikkeling van nieuwe
therapeutische mogelijkheden voor paniekstoornis.

Inde studie beschreven in Hoofdstuk 3 onderzochten wij de emotionele en cardiovasculaire
reactie op een CO, inhalatie in gezonde vrijwilligers. Studies die in het verleden poogden
de fysiologische respons op CO, te bepalen leverden geen duidelijk resultaat, voornamelijk
als gevolg van methodologische tekortkomingen. Daarom hebben wij een nieuw systeem
gebruikt om de effecten van vier CO, inhalaties, tussen 0% tot 35% CO,, op het hart- en
vaatstelsel in 120 gezonde vrijwilligers te bestuderen. De resultaten toonden aan dat
het gevoel van vrees, ongemak en panieksymptomen heviger was naarmate de CO,
concentratie toenam. De piek van de systolische en diastolische bloeddruk nam ook toe
met toenemende CO,-concentratie, maar vooral de diastolische bloeddruk bleek de dosis-
afhankelijke emotionele reactie te weerspiegelen. Derhalve werd geconcludeerd dat de
diastolische bloeddruk de meest gevoelige uitkomstmaat is en mogelijk een biomarker
vormt voor de reactiviteit op een CO, inhalatie.

Het is bekend dat patiénten met een paniekstoornis sterker reageren op een CO,
inhalatie dan gezonde mensen. Reeds twee decennia geleden werd voorgesteld dat elk
individu is voorzien van een ingebouwd alarmsysteem dat als functie heeft het individu
te waarschuwen voor verstikken. Het detecteert bedreigingen vanuit het lichaam
(bijvoorbeeld afkomstig van de stofwisseling) en is verantwoordelijk voor het tot stand
komen van een emotionele en gedragsmatige reactie. De hypothese is dat PA worden
veroorzaakt door een alarmsysteem dat ontregeld is en geactiveerd wordt terwijl er geen
sprake is van een reéel gevaar. De neurobiologische basis voor dit systeem is nog niet
volledig bekend. Onderzoek in knaagdieren duidt op een rol van de hersenstam in de
respons op pH veranderingen. Om te onderzoeken of de hersenstam bij de mens wordt
geactiveerd door het inademen van CO, presenteren wij in Hoofdstuk 4 een functionele
magnetische beeldvorming (fMRI) studie met 15 paniekstoornis patiénten, 12 gezonde
vrijwilligers en 15 ervaren duikers, drie groepen met dalende CO,-gevoeligheid. ledereen
ademde 7% CO, voor 2 min. Zoals verwacht rapporteerden paniekstoornis patiénten meer
vrees dan gezonde controles en duikers. Inademen van CO, activeerde de hersenstam, een
effect dat sterker was in paniekstoornis patiénten dan in gezonde controles en duikers.
Deze resultaten ondersteunen de hypothese dat de hevigere reactie van patiénten met
paniekstoornis op CO,, wat mogelijk veroorzaakt wordt door een verhoogde gevoeligheid
in de hersenstam.



Onderzoek in proefdieren heeft aangetoond dat het pH-gevoelige ionkanaal ASICla een
belangrijke rol speelt bij het detecteren van pH veranderingen en het uitlokken van een
gedragsmatige vreesrespons gedurende blootstelling aan CO,. Op basis van die studie
werden twee varianten in het menselijke homoloog gen “amiloride-sensitive cation
channel 2” (ACCN2) geassocieerd met paniekstoornis en met amygdala reactiviteit op
de visuele presentatie van emotionele gezichten. Het voorgestelde mechanisme is een
verlaagde drempel voor de detectie van een verlaagde pH, wat dus leidt tot een verhoogde
gevoeligheid. Waarvoor was er echter voorlopig geen experimenteel bewijs. Daarom
onderzochten wij in Hoofdstuk 5 de effecten van die twee varianten in het ACCN2 gen op
de respons op een 35% CO, inhalatie in 107 gezonden en 183 paniekstoornis patiénten.
De reactiviteit op CO, werd gemeten met behulp van zelf-rapportages over het gevoel
van vrees/ongemak en panieksymptomen, en bij gezonden additioneel met bloeddruk- en
hartslagmetingen. De resultaten toonden aan dat patiénten homozygoot voor het T-allel
meer angst rapporteerden dan mensen met één of twee C-allelen. Gezonde vrijwilligers
homozygoot voor het T-allel hadden een hogere “area under the curve” van de systolische
en diastolische bloeddruk en een hogere piek van de diastolische bloeddruk na de CO,
inhalatie in vergelijking met gezonden met één of twee C-allelen. Het verschil tussen de
resultaten van onze studie en het vorige onderzoek, dat een verband tussen het C-allel
en de diagnose van paniekstoornis en amygdala functie had gevonden, komt mogelijk
door een verschillende focus. Wij hebben niet paniekstoornis als geheel bekeken maar
de respons op een fenotype, namelijk experimenteel geinduceerde vrees/paniek met
behulp van een CO, inhalatie. Verder is dit omgekeerde effect een bekend fenomeen in
genetische associatie studies en wordt “flip-flop fenomeen” genoemd. Samengevat, wij
leveren het eerste bewijs dat de varianten in de ACCN2 gen geassocieerd zijn met een
verschillende gevoeligheid op CO,, in paniekstoornis patiénten en in gezonde vrijwilligers.
ACCN_2 lijkt dus een veelbelovende kandidaat voor mogelijke toekomstige farmacologische
interventies in het kader van behandeling van paniekstoornis.

Omdat moleculaire mechanismen niet helemaal in mensen kunnen worden bestudeerd,
wordtin Hoofdstuk 6 een vervolgstudie in muizen beschreven. Wijhebben eerderin onslab
aangetoond dat een functionele variant in het “serotonine transporter gen“ (5-HTTLPR) de
mate van ongemak en panieksymptomen, opgewekt door een CO, inhalatie, beinvioedt in
mensen. Als vervolg werden mannelijke “wildtype”, hetero- en homozygote 5-Htt “knock-
out” muizen blootgesteld aan ofwel 10% CO, of normale lucht. Hierbij werd gebruikt
gemaakt van een innovatieve, volledig gecontroleerde, en niet-invasieve box. De respons
werd geévalueerd op basis van het gedrag in angst- en vrees-gerelateerde taken. CO,
bleek een sterke vrees stimulus te zijn, wat duidelijk werd door een afname in de gelopen
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afstand in de “open field test” en de “two-chamber test”, waarbij één kamer was gevuld
met CO, en één met lucht, vergeleken met blootstelling aan lucht. Bovendien was het
aantal verplaatsingen heen en weer tussen de twee kamers lager dan onder blootstelling
aan lucht in de laatste test. Uit een vergelijking tussen genotypen bleek dat homozygote
“knock-out” muizen meer angstgedrag vertoonden onder blootstelling aan lucht, terwijl
zij relatief beter presteerden in aanwezigheid van CO,. Hetzelfde patroon was te zien met
betrekking tot de “freezing” respons. Vervolgens werd de cardio-respiratoire respons
gemeten in “wildtype” en heterozygote 5-Htt “knock-out” muizen. Hieruit bleek dat CO,
het ademhalingsstelsel sterk activeerde, terwijl hartslag verminderd was ten opzichte van
de effecten gedurende blootstelling aan lucht. Geen genotype effect werd gevonden.
Momenteel vinden immunohistochemische kleuringen en “quantitative real-time
polymerase-chain reactions” (qRT-PCR) analyses plaats om het niveau van ASICla in
verschillende hersengebieden (waaronder hersenstamkernen) te bepalen. Expressie
levels worden gekoppeld aan het geobserveerd gedrag onder lucht en CO, blootstelling.
Vermits ASIC1la een essentiéle rol in zowel geconditioneerde en ongeconditioneerde vrees
heeft en “wildtype” muizen relatief gezien meer vreesgedrag vertoonden, verwachten wij
dat de expressie hoger is in “wildtype” muizen vergeleken met homozygote “knock-out”
muizen. Bovendien is de hypothese dat ASIC1a in 5-HT cellen in de hersenstam zit en het
molecuul is dat een verlaging in pH detecteert.

In Hoofdstuk 7 worden de data verkregen in paniekstoornis patiénten, gezonde
vrijwilligers, en muizen gecombineerd om de aanvaardbaarheid van CO, euthanasie in
lab dieren te beoordelen. Elk jaar worden miljoenen proefdieren opgeofferd voor de
wetenschap met behulp van CO,. Het blijft onduidelijk hoe aversief de blootstelling aan
CO, is voor deze dieren. CO, is een goed gevalideerde stimulus om paniek uit te lokken in
mensen. Daarom ondervragen wij de “humane” aard van CO, euthanasie bij dieren. Voor
het eerst hebben wij gelijktijdig onderzocht wat de effecten van blootstelling aan CO,
op gedrag en dezelfde cardio-respiratoire uitkomstmaten zijn in 20 muizen, 136 gezonde
vrijwilligers en 98 paniekstoornis patiénten. Daardoor kan een vergelijking tussen mens
en dier plaatsvinden. Muizen hadden een sterke gedragsmatige vrees respons in alle taken
en een fysiologische reactie vergelijkbaar met die van mensen, die een sterk gevoel van
vrees en panieksymptomen rapporteren. Uit deze studie blijkt dat euthanasie bij dieren
met behulp van CO, waarschijnlijk zeer stressvol is, in plaats van een “humane” wijze, en
wellicht beter moet worden afgeschaft.

In Hoofdstuk 8 worden de studies uit dit proefschrift besproken en geintegreerd om
klinische implicaties en mogelijk vervolgonderzoek te bespreken. De stimulatie van
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translationele modellen (vergelijkbaar onderzoek in mensen en proefdieren) is belangrijk
om op lange termijn de therapeutische opties op lange termijn te verbeteren. Hoewel de
focus van dit proefschrift op paniekstoornis ligt, is het waarschijnlijk dat de translationele
aanpak ook relevant is voor vele andere onderzoeksgebieden.
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Individual and socio-economic relevance

Panic disorder (PD) is a prevalent condition that affects about 4% of the general adult
population (Weissman et al., 1997). The recurrent, unexpected nature of its core feature,
panic attacks (PAs), is highly frightening and stressful for patients. Before PD is being
diagnosed, patients typically associate the symptoms (e.g., shortness of breath, choking,
dizziness, chest pain, palpitations) with heart attacks and seek help in emergency
departments (Fleet et al., 1996), without receiving a solid explanation for their problem.
Over time, patients often develop concerns about future attacks and eventually avoid
places and situations, in which previous attacks occurred, in which it may be difficult to
get help (e.g., being outside alone) or in which a PA might be embarrassing (e.g., in a
restaurant). Consequently, patients are often confined to their homes, unable to participate
in social activities or to go to work, leading to financial problems for the patient as well as
the employer and a marked decrease in quality of life (Davidoff et al., 2012; Mendlowicz
and Stein, 2000). In addition, available treatments are associated with many side effects
(Batelaan et al., 2012) and relapse rates are high (Craske and Zucker, 2001). Therefore, the
costs associated with an individual with PD are substantial in terms of medical care and
decreased productivity such as missed working days. At the population level, the annual
societal costs of €226 million equal the range of the combined costs of general anxiety
disorder, social phobia, and simple phobia (Batelaan et al., 2007).

Refining the diagnosis of PD

Asthe symptoms of a PA such as chest pain and breathing difficulties closely resemble those
of a heart attack or acute asthma, patients commonly seek help at emergency or heart
departments (Fleet et al., 1996). Often costly tests such as angiography are performed
(Zaubler and Katon, 1998), however without finding a medical explanation. In fact, up to
25% of patients with chest pain and visiting hospital emergency departments have been
shown to fulfil the diagnostic criteria of PD (Huffman and Pollack, 2003). This observation
emphasizes the need for a better and fast diagnosis of PD, which to date is based on self-
reports during clinical interviews. It is evident that the presence and intensity of emotions
(e.g., fear of dying) and some symptoms such as dizziness experienced during a PA can
only be evaluated by the individual itself. However, PAs are also accompanied by marked
physiological symptoms. Therefore, in the first study of this thesis, we went beyond the
traditional approaches and included physiological measurements to complement self-
reports. We showed that in healthy subjects particularly the diastolic blood pressure
was a sensitive parameter that reflected the degree of self-reported emotions and panic
symptoms, and might therefore represent a suitable biomarker. The next conceptual steps
are to confirm the potential of the diastolic blood pressure as biomarker in PD patients

228



Valorization

and, when validated, incorporation in the daily clinic. When no heart- or asthma-related
explanation can be found, patients could take a vital capacity breath of CO,, whilst blood
pressure is measured. The combination of a high emotional response and assessing
the diastolic blood pressure could support the clinical diagnosis. The incorporation in
the clinic is relatively easy in terms of methodology: blood pressure can be measured
using a non-disturbing finger cuff connected to a cardiovascular monitor. Such devices
are commercially available and costs are relatively low. To disseminate this application,
we published the study addressing the inclusion of physiological measurements to
complement self-reports in an international peer-reviewed journal and present the results
in lectures and at (inter)national conferences for scientists. In addition, we work together
with national health centers to inform clinicians about the potential use. In the mid-term,
including the diastolic blood pressure might be a highly value addition for diagnosing PD
and providing the patients the right medical explanation and treatment.

Improving current pharmacological treatments in PD and other disorders

In PD, the two main treatment options are pharmacotherapy and cognitive behavioral
therapy. Despite that the current pharmacological drugs are effective in general, many
patients remain symptomatic or do not respond to the first-line choice of treatment
(Baldwin et al., 2014). In addition, the many side effects such as sexual dysfunction, weight
gain, sleeplessness, and nausea (Cascade et al., 2009) often lead to a low acceptability of
the drug by the patient. After drug discontinuation relapse rates are high, with up to 70%
(Craske and Zucker, 2001). Therefore, to improve the current treatment options and to
find new neurobiological targets, it is important to make progress in gaining more insights
into the molecular mechanisms underlying PAs. Human experimental models are limited
in their potential to investigate molecular mechanisms. However, in contrast to the long-
standing use of panic-provoking agents such as CO, inhalation in humans, relatively little
research has been done in rodents in the direct framework of PD. In addition, human
panic provocation studies rely on self-reports, while in rodent studies the main outcome
parameter is the animal’s behavior, two outcomes that are difficult to compare. This
divergence between human and animal models hampers the translation of the results
and is one of the reasons why drugs that proved to be promising in animals frequently fail
in the clinical phase.

To optimally compare the aspects of human and animal research, it is important to
perform experiments and use outcome measures that are as similar as possible. Although
some studies already applied CO, exposure to rodents as experimental stimulus, the
field would greatly benefit from adding outcome variables that can be obtained in both
research domains, for instance cardio-respiratory parameters, as we did in the present
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thesis. When using the same stimulus and outcome measures in both species, the
likelihood of obtaining an effective drug in humans based on a promising compound in
the rodent model strongly increases. In addition, given the spectrum of CO_-reactivity
and to reduce the burden for patients with PD, the potency of new therapeutics can be
evaluated in healthy subjects and then followed by first-degree relatives of PD patients,
who show an intermediate vulnerability to CO, when compared to healthy participants
and PD patients. Eventually promising drugs can be tested in patients, in collaboration
with pharmaceutical companies. Given that the pathophysiology of PD is not yet fully
understood, more research is needed and potential molecular targets have to be studied
in detail in order to have value for patients in the future. In the present thesis, we further
put forward pH-sensitive ion channels as promising candidates. Future studies could
elucidate the effects of, for instance, drugs selectively inhibiting those channels. Starting
in rodents, with making use of a combined behavioral-physiological approach established
in the course of this PhD project, and extending to humans might lead to better treatment
strategies in the mid-term.

Despite that the focus in the present thesis is on PD, going beyond the commonly used
methods is likely to be highly beneficial for all research disciplines, in which data from
rodent research are applied in humans and in which drug development is involved. More
effective drugs and with less side effects, and decreasing the time to test them is of pivotal
importance for patients to return to a normal daily life, which also has a large impact on
society and economics.

CO, inhalation in exposure therapy in PD

Afurther application of the results of the present thesis may be in light of exposure therapy
in PD, a form of cognitive behavioral therapy. Exposure therapy is based on the repeated
exposure to the frightened stimulus until patients have learned that there are no life-
threatening consequences, associated with a reduction in discomfort to a tolerable level
that does not hamper daily life anymore. In case of PAs, the arousing bodily sensations are
provoked by, for instance, intentional hyperventilation (Meuret et al., 2005), spinning in a
chair, and running on the spot (Ito et al., 2001). However, only a fraction of the symptoms
of a full-blown PA are provoked using these approaches (Antony et al., 2006; Lee et
al., 2006). In contrast, CO, inhalation triggers the fear and bodily response resembling
naturally occurring PAs. The response to a few CO, inhalations is relatively consistent
(Coryell and Arndt, 1999; Verburg et al., 1998), but repeated exposures were shown
to cause desensitization to some extent (Beck et al., 1997; van den Hout et al., 1987).
Therefore, 35% CO, is a promising tool for exposure therapy in patients with PD. It is
commonly used in the daily practice at the Academic Anxiety Hospital, Maastricht, and
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receives modest interest from other centers as well. To become an addition or alternative
to pharmacological treatment that is frequently accompanied by considerable side effects
(Cascade et al., 2009), it has to be investigated how many inhalations are required to
obtain relevant effects in PD patients. Patients can be recruited in the clinical setting when
seeking treatment. By systematically assessing the required number and frequency of CO,
exposure sessions, application guidelines can be provided to clinicians in a few years.
Clinicians can be reached via national health centers and large conference such as the
annual meeting of the American Psychiatric Association (APA) and the European College
of Neuropsychopharmacology (ECNP).

To date, it is largely unknown what the biological basis of exposure therapy is, as is the case
regarding the observed desensitization to repeated CO, exposure. To further elucidate the
involved mechanisms, monitoring the physiological response in terms of respiratory and
cardiovascular parameters, as we did in the studies presented in this thesis, represents
an easy to implement and relatively inexpensive starting point. Thereby, we could obtain
insights in whether the effects of CO, exposure therapy are associated with personal
perception or also with physiological alterations. The relevance in this regard is twofold:
First, to potentially offer an add-on therapy if changes on the physiological level are
essential for relevant effects or exert an additional beneficial effect. This could be in form
of, for instance, relaxation or breathing training in patients. Second, to possibly identify
patients at risk for relapse in order to intervene in time by, for instance, scheduling earlier
appointments with the clinician. Furthermore, in the future, the effects of CO, exposure
therapy might also be boosted by augmentation with pharmacological drugs. To test the
therapeutic potential of drugs, a combination of repeated CO, exposure and assessing the
behavioral as well as physiological response could be tested in rodents. In addition, animal
research might also reveal new neurobiological targets. Overall, there is a high potential
of CO, inhalations in the framework of treatment options for PD, however much research
has still to be done before clinical applications can be expected.

Decreasing the stigmatization in mental disorders

Despite that mental disorders are highly prevalent, the field of psychiatry is still perceived
as having a negative connotation. Patients have a double burden, suffering from severe
symptoms of the illness and experiencing stigmatizing attitudes from society. Patients
are often negatively judged by other people as being dangerous (Whalen, 2006) or crazy.
These beliefs lead to discrimination, avoidance, and reluctance to provide support and
help. It is apparent that this additionally affects the patients’ life in a negative manner,
on an emotional level as well as in terms of daily life activities and willingness to seek
treatment at psychiatry wards (Prasko et al., 2011; Whalen, 2006). Frequently, patients



start to internalize believes of their environment, stigmatize themselves, and loose self-
esteem and confidence into the future (Corrigan and Watson, 2002).

In contrast to the belief that mental disorders are due to a weak character (Corrigan
and Watson, 2002), there is a large body of scientific evidence that mental disorders
have a biological origin in form of vulnerability factors that interact with environmental
factors. The present thesis contributes to extending our understanding of PD by showing
that, for instance, genetic variants are associated with a heightened reactivity in an
experimental model of PAs. By raising awareness for a biological basis of mental disorders,
de-stigmatization could be achieved. Target groups include the community residents,
patients, relatives, and health insurances that often reimburse treatment of psychiatric
disorders to a smaller extent than of physical ilinesses. Performing educational campaigns,
in collaboration with health care providers, patient organizations, and the media, could
provide information to a broad audience and clarify misunderstandings based on scientific
evidence. In addition, it has been shown that interpersonal contact with patients is
associated with less stigmatization (Corrigan and Watson, 2002). Therefore, it is important
to actively involve patients in activities, for instance in discussion meetings, in which they
tell about their personal experiences. Moreover, education should start early, for instance
at school, as it was shown that young adults with an age of 16-19 years are more likely to
have negative attitudes towards mental disorders than older people (Crisp et al., 2005).
This could significantly increase the patients’ quality of life and give them a more positive
future.

Conclusion

The present thesis went beyond the commonly used methods by using a unique approach
in psychiatric research to date, thereby providing promising opportunities for future
thriving applications in the framework of PD as well as mental disorders in general.
Multi-disciplinary scientific collaborations and interacting with various stakeholders may
accelerate the endeavors of science to positively impact on patients’ lives, which, in
turn, could reduce the socioeconomic costs related to mental disorders. Money saved
could then be spent on research again to further push forward discoveries in the same
or other disciplines, to disseminate applications, and to decrease stigmatization by doing
campaigns. Thereby, we may be able to make a significant step towards bringing together
science, society, and clinic, and to perform research that benefits the patient in the short-
term.
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Here it is, my book, my “scientific driver’s licence”. Many said it before and | have to repeat
it: It would not have been possible without the help of so many people. Where to start...
this may not be only the most read chapter, but also one of the few opportunities to
finally express gratitude and say what we thought all the time, but often did not literally
say. Every time you start a new project or do a work visit, there is the potential it will
become an unforgettable time, if you end up in the right environment. | am very grateful
that | worked together with bright and passionated colleagues, and that | met many great
people during my work visits, who all they deserve a few personal words. Grap a cup of
coffee and a cookie, it is going to take a bit longer...

Professor Harry Steinbusch, ik wil u bedanken dat u als promotor mijn PhD project hebt
begeleid. U gaf mij de vrijheid om binnen twee divisies te werken en mezelf te ontplooienin
het lab. Ik waardeer de interesse die u gedurende de afgelopen jaren toonde, bijvoorbeeld
in het verloop van de huidige studie of de plannen voor de toekomst. Uw vooruitdenkend
vermogen heeft mij altijd geholpen.

Mijn co-promotoren, Dr. Koen Schruers en Dr. Daniél van den Hove

Mijn Yoda’s, hoe moet ik jullie in een alinea bedanken? In de afgelopen jaren voelde ik
mij alsof ik in een oceaan zwom. Zo veel richtingen, zo veel mogelijkheden. Soms zwom
ik goed vooruit, soms was ik de oriéntatie kwijt of moest ik door sterke golven heen. Ik
bleek stressbestendig te zijn, maar dit komt vooral ook door jullie. Kinderen springen het
water in zonder bang te zijn, zolang ze maar weten dat er iemand is om hen omhoog
te trekken wanneer de golven te sterk worden of wanneer ze niet meer weten waar ze
naartoe moeten. En deze ‘iemand’ zijn jullie voor mij. Heel erg bedankt! Ik heb veel van
jullie geleerd en zo veel steun ervaren. Ik hoop ooit een gedeelte hiervan terug te kunnen
geven, misschien in de vorm van een publicatie, die ons beroemd maakt ;).

Koen, King of CO,, King of wine. Hoeveel aandacht heb ik gevraagd... bedankt voor het
geduld, ook wanneer ik de 10e keer in één week binnenliep. Ik bewonder jouw vermogen
het bos door de bomen te zien en dass du immer die Kernaussagen in meinen langen,
durch Komma getrennten Satzen, die fir mich, aber nicht unbedingt fiir andere, deutlich
waren, verstanden hast.

Daniél, bedankt dat je altijd te bereiken bent en voor je humor. Ik zat vaak lachend achter
de computer om vervolgens een antwoord te bedenken (ook een manier om de creativiteit
van je Aios te stimuleren). Ik kan steeds nog niet geloven dat je met een foto in je hand op
de SfN bent rondgelopen en hem ook nog hebt gevonden. Don’t Hassel The Hove!
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werkvloer te hebben. Ik wens je veel succes met je promotietraject, niet vergeten: Ook
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My friends, it was so much fun, every one of you made my time special: Leonie, es began
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flavour!” Ek hoop dat ek julle gou kan besoek vir ‘n ware braai. Kasey, hit by a car on one

242



Acknowledgments

of your first days was not the best start in New Haven, but | hope that you, in the end, keep
the time in good memory. Thank you for my first Halloween with pumpkin carving and
candy corn. | enjoyed being part of your first experience to take a bus (really?!). George,
Rob, and Shamano, thank you for showing me the real American culture and my birthday
party. Only guys can come up with the idea to decorate a cake with as many tealights
as possible ;). Clarice and Ruaidhri, it was a lot of fun. Rory, you brought back so many
memories of my time in Ireland, thanks!

Wiirzburg, Deutschland

Professor Klaus-Peter Lesch, ich danke |hnen fiir die Zusammenarbeit und all die
Moglichkeiten, die Sie mir geboten haben. Ich habe viel in Threm Labor gelernt und
bewundere, dass Sie so viele verschiedene Projekte betreuen und doch die Zeit finden auf
dem neusten Stand zu bleiben.

Judith, vielen Dank fiir die Unterstiitzung bei allen Formalitdten und fir die leckeren
gebackenen Sachen, die du 6fters mitgebracht hast.

Magda, wie gern denke ich an die Zeit und deinen Humor zurick (“Du benimmst dich
wie ein echter LLer”). Danke, dass du tagelang an meiner Seite warst und dass du Ruslan
mit mir geteilt hast. Ruslan, mit was flr einer Geduld du pipettieren getibt und mit mir
RNA extrahiert hast. Ab und zu hast du bestimmt mal nachgedacht, ob du nicht Dinge ins
oberste Regalfach legen sollst, so dass ich ohne dich nicht dran komme ;). Gabi, du arbeitest
mit einer bewundernswerten Effizienz und Geschwindigkeit, so dass wir oft nur an der
Staubwolke erkennen konnten, in welche Richtung wir laufen mussten um dich zu finden
(im Ubertragenen Sinne natdrlich, in unserem Labor gibt’s keinen Staub!). Danke fiir deine
Hilfe. Karla, Frithjahr 2013, zwei Doktoranden und eine straff geplante Verhaltensstudie...
Tigerenten, XXL Maleranzug, Licht und Sucroseflaschen (ohne Worte). Danke auch fir all
deine Hilfe bei meiner eigenen Studie. Christiane, danke fur deine detailierten Antworten
auf all meine Fragen. Ich hoffe, wir kdnnen das Kind noch schaukeln. Sarah S. und Miriam,
wisst ihr noch: Kekse/Schokolade oder der Test meiner “Stressbestandigkeit” (da wird mir
schon wieder ganz flau, Sarah ist einfach viel tougher ;) ). Kathrin und die Julias, von
Statistik bis Lederjacken, euch war keine Frage zu lastig, danke.

Allen anderen, von Angelika, Inge, den Nicole’s, Carola, Thomas, Marion, Jonas, Ben,
Uber Charlotte bis zum Rest in der Bib: danke! Ich danke euch allen fir die lehrreiche
Zeit und Geduld, wenn ich alle Sprachen durcheinander geworfen hab. lhr habt mich mit
offenen Armen empfangen und seid der beste Beweis, dass die Deutschen gar nicht so
kalt sind wie immer behauptet wird.
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Nach der Arbeit sorgte meine WG fiir Abwechslung. Jan, du warst der erste, der mich in
Wiirzburg willkommen geheiflen hatte. Ich danke dir fir die vielen WG Abende, deine
(gnadenlose ;) ) ehrliche Meinung, und dass du mich sofort integriert hast. Marie, es war
schon, dass du so oft vorbei gekommen bist. Wer hatte sich sonst so kindisch mit mir
gefreut, als ich Jan das erste Mal beim Durak spielen besiegt habe... Sarah, danke fir die
Spieleabende, das leckere Essen und deine Hilfsbereitschaft und Unterstiitzung am Ende,
obwohl du selbst im Stress warst! Oli, wie gern wiirde ich mal wieder eine Pizza mit euch

essen.

Edel, and Frank, the first time that | left home, my first flight... you welcomed me like a
family member, you made me feel home, you introduced me to the Irish culture. Fintan
and Jude, you were only 3 months old, just discovering the world, and yet able to teach me
so many lessons. It was a great and unforgetable time that made me the “adventureous”
person | am today. Go raibh mile maith agath!

’54,'74,'90, 2014: Sommermarchen 2014, der vierte Stern. Danke, Jungs! Danke, Jogi!

Hans Peeters, ik vind het erg fijn dat u bereid was het coverplaatje voor mijn boekje te
tekenen. Ik vind het geweldig, super bedankt! Bedankt Leny voor het lekkere avondeten.
Leuk dat jullie ons tijdens Maastricht’s Mooiste hebben ondersteund.

Suzanne, team “bridge to bridge”. Jijen Sanne hebben ervoor gezorgd dat ik met hardlopen
ben begonnen. Gelukkig zijn de bruggen in Maastricht niet zo ver uit elkaar ;).

Sebastian, danke fiir deine Unterstiitzung, den ein oder anderen Schubs in die richtige
Richtung und fiir deine Gelassenheit, wenn eine Nachricht mit “Das Wichtigste ist doch,
dass wir gesund sind” begann.

Andi, fir die relativ kurze Zeit haben wir doch schon einiges erlebt, was uns
zusammenschweiRt. Lustig war’s. Auf dass es weiterhin so bleibt, in Sulzfeld, Wirzburg,
Maastricht oder wo auch immer.

Tobias, der harte Kern in der Heimat. Schon, dich immer da zu wissen, wenn ich mal
wieder vorbei schaue. Und durch deine Pflanzen warst du doch auch irgendwie bei mir in
Maastricht.

Elina, my crazy and lovely roommate. Two people who went to Yale coincidentally end up
as roomies in Maastricht. It was fun to talk about life and my (a)typical German personality
traits (no, | would never give away my fridge or write notes on the wall ;) ). Thanks for
making me laugh so often.

Nicole, Kekse, Kuchen, Spinning und Skaten... Obwohl du alle Hande voll zu tun hast, freue
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ich mich, dass du zu den Menschen gehorst, die einfach mal anrufen statt zu schreiben -
und ist es nur fiir 5 min! Sibren, thanks for the lovely dinners, also when | unexpectedly
show up at dinner time. Jamie and Ando, thanks for your flirty eyes that always make me
smile.

Sanny, wij hebben zo veel gedeeld in de afgelopen vier jaar. Jij was er toen ik mijn een,
twee... tegenslagen had. Niet minder belangrijk, jij was er ook op de goede dagen en
nu promoveren wij in dezelfde week. Bedankt dat jij zo’'n “Sonnenschein” bent, mijn
Nederlands naar echt Nederlands vertaalt (“zij bedoelt...”), maar toch accepteert dat
ik vaak beter ben in de Nederlandse d/t spelling. Fijn dat je altijd een open deur hebt
(altijd?! Nou, af en toe is die toch dicht en jij zorgt ervoor dat dicht ook inderdaad dicht is
:-p). Graag denk ik terug aan al die dingen die wij hebben gedaan. Het is fijn je aan mijn
zijde te hebben!

Iris, toen jij ons klein angstteam kwam versterken werd het nog leuker, op de werkvloer
maar ook in de vrije tijd. Wij hebben nooit aan hetzelfde project gewerkt en toch had ik
door jou leuke ervaringen, waaraan ik graag terug denk: Was het Annie beter te kunnen
leren kennen of de 7T scanner in te mogen. Onze plank challenge in de namiddag,
carnaval, zelfgemaakte cocktails, en de lekkere etentjes tijdens de cursussen in Firenze en
Maastricht (“Ik zit zo vol” — “lk ook” — “Toetje?” — “Oké!”) zal ik altijd blijven herinneren.
Bedankt voor de gezelligheid en dat jij tijdens mijn promotie naast mij staat!

Mirjam, meine liebe Mir-Jam, danke fir die vielen Telefonate tiber bis zu Tausenden von
Kilometern. Ich kenne wenige Menschen, die sich so offen und ehrlich fir einen mitfreuen
kdnnen. Danke, dass du dir immer Zeit nimmst und fiirs Hindchenhalten im 80m hohen
Kettenkarussel (ich nie wieder in das Ding und du dafiir nicht mehr in die Achterbahn -
Deal?)! Danke, dass es dich gibt, wir uns gefunden haben und du in allen Lebenslagen an
meiner Seite bist.

Oma, danke, fir die vielen Bleche Kuchen, die ich importieren durfte und die mir tber
Monate jedes Wochenende ein Stiickchen Heimat gebracht haben. Es wird Zeit, dass du
den neuen Backofen endlich mal richtig einweihst (und das ist kein kleiner Wink mit dem
Zaunpfahl, sondern mit dem Scheunentor... los geht’s, du bist Rentner, du hast Zeit!).
Markus, so gut wie nichts, was ich dir kaputt gegeben habe, kam unrepariert zuriick.
Danke, dass du so viel Geduld hast und auch das letzte Reiskorn im Handy gefunden hast
(komm, die Idee an sich war net schlecht).

Mama und Papa, ich habe euch in all den Jahren sicher das eine oder andere graue Haar
beschert (“Amerika?! Gibt’s nichts in der Nahe?”), aber hoffentlich auch ab und zu ein
Schmunzeln ins Gesicht gezaubert, wenn ich z.B. auf der Golden Gate Bridge stand und
angerufen habe um euch zumindest am Larm teilhaben zu lassen. Danke, dass ihr mir die
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Freiheit gebt meinen Weg zu gehen und immer bedingungslos hinter mir steht. Danke
fir die unendlich vielen kleinen Dinge, die ihr tut. Als Kind denkt man hin und wieder,
dass man nie so werden mochte wie seine Eltern. Wenn ich aber jetzt Markus und mich
angucke, dann muss ich sagen, dass ihr es doch ganz gut gemacht habt ;) (ich wiirde
meinen erwachsenen Kindern auch noch einen Adventskalender kaufen)!

Thanks to everyone who was part of my big adventure. | hope that many of you will also
be part of my future.

Nico,le
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