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ABSTRACT 

 

Panic disorder is an anxiety illness that can be quite debilitating and costly to society. To date 

there is no real cure for panic disorder and current methods of treatment are suboptimal. Given 

the level of morbidity and societal cost of panic disorder, further research and development of 

improved therapeutic strategies should be of immense benefit. Neuroactive steroids have been 

identified as potential biomarkers and therapeutic options in the treatment and management of a 

variety of mental disorders, including panic disorder. The use of panicogenic agents, such as 

pentagastrin, to induce a panic disorder has been validated as an appropriate model to study 

panic disorder. In an effort to better understand the role of neuroactive steroids in panic disorder, 

neuroactive steroid levels in both healthy volunteers and patients with panic disorder were 

measured at baseline and again at various time points after an injection of either placebo or 

pentagastrin.  Differences in mean neuroactive steroid levels at baseline between healthy and 

panic disorder subjects were identified but did not reach statistical significance. Mean 

neuroactive steroid levels at baseline between males and females were found to be statistically 

significant. The largest difference was seen in ALLO but this did not reach statistical 

significance on its own. There was no statistically significant change in neuroactive steroid levels 

regardless of the injection type (placebo vs. pentagastrin), gender or diagnosis (healthy vs. panic 

disorder).    
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PREFACE 

Subjects for the study were recruited by Dr. Jean-Michel le Melledo through advertisements. His 

research staff carried out interviews and diagnostic scales as well as subjective and physiological 

measures on healthy volunteers and PD patients. Administration of pentagastrin or vehicle 

(normal saline) was conducted by Dr. le Melledo. Blood samples were collected by a research 

nurse and taken to the Neurochemical Research Unit, where plasma samples were prepared and 

levels of neuroactive steroids (NASs) measured using a gas chromatographic-mass spectrometric 

technique. 

 

I collected and collated all the NAS data, conducted the statistical analyses in conjunction with 

Dr. John Lind and wrote the thesis.  
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INTRODUCTION 

 

1.1 Panic Disorder 

Panic disorder (PD) is characterized in the Diagnostic Statistical Manual of Psychiatric Disorders 

5th Edition (DSM 5) as an anxiety disorder with recurrent, unexpected panic attacks (American 

Psychiatric Association 2013). A panic attack refers to a sudden surge of intense fear or 

discomfort that peaks within a few minutes and is characterized by at least four or more 

symptoms from a list of 13 physical and cognitive symptoms. This list includes: palpitations, 

sweating, trembling/shaking, feeling short of breath, feelings of choking, chest pain/discomfort, 

nausea, dizziness, hot/cold sensations, paresthesias, derealisation/depersonalization, fear of 

losing control and the fear of dying (American Psychiatric Association 2013). At least one of 

these panic attacks has been followed by at least one month of significant maladaptive change in 

behaviour related to such attacks and/or persistent worry of experiencing another panic attack or 

the consequences of it. Panic disorder cannot be diagnosed if the symptoms are better explained 

by another mental disorder, or if they are attributable to the effects of a substance or of a medical 

condition. 

 

1.2 Neurobiology of Panic Disorder 

The functional anatomy of the anxiety response is formed by the amygdala neuro-circuit (Davis 

1992). Once the central nucleus of the amygdala fires, the outputs lead to the various symptoms 

that comprise anxiety. Output to the lateral hippocampus activates the sympathetic nervous 

system. Activation of the parabrachial nucleus affects the respiratory center and results in the 

feelings of impaired breathing. The output to the periaqueductal gray induces freezing behaviour. 

Output to the locus coeruleus (LC) increases blood pressure and heart rate and enhances 

learning. Output to the nucleus reticularis pontis caudalis enhances somatic reflexes. Finally, 

output to the paraventricular nucleus of the hypothalamus activates the corticotropin releasing 

factor stress axis (Ninan & Dunlop 2005). 

 

The amygdala may fire for a variety of reasons. It may simply be set tonally high secondary to 

genetics, temperament or high anticipatory anxiety (Ninan & Dunlop 2005). Benign fluctuations 
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in respiratory, cardiac and autonomic nervous systems may be experienced either in the context 

of an emotion, a memory or part of physiologic process (Ninan & Dunlop 2005). However, a 

tonally high amygdala may perceive such changes as too dangerous and activate its outputs, 

leading to a panic sensation. This forms the basis of an unexpected panic attack that is a hallmark 

of PD (Ninan & Dunlop 2005). 

 

However, just simply having unexpected panic attacks is insufficient for a PD diagnosis. In 

addition to the amygdala, the hippocampus and prefrontal cortex are the other critical 

components involved in PD (Ninan & Dunlop 2005). Once a panic attack occurs, the 

hippocampus is crucial in forming an autobiographical memory of the attack (Ninan & Dunlop 

2005). The hippocampus is also responsible for the contextual conditioning of the anxiety that 

serves to anticipate potentially threatening situations (Ninan & Dunlop 2005). For example, if an 

unexpected panic attack occurs while an individual is watching television, the hippocampus 

makes a memory of this event. Although watching television may not have been previously 

associated with fear in any way, the contextual conditioning effect of the hippocampus may 

cause the individual to experience anxiety symptoms while watching television. The anticipation 

of anxiety in the context of watching television may then lead to avoidance (Ninan & Dunlop 

2005). 

 

The prefrontal cortex and its reciprocal connections with the amygdala are then involved with the 

avoidance behaviour. Excessive activity of the amygdala leads to a decrease in the activity of the 

prefrontal cortex (Grace & Rosenkranz 2002; Garcia et al. 1999). This results in a weakening of 

the inhibitory control on the amygdala. Learning new information that may counter the 

association formed between the situation and panic attack is impaired, resulting in a lasting and 

more durable conditioned avoidance (Ninan & Dunlop 2005).  

 

1.3 Neurochemistry of Panic Disorder 

The neurochemistry behind PD is quite complex. Many agents have been implicated in the 

pathogenesis of anxiety and panic symptoms; however, this thesis will focus on a few of the key 

neurochemicals involved including cholecystokinin (CCK), norepinephrine (NE), serotonin (5-

HT), lactate and γ-aminobutyric acid (GABA) (Bourin et al. 1998). 
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1.3.1 Cholecystokinin 

CCK is a neuropeptide that is classified in accordance with the number of amino acids making 

up the neuropeptide as well as the presence or absence of a sulfate-group. CCK is the most 

abundant neuropeptide in the mammalian cerebral cortex and limbic system (Crawley & Corwin 

1994). CCK is also present in significant quantities in brain regions that are thought to be of 

importance in the mediation of PD (Crawley & Corwin 1994). 

 

Interest in the role of CCK in anxiety stems from a study that showed that benzodiazepines 

(BDZs) selectively attenuated the excitatory action of the sulfated octapeptide form of CCK 

(CCK-8S) on hippocampal neurons in rats (Bradwejn & de Montigny 1984). However, further 

evidence suggested that CCK-8S cannot cross the mammalian blood-brain barrier, leading to the 

use of the tetrapeptide (CCK-4) form for human administration (Bourin et al. 1998).   

 

CCK-4 has been shown to induce panic attacks both in patients with PD and in healthy 

volunteers (Zwanzger et al. 2012). Moreover, panic symptoms elicited by CCK-4 are attenuated 

after treatment with several drugs. Several studies have shown that treatment with selective 

serotonin reuptake inhibitors, which currently represent first-line psychopharmacological 

treatments for PD, leads to a reduction of panic symptoms experimentally induced by CCK-4 

(Bradwejn & Koszycki, 1994; Shlik et al. 1997). Similarly, BZDs ameliorate CCK-4- induced 

panic attacks in healthy volunteers (Zwanzger et al. 2003).  Neuroimaging studies have shown 

that experimentally induced panic attacks are accompanied by significant activation of 

neuroanatomical key areas responsible for the processing of fear and anxiety, such as the 

amygdala, hippocampus, insula, and the anterior cingulate cortex (ACC)  (Eser et al. 2009; 

Schunck et al. 2006).  

 

These studies have indicated that CCK-4 is panicogenic in humans and can potentially provide a 

pharmacologic model of panic attacks. Experimental panic induction has been established as a 

valid and reliable paradigm for the assessment of neurobiological correlates in acute stress, 

anxiety and panic attacks (Zwanzger et al. 2013). To further establish CCK-4 as a specific 

panicogenic agent, Bradwejn and colleagues (Bradwejn et al. 1992) further studied CCK-4 for its 
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panicogenic properties. The criteria for an ideal challenge agent proposed by Guttmacher et al. 

(1983) were considered in evaluating CCK-4.  It has been demonstrated that CCK-4 satisfies 

most of the criteria (Bradwejn et al. 1991; Bradwejn, 1991) in that: (1) it is safe for use in 

humans; (2) it reliably reproduces the emotional and somatic components of a panic attack; (3) 

the induced attack is similar to usual attacks as reported by patients; (4) patients with a history of 

panic attacks show an enhanced sensitivity to the panicogenic effects of CCK-4 compared with 

healthy subjects (no personal or family history of panic attacks); (5) the effects of CCK-4 are 

consistent and reproducible and occur in a dose-related manner; and (6) the effects of CCK-4 are 

antagonized by an anti-panic agent. 

 

Therefore, it is well established that panic challenges by CCK-B receptor agonists [CCK-4 or 

pentagastrin (CCK-5)] are well-validated models for the investigation of panic attacks (Morrow 

et al. 2003). 

 

1.3.2 Norepinephrine (Noradrenaline) 

The LC is the main site for synthesis of NE in the brain. Redmond and Huang  (1979) were the 

first to propose that hyperactivity of the LC is linked with anxiety. This was partially based on 

the observation that stimulation of the LC induced fear in monkeys. This behavior appeared after 

electrical stimulation of the LC as well as after chemical stimulation with alpha-2 adrenergic 

receptor antagonists (Bourin et al. 1998). Alpha-2 adrenergic receptor antagonists, such as 

yohimbine, act by blocking the presynaptic alpha-2 receptors, resulting in augmentation of the 

amount of NE available to stimulate the LC. Yohimbine has been found to induce more anxiety 

and panic attacks in PD patients when compared to normal subjects. Patients who experienced 

panic attacks with yohimbine had plasma concentrations of MHPG (a metabolite of NE) higher 

than those who did not panic (Charney et al. 1992). On the other hand, alpha-2 receptor agonists 

such as clonidine, which diminishes noradrenergic function, reduce anxiety in PD patients and 

induce a significant decrease in MHPG levels compared to controls (Ko et al. 1983). These 

results strongly suggest that the sensitivity of presynaptic alpha-2 receptors is increased in panic 

patients. 

 



5 
 

However, other studies with PD also tend to argue against the role of alpha-2 receptor 

abnormalities in PD. If NE hyperactivity is implicated in panic states, one would expect that 

agents that diminish noradrenergic activity could be therapeutically active. However, in contrast 

to the findings of Ko et al. (1983), Uhde et al. (1989) reported that clonidine does not have long-

lasting anxiolytic effects in PD patients.  Additionally, propranolol displays a weak therapeutic 

action in PD. Van Megen et al. (1996) reported that CCK-4-induced panic symptoms in PD 

patients were not correlated with increases in plasma levels of MHPG, and suggested that 

activation of the LC may not be critical for CCK-4-induced panic. However, Jerabek et al. 

(1996) reported that elevated plasma levels of catecholamines in healthy subjects injected with 

CCK-4 may influence the intensity of psychological, psychosomatic and cardiovascular reactions 

to CCK-4. 

 

1.3.3 Serotonin (5-Hydroxytryptamine, 5-HT) 

Serotonin plays a role in the modulation of anxiety. However, there are competing views on how 

this occurs. Serotonin reuptake inhibitors potentiate serotonergic neurotransmission and improve 

PD after chronic administration (Marchesi 2008). Therefore, it is suggested that a decrease in 

central serotonergic activity increases anxiety (Eriksson 1987). However, BDZs are also 

effective in PD yet they decrease serotonin turnover in the brain, suggesting that increased 

anxiety is related to increased central serotonergic activity (Iversen 1984). The interpretation of 

the role of serotonin in PD has been complicated by the large number of 5-HT receptor subtypes 

(Bourin et al. 1998). While chronic administration of SSRIs can improve PD, they may also 

produce increased anxiety on initial administration (Marchesi 2008).  

 

1.3.4 Lactate  

L-Lactate is produced by both neurons and astrocytes, and in addition to being a supplementary 

fuel source, it may be a signaling molecule in the brain (Mosienko et al. 2015). High 

concentrations of lactate have been reported to be associated with increased morbidity and 

mortality in critically ill subjects and in patients suffering from chronic illnesses (Bakker & de 

Lima 2004; Nichol et al. 2010).  It is interesting that infusion of sodium lactate to subjects with 

panic disorder produces panic attacks (probably related to pH reduction in the brain) (Cowley & 

Arana 1990; Maddock et al. 2013). It has been proposed that individuals with PD or who have 
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had PD in the past have excessive brain lactate accumulation during lactate infusion (Maddock et 

al. 2013). 

  

1.3.5 γ-Aminobutyric acid (GABA) 

GABA is a key player when it comes to anxiety. Medications that increase the activation of the 

GABAergic system have proven to be useful anxiolytics (Breslow et al. 1989).  BZDs, which 

produce their effects by interaction with specific recognition sites on the GABA receptor, have 

proved to be effective in the treatment of PD.  On the other hand, BDZ inverse agonists produce 

marked anxiety. BDZ antagonists, such as flumazenil, also produce a marked stress reaction but 

only in patients suffering from PD (Nutt et al. 1990). Selective serotonin reuptake inhibitor 

(SSRI) antidepressants, which are used frequently to treat PD, have been reported, using 

magnetic resonance spectroscopy (MRS), to elevate levels of GABA in brain of humans 

(Sanacora et al., 2002; Bhagwagar et al., 2004). Monoamine oxidase inhibitors (MAOIs) are also 

another class of medications that are very effective anxiolytics (Sheehan et al. 1993). One such 

MAOI, phenelzine, has been found to cause long-lasting elevations of brain GABA levels in rats 

(Baker et al. 1991). Paslawski et al. (1996) found that phenelzine, but not its N2-acetyl analog 

(which inhibits MAO but does not elevate GABA levels), demonstrates anxiolytic action in the 

elevated plus-maze test. There does not appear to be a significant difference in the GABA 

plasma levels of PD patients and controls (Goddard et al. 1996). However, other studies reported 

that low pre-treatment levels of CSF GABA correlated significantly with poor therapeutic 

outcome after the administration of alprazolam, a BDZ, or imipramine, a tricyclic antidepressant 

(Rimon et al. 1995). The importance of GABA and its GABAA receptor will be discussed at 

length later on in this thesis. 

 

1.4 Epidemiology of Panic Disorder  

The lifetime prevalence rate of PD is estimated to be 4.7% (Kessler et al. 2009). The 12 month 

prevalence rate of PD is estimated to be between 2 and 3% in the general population based on 

studies in the United States and across several European countries (American Psychiatric 

Association 2013). Between 3% and 8% of patients seen by primary care physicians are found to 

have PD (Roy-Byrne et al. 1994; Leon et al. 1995). PD is observed to be twice as common in 

females compared to males. This gender difference occurs during adolescence and is felt to be 
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related to the onset of puberty. The prevalence of PD is quite rare in children under the age of 14 

years (0.4%) (Kessler et al. 2009).  PD appears to have a bimodal distribution in the age at onset, 

with one peak in late adolescence and a second peak in the mid-30s (Weissman et al. 1997). The 

median age of onset is between 20 and 24 years of age (American Psychiatric Association 2013). 

 

1.4.1 Comorbidity 

PD is a highly comorbid illness. As many as 90% of patients with PD will have at least one other 

psychiatric illness during their lifetime (Weissman et al. 1997). The most common comorbidities 

include agoraphobia, major depression, and other anxiety disorders (such as generalized anxiety 

disorder and post-traumatic stress disorder). Some, but not all, studies have shown an increased 

risk of suicidal ideation and suicide attempts in patients with PD (Pilowsky et al. 2006; Sareen et 

al. 2005; Vickers & McNally 2004). The DSM 5 describes an increased rate of suicide attempts 

and suicidal ideation in PD even when a history of child abuse, comorbidity and other suicide 

risk factors are taken into account (American Psychiatric Association 2013).  

 

1.4.2 Course 

Panic disorder is usually a relapsing–remitting disorder, although approximately 20 percent of 

patients have a chronic course (Keller & Hanks 1993). PD patients rarely present at psychiatric 

clinical settings. Only a minority of PD patients receive appropriate psychiatric care (Kumar & 

Oakley-Browne 2006). Instead, PD patients present to other medical services, leading to 

extensive medical interventions to determine the cause of their frightening panic attack 

symptoms (Simon 1992). Approximately 35% of PD patients present to their family physician or 

general practitioner, whereas 32% seek care at an emergency department (ED) setting 

(Katerndahl & Realini 1995). Studies suggest that approximately 30% of patients presenting with 

chest pain and no evidence of coronary artery disease suffer from PD (Katon et al. 1988; 

Beitman et al. 1989). Unfortunately, PD is undiagnosed approximately 98% of the time when PD 

patients present to the emergency department with chest pain (Fleet et al. 1996). In a large 

population-based study of over 18,000 adults, Klerman and colleagues (1991) found that patients 

with PD had higher rates of ED use than any other psychiatric condition.  
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1.4.3 Economic Burden 

As one can imagine, PD carries a heavy economic burden on society. A population-based study 

in the Netherlands investigated the economic cost of PD (Batelaan et al. 2007). They compared 

the cost of PD with common mental disorders including mood disorders combined (major 

depression and dysthymia), other anxiety disorders combined (social phobia, simple phobia and 

generalized anxiety disorder), alcohol disorder (both abuse and dependence), as well chronic 

somatic illness (a list of 30 chronic medical conditions) and a baseline rate.  The annual per 

capita cost of PD with or without agoraphobia was higher than the other mental disorders they 

studied as well as the chronic medical illnesses (Batelaan et al. 2007). Even though PD with or 

without agoraphobia has a lower prevalence rate than mood disorders combined and anxiety 

disorders combined, this study showed that societal costs of PD approached that of mood 

disorders and other anxiety disorders (Batelaan et al. 2007). Only about one quarter of the costs 

of PD were associated with comorbidity, and agoraphobia was associated with higher costs 

(Batelaan et al. 2007). Clearly, PD has an enormous economic and social impact on society.  

 

1.4.4 Treatment 

Current treatments of PD include psychotherapeutic strategies and various 

psychopharmacological agents, mainly serotonin reuptake inhibitors, TCAs and BDZs (Canadian 

Psychiatric Association 2006).  Both serotonin reuptake inhibitors and TCAs have similar effect 

sizes with similar proportions of patients being panic-free: 54% and 56% respectively (Canadian 

Psychiatric Association 2006). Relapse rates are also substantial if medications are discontinued 

(Canadian Psychiatric Association 2006). Clearly, we have a long way to go to improve rates of 

response, let alone ‘cure’ PD. Further research and development of therapeutic strategies for this 

disease will have immense benefits to not only the patients, but to society as a whole. This brings 

us to neurosteroids as potentially new biomarkers and therapeutic options in the treatment and 

management of PD. 

 

1.5 Neurosteroids 

The term ‘neurosteroid’ was coined by the French physiologist Etienne Baulieu in the early 

1980’s (Zorumski et al. 2013). This term is widely used to describe steroids that are synthesized 

in the brain and nervous system and that modulate neuronal excitability by rapid mechanisms 
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(Zorumski et al. 2013).  Neuroactive steroids refers to a broader class of steroids that includes 

endogenous agents synthesized outside of the nervous system, as well as synthetic derivatives, 

and that have CNS actions similar to neurosteroids (Paul & Purdy 1992). The term steroid simply 

refers to any class of organic compounds, either synthetic or natural, that are characterized by a 

molecular structure of 17 carbon atoms arranged in four rings (Encyclopedia Britannica 2010).  

 

1.5.1 Neurosteroid Synthesis 

In general, steroid molecules have classical mechanism of action in the human body (Wehling 

1994). Steroid molecules first enter the cell, either passively by a process of diffusion through 

the cell membrane, or actively with the assistance of a transporter protein. Once inside the cell, 

steroid molecules then bind to their respective steroid receptors. These are proteins that are 

usually located in the cytosol but sometimes are also in the nucleus of the cell. Once the steroid 

binds to its receptor, the receptor undergoes a conformational change that allows for interaction 

with DNA and modulates gene transcription. This then produces newly synthesized messenger 

RNA. The messenger RNA undergoes translation to produce protein that then elicits a genomic 

response. It takes quite some time, in the order of hours, from the entry of steroids into the cell to 

accumulate significant amounts of new protein. 

 

However, there is strong evidence to suggest that neurosteroids do not follow this classical, 

genomic mechanism of action. Neurosteroids primarily exert their effects by interaction with 

neuronal membrane receptors and ion channels (Reddy 2003). This claim is supported by a 

variety of observations and findings in the literature. First, neurosteroids produce rapid effects, in 

the order of minutes, whereas steroid hormone actions via intracellular steroid receptors are 

much slower and of prolonged duration (Joëls 1997). Neurosteroids also do not exhibit high-

affinity interaction with nuclear steroid hormone receptors (Rupprecht et al. 1993, 1996). 

However, certain metabolites of neurosteroids may bind to the steroid receptors.  Studies 

involving progesterone receptor knockout mice conclusively demonstrated that the classical 

steroid receptor was not required for the sedative, anxiolytic, and anticonvulsant activity of 

progesterone and related neurosteroids (Reddy et al. 2004; Reddy & Apanites 2005; Reddy et al. 

2005). Finally, neurosteroids have been demonstrated to directly modulate the activity of ligand-

gated ion channels (Lambert et al. 2003). 
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This is not to say that neurosteroids do not have genomic effects. In a chronic setting, 

neurosteroids exhibit both genomic (classical intracellular steroid receptors) and non-genomic 

rapid actions (ion channels and membrane receptors) in the brain. The genomic effects of 

neurosteroids are mainly due to their metabolic inter-conversion to traditional steroids 

(Rupprecht et al. 1993). 

 

Neurosteroids are generated from the cholesterol molecule. Cholesterol is shuttled to the outer 

mitochondrial membrane by a process involving steroidogenic acute regulatory protein (StAR). 

The translocator protein 18 kDa (TSPO) is then responsible for trafficking the cholesterol 

molecule to the inner mitochondrial membrane. The translocation of cholesterol to the inner 

mitochondrial membrane by TSPO is the rate limiting step (Rupprecht et al. 2010). TSPO is part 

of a multi-protein complex that includes a voltage-dependent anion channel (VDAC) and the 

adenine nucleotide transporter (ANT) (Papadopoulos et al. 2006; Rupprecht et al. 2010). TSPO 

was previously known as the peripheral (mitochondrial) BDZ receptor, and some clinically used 

BDZs promote neurosteroidogenesis by activating TSPO (Tokuda et al. 2010; Ferrarese et al. 

1993). The translocator protein is widely found in the peripheral tissues and in the brain (NIH 

paper). Cholesterol is then converted to pregnenolone by a P450 side-chain cleavage enzyme, 

CYP11A1 (Rone et al. 2009; Gunn et al. 2011; Belelli & Lambert 2005). Pregnenolone then 

exits the mitochondria and is converted to neurosteroids by various pathways. This introduction 

will focus on the major pathways for the production of allopregnanolone (ALLO), 

dehydroepiandrosterone (DHEA), pregnenolone (PREGNEN) and pregnanolone (PREGNAN). 
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Figure 1. Conversion of cholesterol to pregnenolone (modified from Kancheva et al. 2007) 

 

Pregnenolone is converted to progesterone by the enzyme 3β-hydroxysteroid dehydrogenase. 5α-

Reductase catalyzes the reduction of progesterone into 5α-dihydroprogesterone (5α-DHP), while 

5β-reductase reduces progesterone to 5β-dihydroprogesterone (5β- DHP). These reactions are 

irreversible in mammalian cells (Celotti et al. 1992). 3α-Hydroxysteroidoxidoreductase (3α-

HSOR) then catalyses the reduction of 5α-DHP to form ALLO (3α,5α-tetrahydroprogesterone), 

and the same enzyme also catalyzes 5β-DHP to generate pregnanolone (3α,5β-

tetrahydroprogesterone). Pregnenolone (3β-hydroxypregn-5-en-20-one) may also be converted to 

17α-hydroxypregneolone by the enzyme 17α-hydroxylase. 17α-Hydroxypregneolone undergoes 

a further reaction catalyzed by 17,-20-lyase to then produce DHEA (3β-hydroxyandrost-5-en-17-

one) (Rupprecht 2003). 

  

Neurosteroids are reduced metabolites of other steroid hormones. These steroid precursors, such 

as progesterone, are mainly synthesized in other organs outside of the nervous system such as the 

gonads. As described above, several neurosteroids, including ALLO, are generated by the 

sequential reduction of the parent steroid by 5α-reductase and 3α-HSOR. These steps occur in 

peripheral tissues such as reproductive endocrine tissues, liver, and skin that are rich in the two 
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reducing activities (Do Rego et al. 2009). Since neurosteroids are highly lipophilic and can 

readily cross the blood-brain barrier, neurosteroids synthesized in peripheral tissues may 

accumulate in the brain and affect brain function (Schumacher et al., 1996). The evidence also 

supports the fact that these enzymatic processes occur in the human brain (Mensah-Nyagan et al. 

1999; Stoffel-Wagner et al. 2000; Petratos et al. 2000; Do Rego et al. 2009). Investigators have 

identified 5α-reductase activity in both neurons and glial cells in human brain (Melcangi et al. 

1998; Petratos et al. 2000). 5α-Reductase and 3α-HSOR enzymes have been identified in 

hippocampal tissues as well as the neocortex and subcortical white matter of the human brain 

(Stoffel-Wagner et al. 2003). In addition to being peripherally produced, neurosteroids can also 

be formed from their parent steroids directly in the target brain region (Mellon et al. 2001). 

Steroid precursors can readily enter the brain once synthesized in the periphery and be readily 

available for local neurosteroid biosynthesis.  

 

Investigations have shown that the enzymes necessary for in situ synthesis of progesterone from 

cholesterol are also present in the human brain. Brain astrocytes and neurons express cytochrome 

P450 cholesterol side-chain cleavage enzyme (CYP450scc), which converts cholesterol to 

pregnenolone (Patte-Mensah et al. 2003). 3β-Hydroxysteroid dehydrogenase, which is required 

for the conversion of pregnenolone to progesterone, has also been identified in the human brain 

(Guennoun et al. 1995). Therefore, it is possible for neurosteroids to be synthesised totally within 

the human brain. Studies have shown that ALLO persists in the brain after adrenalectomy and 

gonadectomy or after pharmacological suppression of adrenal and gonadal secretions (Purdy et 

al. 1991), indicating that ALLO can be synthesized de novo in the brain. 

 

1.5.2 Neurosteroid Action on Neurotransmitters  

The major neurotransmitter systems and receptors that are targeted by neurosteroids involve γ-

aminobutyric acid (GABA) and glutamate. This thesis will specifically focus on these two 

systems. However, it is also important to note that neurosteroids can alter the function of other 

ion channels and receptors. Such targets include nicotinic acetylcholine receptors (Paradiso et al., 

2000), glycine receptors (Jin et al. 2009), sigma receptors (Valenzuela et al. 2008), voltage-

activated calcium (Todorovic et al. 2004), voltage-activated potassium (Schlichter et al., 2006) 

and transient receptor potential channels (Majeed et al. 2011).  
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1.5.3 γ-Aminobutyric Acid System 

Recent studies have shown increasing evidence to support a role for excitatory neurons and not 

GABAergic inhibitory neurons in the synthesis of GABAergic neurosteroids (Chisari et al. 

2010). As an example, pyramidal neurons in the hippocampus are the primary cells that express 

the molecular machinery for cholesterol trafficking (Valdez et al. 2010), as well as key 

transporters and enzymes in steroid synthesis, including StAR (Kimoto et al. 2001; King et al. 

2002; Kim et al. 2004), TSPO (Tokuda et al. 2010), the P450 side-chain cleavage enzyme 

(Kimoto et al. 2001; Shibuya et al. 2003) and 5α-reductase (Agís-Balboa et al. 2006). Based on 

antibody staining against 5α- reduced steroids including ALLO, it appears that excitatory 

neurons are the primary cells that are immunopositive for neurosteroids under basal conditions in 

the brain (Saalmann et al. 2007; Tokuda et al. 2010; Tokuda et al. 2011). 

 

GABA acts at two classes of receptors: ligand-gated chloride (Cl−) channels called GABAA 

receptors and metabotropic G-protein coupled receptors called GABAB receptors. Neurosteroids 

preferentially target GABAA gated Cl− channels (Majewska et al. 1986; Paul & Purdy 1992; 

Belelli & Lambert 2005). Therefore, this introduction will focus on GABAA receptors. The 

GABAA receptor mediates the bulk of synaptic inhibition in the central nervous system. 

Structurally, GABAA receptors are hetero-pentamers with five protein subunits that form the 

chloride ion channels. There are seven different classes of subunits, some of which have multiple 

homologous variants resulting in at least 19 distinct subunits (termed α1–6, β1–3, γ1–3, σ1–3, δ, 

ε, θ) (Hevers & Lüddens 1998; Olsen & Sieghart 2009). Most GABAA receptors are composed 

of α, β and γ or δ subunits (Olsen & Sieghart 2009).  Receptors expressing Rho (ρ) subunits were 

previously known as GABAC receptors, but are now categorized as a subtype of GABAA 

receptors (Zorumski et al. 2013).  
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Figure 2. Illustration of GABAA receptor  

 

GABA activates the opening of chloride ion channels, permitting chloride ion influx, resulting in 

cell hyperpolarization. GABAA receptors prevent action potential generation by short-circuiting 

the depolarization produced by excitatory neurotransmission. There are two types of inhibitory 

neurotransmission mediated by GABAA receptors: synaptic (phasic) and extrasynaptic (tonic) 

inhibition. Synaptic inhibition results from the activation of γ2-containing receptors at the 

synapse by intermittent release of high levels of GABA from presynaptic terminals. Tonic 

inhibition is mediated by the continuous activation of δ-containing receptors located outside the 

synaptic cleft by low levels of background GABA. The δ-subunit is found on the dendrites of 

hippocampal dentate gyrus granule cells (Zorumski et al. 2013). It confers important functional 

characteristics to GABAA receptors. Therefore, synaptic receptors are periodically activated by 

millimolar concentrations of GABA released from the axon terminals of GABAergic 

interneurons, while extrasynaptic receptors are activated by the stray GABA molecules that 

escape reuptake by GABA transporters. Neurosteroids modulate both synaptic and extrasynaptic 

GABAA receptors, and thereby potentiate both phasic and tonic currents (Zorumski et al. 2013) 

 

Unlike BDZs, neurosteroids appear to modulate most, if not all, GABAA receptors expressed in 

brain. However, there is some evidence in the literature that suggests that neurosteroids may 

have preferential effects on extrasynaptic δ-expressing receptors (Stell et al. 2003; Houston et al. 

2012). Such preferential effects on the δ-expressing receptors does not appear to involve 
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preferential binding to these receptors but rather reflects the fact that these GABAA receptors are 

inefficiently gated by GABA, and neurosteroids are very effective positive allosteric modulators 

under low efficacy conditions (Brown et al. 2002; Wohlfarth et al. 2002; Shu et al. 2012). 

 

Neurosteroids have complex effects on GABAA receptors. Depending on their chemical 

structures, neurosteroids can either enhance or inhibit GABAA receptor function (Majewska et al. 

1986). The prototype for a GABAA receptor potentiating neurosteroid is ALLO. At sub-

micromolar aqueous concentrations, ALLO augments responses to sub-saturating levels of 

GABA, while at higher concentrations ALLO directly opens (gates) GABAA channels in the 

absence of GABA (Majewska et al. 1986; Shu et al. 2004). The net effect is to augment synaptic 

and tonic inhibition in local brain regions (Yamakura et al. 2001). 

 

The binding site for neurosteroids is proposed to be distinct from that of the GABA, BZD and 

barbiturate sites (Zorumski et al. 2013). Studies have indicated the existence of at least three 

neurosteroid binding sites on the GABAA receptor: one for direct activation by ALLO, one for 

allosteric enhancement of GABA-evoked currents by ALLO, and one for antagonist action of 

sulfated neurosteroids (Lambert et al. 2003; Hosie et al. 2007). Electrophysiological studies have 

been used extensively in the literature to confirm that low concentrations (nM) of several 

neurosteroids act as positive allosteric modulators of GABAA receptor function (Harrison et al. 

1987).  

 

Neurosteroids acting as positive allosteric modulators of the GABAA receptor enhance the 

probability of the GABAA receptor chloride channel opening, so that the mean open time is 

increased and the mean closed time is decreased. They also increase the channel open frequency 

(Twyman & Macdonald 1992; Hosie et al. 2007). Therefore, these neurosteroids greatly increase 

the chloride current through the channel, ultimately resulting in a reduction of neuronal 

excitability and promoting augmentation of inhibitory GABAergic transmission. These effects 

occur at physiological concentrations of these neurosteroids. Thus, endogenous neurosteroid 

levels continuously modulate the function of GABAA receptors.  
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Some neurosteroids may also dampen responses at GABAA receptors (Majewska et al. 1988). 

These include neurosteroids that are sulfated at the C3 position, with pregnenolone sulfate 

(PREGS) and dehydroepiandrosterone sulfate (DHEAS) serving as prototypes. Additionally, 

neurosteroids with a C3-hydroxyl group in the β-configuration (as opposed to the 3α-

configuration in GABA-potentiating steroids) are non-competitive GABAA receptor antagonists, 

sharing almost all properties, other than potency, with the C3-sulfated neurosteroids (Wang et al. 

2002). GABA-inhibiting neurosteroids appear to act by enhancing desensitization of GABAA 

receptors (Shen et al. 2000; Eisenman et al. 2003). GABA-inhibiting neurosteroids act at sites on 

GABAA receptors that are not yet defined but appear to be distinct from the sites at which the 

GABA-potentiating steroids act (Shen et al. 1999; Akk et al. 2001). GABAA receptor inhibiting 

neurosteroids exhibit GABA channel activation dependence in that they are more potent against 

higher GABA concentrations than lower concentrations (Eisenman et al. 2003). 

 

To put the effects of neurosteroids into context, it is useful to compare their actions to other 

allosteric modulators of GABAA receptors, such as BDZs and barbiturates (Chisari et al. 2010). 

ALLO has a threshold for potentiating GABAA receptors in the low nanomolar concentration 

range (1–10 nM). This is comparable to a BDZ such as lorazepam, but is markedly more potent 

than pentobarbital. However, ALLO is much more effective in potentiating GABA responses 

compared to BDZs (up to 20-fold enhancement compared to 3- fold enhancement at low GABA 

concentrations), but comparable to barbiturates (Zorumski et al. 2013). The net effect of GABAA 

receptor-potentiating neurosteroids is to enhance the efficacy of GABA-mediated inhibition. 

Such effects contribute to their sedating properties as well as their effects on anxiety, mood and 

seizures. These effects occur at both synaptic and extrasynaptic GABAA receptors, resulting in 

enhanced phasic and tonic inhibition, respectively. At synapses, neurosteroids markedly prolong 

the duration of GABA-mediated synaptic currents while having less effect on peak synaptic 

responses (Harrison et al. 1987). Compared to BDZs and barbiturates, neurosteroids also have 

other attractive features as therapeutic targets. These include the ability of researchers to 

manipulate endogenous synthesis and to perform synthetic strategies to diminish off-target 

actions, and perhaps more favorable abuse potential of the neurosteroids (Morrow et al. 2006). 

Further therapeutic benefits of neurosteroids will be discussed later in this thesis. 
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1.5.4 Glutamate System 

Glutamate is the main excitatory neurotransmitter in the human central nervous system, and can 

exert its actions through two different types of receptors: ligand-gated ion channel receptors 

(ionotropic) and G-protein-coupled metabotropic receptors. Ligand-gated ion channel receptors 

mediate rapid glutamate neurotransmission (Hirsch et al. 1997). They consist of N-methyl-D-

aspartate receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

receptors (AMPARs), and kainate receptors (KARs) (Kew & Kemp 2005). The G-protein-

coupled metabotropic receptors mediate slow glutamate neurotransmission (Krystal et al. 2010; 

Wierońska & Pilc 2009). Three metabotropic glutamate receptor types have been described: 

group I (mGluR1 and mGluR5), group II (mGluR2 and mGluR3), and group III (mGluR4, 

mGluR6, mGluR7 and dmGluR8).  Group I receptors are mainly postsynaptic and are coupled to 

the activation of phospholipase-C (Giouzeli et al. 2004). Both groups II and III are coupled to 

inhibition of adenylyl cyclase (Wierońska & Pilc 2009). 

 

Each NMDAR complex consists of four, and occasionally five, subunits: two NR1 subunits, and 

two or three NR2 subunits. A third type of NMDA receptor subunit (NR3) that dramatically 

reduces ion permeability has also been described (Konradi & Heckers 2003; Loftis & Janowsky 

2003; Mueller & Meador-Woodruff 2004; Nishi et al. 2001). Non-NMDA ionotropic receptor 

complexes are tetramers formed by the addition of subunits GluR1-4 for AMPARs, and GluR5-7 

(low affinity for glutamate, GRIK1-3) and KA1-2 (high-affinity for glutamate, GRIK4 and 5) for 

kainate receptors. AMPARs are primarily postsynaptic, and KARs can be both post- and 

presynaptic, regulating glutamate release (Frerking & Nicoll 2000; Lerma et al. 2001; Konradi & 

Heckers 2003). 

  

Several factors regulate the activity of ionotropic glutamate receptors. Activation of the NMDAR 

complex requires 2 molecules of glutamate and 2 molecules of glycine or D-serine (Wolosker 

2006). On the other hand, AMPA/kainite receptors are glycine-independent (Konradi & Heckers 

2003). At resting membrane potential, NMDARs are normally blocked by Mg2+. Membrane 

depolarization of the postsynaptic cell leads to the activation of the receptor complex and 

removes the Mg2+ blockade. However, the NMDAR's channel can only be opened when 

presynaptically-released glutamate is bound to the receptor if Mg2+ block has already been 
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removed. Therefore both presynaptic stimulation and postsynaptic depolarization are required for 

glutamate transmission.  Glutamate not only exerts its effects through direct activation of 

glutamate neurotransmission but it also modulates the release of other neurotransmitters involved 

in stress-response, such as serotonin (Becquet et al. 1993; Romo et al. 1986), dopamine (Jedema 

& Moghddam 1996), and GABA (Cortese & Phan 2005). 

 

As with GABAA receptors, neurosteroids have a complex effect on NMDARs (Wang et al. 

2007). NMDARs exhibit at least two distinct sites for neurosteroid modulation. One site 

mediates the effects of positive modulators, while the other site mediates the effects of negative 

modulators. The sulfated neurosteroids pregnenolone sulfate (PS) and DHEAS have been shown 

to be potent allosteric agonists at the NMDAR complex (Wu et al. 1991).  PS can also potentiate 

NMDA-mediated responses (Bowlby 1993). In chick spinal cord neurons, PS selectively 

augments NMDAR-mediated glutamate-induced depolarisation while inhibiting the GABA, 

glycine, and non-NMDA responses. PS potentiation of NMDA responses is distinct from the 

glycine modulatory site (Wu et al. 1991). PS has also been shown to potentiate the NMDA-

mediated increase in intracellular Ca2+ in cultured chick cortical neurons (Fahey et al. 1995). PS 

modulation of the NMDA receptor is attributed to its ability to increase the fractional open time 

of NMDA-activated channels (Reddy 2010). This increases both the frequency of opening and 

the duration of channel opening.  

 

 Ionotropic and metabotropic glutamate receptors are distributed throughout the brain in a similar 

pattern. Limbic and para-limbic regions (hippocampus, amygdala, anterior cingulated cortex, 

medial prefrontal cortex, orbitofrontal cortex and insula) are abundantly innervated by 

glutamatergic pyramidal cells. These same regions have been extensively linked to anxiety 

disorders. Given the large distribution of glutamate receptors throughout the human brain, it is 

not surprising that glutamate has been shown to be involved in many biological processes, such 

as neurodevelopment and learning (Kew & Kemp 2005), and may also play a pivotal role in the 

pathogenesis of various psychiatric illnesses including anxiety disorders (Bergink et al. 2004; 

Garakani et al. 2006; Millan 2003). Glutamate receptors seem to play an important role in fear-

mediated learning after a stressful event (Nair & Singh, 2008).  
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Specifically, both amygdalar and hippocampal NMDA and metabotropic glutamate receptors are 

involved in the mechanisms related to fear-conditioning and inhibitory-avoidance memory 

formation (Fanselow et al. 1994; Fendt 2001; Lee & Kim 1998; Rogan et al. 1997; Walker & 

Davis 2002). NMDARs control neurons secreting corticotrophin releasing factor in the central 

amygdala nucleus (Cratty & Birkle 1999; Shepard et al. 2000) and exert an effect on the activity 

of monoaminergic pathways (Millan 2002). Finally, acute anxiety also enhances glutamate 

release in the amygdala (Reznikov et al. 2007). 

 

Given that neurosteroids target major neurotransmitter systems and receptors involved in anxiety 

and panic, there is considerable evidence for the involvement of neurosteroids in the etiology of 

anxiety disorders. In this thesis, we will be focusing on the following neurosteroids: 

allopregnanolone (ALLO), pregnanolone (PREGNAN), dehydroepiandrosterone (DHEA) and 

pregnenolone (PREGNEN).  

 

1.6 Allopregnanolone 

 

 

 

 
 

Figure 3. Chemical structure of allopregnanolone 

 

ALLO acts as a positive allosteric modulator of the GABAA receptor complex (Majewska et al. 

1986; Paul & Purdy 1992). Positive modulators of the GABAA receptor such as ALLO elicit 

anxiolytic effects in animal models (Wieland et al. 1995). The ALLO-induced anxiolytic effects 
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can also be blocked by picrotoxin, a channel blocker of the GABAA receptor (Reddy & Kulkarni 

1997), suggesting that GABAA receptors mediate the anxiolytic properties of neurosteroids. 

Anxiolytic properties have also been demonstrated with the use of synthetic analogs of ALLO 

(Vanover et al. 2000). ALLO also appears to be responsible for the observed anxiolytic activity of 

progesterone (Reddy & Kulkarni 1997; Bitran et al. 1995).  Administration of progesterone has 

been associated with an increase in serum and cortical ALLO (Bitran et al. 1993). The anxiolytic 

activity of progesterone was highly correlated with the increase in serum and cortical ALLO and 

was associated with a facilitation of GABA-stimulated Cl- influx (Bitran et al. 1993).  Furthermore, 

the administration of a 5α-reductase inhibitor, which inhibits the conversion of progesterone to 

ALLO, blocks the anxiolytic activity of progesterone (Bitran et al. 1995). Studies using a 5α-

reductase blocker have also shown that ALLO withdrawal is responsible for the anxiogenic effects 

of progesterone withdrawal (Smith et al. 1998). 

 

Treatment with fluoxetine, a selective serotonin uptake inhibitor (SSRI), dose-dependently 

increases brain ALLO levels (Uzunov et al. 1996). This suggests that elevated neurosteroid 

synthesis maybe involved in the anxiolytic and antidepressant actions of fluoxetine. Romeo et al. 

(1996) found a chronological association between SSRI-induced increases in plasma ALLO and 

the classically delayed clinical response to antidepressant treatment as well as the delayed 

anxiolytic effect of SSRIs. Indeed, reduced levels of ALLO in the peripheral blood or 

cerebrospinal fluid were found to be associated with major depression, anxiety disorders, 

premenstrual dysphoric disorder, negative symptoms in schizophrenia, or impulsive aggression 

(Melcangi & Panzica 2014).  In patients with induced panic attacks, there is pronounced decrease 

in ALLO levels, and elevated neurosteroids may counteract the occurrence of spontaneous panic 

attacks (Strohle et al., 2000; 2003). Therefore, replacement of neurosteroids by synthetic analogs 

or stimulation of endogenous neurosteroid synthesis might be a promising new strategy for the 

treatment of anxiety disorders. However, Schule et al. (2014) discussed various pharmacokinetic 

obstacles to the use of ALLO in humans, such as low bioavailability and oxidation concerns. There 

are pharmacologic tools, such as a ligand of the translocator protein-18 kDa (TSPO), e.g. XBD 

173, that allow for the ability to increase in situ synthesis of neuroactive steroids (Nothdurfter et 

al. 2012a, 2012b). In this context, it is interesting to note that other ligands of TSPO, such as Ro5-

4864 or etifoxine, not only increase the synthesis of neuroactive steroids, including ALLO, but 
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also exert neuroprotective effects in different experimental models of neurodegeneration (Barron 

et al. 2013; Cermenati et al. 2013; Daugherty et al. 2013; Giatti et al. 2009; Girard et al. 2008). 

 

1.7 Pregnanolone 

 

 

 

 

 

 

 

 

 

 

Figure 4. Chemical structure of pregnanolone 

 

Like ALLO, PREGNAN acts as a positive allosteric modulator of the GABAA receptor complex 

(Majewska et al. 1986). PREGNAN levels has also been reported to be decreased in both the 

CSF and the plasma of untreated patients with major depression (Romeo et al. 1998; Uzunova et 

al. 1998). Antidepressant treatment with the SSRIs fluoxetine and fluvoxamine, which are also 

used to treat anxiety disorders, normalized PREGNAN levels in the CSF. There was also a 

correlation between improvements in symptoms and increase in CSF levels of PREGNAN 

(Uzunov et al. 1996). 
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1.8 Dehydroepiandrosterone 

 

 

 

 

 

 

 

Figure 5. Chemical structure of dehydroepiandrosterone 

 

DHEA is a major secretory product of the human adrenal glands (Friess et al. 2000), but is also 

produced in the brain (Stoffel-Wagner 2001; Brown et al. 2000). DHEA appears to have a wide 

range of beneficial effects when administered to humans and rodents. Effects include 

anticarcinogenic and immunomodulatory activities, promotion of neurogenesis, and 

improvement in memory and cognition. DHEA has also been reported to exhibit antidepressant, 

anti-aggressive, antipsychotic and anxiolytic properties (Binello & Gordon 2003; Kimonides et 

al. 1998; Wolf & Kirschbaum 1999). DHEA acts as a negative allosteric modulator of the 

GABAA receptor complex (Majewska et al. 1986; Paul & Purdy 1992). Negative modulators of 

the GABAA receptors such as DHEA elicit anxiogenic effects in rodents (Reddy & Kulkarni 

1997).  It appears that high levels of DHEA have a protective role and attenuate the severity of 

conditions such as depression, hyperactivity and psychosis, and may function as part of the 

therapeutic mechanism of several medications (Maayan et al. 2006). Combat-related 

posttraumatic stress disorder (PTSD) was accompanied by an elevated level of DHEA (Spivak et 

al. 2000). Other studies support the possibility of DHEA providing behavioral neuroprotective 

activity (D’Astous et al. 2003; Lapchak et al. 2000). 
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1.9 Pregnenolone 

 

 

 

 

 

 

 

 

 

 

Figure 6. Chemical structure of pregnenolone 

 

Preclinical findings suggest that PREGNEN may have a role in anxiety- and depression-

regulatory mechanisms (Nothdurfter et al. 2012; Espallergues et al. 2009). In animal models, 

social isolation is associated with anxiety, depression, and decreased PREGNEN levels (Serra et 

al. 2000). PREG administration has been reported to be associated with improved performance 

on cognitive tasks in animal studies (Flood et al. 1992). However, in another study, PREGNEN 

has been reported to induce anxiogenic activity in mice tested in the plus-maze model (Melchior 

& Ritzmann 1994). PREGNEN may act through multiple mechanisms (Roth et al. 2004; 

Zorumski et al. 2013), including microtubules (Bianchi & Baulieu 2012; Fontaine-Lenoir et al. 

2006; Murakami et al. 2000) and the endocannabinoid receptor (Vallée et al. 2014), as well as 

through downstream neurosteroids. Thus, PREGNEN may exert antidepressant effects through 

novel mechanisms. In humans, lower levels of PREG in the CSF has been identified in depressed 

patients compared to healthy controls (George et al. 1994). PREGNEN has also been found to 

modulate functional connectivity in the amygdala (Sripada et al. 2014) and enhance activation of 

neuro-circuits pertinent to mood and emotions (Sripada et al. 2013).  

 

2.0 MATERIAL AND METHODS 

A double-blind, randomized, placebo-controlled, repeated measures crossover design, was used 

to assess the effects of intravenous bolus injection of  pentagastrin (Clinalfa, Laüfelfingen, 
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Switzerland) on plasma neuroactive steroid levels among healthy and panic disorder subjects 

(male and female) compared to placebo injection [normal saline (NaCl) 0.9%].  

 

Individuals with panic disorder (PD) and healthy volunteers (HVs) were recruited through 

advertisements. The study was approved by the Health Research Ethics Board of the University 

of Alberta, Edmonton, Alberta, Canada. Informed consent was obtained from each subject. 

Subjects received monetary compensation for their expenses and for participating in the study.  

 

Visit 1 (V1) was an initial screening visit. A diagnostic interview using the Structured Clinical 

Interview for DSM-IV (SCID) was conducted to determine the eligibility of both PD patients and 

HVs.  PD patients had a diagnosis of PD with or without agoraphobia as per DSM-IV criteria, and 

no other axis I diagnosis (American Psychiatric Association 2000). HVs had no current or lifetime 

personal history of an Axis I psychiatric disorder, as per DSM-IV criteria, and no family history 

of PD. All subjects were adults (≥ 18 years of age) and were free of any psychotropic medications 

and/or herbal supplements with psychotropic acitivity in the last 2 weeks (5 weeks for fluoxetine) 

or β-blockers during the previous week prior to V1. All subjects were medication-free during the 

study. 

 

Exclusion criteria included: suicidal ideation, engaged in active psychotherapy, being a heavy 

smoker (>15 cigarettes/day), heavy coffee drinker (>5 cups/day), and/or recreational drug user. 

All subjects underwent a medical assessment including physical examination, blood screen, urine 

toxicology screen and electrocardiography. Subjects were excluded if there was any indication of 

physical illness or being at any risk due to the pentagastrin injection. All of our subjects were 

physically healthy.   

 

Female subjects (both PD and HVs) had further inclusion criteria including: regular menstrual 

cycle of greater than 24 but less than 35 days, at least 6 months post-partum if they had a delivery 

with at least 3 months of regular menses, and at least 3 months of regular menses if they underwent 

an abortion. Female subjects were excluded if 1) they used oral contraceptives currently or in the 

last three months 2) they used a mechanical contraceptive method, 3) were pregnant or 4) 

breastfeeding.  
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At V1, subjects were randomly assigned to receive a placebo injection at visit 2 (V2) and then 

receive pentagastrin injection at a subsequent visit 3 (V3) or vice versa. A telephone call was made 

to inform the investigators of the onset of menses to ensure accurate visit planning. All females 

received their injections during the follicular phase (between days 2 to 6). Each of these two visits 

(V2 and V3) took place in the morning following 12 hours of fasting. In addition, subjects were 

not allowed to smoke or have any caffeine the morning of each visit. Subjects were also told to 

refrain from alcohol for the 24-hour period prior to the visit.  

 

Upon arrival at V2 and V3, subjects were seated in a reclining chair and an intravenous catheter 

was inserted in an antecubital vein through which a 0.9% NaCl solution was run at 125 mL/hour. 

Subjects remained in a semi-supine position for the duration of the procedure. Arrival time and 

subsequent intravenous installation time (t) were recorded as t = -45 min (45 minutes prior to the 

time of injection administration). At t = 0 min, either pentagastrin (50 μg/kg of CCK5 was 

diluted with 5 ml of normal saline) or placebo (5mL of normal saline: 0.9% NaCl solution) was 

administered as a 5mL intravenous bolus injection over 5 seconds through a three-way valve 

connected to the indwelling intravenous catheter. 

 

At t = +5 min, the subject’s panic symptoms were retrospectively evaluated by a blind rater using 

the 18-item DSM derived Panic Symptom Scale (PSS) (Bradwejn et al. 1991). Subjects were 

asked to rate the severity of their panic symptoms on a scale from 0 to 4 [absent (0), mild (1), 

moderate (2), severe (3) or extremely severe (4)]. The total intensity ratings were summed to 

yield a PSS score. The occurrence of a panic attack was determined based on the DSM-IV 

criteria for panic attacks. There was only one subject, a HV male, that did not experience a panic 

attack. 

 

Systolic and diastolic blood pressure (SBP, DBP) were measured every 20 seconds using an 

automatic sphingomanometer after the injection for a total of 5 minutes. The heart rate (HR) was 

also similarly measured by continuous ECG.  

 

Blood samples were collected at t = -10 min (baseline level, corresponding to 0830h in the 

morning), + 1min, +10 min, +45 min and +90 min and centrifuged to separate out plasma for 
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measurements of ALLO, PREGNAN, PREGNEN, and DHEA. Protein in the plasma samples 

(3mL) was precipitated by addition of methanol followed by centrifugation. The neurosteroids 

were isolated from the resultant supernatant by solid phase extraction and then reacted with 

heptafluorobutyrylimidazole (HFBI) prior to analysis by gas chromatography combined with 

negative ion chemical ionization mass spectrometery (Ahboucha et al. 2008). 

 

Multiple statistical measures were utilized to analyze the data. The overall model of analysis was 

that of a linear model for cross-over design (Kenward & Jones 2007). The following parameters 

were included in the model: the main effect of time, the main effect of diagnosis (HV vs. patients 

with PD), the main effect of injection (pentagastrin vs. placebo), the main effect of visit (V2 or 

V3), the main effect of order of injection, the main effect of gender (male vs. female), and all the 

plausible interactions between these effects. To approach normality and to increase homogeneity 

of the data, the variables were transformed by log transformation (x*=log10[x]) before analysis. 

This allows for the use of parametric measures of analysis. Without normalization of the data, 

parametric measures will be biased. As a nominal level of significance, alpha=0.05 was 

accepted. 

 

The main objectives of this experiment were to identify any significant differences in NAS levels 

(ALLO, PREGNEN, PREGNAN, DHEA) between PD patients and HVs at baseline and to 

identify any changes in NAS levels following pentagastrin injection compared to placebo 

injections amongst the two groups (HVs and PDs). Differences in NAS levels between males and 

females were also of interest.  

 

2.1 Hypotheses 

The following hypotheses were expected at baseline: 

1) A difference in NAS levels between males and females. Specifically, higher levels of 

baseline ALLO and PREGNAN and lower baseline levels of PREGNEN and DHEA in 

females compared to males were expected.  

2) Potentially higher baseline levels of positive allosteric modulators ALLO and PREGNAN 

in PD patients versus HVs.  
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The following hypotheses were proposed for the post-injection samples: 

 

1) A difference in NAS levels in the pentagastrin injection group compared to placebo 

injection group. One expects no significant changes in NAS levels following a placebo 

injection.   

2) Lower levels of NAS released post-pentagastrin injection compared with placebo in 

females vs. males.  

3) Lower levels of ALLO and PREGNAN and higher levels of DHEA and PREGNEN in 

PD patients compared to HVs following pentagastrin-injection. One expects no such 

changes with the placebo injection.  

4) Potentially a time effect for NAS levels, with peak levels of ALLO and PREGNAN and 

nadir levels of DHEA and PREGNEN approximately 20 minutes after pentagastrin-

injection, with no significant change to NAS levels from baseline after placebo injection.   

5) No order effect and no visit effect 
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3.0 RESULTS 

A total of 35 individuals had 2 complete measurements of baseline levels of all four NAS. Any 

missing values were removed from the statistical calculations.  

Subjects: healthy females 13, healthy males 7, PD females 5, PD males 10. The mean age of 

healthy females were 28.3 years, mean age of healthy males 26.4 years, mean age of PD females 

30.4 years and mean age of PD males 40.9 years (Table 1). 

 

ALLO, PREGNAN, PREGNEN and DHEA levels at baseline between the placebo and 

pentagastrin injection visits were compared using Hotelling’s paired T2 Test. The T2 test is a 

multivariate generalization of the univariate paired t-test and was used in order to control for the 

possibility of an increased number of false-positive errors associated with a larger number of 

variables. No differences were found between the placebo and pentagastin injection visits in 

either the HV or PD groups, including male or females within each group.  Therefore, this shows 

that there was no visit effect. The mean ALLO, PREGNAN, PREGNEN and DHEA levels at 

baseline are shown in Table 2. 

 

A multivariate analysis of variance (MANOVA) was used to compare the mean ALLO, 

PREGNAN, PREGNEN and DHEA levels at baseline based on the variables of gender, 

diagnosis and the combination of gender x diagnosis. The MANOVA revealed a significant 

gender effect (Roy's greatest characteristic root = .398, approximate F(4, 28)= 2.787, p < .05.), 

but did not reveal a diagnosis effect or a gender x diagnosis effect. The standardized discriminant 

function co-efficient of each individual NAS was determined to identify the relative effect each 

NAS had on the observed gender effect (Table 3). When each NAS was individually examined, 

there was no gender difference identified. However, ALLO had the largest relative effect on 

gender (1.3843), almost five times that of PREGNEN (0.2826).  
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Table 1. Study Demographics 

Number of Subjects 

 Female Male 

Healthy Volunteer 13 7 

Panic Disorder 5 10 

Mean Age (years) 

 Female Male 

Healthy Volunteer 28.3 26.4 

Panic Disorder 30.4 40.9 

   

 

Table 2. Mean NAS Levels at Baseline (Log10[ng/mL]) 

Mean ALLO Level 

 Female Male 

Healthy Volunteer 2.439 2.018 

Panic Disorder 2.253 2.146 

Mean PREGNEN Level 

 Female Male 

Healthy Volunteer 3.340 3.485 

Panic Disorder 3.157 3.179 

Mean PREGNAN Level 

 Female Male 

Healthy Volunteer 2.092 2.088 

Panic Disorder 1.989 2.071 

Mean DHEA Level 

 Female Male 

HealthyVolunteer 3.628 3.851 

Panic Disorder 3.471 3.504 

 

 



30 
 

Table 3. Standardized Discriminant Function Co-efficients  

 

ALLO (mean) 1.3843 

PREGNAN (mean) -0.8333 

PREGNEN (mean) 0.2826 

DHEA (mean) -0.8059 
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Figure 7. Changes in Mean ALLO Levels (log10) Post-Placebo Injection in HV vs. PD. The vertical bars represent SEM 
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Figure 8.. Changes in Mean ALLO Levels (log10) Post-Pentagastrin Injection in HV vs. PD. 
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Figure 9.. Changes in Mean PREGNAN Levels (log10) Post-Placebo Injection in HV vs. PD. 
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Figure 10. Changes in Mean PREGNAN Levels (log10) Post-Pentagastrin Injection in HV vs. PD. 
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Figure 11. Changes in Mean PREGNEN Levels (log10) Post-Placebo Injection in HV vs. PD. 
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Figure 12. Changes in Mean PREGNEN Levels (log10) Post-Pentagastrin Injection in HV vs. PD. 
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Figure 13. Changes in Mean DHEA Levels (log10) Post-Placebo Injection in HV vs. PD. 
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Figure 14. Changes in Mean DHEA Levels (log10) Post-Pentagastrin Injection in HV vs. PD. 
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Figures 7 through 14 show the changes in mean NAS levels at various time points among HC 

and PD patients after each injection condition (pentagastrin vs. placebo). Overall, the graphs are 

visually quite uniform across the various time points with no significant changes. Healthy 

females appear to have higher levels of ALLO compared to males and PD females. Healthy 

females also appear to have a sustained increase in ALLO levels after pentagastrin injection 

compared to placebo injection. ALLO levels appear relatively uniform otherwise among the 

various time points regardless of injection type, gender, or diagnosis. On the other hand, DHEA 

levels overall are higher in HV (both male and females) compared to PD males and females. 

There also appears a small spike of DHEA levels at t10 following pentagastrin injection in PD 

males. Similar to DHEA, there appears to be a small spike in PREG levels following 

pentagastrin injection again at t10 as well as overall higher levels of PREGNEN in HCs 

compared to PD males and females. PREGNAN levels overall are very uniform and do not differ 

among the various time points, gender, diagnosis or injection type. However, there is a 

noticeable decrease in PREGNAN levels following pentagastrin injection in PD females 

compared to placebo. 

 

Mean ALLO, PREGNAN, PREGNEN and DHEA levels at baseline (t-10) were compared with 

the average of the NAS levels over the four time points (t1, t10, t45, t90) post-injection (for each 

pentagastrin and placebo). The average of the NAS levels over the four time points was used to 

account for missing measurements across the time points. The difference between the means of 

NAS levels pre-and post-injection was used in a 2x2 ANOVA to identify any significant 

differences based on gender, diagnosis and the interaction of gender x diagnosis. The results 

showed that there was no statistically significant difference in NAS levels before and after 

pentagastrin or placebo injection regardless of gender, diagnosis or the interaction of gender x 

diagnosis.  
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4.0 DISCUSSION 

This study did show a difference in mean NAS levels at baseline between HVs and PD patients 

but this did not reach statistical significance. There was a statistical difference identified between 

male and female NAS levels on the MANOVA test. However, when each NAS was individually 

examined, there was no difference between the genders. The largest difference was seen in 

ALLO but this did not reach statistical significance. This may be due to the lack of power in this 

study to determine a statistical difference. Even though some trends were identified in the plotted 

data of NAS level changes post-injection amongst HV and PD patients, there was no statistically 

significant difference identified between the various variables. Basically, there was no significant 

change in mean NAS levels (ALLO, PREGNEN, PREGNAN, DHEA) regardless of the injection 

type (placebo vs. pentagastrin), diagnosis (HV vs. PD), time, order, gender or any combination 

of these variables. As mentioned earlier, there was a HV male that did not experience a panic 

attack post-pentagastrin injection. Unfortunately, physiologic data of maximum changes in HR, 

SBP, and DBP were not available for this subject to comment on the possibility of experiencing 

a physiologic panic state.    

 

These results do not support previous findings in the literature regarding NAS levels in PD. 

Strohle et al. (2002) measured the levels of various NAS in a mixed male-female population with 

PD compared with matched healthy subjects. They found higher than normal plasma 

concentrations of ALLO and PREGNAN, both of which are positive modulators of GABAA 

receptor function (Gee et al. 1988; Lambert et al. 1995). They also found lower than normal 

concentrations of 3β,5α-THPROG, which is a functional antagonist of GABAA receptors (Paul & 

Purdy 1992). Stohle et al. (2002) also looked for any potential changes in NAS levels in the PD 

subjects after they were treated with paroxetine for 24 weeks. They found that paroxetine 

treatment had no effect on NAS levels.  

 

However, the study of Strohle et al. (2002) has been criticized for not taking into account the 

physiological variation in NAS concentrations during the menstrual cycle in women. It has been 

previously observed that panic attacks and anxiety symptoms vary according to the sexual stages 

of a woman’s life (Perna et al. 1995; Le Melledo et al. 1999). Therefore, grouping patients 

according to gender and phase of the menstrual cycle is of great importance.  
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Brambilla et al. (2005) also studied NAS levels in two groups of men (PD versus healthy 

controls) before and after treatment with paroxetine for 1 and 2 months. The plasma 

concentrations of progesterone and DHEA were greater in drug-free patients than in controls, 

whereas those of ALLO did not differ between the two groups. Paroxetine treatment for 2 

months significantly increased the plasma concentration of ALLO only. At 2 months of therapy, 

ALLO levels in PD men were significantly greater than those in controls. Brambilla et al. (2003) 

further studied NAS levels in two groups of females (PD versus healthy controls) before and 

after treatment with paroxetine for 1 month.  NAS levels were measured during the early 

follicular phase, the mid-luteal phase and the premenstrual phase of both months (days 7, 22 and 

27 from the beginning of the menstrual cycle). Significantly higher levels in PD versus healthy 

subjects were found in progesterone during the mid-luteal phase of both months, PREG in the 

premenstrual phase in the drug-free month, ALLO during the follicular phase of the drug-free 

month and during the premenstrual phase of the therapy month, and 3α,5α-THDOC during the 

premenstrual phases of both months. DHEA levels did not differ between the two groups.  

 

These results suggest that NAS at baseline differ between PD and healthy controls. NASs that 

are positive modulators of GABAA receptor function may be hyper-secreted as a compensatory 

mechanism to counteract the anxiogenic underlying hyperactivity of the hypothalamo-pituitary-

adrenal axis and to improve reduced GABAA receptor sensitivity (Brambilla et al. 2003). 

Conversely, lower levels of negative modulators of GABAA receptor function are seen in PD 

patients. However, the literature is also conflicting as we see that levels of DHEA, a functional 

antagonist of the GABAA receptor, were higher in PD men compared to healthy men while there 

was no difference in ALLO levels at baseline (Brambilla et al. 2005). Instead of being viewed as 

a compensatory mechanism, such differences in NAS levels may be inherent to the disease 

process itself. In other words, PD patients experience spontaneous panic attacks because there is 

some sort of physiologic inability for their bodies to compensate by hypersecreting positive NAS 

modulators of the GABAA receptor or, conversely, there is a hypersecretion of NAS that 

antagonizes the GABAA receptor function.   
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However, both Brambilla et al.’s studies (2003, 2005) described above have significant statistical 

flaws. Both studies used parametric statistical procedures with the assumption that their data set 

is of normal distribution. However, this cannot be assumed especially in such a small statistics 

set, and no normalization of the data was done. This invariably leads to bias. Furthermore, in the 

2003 study, the use of repeated ANOVA measurements increases the possibility of the number 

of false-positive errors associated with a larger number of variables.    

 

Moving beyond baseline NAS levels, Strohle et al. (2003) studied changes in NAS levels in a 

small, mixed population of men and women with PD as well as HCs following an induced panic 

attack. Sodium lactate and cholecystokinin tetrapeptide were used as panicogenic agents.  A 

decrease in the plasma concentrations of ALLO and PREGA as well as an increase in the 

concentration of 3β,5α-THPROG were identified changes in PD patients following an induced 

panic attack (Ströhle et al. 2003). These findings are compatible with a decrease in GABAergic 

tone. No changes were observed in NAS levels after placebo injection and no changes were 

observed in healthy controls regardless of injection type. Tait et al. (2002) also found a similar 

finding. A challenge injection of pentagastrin induced a significant increase in the plasma 

concentration of DHEA and a trend toward lower than normal secretion of ALLO in individuals 

with PD (Tait et al. 2002). The lack of NAS level changes in healthy controls seen in these 

studies is indeed an interesting finding. Zwanzger et al. (2004) observed that  the lack of NAS 

changes was not merely related to the level of anxiety experienced, because heathy subjects 

exhibited a comparable level of CCK-4-induced panic anxiety (Zwanzger et al. 2004). Therefore, 

the observed NAS level changes in patients with PD during experimental panic induction do not 

merely reflect the level of anxiety but appear to be related to the pathophysiology of panic 

attacks in PD itself (Ströhle et al. 2003; Zwanzger et al. 2004).Brambilla et al. (2013) studied 

NAS levels in a group of healthy subjects with no prior exposure to CO2 and compared to a 

group of healthy subjects who have previously experienced a panic attack after CO2 exposure. 

They did not find a significant difference in NAS levels between the subjects who developed 

panic symptoms during CO2 inhalation and those who did not. 

 

It is quite clear that the literature has not been very consistent on the changes in NAS levels 

following an induced panic attack. Brambilla et al. (2013) offer perspective on the relationship 
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between NAS levels and panic attacks. The changes in NAS levels previously observed in PD 

patients (Ströhle et al. 2002; Ströhle et al. 2003; Brambilla et al. 2003; Brambilla et al. 2004; 

Pisu & Serra 2004; Brambilla et al. 2005; Bicikova et al. 2000) might be a result of and not a 

cause of the anxiety disorder itself. They suggest that NAS secretion during or after CO2 

inhalation is not directly related to the development of panic symptoms in responders or to its 

absence in non-responders.  

 

This idea stems from research looking at changes in cortisol levels following a panic attack. 

Cortisol secretion has previously been found to remain unchanged during artificially provoked 

panic attacks in PD patients but was shown to greatly increase during spontaneous panic attacks 

in some, but not all, studies (Cameron et al. 1987; Woods et al. 1987; Gorman et al. 1989; 

Bandelow et al. 2000; van Duinen et al. 2004; Seier et al. 1997). The reason for this difference 

has remained unclear. One explanation offered is that there is a lack of novelty in provoked 

attacks compared to spontaneous attacks (Levine 2000). Provoked attacks occur in a controlled 

environment with medical personnel available, thus limiting the feeling of danger and/or fear. 

This lack of novelty might block the possible hypothalamic-pituitary-adrenal or NAS responses 

to the apparently stressful situation (McEwen 1998). This scenario might similarly explain the 

lack of changes in NAS levels before and during the panic-like attacks in some studies. On the 

other hand, previous studies that revealed changes in NAS levels both during and after 

artificially provoked attacks in PD patients (Ströhle et al. 2002; Pisu & Serra 2004; Bicikova et 

al. 2000; Brambilla et al. 2005) may suggest that it is not the attack itself as a stressful physical 

phenomenon that is responsible for the changes in NAS levels but possibly the psychopathology 

behind it. Alternatively, changes in NAS levels observed in patients with a long history of PD 

may serve as a buffer response to the panic symptomatology.  

 

The lack of significant findings in this thesis study contributes to the growing and diverse 

findings in the literature. Brambilla et al.’s (2013) perspective described above may help explain 

the lack of changes in NAS levels before and after panic-induction. Also, the various statistical 

approaches may also account for the diversity in findings. Many of the studies described above 

have used parametric statistical procedures to analyse their data sets, assuming that they are of 

normal distribution. This can ultimately lead to bias and can result in false findings.  
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4.1 Limitations 

There are several limitations inherent to the study described in this thesis. From a 

methodological perspective, it is not ideal to measure levels of NAS peripherally. However, there 

is not, to date, a technique for measuring brain content of NASs in vivo in humans. Peripheral 

changes can be informative since some NASs, such as ALLO and DHEA, can readily cross the 

blood–brain barrier (Rupprecht & Holsboer 1999). Clinical findings also support the relevance of 

measuring peripheral changes in NASs. For example, there is evidence of decreased plasma 

levels of ALLO in patients suffering from an untreated episode of major depression, with 

normalization following treatment with the antidepressant fluoxetine (Ströhle et al. 1999). 

Cerebrospinal fluid measurements would be the closest central measurements of NAS. However, 

this has ethical challenges given risk as well as extreme difficulty in obtaining such 

measurements in the context of a panic challenge.  

 

Another limitation was the sample size. This results in larger error margins when determining the 

mean of various values, affecting our ability to call certain patterns statistically significant. 

Therefore, if this study had a larger sample size, especially in the PD population, we may be able 

to find more significant and otherwise subtle differences amongst the various sample conditions. 

The lack of complete NAS level measurements across the various time points was an issue as 

well. The estimate used to accommodate the missing values was to measure the average of the 

NAS levels across all the four time points. Of course this is not ideal but the estimate allowed for 

the use of the available data at each time point. Utilizing elaborate regression methods for 

estimating the missing data is challenging and beyond the scope of this analysis.  

 

Furthermore, this study did not differentiate between PD patients with or without agoraphobia. 

This reduces the phenotypic homogeneity of the condition of interest. Agoraphobia may or may 

not affect NAS secretion. This adds a potential complicating variable.  
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5.0 SUMMARY 

Measurements of NAS levels at various time points before and after CCK vs. placebo injection 

among HC and PD subjects were analysed to identify any significant differences in NAS levels 

amongst the two groups. A gender effect of mean NAS levels at baseline was identified, but 

independent NAS measurements were not statistically significant. Even though trends were 

identified in the data set, no statistically significant effects were identified in this experiment.    
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