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Abstract 
Background: Our understanding of psychedelic drug action has rapidly developed over recent years. 

Yet despite impressive progress, fundamental questions remain. Determining post-psychedelic long-

term brain effects and neurobiological mechanisms underlying positive psychological change would 

hold significant value – not just for the field of psychedelic science, but for the wider fields of 

neuroscience and mental health. Moreover, serotonin 2A receptors – the key site of action for 
psychedelic drugs – are widely expressed across the vascular system in addition to their expression in 

the brain. This complicates our understanding of the neurophysiological correlates of the human 

psychedelic brain state which largely stems from indirect measures of neuronal activity by extraction of 

blood-flow related parameters. Aim: To address the knowledge gaps and further our understanding, 

this thesis investigated (i) post-psilocybin changes in pathological beliefs in patients with treatment-

resistant depression (TRD), (ii) acute and long-term effects of psilocybin in healthy humans, and (iii) 

psychedelic vasoactivity in mice. Methods: STUDY 1 investigated changes in pessimism in TRD 

patients versus controls via an objective measure of cognitive biases. STUDY 2 measured the acute 
and long-term effects of psilocybin in healthy humans via multimodal neuroimaging and a broad 

repertoire of psychological and behavioural assessments. STUDY 3 characterised the behavioural and 

vascular effects of 25CN-NBOH in mice via behavioural pharmacology with the head twitch response 

(HTR) as a behavioural read-out and pulse oximetry, respectively. Results: STUDY 1: Psilocybin 

treatment remediated pessimism in TRD patients one week post-dosing. STUDY 2: Brain signal 

complexity was related to insightfulness experienced during the peak intensity of a high-dose psilocybin 

experience. Psychological insight modulated positive long-term outcomes and persistent brain effects 
correlated with positive long-term psychological changes four weeks after a high-dose psilocybin 

experience. STUDY 3: 25CN-NBOH induced a (i) dose- and time-dependent, ketanserin-sensitive 

increase in HTRs, which was subject to short-interval and subchronic tolerance, and (ii) temperature-

dependant increase in heart rate, decrease in breath rate, and increase in arterial blood flow. 

Conclusions: This thesis revealed post-psilocybin treatment changes in pathological beliefs in TRD 

patients. In healthy participants, the present findings identify insight as a mediator of long-term positive 

outcomes, provide a potential neural correlate of acute insight during a high-dose psilocybin experience, 

and show persistent neural changes that correlate with well-being outcomes long after that experience. 
The vasoactivity intrinsic to psychedelic drug action revealed here in mice provides considerations for 

blood-flow based neuroimaging techniques to measure acute psychedelic brain states. Further, using 

optogenetics to image cortical activities in awake behaving mice might take our mechanistic 

understanding of the underlying processes from basic receptor pharmacology to systemic circuit 

dynamics. In conclusion, this thesis presents novel results that considerably broaden the field’s 

knowledge, provide inspiration for future work and potentially impact wider society and mental health 

care. 
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1. FOREWORD 
 
 
 

  

“Why if [clinical LSD projects] were worthwhile six months ago, 

why aren’t they worthwhile now? … Why didn’t you just let 

them continue? ... We keep going around and around… If I 

could get a flat answer about that I would be happy. Is there a 

misunderstanding about my question? 

  

 

… Perhaps to some extent we have lost sight of the fact that 

LSD can be very, very helpful in our society if used properly”  

 
– Senator Robert F. Kennedy (1966) 
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1.1. WHAT ARE PSYCHEDELICS? 

 
Psychedelics are mind-altering substances that have been used by a variety of cultures for thousands 

of years. The serotonin 2A receptor (5-HT2AR) is widely accepted as the key site for psychedelic drug 

action. Through their serotonergic mechanism of action (i.e., agonism at the 5-HT2AR), psychedelics 

produce profound effects on consciousness and alter perception, cognition and mood in a characteristic 

way. These powerful mind-altering qualities provide the basis for commonly reported reasons for 

psychedelic use, which include recreational, spiritual, experimental and therapeutic purposes. The most 

well-known psychedelics are: (i) psilocybin, a naturally occurring compound found in over 200 species 
of mushrooms; (ii) lysergic acid diethylamide (LSD), a semi-synthetic compound derived from ergot; (iii) 

mescaline, a naturally occurring compound found in some cacti species; and (iv) dimethyltryptamine 

(DMT), a naturally occurring compound found in many plants and animals and the major ingredient in 

the Amazonian brew ayahuasca (Figure 1-1). Despite differences in their chemical structure, the various 

chemical classes of psychedelics all act as 5-HT2AR agonists, induce cross-tolerance and produce 

remarkably similar experiences in humans (Abramson and Rolo, 1965; Abramson et al., 1958; 

Balestrieri and Fontanari, 1959; Hollister et al., 1969; Isbell et al., 1961; Wolbach et al., 1962b). As well 

as being the key site of action for psychedelic drugs, the 5-HT2AR is considered an important drug target 
with potential implications in the treatment of various psychiatric conditions (Carhart-Harris et al., 2016a; 

Carhart-Harris et al., 2017b; Carhart-Harris and Goodwin, 2017; Carhart-Harris and Nutt, 2017; Ross 

et al., 2016).  

 

 
Figure 1-1. Illustrations of psychedelic botanicals. (A) Psilocybin mushrooms (Agaricus semiglobatus). (B) 
Ergot growing on rye. Illustrations from Medical Botany (1836) by John Stephenson and James Morss Churchill. 

(C) Peyote cactus (Lophophora williamsii). Illustration from The Botanical Magazine (1847; plate 4296) by William 

Curtis. (D) Ayahuasca vine (Banisteriopsis caapi). Illustration from A Golden Guide to Hallucinogenic Plants (1977) 

by Richard Evans Schultes & Elmer W. Smith. Copyright information: (A-B) Universal Creative Commons Public Domain (CC0 

1.0). (C-D) Attribution-NonCommercial 4.0 International (CC BY-NC 4.0). 
 

Psychedelics have been defined in many ways throughout history, reflecting the different attitudes and 
intentions with which these compounds have been approached. I will refer to these substances as 

psychedelics throughout this thesis. However, as psychedelics have been given numerous different 
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names since their discovery, a brief discussion of the most popular and commonly used terms seems 

relevant.  

 

Psychedelics were defined as psychotomimetic compounds when they were intoduced to psychiatry in 
the 1950s, a term suggesting that they mimic the symptoms of psychosis. The notion that psychedelics 

can model psychosis has since been discredited, resulting in the rejection of this term by the World 

Health Organisation (WHO, 1958). Psychedelics later reverted back to their previous name, 

hallucinogens, when it was realised that they poorly resemble the psychotic state. However, the term 

hallucinogen is quite broad and encompasses many other types of compounds, such as deliriants and 

dissociatives. Further, it erroneously implies that psychedelics produce true hallucinations. As it is now 

accepted that these substances do not produce true hallucinations or have effects that resemble 

psychosis, terms like these (i.e. psychotomimetics, hallucinogens) are misleading and therefore 
inappropriate. 

 

The term psychedelic was coined following a battle of rhymes between the British psychiatrist, Humphry 

Osmond, and the author, Aldous Huxley. Osmond was among the first people to research psychedelic 

compounds before they were made illegal in 1966. In 1953, Osmond introduced Huxley to the cacti-

derived psychedelic, mescaline, which inspired Huxley’s seminal The Doors of Perception (1954). 

Following Huxley’s psychedelic experience, the relationship between Osmond and Huxley continued 

and they wrote a series of letters to each other. Both Huxley and Osmond were dissatisfied with the 
names given to these compounds (such as psychotomimetics and hallucinogens for reasons outlined 

above), so they wrote rhymes to each other in an attempt to find a more representative term.   

 

In a letter from Huxley to Osmond in 1956, Huxley wrote the following: 

"To make this trivial world sublime, take half a gram of phanerothyme." 

 

Osmond responded to Huxley with his own rhyme: 

"To fathom hell or soar angelic, just take a pinch of psychedelic." 

 

Both Huxley and Osmond borrowed ancient Greek words to give their new terms meaning. Huxley 

borrowed phanein (to reveal) and thymós (spirit) to produce the term phanerothyme (translating to 

“spirit-revealing”), but it was Osmond’s term psychedelic derived from psychē (mind) and dēloun (to 

make visible), translating to “mind-manifesting”, that was adopted in 1957. The term psychedelic 

therefore signifies that these compounds can bring a wide spectrum of latent psychological content into 
awareness. The fact that this content can be both strongly positive or negative in emotional valence is 

indicated in Osmond’s rhyme: “to fathom hell or soar angelic”.  

 

The central use of psychedelics in many historical and present-day religious practices has led to yet 

another term for psychedelic compounds – entheogens. The term entheogen (translating to “divine-

revealer”) was coined by a group of ethnobotanists and scholars of mythology in 1979 and is derived 
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from the ancient Greek words éntheos (God within) and genésthai (to come into being). By placing 

these substances within a sacred context, this term emphasises that psychedelics are part of a visionary 

healing tradition that is as old as humanity itself. However, the use of the term entheogen is largely 

limited to mystical traditions due to the controversial attachment of ideas of divinity to the psychedelic 
state. 

 

In summary, the terms attached to these substances reflect the attitudes, intentions and understanding 

of their value and use. For example, use of the term ‘hallucinogen’ may not reflect a recognition of the 

therapeutic and beneficial applications for these substances. On the other hand, use of the term 

‘entheogen’ reflects the view that these substances have an inherent sacredness. Despite gaining more 

popularity as time progresses, the term ‘psychedelic’ remains to be adopted by some members of the 

scientific community. Perhaps this is because some members of scientific and medical community have 
not yet accepted that psychedelics can have beneficial effects, and the problem is perpetuated by the 

relative lack of support for research on their potential therapeutic use from government funding 

agencies.  

 

 

1.2. WHY STUDY PSYCHEDELICS? 

 
My motivation to study in this field stems from my desire to further our understanding of psychedelic 

drug action, which ultimately teaches us about the inner workings of our minds. Humans from various 

different cultures have used psychedelics for millennia for their mind-altering effects and therapeutic 

value. Psychedelics have a profound ability to alter our consciousness, and by investigating how they 

do so, we subsequently gain a better understanding of ourselves. Based on ideas surrounding the 

neural substrates of consciousness and the recognition that psychedelics target the most important of 

these, it should be no surprise that psychedelics can be powerful tools to study how the brain works. 
This notion is beautifully illustrated in a quote from the Czech psychiatrist, Dr Stanislav Grof:  

 

“The potential significance of LSD and other psychedelics for psychiatry and psychology was 

comparable to the value the microscope has for biology or the telescope has for astronomy.” 

 

My motivation also stems from the need to fill large knowledge gaps borne out of the relative dearth of 

research in this field (Figure 1-2). The lack of psychedelic research was not because of disinterest, but 

instead is a consequence of political forces and the legislative status of these drugs. Subsequently, the 
banning of psychedelics brought with it yet another misleading way to define these drugs: “dangerous 

drugs of abuse”. Although it brings me great sadness that we missed out on so many valuable years of 

research, it also provides an exciting opportunity to address this issue and be part of the growing 

‘psychedelic renaissance’. Who knows what advances in the understanding of brain function, brain 

diseases, and psychedelic-based treatments would currently be available if psychedelic research had 

continued unhindered. Fortunately, interest in psychedelic compounds and their effects has reappeared 
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and is most certainly growing. There is a plethora of new studies and therefore a rapidly growing body 

of psychedelic knowledge appearing in the scientific literature. On top of this, articles that positively 

present psychedelics are even appearing in the popular media and the stigma associated with these 

drugs that was caused by their banning is beginning to dissipate. These are fascinating times with much 
still to learn, and I am extremely grateful to be part of it.   

 

 

“Adversity causes some men to break, and others to break records.” 

- William A Ward 

 

 
 

 

 
 

Figure 1-2. The effect of Schedule I on psychedelic drug research. Number of PubMed publications in which 

a classical psychedelic drug is found in the title expressed as a proportion of all PubMed publications by year, from 

1950 to 2016. Reproduced from Rucker et al. (2018). Copyright information: Creative Commons Attribution 4.0 International (CC BY 

4.0).  
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2. INTRODUCTION  
  

“As shortcuts to spiritual and transcendent experiences, 

psychedelics played an important role in human evolution and 

galvanized pre-historic ritualistic cultures. In modern times, 

banning psychedelic drugs has proven to be 

counterproductive… Despite their classification and the legal 

hurdles around working with Schedule I substances… 

psychedelics have undergone something of a renaissance 

among researchers, and for good reason.” 

  
– Alex M. Vikoulov   
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2.1. A BRIEF HISTORY 

 

2.1.1. Prehistoric and historical use 

 
Psychedelics may be the oldest class of psychopharmacological agents known to man. Archeological 

evidence reveals that humans have been using psychedelic drugs since prehistoric times (Winkelman, 

2019). The earliest fossil remains of the San Pedro cactus (containing mescaline) date back to between 

8600 and 5600 B.C. (Lynch, 1980) and evidence suggests peyote cacti were used by Native North 

Americans around 5700 years ago (Bruhn et al., 2002). Chemical analyses of material found in smoking 
pipes dated to approximately 2000 B.C. revealed that Anadenanthera seeds (containing DMT) have 

been ingested for more than 4000 years (Torres, 1995; Torres, 1998). Furthermore, small sculptures 

called "mushroom stones" (Figure 2-1 A) have been found in Mesoamerica and suggest that Psilocybe 

mushrooms were used approximately 3500 years ago (De Borhegyi, 1963; Schultes, 1998). Likewise, 

magic mushrooms are depicted in the 7000 year old Selva Pascuala mural paintings in Spain and hint 

that psilocybin was also used in prehistoric Europe (Akers et al., 2011). It is clear that psychedelic 

compounds have been consumed for thousands of years, and their consumption continues today.  
 
It has been suggested that psychedelics have profoundly impacted philosophy and religiousity 

throughout history and played a vital role in the origins of many religions around the world (Winkelman, 

2019). The ritualistic use of psychedelics within religious contexts in the past is widely studied by a 

growing number of philosophers, religious scholars, theologians and anthropologists. Biblical stories 

describe Moses guiding the Israelites to find “Manna”, “the bread of god” (Exodus 16:15), which 

appeared as circular disks in the morning dew of the fields and made god visible to the human eye after 

ingesting it (Merkur, 2000). Biblical stories such as these provide support for the arguments put forth in 

the notorious and highly criticised book, The Sacred Mushroom and the Cross, wherein Allegro argues 
that Jesus was a mythological creation of early Christians under the influence of psychoactive 

mushrooms (Allegro et al., 2009). In ancient India, many Vedic hymns were written in praise of a 

psychedelic called Soma, which supposedly elevated the consumer to become god-like (Wasson, 

1971). Psychedelic compounds were also widely used in Maya, Aztec, Olmec and Zapotec cultures of 

Mesoamerica (Carod-Artal, 2015). For example, psilocybin mushrooms were used by the Aztecs in a 

variety of religious ceremonies and were known as teonanacatl, meaning “God’s flesh” (Ott and 

Bigwood, 1978; Schultes and Hofmann, 1979). Furthermore, Persephone and Demeter from ancient 
Greek mythology have been depicted sharing mushrooms and are associated with the Eleusian 

Mysteries, a then highly popular cult (Figure 2-1 B). For the cult, an annual secret religious ceremony 

took place for more than 2000 years whereby attenders drank a psychedelic brew called Kykeon and 

partook in an all-night celebration (Wasson et al., 2008).  
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Figure 2-1. Historical evidence of psychedelic use. (A) Mushroom stones discovered in Maya ruins of 

Kaminaljuyu in Guatemala. Kaminaljuyu is a Pre-Columbian site of the Maya civilisation that was primarily occupied 

from 1500 B.C. to 1200 A.D. The mushroom stones were used between approximately 1000 B.C. to 500 A.D. to 

prepare mixtures of psychedelic mushrooms for ceremonial use associated with a mushroom stone cult. 

Photographer: unknown. (B) Persephone and Demeter holding mushrooms and a food wallet, an implement of the 

Mysteries used to hide secret edible objects. From the Pharsalos bas-relief (470-460 B.C.), now in the Louvre 

Museum. Excavated in 1863 by Heuzey and Daumet in Pharsalos, Thessaly. Photographer: Marie-Lan Nguyen. 

(A-B) Copyright information: Universal Creative Commons Public Domain (CC0 1.0). 
 

2.1.2.  Psychedelic use in modern day traditional societies  

 

Traditional societies around the world continue to use psychedelic compounds. In many societies, the 

natives have integrated psychedelics into their social, religious and medicinal practices and view 
psychedelic drug use as beneficial for their society (Winkleman, 2010). Because of this, psychedelic 

plants are regarded as sacred and treated with a great deal of respect. Further to the use of 

psychedelics as sacraments, psychedelics are also directly worshipped as vegetal incarnations of the 

deities in many cultures (Stuart, 2002). Because psychedelics are vision-producing and consciousness-

altering drugs that feature in shamanic or religious rites, they have often been referred to as “plants of 

the gods” (Schultes and Hofmann, 1979).  

 
 “The feature that distinguishes the psychedelic agents from other classes of drug is their 

capacity reliably to induce states of altered perception, thought, and feeling that are not 

experienced otherwise except in dreams or at times of religious exaltation.”  

– Jaffe (1990) 

 
 

2.1.3.  Psychedelic use in Western science and clinical therapy 

 
Mainstream science didn’t take an interest in psychedelic compounds until the early 20th century. This 

interest partly stemmed from the birth of ethnopharmacology, with the work of Richard Evans Schultes 

providing a significant contribution. The extensive work of Schultes brought the use of psychedelic 
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plants in traditional societies to the attention of the Western scientific community (Schultes and 

Hofmann, 1980; Schultes and Hofmann, 1979). Interest in psychedelics from mainstream science also 

partly stemmed from Albert Hofmann’s discovery of LSD whilst working in Sandoz Laboratories in 

Switzerland (Hofmann, 1980). In 1938, Hofmann synthesised a range of ergot derivatives in search for 
a novel respiratory and circulatory stimulant, one of which turned out to be LSD (Hofmann, 1980). The 

project was set aside until 1943 when Hofmann decided to resume it, during which he accidentally 

intoxicated himself.  

 

“I suddenly became strangely inebriated. The external world became changed as in a 

dream. Objects appeared to gain inrelief; they assumed unusual dimensions; and colors 

became more glowing. Even self-perception and the sense of time were changed. When 

the eyes were closed, colored pictures flashed past in a quickly changing kaleidoscope. 

After a few hours, the not unpleasant inebriation, which had been experienced whilst I was 

fully conscious, disappeared. what had caused this condition?”  

– Hofmann (1943): Laboratory notes  

 

A few days after his accidental experience, Hofmann intentionally ingested LSD to determine if it was 

indeed responsible for the effects he had experienced a few days earlier. Hofmann reported that he 

woke up the next day with a remarkable mental clarity (Hofmann, 1980) and it was his positive 

experience the following day that provided inspiration for the many therapeutic investigations that soon 

followed. Sandoz Laboratories were keen to find a new use for LSD, and based on his experience, 

Hofmann believed that it could play an important role in psychiatry. When in vivo tests found LSD to be 

non-toxic, the compound was made freely available to psychiatrists for use in their research. In the 
1940s and 50s, LSD revolutionised the field of psychiatry with more than 40,000 people receiving 

psychedelic therapy (Grinspoon and Bakalar, 1979).  

 

“A sensation of well-being and renewed life flowed through me. The world was as if newly 

created. All my senses vibrated in a condition of highest sensitivity.”  

– Hofmann (1980) 

 

When LSD was first introduced to Western medicine, psychiatrists initially believed that it could be a 

useful tool to mimic psychoses. This led many doctors to self-administer LSD in the belief that it provided 

a glimpse into the world of their psychotic patients and also led to use of the term psychotomimetics 

(see Chapter 1: FOREWORD) to describe psychedelic compounds (see Passie et al., 2008: for a 
review). It was the suggestion that LSD could be used as a psychotomimetic that first caught the 

attention of Osmond, the psychiatrist that later coined the term psychedelic through his correspondence 

with Huxley. Yet throughout the 1950s and 60s, LSD was also used as an adjunct to psychotherapy in 

order to catalyse the treatment of various mental health issues (Passie et al., 2008). Two new therapy-

centred paradigms began to emerge from the initial psychotomimetic model: psychedelic therapy and 

psycholytic therapy (Passie, 1997).  
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In collaboration with Abram Hoffer, Osmond pioneered the development of psychedelic therapy in 

Canada during the early 1950s. Hoffer and Osmond investigated the use of LSD with psychotherapy to 

treat alcoholism and obtained abstinence rates of 50 – 90% (Abramson, 1967). Although research 
standards of that time were substantially less rigorous than they are today, these results far surpassed 

the outcomes achieved using other treatments for alcoholism, before and since (Moos and Moos, 2006; 

Nathan, 1986). Whereas psychedelic therapy tended to use high (400 – 1500 µg) doses of LSD, 

psycholytic therapy typically used low (30 – 200 µg) doses (Grof, 1980; Sandison, 1954; Sandison, 

1966; Sandison et al., 1954; Sandison and Whitelaw, 1957). Psycholytic therapy was first developed 

by Ronald Sandison at Powick Mental Hospital in England. Over the course of the early 1950s, 

Sandison began using LSD as part of his psychotherapy program by giving it to patients that appeared 

stuck in traditional psychotherapy (Sandison, 1954; Sandison, 1966; Sandison et al., 1954; Sandison 
and Whitelaw, 1957). Using LSD-assisted psychotherapy, Sandison achieved a therapeutic response 

in 36 treatment-resistant patients (Sandison et al., 1954). In 1959, Sandison introduced the term 

psycholytic (‘mind-loosening’) to describe the action of LSD (Sandison, 1959). The development of 

these two therapeutic models demonstrated that LSD poorly resembled the psychotic state and the 

psychotomimetic paradigm began to lose support. By 1965, several dozen books, numerous 

international conferences and more than 2000 published papers in over 40,000 subjects showed that 

LSD could be used to treat addictions and a range of mood disorders, such as anxiety and obsessive-

compulsive disorder (Grinspoon and Bakalar, 1979). Hofmann's vision of LSD as a "medicine for the 
soul" (Smith, 2006) appeared to be coming to fruition. 

 

At around the same time as these medical studies, the creative potential of LSD and other psychedelics 

was explored by members of the elite society that were able to obtain such compounds. It wasn’t long 

before the general public became aware of the mind-altering potential of psychedelics and recreational 

use became popular in the 1960s. This rise in recreational use was partly helped by Timothy Leary, a 

Harvard University psychologist with an anti-establishment attitude (Greenfield, 2006). Leary preached 
about the benefits of widespread psychedelic drug use and helped leak these drugs to the general 

public after losing his position at Harvard (Greenfield, 2006). Leary is remembered for straying away 

from what he called the ‘mainstream game’ and is regarded as one of the major influencers of the 60s 

counter-culture movement.    

 

2.1.4. Prohibition  

 

The movement of psychedelic drugs away from the clinical environment and into the world at large had 

a huge impact on Western culture. Psychedelic use massively influenced art, literature and music and 

has contributed to the acceptance of different philosophies, religions and lifestyles as well as the 

development of a high-tech information society (Grunenberg et al., 2005). But the mass use of 
psychedelics within mainstream culture also brought with it many problems. By 1966, millions of people 

had engaged in non-clinical recreational psychedelic drug use. When used without undue care paid to 
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the ‘set and setting’2, some users had negative experiences and reports of the dangers of psychedelics 

began to emerge (Hartogsohn, 2017). Casualties, which were few and far between when psychedelics 

were used in the clinical environment, began to appear and there was a surge of negative publicity 

surrounding psychedelic drugs in the press. Psychedelics were banned in 1966 despite the 
protestations of those therapists who were using these drugs safely and effectively with their patients. 

The consequences of the ban together with the increasing number of media scare stories, despite many 

stories being erroneous, forced many medical professionals to distance themselves from psychedelic 

research (Bonson, 2018). Despite the ground-breaking findings on the therapeutic potential of these 

drugs, psychedelic research was brought to a halt because of socio-political forces. Yet the new 

legislation didn’t curb recreational psychedelic drug use, which continued to grow among the public 

(Lee and Shlain, 1985). 

 
The scientific community are not solely responsible for the spread of psychedelic drugs to the general 

public. Ironically, government military agencies in America and Europe also played a major role in the 

development of psychedelic drug culture during the 1950s and 60s. Through the now well-known CIA 

project, MK-ULTRA, the US government hoped to develop LSD as a truth drug for the military (Senate, 

1977; Valentine, 2017). The MK-ULTRA experiments involved secretly spiking unsuspecting members 

of the public with LSD before observing their behaviour as they interacted with stooges (Senate, 1977; 

Valentine, 2017), and far exceeded any unethical practices attributed to the scientific and medical 

community during this period (Stevens, 1998). 
 

“Drugs needn’t kill people. Prohibition does.”  

        – Ben Sessa (2018) 

 
 

2.1.5. Psychedelic renaissance  

 
After a long hiatus, today’s society and scientific community has witnessed a resurgence of interest in 

psychedelics in the last 25 years, especially in this past decade (see Sessa, 2012; and Sessa, 2018: 

for an overview). Prohibition ultimately resulted in a halt to a wealth of knowledge that could have been 

gained during this lengthy lull in research. Yet, despite the legal restrictions that make psychedelic 

research extremely difficult, many prominent researchers believe that it’s still worthwhile and that these 

drugs should not be overlooked as potential medicines (Horgan, 2005). Most of the safety concerns 

that contributed to prohibition were later shown to be unfounded and fallacious (Byock, 2018; Davies, 

2017). Moreover, despite the methodological flaws, many early studies showed promising results and 
great potential (see Carhart-Harris and Goodwin, 2017; Rucker et al., 2018).  

 

 
2 Set and setting is a term used to refer to various internal and external contextual factors that shape one’s response to a 
psychedelic drug. The ‘set’ typically refers to the participant’s mindset, mood, traits and expectations. The ‘setting’ typically refers 
to external environmental factors, such as interpersonal relationships with others present and comfortable surroundings.  
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Remarkable advances in neuroscience technologies now enable a much better understanding of 

psychedelic drug action and therapeutic potential than was previously possible. Over this past few 

years, a more accepting cultural and socio-political climate has enabled an explosion of psychedelic 

research and medical acceptance is closer than ever. For instance, psychedelics possess great clinical 
potential in the treatment of addiction and depression, which are both serious global problems (Carhart-

Harris and Goodwin, 2017). Depression affects 350 million people, accounts for over half of all suicides 

and is the leading cause of disability worldwide (James et al., 2018). Similarly, alcoholism is now the 

leading cause of disability for men in Europe with the prevalence of addiction rapidly on the rise (James 

et al., 2018). Psychedelics are also therapeutically useful for reducing anxiety in terminally ill cancer 

patients and could offer a much more humane alternative to sedatives and opiates (Gasser et al., 2014; 

Griffiths et al., 2016; Ross et al., 2016). As psychedelics help us to understand the neurochemistry of 

the brain and show promise in a wide range of disorders, further investigation is warranted and should 
continue despite being under difficult conditions. Fortunately, psychedelic research is currently 

undergoing a period of rapid growth and development and we are now beginning to unveil the neural 

mechanisms by which psychedelics produce their profound effects (e.g. Carhart-Harris et al., 2012a; 

Palhano-Fontes et al., 2015; Vollenweider et al., 1997a; Carhart-Harris et al., 2016c; Kometer et al., 

2015; Muthukumaraswamy et al., 2013; Puig et al., 2010; Wood et al., 2012; Schenberg et al., 2015; 

Riba et al., 2004; Riba et al., 2002; Tagliazucchi et al., 2014; Lebedev et al., 2016; Lebedev et al., 2015; 

Roseman et al., 2014) and open new avenues of treatment for mental and physical conditions (e.g. 

Carhart-Harris et al., 2017a; Carhart-Harris et al., 2016a; Osorio Fde et al., 2015; Grob et al., 2011; 
Griffiths et al., 2016; Gasser et al., 2014; Ross et al., 2016; see Carhart-Harris and Goodwin, 2017; 

Rucker et al., 2018; Schenberg, 2018). These are exciting times with much still to learn. 

   

Psychedelic drugs are also capturing people’s imagination and permeating popular culture on a scale 

not seen since the 1960s (Pollan, 2019; Hanks, 2009; Bayne and Carter, 2018; Keshavan and 

Sudarshan, 2017). Recent years have witnessed an upsurge in psychedelic resources, advocacy 

groups and multidisciplinary scientific conferences solely dedicated to the field of psychedelics. This 
has been helped by social media and the infrastructure it provides for advocacy groups and information, 

a re-established psychedelic community, the growth in society’s awareness of the limitations of the war 

on drugs and a wealth of evidence from robust psychedelic experiments (Morris, 2008; Hari, 2015; 

Dunne, 2018). Society has changed in its general perception of pharmacology and understanding of 

different forms of drug use and misuse, whereby we are now observing a shift in the attitudes of 

mainstream society about illegal substances and their potential as therapies (Morris, 2008). Providing 

the public with objective information about drugs and reforming the current state of affairs on drug policy 

is already in progress. For example, the legalisation of cannabis in the US has resulted in the treatment 
of a variety of disorders (Carliner et al., 2017) and in 2019, Denver and Oakland became the first and 

second cities in the US to decriminalise psilocybin, respectively (Marlan, 2019). Psilocybin also inches 

closer to becoming an approved treatment for major depressive disorder (MDD) after being designated 

as a “breakthrough therapy” by the U.S. Food and Drug Administration (FDA; Muensterman et al., 
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2020). Hopefully the UK will follow suit, as the current drug laws in the UK hinder scientific research 

into these compounds. 
 
 
 
2.2. PHARMACOLOGY OF PSYCHEDELICS  

 
Serotonin (5-hydroxytryptamine; 5-HT) was first discovered in the 1930s (Erspamer and Vialli, 1937), 

but it’s presence in the mammalian brain and role in neurotransmission wasn’t realised until 1953 

(Twarog, 1954; Twarog and Page, 1953). Chemists were quick to recognise the tryptamine template in 

the structure of LSD and it was initially hypothesised that the potent psychedelic effects might derive 

from the blockade of 5-HT receptors in the brain (Gaddum, 1953; Gaddum and Hameed, 1954; Woolley 
and Shaw, 1954). Yet, further studies showed that this theory was incorrect (Cerletti and Rothlin, 1955; 

Rothlin, 1957; Votava et al., 1958) and it was instead suggested that LSD might behave as a direct 

agonist at 5-HT receptors in the brain (Anden et al., 1968). Further studies found that various 

psychedelic compounds either increased serotonin levels in the brain and/or decreased the turnover of 

serotonin (Anden et al., 1971; Leonard, 1973; Randic and Padjen, 1971), thus providing support for the 

agonism hypothesis.   

 
The serotonin 2A receptor (5-HT2AR) is a member of the 5-HT2 seven-transmembrane receptor family 
and is expressed in various cells and tissues across the mammalian body, with highest expression 

levels in the brain (see GCPR database; Regard et al., 2008). 5-HT2ARs are specifically enriched in the 

cerebral cortex, particularly on the apical dendrites of pyramidal cells in layer 5 (Weber and Andrade, 

2010). By enhancing cortical glutamate release, 5-HT2ARs may modulate cognitive processes, such as 

working memory and attention (Williams et al., 2002; Mirjana et al., 2004). The 5-HT2AR is considered 

as an important drug target, with potential implications of both agonists and antagonists in the treatment 

of various psychiatric conditions, including depression and anxiety (Carhart-Harris et al., 2016a; 
Carhart-Harris et al., 2017b; Carhart-Harris and Goodwin, 2017; Carhart-Harris and Nutt, 2017; Ross 

et al., 2016).  

 

The 5-HT2AR is widely accepted as the key site for psychedelic drug action due to the vast body of 

compelling evidence to support this hypothesis. Specifically, 5-HT2ARs of layer 5 pyramidal cells are 

thought to be a key mediator of psychedelic activity (Vollenweider and Kometer, 2010; 

Muthukumaraswamy et al., 2013; Nichols, 2016). The strong positive correlation between the affinity of 

psychedelic drugs for the 5-HT2AR and psychedelic potency (Glennon et al., 1984) suggests that the 
stimulation of this receptor subtype is important in their mechanism of action. Psychedelics are also 

devoid of activity in 5-HT2AR knock-out mice and selective 5-HT2AR antagonists ablate the effects of 

psychedelics in animals and humans (Vollenweider et al., 1998; Glennon et al., 1984; Colpaert et al., 

1985; Gresch et al., 2005; Fiorella et al., 1995; Smith et al., 1995). The rapid development of tolerance 

to psychedelics also correlates with the downregulation of the 5-HT2AR. Furthermore, despite 

differences in their chemical structure, the various chemical classes of psychedelics all act as 5-HT2AR 
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agonists, induce cross-tolerance and produce remarkably similar experiences in humans (Abramson 

and Rolo, 1965; Abramson et al., 1958; Balestrieri and Fontanari, 1959; Hollister et al., 1969; Isbell et 

al., 1961; Wolbach et al., 1962b). 

 

There are two major chemical classes of psychedelic drugs: (i) the indoleamines and (ii) the 

phenethylamines. The indoleamines can be further classified into two subsets: (i) the tryptamines, which 

possess considerable conformational flexibility, and (ii) the ergolines, which are relatively rigid 

tryptamine analogues ( 

Figure 2-2). In contrast with the high selectivity of phenethylamines for the 5-HT2 family of receptors 

(Table 2-2), indoleamines are relatively non-selective at 5-HT sites (Table 2-1; Pierce and Peroutka, 

1989; Titeler et al., 1988; McKenna et al., 1990).  

 

 
 

 
Figure 2-2. Chemical structures. The structure of the neurotransmitter serotonin and the three basic chemotypes 

of serotonin 5-HT2A agonists. Reproduced with permission from Nichols (2012). Copyright information: © 2012 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.  
 

2.2.1. Indoleamines 

 

Tryptamines are a family of compounds structurally derived from tryptamine, which consist of an indole 

ring attached to an amino group through an ethyl side chain. Psychedelics classified as tryptamines are 
the chemotypes that bear the most resemblance to the neurotransmitter serotonin and therefore have 

significant activity at 5-HT receptors (Nichols, 2012). However, many of the tryptamines also bind to 

non-5-HT receptors and have a relatively lower affinity for the 5-HT2AR than the ergolines and 

phenethylamines (see  

 

 

Table 2-1 and Table 2-2). Examples of psychedelics that belong in the tryptamine family include DMT, 
5-MeO-DMT, bufotenin, psilocybin and psilocin.  

 

DMT (N,N-dimethyltryptamine) is a derivative of tryptamine with two methyl groups attached to the 

amine nitrogen atom. DMT, the major ingredient in the Amazonian Brew ayahuasca, is a naturally-
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occurring compound that is found in many plants and animals. 5-MeO-DMT (5-methoxy-N,N-

dimethyltryptamine) and bufotenin (5-hydroxy-N,N-dimethyltryptamine) are naturally occurring 

psychedelics found in a variety of plants and Bufo Alvarius toads. 5-MeO-DMT and bufotenin both begin 

with the structure of DMT, but 5-MeO-DMT has the addition of a methoxy group at the 5-position 
whereas bufotenin has the addition of a hydroxy group at the 5-position.  

 

Psilocybin (4-phosphoryloxy-N,N-dimethyltryptamine) has the structure of DMT but with a 

phosphoryloxy group at the 4-position. Psilocybin is primarily a prodrug that is dephosphorylated by 

alkaline phosphatase to active metabolite psilocin. Psilocin (4-hydroxy-N,N-dimethyltryptamine) is 

structurally very similar to bufotenin, but the hydroxy group is at the 4-position with psilocin and not the 

5-position as it is with bufotenin. In contrast to the tryptamines discussed in the previous paragraph, 

this small change ensures that psilocin, like psilocybin, is orally active. Psilocybin and psilocin are 
naturally-occurring psychedelics found in a variety of mushrooms. 

 

Ergolines are derived from alkaloids in the ergot fungus, of the genus Claviceps. Relative to the 

tryptamines, ergolines have a more complex structure based around an indole system and tetracyclic 

ring scaffold (Nichols, 2012). As such, ergolines are elaborated, conformationally restrained 

tryptamines. Psychedelics classified as ergolines include LSA (lysergic acid amide) and LSD (lysergic 

acid diethylamide). LSA, a naturally-occurring psychedelic found in Rivea corymbose seeds, is an 

ergoline alkaloid that lacks hydrogens at positions 9 and 10 and also has a methyl group attached to 
the piperidine nitrogen. LSA is derived from a hydride of an ergoline. LSD is a semi-synthetic ergoline 

alkaloid arising from formal condensation of lysergic acid with diethylamine and is derived from a 

lysergamide. It is important to note that the complex ring system of the ergolines contains the 

phenethylamine backbone in addition to the tryptamine backbone.  

 

 
Table 2-1. Binding affinities (Ki, nM; <3000 nM) of indoleamines. Data was collated from the PDSP Ki database† 

(Roth et al., 2000). 

Drug Receptor Ki (nM) Reference  

Psilocin  

5-HT1A 49 Blair et al. (2000) 

5-HT1B 219.6 PDSP certified data 

5-HT1D 36.4 PDSP certified data 

5-HT1E 52.2 PDSP certified data 

5-HT2A 25 Blair et al. (2000) 

5-HT2B 4.6 PDSP certified data 

5-HT2C 10 Blair et al. (2000) 

5-HT5 83.7 PDSP certified data 

5-HT6 57 PDSP certified data 

5-HT7 3.5 PDSP certified data 

Histamine H1 304.6 PDSP certified data 

Psilocybin 
5-HT1E 194.8 PDSP certified data 

5-HT2A 13 McKenna et al. (1990) 
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5-HT2B 98.7 PDSP certified data 

5-HT5 6,181 PDSP certified data 

5-HT6 413.5 PDSP certified data 

5-HT7 597.9 PDSP certified data 

DMT 

5-HT1A 119.51 Pierce and Peroutka (1989) 

5-HT1D 270 Peroutka et al. (1989) 

5-HT2A 230.27 Pierce and Peroutka (1989) 

5-HT2B 550 McKenna et al. (1990) 

5-HT6 68 Kohen et al. (1996) 

5-MeO-DMT 

5-HT1B 351 Offord et al. (1988) 

5-HT2A 207 Sadzot et al. (1989) 

5-HT2B 1,300 McKenna et al. (1990) 

5-HT2C 100 Hoyer et al. (1989) 

Bufotenin 

5-HT1A 5 Peroutka (1986) 

5-HT1B 52 Peroutka (1986) 

5-HT1D 3.71 Peroutka (1985) 

5-HT1F 20.4 Waeber et al. (1989) 

5-HT2A 15 Egan et al. (2000) 

5-HT2C 70.8 Engel et al. (1986) 

5-HT3 34 Milburn and Peroutka (1989) 

5-HT5 1,000 Plassat et al. (1992) 

5-HT6 4.46 Boess et al. (1997) 

5-HT7 19.95 Tsou et al. (1994) 

LSD 

5-HT1A 1.1 Nichols et al. (2002) 

5-HT1B 3.9 Nichols et al. (2002) 
5-HT1D 14 Peroutka et al. (1989) 

5-HT1E 93 Nichols et al. (2002) 

5-HT2A 0.75 Knight et al. (2004) 

5-HT2B 3.7153 Wacker et al. (2013) 

5-HT2C 1.096 Knight et al. (2004) 

5-HT4L 1,000 Gerald et al. (1995) 

5-HT5A 9 Nichols et al. (2002) 

5-HT5B 3.23 Boess and Martin (1994) 

5-HT6 2.29 Hirst et al. (2003) 

5-HT7 6.6 Nichols et al. (2002) 

Adrenergic a 220 U'Prichard et al. (1977) 

Adrenergic b1 140 Nichols et al. (2002) 

Adrenergic b2 740 Nichols et al. (2002) 

Dopamine D1 180 Nichols et al. (2002) 

Dopamine D2 120 Nichols et al. (2002) 

Dopamine D3 27 Nichols et al. (2002) 

Dopamine D4 56 Nichols et al. (2002) 

Dopamine D5 340 Nichols et al. (2002) 

Histamine H1 1540 Nichols et al. (2002) 
†Note: the apparent affinity estimated from displacement experiments depends on the intrinsic efficacy of the radioligand used to label 
the binding site. Comparisons of affinities for various psychedelics across multiple sites of action must be regarded as tentative, particularly 
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when distinct receptor populations have been labelled with ligands of varying efficacy. 
 

2.2.2. Phenethylamines 

 

The chemical backbone for the phenethylamines is based upon phenethylamine, a prevalent structure 

found in a range of endogenous compounds including the neurotransmitters serotonin, dopamine and 

norepinephrine (Nichols, 2012). The phenethylamine structure contains a phenyl ring attached to an 

amino group through an ethyl side chain. Phenethylamines may be chemically modified along this 
phenyl ring, side chain, or amino group and they have a relatively higher affinity for the 5-HT2AR than 

the tryptamines. Examples of phenethylamine psychedelics include mescaline, the 2C series (2,5-

dimethoxy, 4-substituted phenethylamines), DOI (2,5-Dimethoxy-4-iodoamphetamine) and 25CN-

NBOH (N-(2-Hydroxybenzyl)-2,5-Dimethoxy-4-Cyanophenylethylamine).  

 

Mescaline (3,4,5-trimethoxyphenethylamine) is a naturally-occurring psychedelic alkaloid found in 

some species of cacti, including the peyote cactus (Lophophora williamsii) and the San Pedro cactus 

(Echinopsis pachanoi). No other naturally-occurring phenethylamine psychedelics have yet been 
discovered. Mescaline is phenethylamine substituted at positions 3, 4 and 5 by methoxy groups and is 

the lead compound that has served as the starting point for many structure-activity relationship (SAR) 

studies. These SAR investigations have resulted in the design of relatively selective and potent 

compounds (compared to mescaline, the reference standard) to probe psychedelic mechanisms of 

action. 

 

Shulgin first synthesised the 2C compounds in the 1970s and he coined the term 2C to represent the 
two carbon homologues of mescaline. The 2C series of compounds lack the alpha-methyl group and 

contain methoxy groups attached to the 2- and 5-position carbons of the phenyl ring. There are many 

compounds in the 2C series, but 2C-B (2,5-dimethoxy-4-bromophenethylamine) is one of the oldest 

and best-known members of the 2C family. In addition to the methoxy groups at positions 2 and 5, 2C-

B has a bromo substituent at the 4-position. On the other hand, DOI (2,5-dimethoxy-4-

iodoamphetamine) is structurally very similar to 2C-B in that it has two methoxy substituents at the 2- 

and 5- position, but instead has an iodo substituent at the 4-position.    

 
25CN-NBOH (N-(2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenethylamine) is a N-benzylphenethyl-

amine with the addition of a hydroxy group at the 2-position of the N-benzyl structure and a cyano group 

at the 4-position of the phenethylamine part of the molecule. 25CN-NBOH is a very novel compound 

and these structural variations in both the phenethylamine and N-benzyl parts of the molecule have 

rendered it the most selective 5-HT2AR agonist yet discovered.  
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Table 2-2. Binding affinities (Ki, nM) of phenethylamines at 5-HT2 sites. Data was collated from the PDSP Ki 

database† (Roth et al., 2000). 

Drug Receptor Ki (nM) Reference  
Mescaline  5-HT2A 150 McKenna et al. (1990) 

2C-B 
5-HT2A 0.001 McLean et al. (2006) 

5-HT2B 0.034 Glennon et al. (1992) 

5-HT2C 0.036 Glennon et al. (1992) 

DOI 
5-HT2A 0.65 Wainscott et al. (1996) 

5-HT2B 20 Nelson et al. (1999) 

5-HT2C 2.36 Wainscott et al. (1996) 

25CN-NBOH 
5-HT2A 2.2 Halberstadt et al. (2016) 

5-HT2B 58 Halberstadt et al. (2016) 

5-HT2C 49.8 Halberstadt et al. (2016) 
†Note: the apparent affinity estimated from displacement experiments depends on the intrinsic efficacy of the radioligand used to label 
the binding site. Comparisons of affinities for various psychedelics across multiple sites of action must be regarded as tentative, particularly 
when distinct receptor populations have been labelled with ligands of varying efficacy. 
 
 
 
 

“. . .the phenomena induced by LSD (and probably by any similar drug) cannot be predicted 

or understood in purely pharmacological terms; the personality of the drug taker plays an 

enormous and critical role in determining how much effect there will be and of what 

particular type.”  

- Barr et al (1972) 
 

 

2.3. SAFETY OF PSYCHEDELICS  

 

As mentioned previously (see 2.1.4 Prohibition), the media have historically portrayed psychedelics as 

extremely dangerous drugs of abuse and psychedelic compounds have remained illegal since the ban 
in 1966. Psychedelics are classified under the current legislation as Schedule 1 Class A drugs, which 

are the most restrictively controlled drugs considered to be the most harmful with a high potential for 

abuse and no therapeutic value. Yet, analyses have shown that there is no relation between the harms 

of a range of psychoactive drugs and their current legal status in the United Kingdom (Nutt et al., 2010). 

The decisions made about which drugs should be controlled under the legislation seem to be unclear 

and inconsistent, and may have been made for political rather than health purposes (Nutt et al., 2010). 

In fact, the legislation has greatly hindered research into the therapeutic potential of such compounds, 

including psychedelic drugs (Nutt et al., 2013). Evidence suggests that these compounds are safe and 
have therapeutic potential when used in a controlled environment (see Carhart-Harris and Goodwin, 

2017: for a review), which is in contrast to what their legislative status suggests.  
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Psilocybin and related psychedelic compounds possess an extremely low level of physiological toxicity 

and no known risk of mortality. Nevertheless, although classic psychedelics have not directly caused 

deaths, users may experience impaired judgement while under the influence of these compounds (Nutt 
et al., 2010). This is a particular concern when psychedelics are used recreationally and not in a 

controlled environment. Notably, acute adverse reactions can occur in any context, but are generally 

well-managed in a controlled setting with interpersonal support and do not persist when the drug effects 

have worn off (Johnson et al., 2008). Contrary to previous sensational media reports, there is no 

evidence that there is any risk of prolonged psychotic reactions to psilocybin in individuals without a 

personal or family history of psychotic illness. Moreover, no incidents of prolonged emotional or 

perceptual disturbances have been reported in modern clinical studies involving the administration of 

psilocybin or related psychedelics to humans. Several thousand participants received psychedelics in 
clinical research during the 1950s and 60s without serious concerns and significant adverse reactions 

caused by psychedelic use are rare. In the few cases in which long-term adverse effects have occurred 

from repeated use, they were regarded as subtle or nonsignificant (Halpern and Pope, 1999; 

Strassman, 1984; Johnson et al., 2008; Nichols, 2004; Nichols, 2016). There is no animal or human 

data to suggest that psilocybin and related psychedelics, even in very high doses, are neurotoxic, and 

there is no evidence of these drugs inducing compulsive drug seeking behaviours in animals or 

dependency in humans (Hintzen and Passie, 2010). To this end, attempts to train animals to self-

administer psychedelics, an animal model that can predict the potential for abuse, have been 
unsuccessful (O'Brien, 2001). In recreational users, psychedelic drug-use is associated with lower rates 

of suicidality and psychological distress (Hendricks et al., 2015) and is not associated with increased 

mental health problems (Krebs and Johansen, 2013) or decreased neuropsychological performance 

(Halpern et al., 2005).    

 

Many psychedelics have been safely administered in contemporary research settings in both healthy 

and patient populations, including participants with no previous psychedelic experience (e.g. Griffiths 
et al., 2008; Griffiths et al., 2011; Griffiths et al., 2006; Carhart-Harris et al., 2017a; Carhart-Harris et 

al., 2016a). In controlled studies, the risk of adverse reactions to psychedelics is low (Halpern and Pope, 

1999; Halpern and Pope, 2003) and harm assessments show them to be among the least harmful 

drugs, with psilocybin containing mushrooms consistently ranked as the least harmful (Figure 2-2; Nutt 

et al., 2010). Psilocybin is considered significantly less harmful than some legal and licensed 

prescription medications (Morgan et al., 2010; Nutt et al., 2010). Moreover, our team has safely 

administered psychedelic drugs in well over 100 acute administration sessions for multiple 

neuroimaging studies without any serious adverse events (e.g. Carhart-Harris et al., 2016a; Carhart-
Harris et al., 2012a; Carhart-Harris et al., 2013; Carhart-Harris et al., 2012b; Carhart-Harris et al., 2011; 

Muthukumaraswamy et al., 2013; Petri et al., 2014; Tagliazucchi et al., 2014; Turton et al., 2014; 

Terhune et al., 2016; Carhart-Harris et al., 2015a; Kaelen et al., 2016; Kaelen et al., 2015; Tagliazucchi 

et al., 2016; Lebedev et al., 2016; Lebedev et al., 2015; Roseman et al., 2016). 
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Despite the physiologic safety of psychedelics and their positive effects on mental health (e.g. 

Hendricks et al., 2015; Krebs and Johansen, 2013; Carhart-Harris and Goodwin, 2017), it is important 

to consider their potential to induce negative effects. Through their serotonergic mechanism of action, 

very high doses of psychedelic compounds can induce acute problems in vascular functioning, such as 
high blood pressure (Nagatomo et al., 2004). Moreover, psilocybin has been found to induce transient 

and delayed headache, whereby the occurrence, duration and severity are dose-dependent (Johnson 

et al., 2012). The most common adverse reaction to psychedelics is acute anxiety and dysphoria 

(Johnson et al., 2008; Elsey, 2017; Strassman, 1984); however, in healthy participants, evidence 

suggests that these experiences are short-lived (Hintzen and Passie, 2010) and there is some evidence 

that over-coming challenging psychedelic experiences can have therapeutic benefits (Carbonaro et al., 

2016; Barrett et al., 2016). Persistent sensory changes (known as ‘hallucinogen persisting perceptual 

disorder’, HPPD) have previously been observed following psychedelic use. Although the prevalence 
of HPPD is unknown, the incidence is believed to be rare (i.e. ~3%) and primarily associated with LSD 

use (Halpern and Pope, 2003; Halpern et al., 2018; Hermle et al., 2015). HPPD phenomena usually 

occur in the visual domain and have been found to be effectively treated with benzodiazepines, although 

HPPD usually subsides with abstinence from psychedelic drugs (Halpern and Pope, 2003).  

 

 
Figure 2-3. Drugs ordered by their overall harm scores. Separate contributions to the overall scores of harms 

to users and harm to others. Reproduced with permission from Nutt et al. (2010). Copyright information: © 2010 Elsevier Ltd. All 

rights reserved.  

 

2.3.1. Novel NBOMe compounds: deadly exception  

 

The previous section showed that classic psychedelics are among the safest drugs that act on the 

central nervous system. Unfortunately, this is not the case for the NBOMe (N-methoxybenzyl) 
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compounds, which are novel and highly potent synthetic phenethylamines. The NBOMe compounds – 

which have recently become popular as recreational drugs – have proven to be toxic and users have 

experienced a variety of adverse events, such as agitation, tachycardia, hypertension, seizures and 

fatal overdoses (Wadowski et al., 2019; Suzuki et al., 2015; Gee et al., 2016). Further, NBOMe 
compounds have recently been shown to induce neurotoxicity and rhabdomyolysis (Kawahara et al., 

2017; Xu et al., 2019). Much interest has been generated to determine why the NBOMe compounds, 

unlike other psychedelics, cause such devastating consequences. There has never been a recorded 

overdose with classical psychedelics, such as LSD, psilocybin or mescaline. On the other hand, the 

extremely potent and synthetic NBOMe compounds thicken the blood and thin the blood vessels 

(Suzuki et al., 2015), which is the main catalyst behind a range of other issues, such as ventricular 

fibrillation leading to heart attack, renal failure and stroke. Thus, it appears that NBOMe toxicity may be 

primarily caused by the drugs’ effect on the cardiovascular system (Suzuki et al., 2015). 

 

2.4. PSYCHOLOGICAL EFFECTS  

 

2.4.1. Predictability of acute effects 

 

In contrast to other classes of drugs, where the action is usually predictable, the effects of psychedelics 
are heavily dependent on the expectations of the user (‘‘set’’) and the environment (‘‘setting’’) in which 

the use takes place (Carhart-Harris et al., 2018; Haijen et al., 2018). For example, expectations and 

environments that encourage spirituality increase the probability of psychedelics producing such an 

effect. Conversely, unstructured or recreational use can have unpredictable effects. To complicate 

matters further, an individual may respond differently to repeated administrations of the same drug at 

the same dose (see Nichols, 2016). 

 

The disruption of sensory and cognitive functions is generally dose-dependent (e.g. Hasler et al., 2004). 
However, when considering the effects produced by different doses of psychedelic compounds, it is not 

as simple as low doses producing the same effects as large doses at a reduced intensity. In fact, lower 

doses of psychedelics can elicit quantitatively and qualitatively different responses (Nichols, 2004). 

Psychedelics can produce a profoundly altered state of consciousness in which the user may have a 

“peak” or “mystical” experience” (Barrett and Griffiths, 2017). Although peak experiences occur more 

often with high doses, they can also occur unpredictably and independently of the dose. This 

unpredictability of drug effects can make psychedelic research challenging and is also a factor in the 

occurrence of adverse reactions during recreational use (Elsey, 2017; Johnson et al., 2008).  
 

“I consider LSD to be a powerful unspecific amplifier or catalyst of biochemical and 

physiological processes in the brain”  

- Grof (1975).  
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2.4.2. Altered states of consciousness and the phenomenon of “peak” experiences 

 

Through their serotoninergic mechanism of action, psychedelics produce profound effects on 

consciousness during the acute phase of administration. The Altered States of Consciousness 
Questionnaire (APZ; Dittrich, 1998) and APZ variants, such as the five- and eleven- dimensional altered 

states of consciousness questionnaire (5D-ASC, Dittrich et al., 2010; 11D-ASC, Studerus et al., 2010), 

are rating scales that are widely used to assess the acute subjective effects of psychedelics. These 

instruments are designed to measure altered states of consciousness independent of their aetiology 

(Dittrich, 1998). Both indoleamines and phenethylamines produce profound increases on three core 

dimensions of the 5D-ASC: (i) Oceanic Boundlessness, which measures a pleasant state of 

depersonalisation and derealisation; (ii) Anxious Ego Dissolution, which measures dysphoric effects 

such as ego disintegration, delusions, loss of self-control and anxiety; and (iii) Visionary 

Restructuralisation, which measures elementary and complex visual imagery (Dittrich et al., 2010). 

Using the further parcellated version of the 5D-ASC (i.e. 11D-ASC; Studerus et al., 2010), psychedelics 

have been shown to increase personal awareness, insightfulness, feelings of pure unity, ineffability and 

a transcendence of space and time (e.g. MacLean et al., 2011; Kometer et al., 2015; Griffiths et al., 

2006; Griffiths et al., 2011; Griffiths et al., 2008; Carhart-Harris et al., 2016b; Carhart-Harris et al., 

2012a; Barrett et al., 2015). 

 

Dimensions within the 5D- and 11D-ASC and the Mystical Experience Questionnaire (MEQ) are often 
used to measure psychedelic “peak experiences”. Peak experiences elicited by psychedelic drugs are 

often referred to as “mystical experiences”3 (Pahnke, 1963; Griffiths et al., 2006). However, the term 

“mystical” may be viewed as problematic due to metaphysical or supernatural connotations that may 

obstruct its acceptance by the scientific mainstream, thereby potentially hindering scientific progress in 

this area. To overcome this issue, one might argue that the (secular) term “peak experience” – which 

is synonymous with the mystical-type experience – is more appropriate for modern science.  

 
Psychedelic peak experiences are often accompanied by emotions of wonder, bliss and awe and are 

generally characterised by the following dimensions of “mystical experience” described by Stace (1960): 

(i) a sense of unity with all that exists; (ii) a transcendence of space and time; (iii) a deeply felt positive 

mood; (iv) a sense of sacredness; (v) a sense of the experience of truth and reality at a fundamental 

level (noetic quality); (vi) paradoxicality; (vii) difficulty explaining the experience in words (ineffability); 

(viii) transiency; and (ix) persisting positive changes in different domains, including attitudes and 

behaviour towards the self, others, life and the experience itself. These peak experiences are often 

associated with an absence or resolution of inner conflict and a sense of serenity, confidence and 
meaningful purpose in one’s life (Maslow, 1959; Maslow, 1964; Stace, 1960). 

 

 

 
3 The term “mystical-type experience” is based on Walter Stace's work on mysticism (Stace, 1960), and is synonymous with the 
term “peak experience” derived from the work of Abraham Maslow (Maslow, 1959, 1964). Note: use of the term “mystical” in this 
thesis refers only to the phenomenology of the experience, devoid of supernatural or metaphysical associations. 
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“I am not looking at the world, not confronting it; I am knowing it by a continuous process 

of transforming it into myself, so that everything around me, the whole globe of space, no 

longer feels away from me but in the middle.”  

- Watts (1962) 
 

Ego-dissolution, which refers to a temporary dissolution of the boundaries between the self (i.e. the 

“me”) and other (i.e. the “not me”), is a commonly reported effect elicited by psychedelic compounds 

(Nour et al., 2016). The loss of the sense of self is an important feature of peak experiences occasioned 

by psychedelics. As mentioned previously, psychedelic peak experiences are characterised by feelings 

of unity with all that exists. This unitive experience is therefore explicitly related to disturbed ego-

boundaries between the self (i.e. the “me”) and the other/object (i.e. the “not me”). Early researchers 

suggested that the disturbance of ego-functioning may represent an important mechanism through 
which psychedelics produce their therapeutic effects (Grof, 1980). More recently, it has been argued 

that the ego-dissolving quality of psychedelics represents an exciting opportunity to study the brain 

mechanisms responsible for creating a coherent sense of self (Carhart-Harris and Friston, 2010; 

Lebedev et al., 2015).  

 

“I took my [mescaline] pill at eleven ... I spent several minutes – or was it several centuries? 

– not merely gazing at those bamboo legs, but actually being them – or rather being myself 

in them; or, to be still more accurate (for “I” was not involved in the case, nor in a certain 

sense were “they”) being my Not-self in the Not-self which was the chair.” 

- Huxley (1956) 

 

Psychedelic peak experiences have been reported as among the most meaningful events experienced 

in one’s life (Griffiths et al., 2018) and evidence suggests that they may mediate some of the enduring 

positive psychological effects observed following psychedelic use (see Barrett and Griffiths, 2017: for a 

review). For instance, the persistent feeling of elevated and energetic mood is termed the psychedelic 
‘afterglow’ and has been shown to last for as long as a few weeks (Majic et al., 2015). Long-term positive 

outcomes associated with psychedelic peak experiences have also been demonstrated in patient 

populations, suggesting these experiences mediated therapeutic efficacy (Roseman et al., 2017). As 

such, psychedelic peak experiences have been likened to “quantum change experiences” (Griffiths et 

al., 2018), which are described as sudden and often profoundly meaningful experiences that are said 

to result in dramatic and enduring behavioural, emotional and cognitive changes (Miller, 2004). 

 

It has been suggested that the intensity of challenging psychedelic experiences may predict enduring 
positive outcomes, whereas the duration of struggle, on the other hand, is predictive of negative 

outcomes (Carbonaro et al., 2016). Relatedly, proponents of psychoanalysis argue that one must 

overcome psychological resistance in order to achieve emotional breakthrough4, resolve psychological 

 
4 The phenomenon of emotional breakthrough is defined as the overcoming of challenging emotions/memories and thereby 
experiencing emotional release.  
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struggle and have peak experience phenomena (Grof, 1980; Fischer, 2015; Eisner, 1958; Crocket et 

al., 1963). This notion is supported by patient references to emotional breakthroughs in post-

psychedelic treatment reports (Watts et al., 2017; Gasser et al., 2014; Belser et al., 2017). However, 

measures such as the ASC, MEQ and Challenging Experience Questionnaire (CEQ; Barrett et al., 
2016) are unable to sufficiently detect struggle resolution. This need for more sensitive measures led 

to the recent development of the Emotional Breakthrough Inventory (EBI; Roseman et al., 2019), a new 

scale specifically designed to measure emotional breakthrough following the resolution of psychological 

struggle. Using this new scale, emotional breakthrough has since been determined as an essential 

component of psychedelic-assisted therapy (Roseman et al., 2019), thereby supporting use of the EBI 

alongside measures of peak and challenging experiences.  

 

Taken together, it is clear that emotional breakthroughs and peak and challenging experiences may 
represent mechanisms through which psychedelics promote their long-term effects. Nonetheless, other 

factors that are as yet unmeasured and therefore unaccounted for may also significantly contribute to 

the mediation of enduring post-psychedelic outcomes. For instance, my research has demonstrated 

the importance of psychological insight and the quality of post-psychedelic integration work; key factors 

focused on in a later chapter of this thesis (see Chapter 4, STUDY 2). For now though, having outlined 

the predictive potential of acute psychedelic experience phenomena in determining long-term 

outcomes, it is necessary to explain what some of these outcomes are.  

 

2.4.3. Enduring effects 

 

Psychedelics have been shown to induce positive psychological effects that are sustained long-term. 

Remarkably, a long-term follow-up of Pahnke’s “Good Friday Experiment” (Pahnke, 1963) found that 

enduring positive effects may persist for many years, albeit with substantial study limitations (Doblin, 

1991). As I mentioned in the previous section (see section 2.4.2), evidence suggests that peak 

experiences may mediate some of the enduring positive psychological effects observed following 
psychedelic use (see Barrett and Griffiths, 2017: for a review). It is particularly notable that positive 

long-term changes have been observed following a single exposure to a psychedelic compound. For 

instance, a single high dose of psilocybin in healthy participants was found to increase well-being, life 

satisfaction and trait openness 14 months after administration, whereby these outcomes were mediated 

by peak experience phenomena (Griffiths et al., 2008; MacLean et al., 2011).  

 

Enduring positive effects on mental health have also been demonstrated in patient populations. In a 

recent study by our group, psilocybin was found to decrease depressive symptoms in patients with 
treatment-resistant depression (TRD) for up to six months post-dosing (Carhart-Harris et al., 2017a; 

Carhart-Harris et al., 2016a). Moreover, the occurrence and intensity of the psilocybin-induced peak 

experience was associated with positive long-term clinical outcomes observed in this TRD sample 

(Roseman et al., 2018b). Consistent with this, a single dose of psilocybin was found to reduce 

depression scores in patient anxiety related to terminal illness six months after treatment (Grob et al., 
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2011; Griffiths et al., 2016). Ayahuasca has also demonstrated antidepressant potential, with a single 

dose resulting in a reduction of depressive symptoms for up to three weeks (Osorio Fde et al., 2015).  

 

In addition to their antidepressant potential, psychedelics have shown promise in disorders of addiction. 
For instance, a single high dose of psilocybin was found to stop cigarette smoking in 80% of individuals 

six months after psilocybin-assisted smoking-cessation treatment (Garcia-Romeu et al., 2014; Johnson 

et al., 2014), and improve drinking behaviours in alcohol-dependent patients nine months after 

psilocybin-assisted motivational therapy (Bogenschutz et al., 2015). These positive long-term outcomes 

following psychedelic therapy for addiction have also been associated with the occurrence of peak 

experiences (Garcia-Romeu et al., 2014; Bogenschutz et al., 2015), suggesting these experiences may 

mediate therapeutic efficacy.  

 
Taken together, it’s apparent that psychedelic compounds have the capacity to promote positive 

changes that sustain long-term. The predictive value of psychedelic peak experiences in promoting 

such changes is well-established, but a growing awareness and understanding of other 

phenomenological features of the psychedelic experience encourage further research into additional 

psychological mechanisms at play. Moreover, science is currently gaining an understanding of the acute 

and post-acute brain effects of psychedelics, but the long-term brain effects and neurobiological 

mechanisms underlying long-term psychological outcomes are yet to be elucidated. My research 

addresses this knowledge gap in a later chapter of this thesis (see Chapter 4, STUDY 2), but in the 
meantime, the brain effects of psychedelics uncovered thus far is the topic of the next section (see 

section 2.5).  

 

 

2.5. BRAIN EFFECTS 

 

2.5.1. Acute and post-acute effects 

 
Through the use of direct depth and scalp electroencephalography5 (EEG) to record spontaneous brain 

activity, early research provided important insights into the possible brain mechanisms through which 

psychedelics might produce their subjective effects. Early work found that psychedelics decreased the 

power and amplitude of spontaneous brain activity in animals (Bradley and Elkes, 1953; Delay et al., 

1952; Evarts, 1957; Macadar et al., 1970; Rinaldi and Himwich, 1955) and humans (Bradley et al., 

1953; Rinkel et al., 1952). These reductions in oscillatory power often occurred in the alpha range and 
were accompanied by a simultaneous increase in the alpha frequency (Bradley et al., 1953; Rinkel et 

al., 1952). Animal experiments also demonstrated psychedelic-induced disorganised activity within the 

hippocampus (Macadar et al., 1970) and a lack of psychedelic-induced effects in chimpanzees with no 

temporal lobes (Baldwin et al., 1959). Consistent with this, human experiments also demonstrated 

 
5 An electroencephalogram (EEG) is an electrophysiological monitoring method to record electrical activity of the brain. 
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psychedelic-induced disorganised activity within the hippocampus, which was found to be associated 

with visual hallucinations and emotionally charged memories (Monroe et al., 1957). Moreover, human 

studies also demonstrated a lack of psychedelic-induced changes in the amplitude and frequency of 

cortical activity following temporal lobectomy in epileptic patients (Serafetinides, 1965). As such, these 
early studies led researchers to hypothesise that the temporal lobe may play an important role in 

producing the subjective effects of psychedelics.  

 

Modern work has since corroborated and extended the findings of early studies by demonstrating 

decreased oscillatory power across different frequency bands after the administration of various 

psychedelic compounds (Carhart-Harris et al., 2016c; Kometer et al., 2015; Muthukumaraswamy et al., 

2013; Puig et al., 2010; Wood et al., 2012; Schenberg et al., 2015; Riba et al., 2004; Riba et al., 2002), 

particularly in the alpha frequency range (Muthukumaraswamy et al., 2013). These decreases appeared 
localised in the posterior cingulate cortex (PCC), and the magnitude of the decreases in alpha activity 

correlated positively with ratings for ego-dissolution (Carhart-Harris et al., 2016c; Muthukumaraswamy 

et al., 2013). Furthermore, psychedelic-induced decreases in oscillatory power have been shown to 

extend into parahippocampal regions, which form part of the medial temporal lobe (MTL) system 

(Kometer et al., 2015).  

 

PET studies have shown increased blood supply and glucose metabolism in cortical and subcortical 

regions after psilocybin, including the anterior cingulate cortex (ACC), insula, thalamus, MTL and lateral  
temporal lobes (LTL; Vollenweider et al., 1997a). In particular, increased glucose metabolism in the 

cingulate cortex, MTL and medial frontal lobes (MFL) correlated with the occurrence of visual 

disturbances and ego dissolution (Vollenweider et al., 1997a). Similarly, increased blood perfusion 

following ayahuasca has been demonstrated in the anterior insula, ACC, amygdala and 

parahippocampal gyrus (Riba et al., 2006). However, fMRI studies do not corroborate the PET findings. 

Instead, fMRI studies have observed decreased BOLD signal and cerebral blood flow (CBF) in cortical 

and subcortical regions, which appeared in high-level association regions and correlated with the 
subjective effects (Carhart-Harris et al., 2012a; Palhano-Fontes et al., 2015). It is unclear whether timing 

differences play a role in this controversy, as PET measures are averaged over a longer period of time 

relative to fMRI. The alteration in neurovascular coupling reported by Spain et al. (2015) might also help 

explain the discrepancy between fMRI and PET findings. Nonetheless, in an attempt to bridge this 

paradox, it has been suggested that the reduced BOLD activity reflects the desynchronisation of 

oscillatory rhythms while the PET metabolic increases correspond with the increased excitability of layer 

5 pyramidal neurons (Halberstadt, 2015). 

 
Investigations of intra-network functional integration have provided insights into the psychedelic-

induced effects on the brain. The medial prefrontal cortex (mPFC), PCC and MTL are structurally well-

connected and functionally well-coupled under normal resting-state conditions (Raichle et al., 2001; 

Greicius et al., 2003). These regions represent important high-level association areas, acting as central 

nodes in the Default Mode Network (DMN) that receive and integrate information from many disperse 

and functionally specialised brain regions. Significant decoupling between the mPFC and PCC has 
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been observed following psilocybin (Carhart-Harris et al., 2012a), ayahuasca (Palhano-Fontes et al., 

2015) and LSD (Carhart-Harris et al., 2016c). Psychedelics have also been shown to decouple the MTL 

from the parietal lobes (Lebedev et al., 2015) and the parahippocampus from the DMN (Carhart-Harris 

et al., 2016c). Psilocybin has also been shown to induce increased BOLD signal variability, especially 
within the hippocampus and ACC (Tagliazucchi et al., 2014). Thus, it has been suggested that the 

psychedelic-induced decreases in intra-network functional connectivity might represent a key 

mechanism via which psychedelics disorganise or disintegrate high-level brain network integrity to 

produce their profound subjective effects (Carhart-Harris et al., 2014; Carhart-Harris, 2018). 

Furthermore, research has demonstrated that psilocybin and LSD produce significant increases in brain 

signal complexity (entropy), suggesting that brain activity becomes more disorganised and 

unpredictable (Lebedev et al., 2016; Lebedev et al., 2015). 

 
Further insights have emerged from studying inter-network connectivity – the coupling between different 

brain networks. The DMN and the Task Positive Network usually display anti-correlated or orthogonal 

activity under normal resting-state conditions but are shown to become positively coupled under 

psilocybin (Carhart-Harris et al., 2013) and ayahuasca (Palhano-Fontes et al., 2015). Marked increases 

in the coupling between a number of networks that are usually strongly segregated have been reported 

under psilocybin (Roseman et al., 2014), particularly for networks that abundantly express 5-HT2ARs 

(Erritzoe et al., 2009). Similarly, significant increases in coupling between normally segregated brain 

networks have been observed under LSD, accompanied by simultaneous disintegrated intra-network 
activity (Carhart-Harris et al., 2016c). Furthermore, an increase in global functional connectivity 

coinciding a decrease in network integrity, mediated by high-level association areas, has been observed 

following LSD administration (Tagliazucchi et al., 2016). Notably, this increase in global integration in 

cortical association regions selectively correlated with subjective ratings of ego-dissolution 

(Tagliazucchi et al., 2016). 

 
Taken together, the evidence presented above suggests that psychedelics desynchronise and 
disorganise neuronal activity via 5-HT2AR activation, particularly within high-level brain networks. 

Additionally, the above evidence indicates that psychedelics facilitate increased coupling between brain 

regions and networks that are usually functionally segregated. This “collapse” of the usual hierarchy, 

and the resulting decrease in the brain’s modularity, may represent important mechanisms through 

which psychedelics induce their profound subjective effects. 

 

2.5.2. Enduring effects 

 
The long-term brain effects of psychedelics are not as well studied nor understood. Recent work 

suggests that brain changes may persist for up to one week following a psychedelic experience, 

however, results have not been replicated and the direction of findings can be challenging to interpret. 

For instance, increased amygdala responsiveness to emotional face stimuli was found one day after 

psilocybin treatment for depression (Roseman et al., 2018a), yet decreased amygdala responsiveness 



 

 22 

was found one week post-psilocybin in healthy participants (Barrett et al., 2020). It’s possible that this 

discrepancy is merely a function of the different populations studied (i.e. depressed patients versus 

healthy volunteers). Alternatively, the increase in amygdala responsiveness found post-acutely 

(Roseman et al., 2018a) might reflect a transient alteration in seroternergic signalling due to 5-HT2AR 
internalisation – to this end, if long-term scanning was completed in the depression study, amygdala 

responsiveness may have also subsequently decreased one week post-dosing in the depressed 

patients, as in the healthy volunteers study by Barrett et al. (2020). It is clear that much work is needed 

to determine the long-term effects of psychedelics on brain function in different populations, with a 

particular focus on brain scanning at different post-treatment phases. 

  

Reduced cortical thickness has been observed in the PCC of experienced ayahuasca users, with the 

magnitude of changes correlating with the extent of previous psychedelic use (Bouso et al., 2015). 
Cortical thinning was also observed in the middle frontal gyrus (MFG), inferior frontal gyrus (IFG), 

precuneus and superior frontal gyrus (SFG), whereas cortical thickening was observed in the precentral 

gyrus and the ACC (Bouso et al., 2015). Notably, agonism at the 5-HT2AR dose-dependently increases 

the expression of brain-derived neurotropic factor (Gewirtz et al., 2002) and stimulates the expression 

of immediate early genes that encode transcription factors associated with synaptic plasticity and 

cognition (Gonzalez-Maeso et al., 2007). It therefore seems plausible that long-term adaptation through 

changes in gene expression may partially account for the enduring psychological effects observed 

following psychedelic use (e.g. see Nichols and Sanders-Bush, 2002). Taken together, it is clear that 
further research is required to elucidate, better understand and untangle the enduring brain effects of 

psychedelic compounds. To this end, unveiling the long-term brain effects of psilocybin is a key focus 

of a later chapter in this thesis (see Chapter 4, STUDY 2).  

 

 

2.6. REBUS and the anarchic brain: a model of psychedelic drug action 

 

Given that interest in psychedelics is rapidly growing and a wealth of knowledge on their action is 

currently accumulating, a compelling model to account for the brain mechanisms of psychedelics has 

recently been developed. To this end, the relaxed beliefs under psychedelics (REBUS) and the anarchic 

brain (Carhart-Harris and Friston, 2019) model attempts to account for both the acute and long-term 

effects of psychedelics. The REBUS model was developed from the unification of two closely related 

formulations of brain function: (i) the free-energy principle (Friston, 2010) and (ii) the entropic brain 
hypothesis (Carhart-Harris, 2018).  

 

The entropic brain hypothesis (Carhart-Harris, 2018; Carhart-Harris et al., 2014) proposes that the 

subjective quality of any given conscious state and the ‘richness’ of its content can be indexed by the 

magnitude of entropy6 in a given parameter of spontaneous brain activity. Normal waking 

 
6 Entropy in the information theoretic sense, where there is maximum uncertainty about the system due to a lack of order on 
which to base any predictions. “Uncertainty” is a synonym for entropy, and disorder and uncertainty are effectively equivalents. 
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consciousness is proposed to arise within a critical zone at which the entropy of brain activity is neither 

too ordered nor disordered, whereas psychedelic compounds have been shown to increase brain 

entropy within the acute psychedelic drug state. The entropic brain suggests that this psychedelic-

induced increase in criticality towards greater conscious content, flexibility of mind and emotional lability 
results in increased sensitivity to perturbation via intrinsic (i.e. “set”) and extrinsic (i.e. “setting”) sources. 

However, the entropic brain also suggests that uncertainty and information-content are closely related 

and that entropic-brain-states, and thus acute psychedelic states, are experienced as content-rich but 

unpredictable and uncertain (Carhart-Harris, 2018; Carhart-Harris et al., 2014).  

 

The free-energy principle7 attempts to explain how biological systems, particularly the brain, maintain 

order by minimising the entropy of sensory states (Friston, 2010; Friston, 2005; Friston et al., 2006; 

Friston, 2012). The free-energy principle proposes the following arguments. Biological systems act on 
and selectively sample the environment to avoid phase transitions that may lead to an irreversible 

alteration in their structure. Ensemble density is encoded by the state of the system, and this density is 

used to construct a free energy for any system that is in exchange with its environment. The free-energy 

principle suggests that any adaptive change in the brain will minimise free-energy, which is a function 

of the ensemble density encoded by the organism’s configuration and the sensory data to which it is 

exposed. Free energy minimisation occurs through action-dependent changes in sensory input and the 

ensemble density implied by internal changes. This minimisation results in perceptual inference about 

the world, encoding of perceptual context, perceptual learning about the causal structure of the 
environment and, finally, a principled exchange with, or sampling of, that environment. The free energy 

induces a generative model that involves the system’s structure. Identifying this model enables one to 

predict how a system will change if it conforms to the free energy principle. Therefore, the brain may be 

regarded as a hierarchical dynamic system in which neural activity encodes the conditional modes of 

environmental states and its connectivity encodes the causal context in which these states evolve 

(Friston, 2010; Friston, 2005; Friston et al., 2006; Friston, 2012).  

 
In brief, the entropic brain measures the uncertainty of neuronal fluctuations across time (Carhart-

Harris, 2018; Carhart-Harris et al., 2014), whereas free-energy measures the uncertainty of beliefs 

encoded by neuronal fluctuations (Friston, 2010; Friston, 2005; Friston et al., 2006; Friston, 2012). The 

entropic brain hypothesis and the free-energy principle both relate to hierarchical predictive coding 

(Figure 2-4). Hierarchical predictive coding posits that the brain generates mental models that predict 

upcoming sensory inputs. These predictive models are called “priors” (i.e. “prior beliefs.”) and are 

layered in a hierarchy. The higher levels send predictions down the hierarchy and the lower levels report 

sensory information upwards. When the model’s top-down predictions don’t match the bottom-up 
sensory input, the model either updates its priors based on the new sensory information or ignores this 

information and maintains its priors.  

 

 
7 The free-energy principle is closely related to hierarchical predictive coding and the Bayesian Brain. Simply put, free energy 
can be thought of as a measure of surprise. It is therefore closely related to information theoretic entropy, which is a measure of 
uncertainty or average surprise. 
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Figure 2-4. Hierarchical predictive coding and REBUS and the anarchic brain. (A) Hierarchical predictive 
coding. Schematic illustration of the proposed effects of psychedelics on hierarchical predictive coding, a 

predominant process theory for Bayesian inference and variational free-energy minimisation in the brain. Under 

these computational architectures, sensory input arrives at the sensory epithelia and is compared with descending 

predictions. The ensuing prediction error (blue circles; e.g., neuronal populations of superficial pyramidal cells) is 

then passed forward into hierarchies, to update expectations at higher levels (blue arrows). These posterior 

expectations (teal circles; e.g., deep pyramidal cells) then generate predictions of the representations in lower 

levels, via descending predictions (teal arrows). The recurrent neuronal message passing (i.e., neuronal dynamics) 

tries to minimise the amplitude of prediction errors at each and every level of the hierarchy, thereby furnishing the 

best explanation for sensory input at multiple levels of hierarchal abstraction. Crucially, this process depends upon 

the precision (ascribed importance or salience) afforded to the ascending prediction errors (surprise) and the 

precision (felt confidence) of posterior beliefs. The basic idea of the REBUS model is that psychedelics act 

preferentially via stimulating 5-HT2ARs on deep pyramidal cells within the visual cortex as well as at higher levels 

of the cortical hierarchy. Deep-layer pyramidal neurons are thought to encode posterior expectations, priors, or 

beliefs. The resulting disinhibition or sensitisation of these units lightens to precision of higher-level expectations 

so that (by implication of the model) they are more sensitive to ascending prediction errors (surprise/ascending 

information), as indicated by the thick blue arrow in the lower panel. Computationally, this process corresponds to 

reducing the precision of higher-level prior beliefs and an implicit reduction in the curvature of the free-energy 

landscape that contains neuronal dynamics. Effectively, this can be thought of as a flattening of local minima, 

enabling neuronal dynamics to escape their basins of attraction and — when in flat minima — express long-range 

correlations and desynchronised activity. This schematic uses the format in (Bastos et al., 2012), to which the 

reader is referred for details. (B) REBUS and the anarchic brain. These schematics depict: on the top row, brain 

organisation in psychopathologies such as depression in which high-level priors (e.g., instantiated by the DMN) 

are overweighted (thick top-down arrow), causing a suppression of and insensitivity to bottom-up signalling (e.g., 

stemming from the limbic system). In this figure, we show compromised bottom-up signalling via a thin arrow with 

a red cross over its centre. The graphic on the top right depicts a pathologically rigid or frozen system, insensitive 

to perturbation, represented in this figure as a heavy ball dropped on a solid surface having a minimal effect on the 

system, i.e., the ball lands with an uneventful thud. The bottom row depicts brain organisation under a psychedelic. 

In this figure, the top-down arrow has been made translucent to reflect a deweighting or relaxation of high-level 

priors or beliefs (this component of the model is referred to by the acronym REBUS). The effect of this deweighting 

is to enable bottom-up information intrinsic to the system, to travel up the hierarchy with greater latitude and 

compass. We refer to this component of the model as the anarchic brain. That the two brains on the bottom row 

B  A 
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are on the same level and of the same size is intended to reflect a generalised decrease in hierarchical constraints 

under the psychedelic. The graphic on the bottom right represents a phenomenon known as critical slowing, i.e., 

systems at criticality display maximal sensitivity to perturbation. In this figure, one can see ripples appearing after 

a heavy ball is dropped into a liquid surface, reflecting how, in this particular system, and unlike its frozen 

counterpart above, there will be a slow recovery to the same perturbation. Illustrations by Pedro Oliveira, courtesy 

of Favo Studio. Both Figures reproduced from Carhart-Harris and Friston (2019). Copyright information: Creative Commons Attribution 

4.0 International (CC BY 4.0). 

 

REBUS8 places psychedelics in a predictive coding framework to provide a unified model of psychedelic 

drug action that may explain the acute and enduring effects occasioned by psychedelic drugs. The 

REBUS model (Carhart-Harris and Friston, 2019) theorises that psychedelics induce an acute state of 

heightened brain entropy via their action on 5-HT2ARs (Carhart-Harris, 2018), and that this reflects a 

relaxation of precision weighting of priors (REBUS) that coincides with the increased weight of bottom-

up signalling (anarchic brain). This allows bottom-up information to have more influence on our 

conscious experience, and also on the configuration of the hierarchy overall. Both components of the 
REBUS model (i.e. (i) REBUS and (ii) anarchic brain) are regarded as mutually dependent because 

relaxed priors naturally imply increased prediction error (Carhart-Harris and Friston, 2019). For 

instance, REBUS suggests that psychedelics disrupt functioning at the level of the system that encodes 

the precision of priors, beliefs, or assumptions. This includes alterations in the sensitivity of pyramidal 

neurons, the power of low frequency oscillations and the integrity of large-scale neural networks. As 5-

HT2ARs are densely expressed in the visual cortex, a low dose of a psychedelic drug may primarily 

induce perceptual effects within the visual domain. However, high doses may produce more profound 
subjective effects due to the disrupted functioning of higher levels in the hierarchy, which might explain 

phenomena such as ego dissolution and enduring alterations of high-level priors, perspectives, or 

beliefs. 

 

 

2.7. PRIMARY RESEARCH OBJECTIVES OF THIS THESIS  

 

This introduction chapter provided a brief historical overview of psychedelic use from prehistorical times 

to the present day. The safety and pharmacology of psychedelics was also discussed, as well as the 

psychological and brain effects that characterise these compounds. As well as introducing the wealth 
of knowledge that has accumulated over the years, this introduction highlighted significant knowledge 

gaps that need to be addressed. Accordingly, further quantifying the mechanisms underlying the 

profound and persisting effects observed following psychedelic use demands attention. Likewise, 

science is currently gaining an understanding of the acute and post-acute brain effects of psychedelics, 

 
8 REBUS is an acronym for “RElaxed Beliefs Under pSychedelics.” As the anarchic brain follows naturally from the liberation of 
bottom-up signalling, which is logically implied by relaxed precision on priors, both components of the REBUS model (i.e. (i) 
REBUS and (ii) anarchic brain) are regarded as mutually dependent. Therefore, REBUS is used as an acronym for both 
components of the model. 
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yet the paradoxical effects obtained using different (blood-flow based) neuroimaging methods thwarts 

our confidence when trying to interpret such data and deserves experimental scrutiny. Consequently, 

learning how psychedelics – through their serotonergic mechanism of action – effect the brain’s blood 

supply is essential to disentangling mechanisms involved in the psychedelic brain state. Moreover, the 
long-term brain effects and neurobiological mechanisms underlying long-term psychedelic outcomes 

are yet to be elucidated.  

 

Broadening the scope of psychedelic phenomena under investigation as well as unveiling the long-term 

brain effects of psychedelics and determining the neural correlates of their long-term outcomes will help 

fill this knowledge gap and would hold significant value. Similarly, elucidating the 5-HT2A-mediated 

vasoactivity intrinsic to psychedelic drug action will help further our understanding and interpretation of 

data obtained in humans using measures such as BOLD-fMRI. As such, somewhat filling these 
knowledge gaps to contribute to the field’s understanding of psychedelic activity is the ultimate aim of 

my work outlined here. To this end, this thesis outlines three separate studies. The specific hypotheses, 

methods, results and interpretations pertaining to each of these studies are discussed in more detail in 

their corresponding chapters, but a brief overview of what’s to come is outlined here:  

 

§ CHAPTER 3: STUDY 1  | 
Can psilocybin therapy remediate negative cognitive biases in severe depression?  

§  

Objective: to investigate the presence of a negative cognitive bias in patients with treatment-

resistant depression and the ability of psilocybin therapy to alleviate this. 

 

§ CHAPTER 4: STUDY 2  | 
What are the acute and long term effects of psilocybin in healthy participants? 

Objective: to investigate the acute and long term effects of psilocybin on the brain, behaviour 

and psychology in heathy participants, with a key focus on psychological insight. 

 
§ CHAPTER 5: STUDY 3  | 

Can we untangle neuro- and haemodynamic mechanisms in the psychedelic brain 
state? 

Objective: to investigate (i) the suitability of the novel and most 5-HT2A-selective psychedelic, 

25CN-NBOH, in mice for prospective in vivo optical imaging studies; and (ii) 5-HT2A-mediated 

vasoactivity intrinsic to psychedelic (25CN-NBOH) drug action. 
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3. STUDY 1  | 
Can psilocybin therapy remediate negative 

cognitive biases in severe depression?  
 
  

“If the doors of perception were cleansed every thing would 

appear to man as it is, Infinite. For man has closed himself up, 

till he sees all things thro' narrow chinks of his cavern.”  

  
– William Blake 
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3.1. FOREWORD 

 
The previous chapter finished with a proposed model of psychedelic action – i.e., the relaxed beliefs 

under psychedelics and the anarchic brain model (REBUS; Section 2.6, page 22). REBUS places 

psychedelics in a predictive coding framework to provide a unified model of psychedelic drug action 

that may explain the acute and enduring effects occasioned by psychedelic drugs (Carhart-Harris and 

Friston, 2019). In brief, the REBUS model theorises that psychedelics induce an acute state of 

heightened brain entropy via their action on 5-HT2ARs (Carhart-Harris, 2018), and that this reflects a 

relaxation of precision weighting of priors that coincides with the increased weight of bottom-up 
signalling. This allows bottom-up information to have more influence on our conscious experience, and 

also on the configuration of the hierarchy overall. The REBUS model postulates that the effects of 

psychedelics on the precision weighting of high-level priors or beliefs may mediate the therapeutic 

efficacy of these compounds. As the REBUS model states that high-level priors may be sensitised to 

liberated bottom-up information flow, combining the belief relaxation process with the right intention, 

care provision and context may help cultivate the revision of such entrenched pathological priors 

(Carhart-Harris and Friston, 2019). With this in mind, the negative cognitive bias characteristic of severe 

depression (Beck, 1967; Beck, 1976; Beck and Rush, 1979) is a good example of how over-weighted 
high-level priors can have devastating consequences. If we go by the REBUS model of psychedelic 

action, the negative bias underlying depression may be amenable to revision via psychedelic therapy-

induced belief relaxation and recalibration processes.  

 

In this chapter, I examine the presence of a negative cognitive bias in patients with treatment-resistant 

depression (TRD) and the ability of psilocybin therapy to alleviate this. With the REBUS model in mind, 

the presence of a pessimism bias would indicate excessive precision, weight, or influence of this prior 
in TRD. Moreover, the alleviation of this negative bias following psilocybin therapy would indicate that 

the treatment has induced belief relaxation and recalibration processes. As such, it is hypothesised that 

TRD patients will show a significant pessimism bias that can be effectively treated with psilocybin 

therapy.  
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3.2. INTRODUCTION  

 
Major depressive disorder (MDD) affects 350 million people worldwide and is one of the foremost 

contributors to the overall global burden of disease (Marcus et al., 2012; James et al., 2018). Sadly, 

much of this burden can be accounted for by treatment-resistant depression (TRD), which afflicts 

approximately one third of MDD patients (Gaynes, 2009; Greden, 2001). Worse still, even when 

conventional medications are effective, they often have a delayed onset of action meaning it can take 

weeks to months before patients experience any clinical benefit (Machado-Vieira et al., 2010) – this can 

have devastating consequences, especially as MDD accounts for over half of all suicides and is the 
leading cause of disability in the world (Marcus et al., 2012). As such, elucidating more effective, rapid-

acting antidepressant treatments with positive outcomes that sustain long-term is essential.  

 

3.2.1. Pathophysiology of depression  

 

Despite great need and substantial effort, no clear or compelling model has been developed to explain 

the causes and mechanisms of MDD. An extensive body of research has implicated monoamine 

neurotransmitters and their respective GPCRs in the pathophysiology of MDD, particularly the 
serotonergic and noradrenergic systems (Delgado, 2000; Hirschfeld, 2000; Kaster et al., 2016; Ferrari 

and Villa, 2017). Based on this evidence, the monoaminergic hypothesis has primarily directed the 

development of antidepressant medications to date, with inhibition of serotonin and/or noradrenaline 

re-uptake as the primary mechanism of action (Lambert and Bourin, 2002). Yet, despite inducing a rapid 

increase in monoamine levels, clinical response to currently available antidepressants is often delayed 

and of poor efficacy, with 33% of patients responding similarly to placebos (Brown, 1994; Trivedi and 

Rush, 1994; Sonawalla and Rosenbaum, 2002; Mann, 2005; Kirsch, 2019). Since the monoamine 
hypothesis of MDD alone fails to fully explain the mechanisms of the disease or the lack or latency of 

response to antidepressants, other pathogenic factors must also be considered.  

 

The dysfunction of many neurotransmitter and metabolic systems are involved in the neurobiology of 

depression. For instance, deficiencies in peptide neurotransmitters and trophic factors as well as 

hyperactivity in still other neurotransmitter systems involving acetylcholine, corticotropin-releasing 

factor and substance P have all been implicated in the pathophysiology of MDD (for a review, see Mann 

et al., 2011). Considerable evidence suggests that genetic predisposition and stress play a key role in 
the aetiology of MDD and may operate via a number of pathophysiological mechanisms, such as 

reduced monoaminergic neurotransmission and hyperactivity of the hypothalamic–pituitary-adrenal 

(HPA) axis and inflammatory response system (Duman et al., 2016; Zhang et al., 2013; Hosang et al., 

2014; Ota et al., 2014). The hypersecretion of cortisol is an important pathophysiological feature of 

MDD and is associated with functional and structural abnormalities within cortico-limbic neurocircuits 

implicated in depression and mood regulation (Liu and Aghajanian, 2008; Magariños and McEwen, 

1995). To this end, certain aspects of MDD may result from maladaptive stress-induced neuroplastic 
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changes, whereby chronically administered antidepressants have been shown to exert some 

neuroprotective effects (Sheline et al., 2003; Ampuero et al., 2010; Castrén and Hen, 2013). 

 

It is clear from the evidence presented above that MDD has a multifactorial aetiopathogenesis, with 
biological, psychological and social factors all playing key roles in the development and maintenance 

of the disorder. As such, medications only addressing certain biological features of MDD (i.e., reduced 

monoaminergic neurotransmission for example) may not resolve other key underlying factors 

contributing to the disorder, such as resilience to acute traumatic or chronic stress and hopefulness for 

the future. To this end, it is imperative that we look beyond the specific biological features of MDD and 

embrace an all-encompassing approach in the search for more effective and enduring treatments.  

 

3.2.2. Cognitive biases in depression 

 

Psychotherapy and pharmacotherapy are of comparable efficacy in the acute treatment of MDD, albeit 

with lower rates of attrition for psychological interventions (Cuijpers et al., 2013a). However, evidence 

suggests that long-term outcomes are significantly better for patients receiving psychotherapy than for 

those receiving medication (Cuijpers et al., 2013b) and relapse rates are significantly lower (Shea et 

al., 1992; Kirsch, 2019). This suggests that psychotherapy may be more advantageous relative to 

medication in the long-term and highlights an important caveat in the ‘medication only’ treatment 

approach in mental health care.  
 

Cognitive therapy is the most widely studied and practiced psychotherapeutic intervention for MDD 

(Butler et al., 2006). The cognitive bias model of depression states that patients have an unrealistic 

negative perspective of themselves and the world more generally (Beck, 1967; Beck, 1976; Beck and 

Rush, 1979). Somewhat in contrast to this, the depressive realism hypothesis states that depressed 

patients actually see themselves and the world in a more realistic way than the general population – 

who, the hypothesis maintains, are somewhat inaccurate and unrealistic in their optimism (Alloy and 
Abramson, 1979). The cognitive triad—which comprises a negative attitude towards oneself, the 

environment and the future (Beck, 1967)—partly forms the theory upon which cognitive therapy for 

MDD is based. A key cognitive feature in MDD is that patients expect the future to be bleak and 

anticipate unfavourable outcomes when facing life events of unknown emotional impact. Early research 

has shown that MDD patients have more dysfunctional attitudes, feelings of hopelessness, negative 

thoughts and pessimism than healthy individuals (Beck et al., 1988; Hill et al., 1989; Hollon et al., 1986; 

Peterson and Seligman, 1984). More recent findings have since supported the cognitive-bias model of 

depression over the depressive realism hypothesis, demonstrating, for example, that MDD patients 
exhibit pessimistic biases when anticipating future life events (Strunk and Adler, 2009; Strunk et al., 

2006).  
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3.2.3. Psychedelic therapy 

 

As MDD is associated with excessive pessimism, it is interesting to note that psilocybin has been shown 

to increase optimism, psychological well-being, trait openness and life satisfaction in an enduring way 
following just a single dose in healthy populations (Griffiths et al., 2011; MacLean et al., 2011; Griffiths 

et al., 2008). Increased optimism and well-being have also been found for weeks to months after a 

controlled administration of LSD to healthy participants (Carhart-Harris et al., 2016b; Liechti, 2017). 

Functional brain imaging of the psychedelic state has implicated brain regions linked to MDD (Carhart-

Harris et al., 2012a), including the subgenual prefrontal cortex (sgPFC) and default mode network 

(DMN; Hamilton et al., 2015). Moreover, the key receptor associated with the action of psychedelics, 

the serotonin 2A receptor (5-HT2AR; Glennon et al., 1984), has its highest expression in DMN regions 

(Beliveau et al., 2017) - and 5-HT2AR binding has been reliably linked with trait pessimism (Bhagwagar 
et al., 2006; Meyer et al., 2003) and neuroticism (Frokjaer et al., 2008; Frokjaer et al., 2010). It has 

been hypothesised that deficient signalling at the 5-HT2AR may confer an inflexible and pessimistic 

mind-set, and that increased 5-HT2AR signalling may serve to ‘lubricate the mind’, relaxing prior beliefs 

to aid new learning (Carhart-Harris and Nutt, 2017); see Matias et al. (2017) for more empirical support 

this.   

 
Recent years have witnessed a resurgence of interest in the ability of classical psychedelic compounds 

to treat a range of disorders, including MDD (Carhart-Harris and Goodwin, 2017; dos Santos et al., 
2016). Randomised controlled trials (RCTs) have demonstrated that psilocybin can rapidly alleviate 

depression and anxiety in patients with life-threatening cancer, with sustained effects for 6 months 

(Griffiths et al., 2016; Ross et al., 2016). A recent feasibility study of ours found that psilocybin with 

psychological support was well tolerated and associated with rapid and marked reductions in 

depressive symptoms in TRD patients (Carhart-Harris et al., 2017a; Carhart-Harris et al., 2016a), thus 

endorsing it’s potential as a safe and effective treatment for such clinical populations, albeit with 

important caveats (Carhart-Harris et al., 2018). 
 
 
 
3.3. OBJECTIVES AND HYPOTHESES 

 
The present study sought to investigate the presence of pessimism in TRD patients, in line with the 

depressive-bias hypothesis, and the ability of psilocybin therapy to alleviate this. It was hypothesised 

that TRD patients would show a significant pessimism bias that could be effectively treated with 

psilocybin therapy. Relevant measures of pessimism were given at baseline and one-week post-dosing. 
To demonstrate robustness to order confounds, TRD patients’ data were compared with those from 

non-treated healthy control subjects matched in terms of age, gender and education tested over an 

equivalent time period. 
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3.4. METHODS 

 

3.4.1. Statement of contributions 

 
Team contribution: Prof David Nutt and Dr Robin Carhart-Harris conceptualised the study design and 

coordinated the larger TRD pilot study (of which this study formed part of). Dr Mark Bolstridge was the 

lead psychiatrist and provided psychological support for the patients alongside other clinically-trained 

members of our team. Team members recruited the TRD patients, decorated the dosing room, 

designed the music playlist for the psychedelic sessions, and administered the drug.  

 

Personal  contribution: I conducted experiments using a sample of the TRD patients that were recruited 
for the larger pilot study. To control against test-retest reliability of the outcome measures, Philip Ashton, 

Jack Stroud and I recruited healthy and non-treated control subjects matched in terms of age, gender 

and education and tested them over an equivalent time period. I collected, plotted, analysed and 

interpreted all of the data presented in this chapter.   

 

3.4.2. Ethical Approvals 

 

This study received a favourable opinion from NRES London-West London, was sponsored by Imperial 
College London, and was carried out in accordance with Good Clinical Practice Guidelines. The 

National Institute for Health Research/Wellcome Trust ICRF provided site-specific approval and the 

Medicines and Healthcare products Regulatory Agency reviewed and approved this research. All 

patients provided written informed consent. 

 

3.4.3. Study design and participants 

 
The Centre for Psychedelic Research conducted an open-label pilot study with a mixed-model design 

to assess the safety and feasibility of psilocybin as a treatment for patients with TRD. I conducted 

experiments using a sample of the TRD patients that were recruited for this larger open-label pilot study, 

the findings of which are discussed in this chapter. The study participants and research team were not 

masked to treatment assignment. All TRD patients were administered psilocybin in two dosing sessions: 

an initial safety dose (10 mg) and a subsequent treatment dose (25 mg) one week later. Although not 

included in the larger pilot study, I recruited a healthy control group. These control subjects were not 

administered psilocybin and were primarily included to examine test-retest data on the relevant primary 
measures that I was interested in.   

 

General practitioners were provided with recruitment information via the North West London Clinical 

Research Network and were asked to identify potential patients with TRD. TRD patients residing in the 
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3.4.7. Statistical analysis  

 

All statistical analyses were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA). Within-

group comparisons were performed using two-tailed paired t-tests for parametric data and Wilcoxon 
signed ranks tests for non-parametric data. Between-group comparisons were performed using two-

tailed independent t-tests for parametric data and Mann-Whitney U tests for non-parametric data. 

Correlations were analysed using Pearson’s correlation coefficient for parametric data and Spearman’s 

rho for non-parametric data. Results provide 95% CIs around the mean differences. Effect sizes were 

calculated using the Hedges’ g formula.  
 
Study power for comparisons on the primary outcome measure (i.e., the POFLE task) was estimated a 

priori using nQuery version 8.6 (Statistical Solutions Ltd., Los Angeles, CA, USA) based on the fixed 
sample size of n=15 per group. Analyses indicated 88% power to detect a difference in means via 

paired comparisons and 91% power to detect a difference in means between groups with a 5% two-

sided significance level. For correlations, power analyses indicated a detectable effect size of 0.56 with 

a desired power of 80% at the 5% significance level.  
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3.5. RESULTS 

 

3.5.1. Demographics 

 
Of the total 30 participants who took part in this study, the majority were Caucasian (93.33%) and men 

(73.33%) with a post-secondary level of education (80%). Of the 15 clinically assessed patients with 

TRD, the Hamilton Depression Scale scores ranged from 18 to 29 (M=23.73, SD=4.70) and the 

Montgomery–Åsberg Depression Rating Scale scores from 24 to 42 (M=32.33, SD=5.14); thus, all 

patients recruited were diagnosed with TRD of at least moderate severity, with most meeting criteria for 

severe depression. Control subjects were not clinically assessed because they were deemed physically 

and mentally healthy. Self-reported depressive symptoms (BDI) were collected for all study participants. 
A breakdown of the participant demographic details and depressive scores at baseline can be found in 

Table 3-1. 

 
Table 3-1. Study participant demographics. 

Characteristic 
Control subjects 

(n=15) 
TRD patients 

(n=15) 
All participants 

(n=30) P value 
Gender (% male) 60.0% 73.3% 66.7% 0.439a 

Age in years (mean, SEM) 37.6 (3.7) 45.4 (2.9) 41.5 (2.4) 0.109b 

Ethnicity (%) 
  White 
  Black 

 
100.0% 

0% 

 
93.3% 

6.7% 

 
96.7% 

3.3% 

0.309a 

Education (%) 
  Secondary School 

  Undergraduate  
  Postgraduate  

 
6.7% 

53.3%  
40.0%  

 
20.0% 

53.3% 
26.7% 

 
13.3% 

53.3% 
33.3% 

 
0.497a 

Baseline scores (mean, SEM) 
  QIDS 
  BDI 

 
3.46 (0.72) 

4.07 (1.10) 

 
19.13 (0.58) 
34.33 (1.92) 

 
NA 

 
<0.0001c 

<0.0001c 

a Chi-square test  
b t test 
c U test 

 

3.5.2. Depressive symptoms  

 

At baseline, patients (M=34.33, SD=7.44) scored significantly higher than controls (M=3.67, SD=3.83) 

on the BDI (U=0.0E0, p<0.001, g=5.0). The patients showed a significant decrease in BDI scores one 

week after the psilocybin sessions (M=12.13, SD=9.80) compared to baseline (M=34.33, SD=7.44; 
t(14)=7.900, p<0.001; 95% CI [16.17, 28.23], g=1.9). There was no significant difference found in the 

controls’ baseline (M=3.67, SD=3.83) versus follow-up BDI scores (M=2.73, SD=3.41; Z=-1.071, 

p=0.284). These results confirm that depressive symptoms were significantly reduced for the patients 

one week after psilocybin treatment, but did not change over an equivalent period for the non-treated 

control subjects.  
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Despite the significant improvement, patients’ post-treatment BDI scores (M=12.13, SD=9.80) 

continued to significantly differ from the controls’ follow-up values (M=4.29, SD=4.35; U=34.50, 

p=0.001, g=1.1). These results suggest that the patients’ depressive symptoms were largely reduced 

but did not quite reach levels comparable with healthy controls one week after psilocybin treatment 
(Figure 3-2 A).  

 

The patients’ depressive symptoms were also measured prior to the administration of psilocybin at the 

beginning of dosing days 1 and 2. There was a significant reduction in the patients’ BDI scores over 

time (X2(3, N=15)=32.35, p<0.0001). Post hoc comparisons with Dunn’s correction showed no significant 

difference in baseline (M=34.33, SD=7.44) versus dosing day 1 (M=30.53, SD=12.36; p=0.944) BDI 

scores. This confirms that depressive symptoms did not naturally decline from baseline prior to 

psilocybin treatment. However, BDI scores were significantly reduced on dosing day 2 (M=21.13, 
SD=12.93) when compared with baseline (M=34.33, SD=7.44; p<0.001) and dosing day 1 (M=30.53, 

SD=12.36; p=0.033) scores. This demonstrates a reduction in the patients’ depressive symptoms 1 

week after receiving the first dose of psilocybin. One-week after both dosing sessions (M=12.67, 

SD=10.40), BDI scores were significantly reduced when compared to baseline (M=34.33, SD=7.44; 

p<0.001), dosing day 1 (M=30.53, SD=12.36; p<0.001) and dosing day 2 (M=21.13, SD=12.93; 

p=0.009) scores. This confirms that the patients’ depressive symptoms were reduced even further 

following each dose of psilocybin (Figure 3-2 B). 

 

3.5.3. Predicting future life-events before psilocybin treatment  

 

Before proceeding to testing the specific hypotheses of this study, some description of the prediction 

and event occurrence data is warranted. As the POFLE contains both desirable and undesirable life 

events, it is most informative to consider the data split by the desirability of these life events. When 

predicting life events at baseline, the patients gave similar probability estimates for desirable (M=0.29, 

SD=0.15) and undesirable life events (M=0.23, SD=0.15, t(14)=1.037, p=0.317; 95% CI [-0.07, 0.19]). 
Contrary to their predictions however, patients reported experiencing more desirable (M=4.60, 

SD=1.76) than undesirable events (M=1.40, SD=1.35, t(14)=5.967, p<0.001; 95% CI [2.05, 4.35], g=1.5) 

within the ensuing 30-day period after their baseline predictions. This demonstrates that the patients 

predicted a negative future that was not borne out by their experience.   

 

Control subjects gave higher probability estimates for desirable (M=0.57, SD=0.09) than undesirable 

life events (M=0.22, SD=0.16; t(14)=8.492, p<0.001; 95% CI [0.26, 0.43], g=2.0) at baseline and in line 

with their predictions, reported the occurrence of more desirable (M=5.60, SD=1.45) than undesirable 
(M=2.33, SD=1.84; t(14)=4.859, p<0.001; 95% CI [1.8, 4.7], g=1.2) events within the ensuing 30 days. 

This suggests that the controls could realistically forecast the occurrence of future life events – most of 

which were desirable.  
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3.5.4. Predicting future life-events after psilocybin-treatment (second 30-day period) 

 

In contrast to their pre-treatment pessimism, post-treatment, patients gave significantly higher 

probability estimates for desirable (M=0.44, SD=0.20) than undesirable life events (M=0.25, SD=0.22, 
t(14)=2.322, p=0.036; 95% CI [0.01, 0.35], g=0.6). Justifying this difference, the patients also reported a 

higher percentage of desirable events (M=3.80, SD=2.57) actually occurring within this (second and 

post-treatment) 30-day period – relative to undesirable events (M=1.40, SD=1.18; t(14)=3.485, p=0.004; 

95% CI [0.92, 3.88], g=1.3); suggestive of an improved accuracy in predicting future life events (see 

below for more specific accuracy measures).  

 

As they did at baseline, control subjects gave higher probability estimates for desirable (M=0.57, 

SD=0.14) than undesirable (M=0.20, SD=0.12) life events at the follow-up (t(14)=8.399, p<0.001; 95% 
CI [0.28, 0.46], g=2.0), and did not differ from baseline in their second predictions of desirable (t(14)=-

0.0001, p=1.000; 95% CI [-0.07, 0.07]) or undesirable events  (t(14)=0.686 p=0.504; 95% CI [-0.06, 

0.12]). Consistent with these predictions, control subjects reported the occurrence of more desirable 

(M=5.53, SD=1.19) than undesirable (M=1.80, SD=1.78) events within the ensuing 30 days from follow-

up (t(14)=8.071, p<0.001; 95% CI [2.74, 4.73], g=2.0).  

 

Contrary to what was seen at baseline, there were no significant between-groups differences in the 

predictions of both desirable (t(28)=1.972, p=0.059; 95% CI [-0.01, 0.25]) and undesirable events 
(U=95.000, p=0.468) for the second block of predictions. Further, there were no significant between-

groups differences found in the rates at which desirable (U=70.000, p=0.072) and undesirable 

(U=105.000, p=0.741) events actually occurred within the second 30-day period.  

 

In summary, after treatment with psilocybin, consistent with what was actually reported to have 

happened during the ensuing 30-day period, TRD patients (rightly) expected more desirable than 

undesirable life events to occur – and thus began to make more accurate predictions of future life events 
– in line with the behaviour of healthy control subjects. 

 

3.5.5. Accuracy of forecasts 

 

Next, we examined whether there were any changes in the accuracy of participants’ forecasts—defined 

as the magnitude of discrepancy between predictions and actual event occurrence—between baseline 

and the post-treatment repeat phase. Closely paralleling the above results, patients were significantly 

more accurate in their predictions post-treatment (M=0.76, SD=0.07) than at pre-treatment baseline 
(M=0.71, SD=0.12; t(14)=1.857, p=0.042; 95% CI [-0.01, 0.12], g=0.6) (Figure 3-3 A).  

 

As predicted, there were no significant changes in accuracy observed in the non-treated healthy control 

subjects from baseline (M=0.72, SD=0.12) to the repeat phase (M=0.74, SD=0.09; t(14)=0.603, p=0.556; 

95% CI [-0.06, 0.09]). There were also no significant between-groups differences found at baseline 
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(t(28)=-0.196, p=0.423; 95% CI [-0.09, 0.08]) or the follow-up (t(28)=0.676, p=0.252; 95% CI [-0.04, 0.08]) 

(Figure 3-3 A).  

 

3.5.6. Assessing the presence of a pessimism bias in the TRD patients 

 

Before proceeding to testing specific hypotheses, some description of the computation of bias is 

warranted. In order to compute cognitive bias, the life events that actually occurred need to be taken 

into account. Therefore, different base rates for desirable versus undesirable events do not impede the 

analysis of bias. Bias scores can range from -1 to 1, with a score of 0 indicating that there is neither an 

optimism nor pessimism bias). The greater the deviation from 0, the greater the pessimism (for negative 

scores) or optimism (for positive scores) bias.  

 
The mean amount of bias shown by the patients at baseline (M=-0.10, SD=0.12) was significantly lower 

than zero; thus confirming a suspected pessimism bias (t(14)=-3.260, p=0.006; 95% CI [-0.16, -0.03], 

g=1.1). This should be interpreted as consistent with what one what suspect in a study of people with 

mostly severe depression. Following psilocybin treatment, this pessimism bias was significantly 

reduced (M=0.02, SD=0.08; t(14)=-2.714, p=0.017; 95% CI [-0.21, -0.02], g=0.7) to such an extent that 

the mean score was no longer significantly different from zero (t(14)=0.768, p=0.455; 95% CI [-0.06, 

0.02]) – indicating an effective absence of bias. These results demonstrate that the patients were indeed 

‘unjustifiably’ or erroneously pessimistic at baseline and that this cognitive bias was remediated 
following psilocybin treatment (Figure 3-3 B). 

 

The mean amount of bias for the control subjects was negligible and did not significantly differ from 

zero at baseline (M=0.04, SD=0.09, t(14)=1.823, p=0.090; 95% CI [-0.09, 0.01]) or the repeat phase 

(M=0.01, SD=0.07, t(14)=0.460, p=0.653; 95% CI [-0.05, 0.03]). This demonstrates an effective absence 

of bias (i.e., no appreciable optimism or pessimism bias) in the control subjects at both baseline and 

the follow-up (Figure 3-3 B). 
 

Not surprisingly, bias scores were significantly lower (i.e., greater pessimism) for patients (M=-0.10, 

SD=0.12) than controls at baseline (M=0.04, SD=0.09; t(28)=3.704, p<0.001; 95% CI [0.06, 0.22], g=1.3) 

and it there was no significant difference for the repeat phase (t(28)=-0.265, p=0.793; 95% CI [-0.07, 

0.05]). These results demonstrate that the patients were more pessimistic than the controls at baseline, 

but this bias was alleviated to control levels following psilocybin treatment (Figure 3-3 B). 
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3.6. DISCUSSION 

 
The present study sought to investigate the effects of psilocybin on pessimism bias in patients with 

TRD. Before treatment with psilocybin, patients were excessively and unrealistically pessimistic when 
predicting the occurrence of future life events – and this pessimism was significantly correlated with the 

severity of their depressive symptoms. One week after treatment, patients’ pessimism was alleviated 

and their depressive symptoms greatly improved; moreover, the magnitude of change in both variables 

was related – such that as their depression improved, so did their ability to accurately forecast their 

future. No such bias nor change in forecasting was seen in a matched control group assessed over an 

equivalent time period. Taken together, these findings indicate that the psychologically supportive 

administration of psilocybin remediates negative cognitive biases characteristic of severe depression – 
enabling individuals to forecast their futures more accurately, unfettered by unrealistic pessimism.  

 

3.6.1. Depressive symptoms  

 

The alleviation of depressive symptoms one week after psilocybin treatment found here is consistent 

with previous research demonstrating the therapeutic potential of psychedelic compounds (see Carhart-

Harris and Goodwin, 2017; Andersen et al., 2020: for reviews). A single dose of the natural psychedelic 

brew prepared from Amazonian plants, ayahuasca, had rapid and sustained antidepressant effects in 
patients with recurrent MDD (Osorio Fde et al., 2015). Likewise, a single dose of psilocybin has been 

shown to induce long-lasting reductions in anxiety and depression as well as increases in quality of life, 

life meaning, and optimism in patients suffering from depression and anxiety reactive to advanced-

stage cancer (Griffiths et al., 2016; Ross et al., 2016; Grob et al., 2011). A recent RCT provides further 

support for the therapeutic potential of psilocybin, whereby rapid antidepressant effects were sustained 

for up to four weeks in 71% of MDD patients (Davis et al., 2020). Moreover, enduring improvements in 

psychological well-being (Griffiths et al., 2008), trait openness and optimism (Carhart-Harris et al., 
2016b; MacLean et al., 2011) have also been observed in healthy participants following a single dose 

of a psychedelic drug. 

 

The pharmacological action of psilocybin might help to explain the reductions in depressive symptoms 

found here, as well as the positive clinical outcomes found in the studies outlined above9. There is a 

strong interaction between the stress systems and monoamine neurocircuitries involved in mood 

disorders, including the serotonin system (Duman et al., 2016; Zhang et al., 2013; Hosang et al., 2014; 

Ota et al., 2014). The 5-HT2AR – the key receptor through which psychedelics elicit their signature 
effects (Glennon et al., 1984; Nichols, 2017) – is centrally involved in affect regulation and is an 

important drug target in the treatment of various psychiatric conditions, including MDD (Carhart-Harris 

et al., 2016a; Carhart-Harris et al., 2017b; Carhart-Harris and Goodwin, 2017; Carhart-Harris and Nutt, 

 
9 See Chapter 2: INTRODUCTION, Section 2.2: PHARMACOLOGY OF PSYCHEDELICS. 
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2017; Ross et al., 2016). It has been proposed that the stress-relieving functions of 5-HT1A receptor 

signalling combined with 5-HT2A-receptor-mediated flexibility of mind and facilitation of plasticity, under 

favourable conditions (i.e. context-sensitive), is conducive to positive psychological health (Carhart-

Harris and Nutt, 2017). To this end, by enhancing environmental sensitivity and adaptability, 5-HT2AR 
signalling has been proposed as a crucial mediator of change processes, particularly in conditions of 

uncertainty or crisis (e.g. Matias et al., 2017). The ability of psychedelics to hijack 5-HT2AR-mediated 

signalling is in stark contrast to the 5-HT1AR-mediated ‘passive coping’ mechanisms slowly modulated 

by the chronic use of conventional antidepressants, and may account for the wealth of evidence 

demonstrating rapid and enduring post-psychedelic outcomes in this population.  

 

Psychedelics produce profound psychological effects and a principal theory in current psychedelic 

research is that the quality of the acute experience mediates the long-term beneficial effects of these 
drugs (Yaden and Griffiths, 2020; Roseman et al., 2017). Consistent with this principle, blockade of the 

5-HT2AR not only blocks the subjective effects, but also the mood-improving effects of psychedelics in 

humans (Preller et al., 2017; Kometer et al., 2012). Further supporting evidence stems from a separate 

study using the same sample of TRD patients reported here, which found that insightfulness during the 

psilocybin experience predicted subsequent reductions in depressive symptoms up to five week post-

dosing (Carhart-Harris et al., 2017a). As such, the key role placed on subjective experience makes 

psychedelic therapy constitute a very novel treatment paradigm when compared to the conventional 

pharmacological management of mental health conditions. The potential importance of psychological 
insight and relationship with neural and psychological outcomes are explored in a later chapter of this 

thesis (see Chapter 4, STUDY 2). 

 

3.6.2. Cognitive biases and accuracy of predictions  

 

As predicted by the cognitive-bias model of depression (Beck, 1967; Beck, 1976), we found a significant 

pessimism bias in the TRD patients when predicting the likelihood of future events prior to psilocybin 
treatment. Consistent with the depressive bias hypothesis—i.e. the theory that as depressive symptoms 

increase in severity, judgments become more negatively biased (Beck, 1976)—we found greater 

pessimism among patients with more severe depressive symptoms. This is in line with previous studies 

demonstrating a relationship between depression and pessimism (Beck et al., 1988; Hill et al., 1989; 

Hollon et al., 1986; Peterson and Seligman, 1984). It also opens up the possibility of using pessimism 

in healthy samples as a proxy of depression in clinically depressed samples. The finding here that 

patients were unrealistically pessimistic about the likelihood of positive life events befalling them prior 

to psilocybin treatment appeared not to be entirely justified by poor life circumstances, as the patients’ 
predictions (e.g., of the likelihood of desirable life events) underestimated their actual rate of 

occurrence. Moreover, the rates at which desirable and undesirable events actually occurred did not 

differ from the control subjects, who lacked such biases. This is consistent with classic depression 

research demonstrating that depressed patients present with excessively negative perspectives that 
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are disproportionate to their true life circumstances (Beck, 1967; Strunk and Adler, 2009; Strunk et al., 

2006).  

 

One week after psilocybin treatment, the patients’ pessimism was alleviated and they no longer showed 
any cognitive biases. In line with this finding, previous research has demonstrated sustained increases 

in optimism following psilocybin treatment in patients suffering from depression and anxiety reactive to 

advanced-stage cancer (Griffiths et al., 2016; Ross et al., 2016; Grob et al., 2011). Long-lasting 

improvements in optimism have also been observed in healthy participants following a single dose of a 

psychedelic (Carhart-Harris et al., 2016b; MacLean et al., 2011) and there is also evidence that 

recreational psychedelic users are more optimistic (or less pessimistic) than non-users (Grob et al., 

1996). Psychedelic compounds have previously been shown to increase positive mood (Kraehenmann 

et al., 2015; Schmid et al., 2015) and often induce lasting changes in attitudes and behaviour associated 
with a more positive outlook (Griffiths et al., 2008; Griffiths et al., 2006; McGlothlin and Arnold, 1971; 

Savage, 1962; Studerus et al., 2011). Here, we found that patients predicted significantly more 

desirable events post-treatment; making more accurate predictions that better reflected their actual life 

situation.  No cognitive biases were found among the control subjects. The lack of cognitive bias in the 

controls found here is in contrast to previous research suggesting that healthy individuals have a 

tendency towards an optimism bias (Sharot et al., 2007; Taylor and Brown, 1988; Weinstein, 1989).  

 

Evidence suggests that healthy people are worse at incorporating information about a more negative 
than expected future, and instead are more likely to update their beliefs in response to better-than-

expected information, resulting in an unrealistic optimism (Garrett and Sharot, 2017; Garrett et al., 2014; 

Izuma and Adolphs, 2011; Korn et al., 2014; Sharot et al., 2011). It has been shown that this unrealistic 

optimism is maintained due to a selective update failure and the diminished neural coding of undesirable 

information (Sharot et al., 2011). Dismissing and/or denying undesirable information may serve an 

adaptive function by enhancing exploratory behaviour and reducing stress and anxiety (Scheier et al., 

1989; Taylor et al., 2000; Varki, 2009). This is in line with research showing a relationship between mild 
depression and accuracy in predictions, with more severe depression being associated with clear 

pessimism (Strunk et al., 2006). However, an unrealistic optimism has drawbacks as well, e.g. in terms 

of underestimating risks and so failing to adopt preventative and/or protective measures (Shepperd et 

al., 2013). 

 

This idea that optimism is conducive to positive mental health has been critiqued recently however, e.g. 

with arguments made that improved methodologies are required to elucidate such biases and an 

accurate perception of reality is most important for mental health (Colvin and Block, 1994; Shah et al., 
2016) – see also Letheby (2016) in specific relation to the psychedelic experience. Entertaining worst-

case scenarios when anticipating future events may help one’s ability to cope with negative outcomes, 

through contingency plans and preparedness. In this sense, there are benefits of having a pessimistic 

attitude and expecting an undesirable outcome when facing events of unknown emotional impact 

(Nesse, 2000), such as not engaging in risky behaviour (Gibson and Sanbonmatsu, 2004) and avoiding 



 

 46 

disappointment by setting low expectations (Norem and Cantor, 1986; Shepperd and McNulty, 2002). 

However, an unrealistic pessimism about the future also represents a key cognitive feature in MDD 

(Lavender and Watkins, 2004; Pyszczynski et al., 1987), as expressed in the cognitive triad (Beck, 

1967). It follows that a balanced, reality-focused perspective is optimal for mental health – as unrealistic 
optimism may encourage negligent and reckless behaviour that could result in catastrophe, and 

unrealistic pessimism may lead to avoidant behaviour, passivity, low mood, vulnerability to MDD and 

perhaps related disorders (Hecht, 2013).  

 

The neurobiology of optimism versus pessimism is poorly understood. It is well known however, that 

serotonergic mechanisms are involved in mood states and cognitive styles (Cowen and Sherwood, 

2013; Meneses, 1999; Young and Leyton, 2002); for example, 5-HT2ARs are upregulated during states 

of low synaptic 5-HT (Cahir et al., 2007) as well as in unmedicated MDD patients (Bhagwagar et al., 
2006) and individuals scoring high on neuroticism (Frokjaer et al., 2008; Frokjaer et al., 2010) and 

dysfunctional attitudes (Meyer et al., 2003) – an analogue of trait pessimism. Through their serotonergic 

mechanism of action (i.e. agonism at the 5-HT2AR), it is theorised that psychedelics induce an acute 

state of heightened entropy that may enable disruption at the level of the system that encodes the 

precision of priors, beliefs, or assumptions (Carhart-Harris and Friston, 2019). The ability of 

psychedelics to disrupt reinforced patterns of negative thought and behaviour by disintegrating the 

patterns of brain activity upon which they rest may account for their positive therapeutic effects (Carhart-

Harris et al., 2014; Watts et al., 2017). Psychedelics have been shown to temporarily deconstruct the 
DMN (Carhart-Harris et al., 2012a; Palhano-Fontes et al., 2015; Speth et al., 2016), a network in the 

brain associated with ruminative thought (Berman et al., 2011), self-reflection (Johnson et al., 2002) 

and introspection more generally (Fleming et al., 2010; Qin and Northoff, 2011) – although the DMN 

appears to recover its integrity as the effects of a psychedelic wear off, with a potential increase in 

integration post treatment with psilocybin for TRD (Watts et al., 2017). We hope to explore the 

relationship between DMN properties before, during and after psilocybin in future studies and assess 

its relationship to optimism/pessimism. A functional imaging paradigm that incorporates the actual 
forecasting of future life events (prospection) might be interesting to explore in this context.  

 

3.6.3. Methodological strengths  

 

The results reported here substantially extend findings of previous research demonstrating increased 

optimism following psychedelic drug use (Barbosa et al., 2009; Carhart-Harris et al., 2016b; Griffiths et 

al., 2008; Griffiths et al., 2011). Previous studies of psychedelics-induced optimism have used 

subjective measures, whereas the present study utilised a behavioural instrument to more objectively 
measure optimism/pessimism. By analysing the effects of psilocybin on the prediction of one’s personal 

future, this study addresses an important facet of the cognitive triad, i.e., a negative attitude towards 

oneself, the environment and the future. To our knowledge, this is the first study to analyse the effects 

of a psychedelic compound on cognitive biases in patients with TRD and also the first to address 

psychedelic-induced changes in biases that are not purely subjective and self-referential, but instead 
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feature a behavioural aspect, requiring the predictions of future life events – the accuracy of which can 

later be assessed based on what is reported to have actually occurred in the individual’s life. 

 

3.6.4. Limitations 

 

It is necessary to address some limitations of this study. It formed part of an open-label clinical trial 

(Carhart-Harris et al., 2016a) with a small sample size, and although a control group was recruited to 

examine test re-test reliability on these measures, the controls were healthy subjects not exposed to 

the same treatment procedures. Since treatment with psilocybin involved more than just drug 

administration (e.g., psychological support before and after the psilocybin dosing sessions), it is 

possible that some drug-unrelated factor(s) contributed to the changes in cognitive bias observed here. 

It should be emphasised however, that such non-drug components are considered an integral part of 
the therapeutic model and cannot easily be extricated from it without collapsing the model itself (e.g. 

see Carhart-Harris et al., 2018). It is also unclear whether the reported changes in cognitive bias found 

here following psilocybin treatment were selective for these outcomes or rather an epiphenomenon of 

the treatment’s core effects on depressive symptoms. It might be that cognitive biases are an 

inextricable part of depression and so an impact on one of these factors will necessarily affect the other. 

Additionally, although the use of change scores can be advantageous and were deemed most 

appropriate for the regression analyses, the role of regression to the mean must also be considered 

when interpreting the correlations found here (e.g. see Allison, 1990).  
 

3.6.5. Conclusions 

 

In conclusion, this study sought to investigate the effects of psilocybin with psychological support on 

the prediction of future life events in patients with treatment-resistant depression. To our knowledge, 

this is the first study using a behavioural measure to objectively address cognitive biases integral to 

depression and how these change post-treatment with a psychedelic. The present findings suggest that 
the psilocybin with psychological support treatment model may alleviate pessimism bias in depression, 

giving patients a clearer, more accurate outlook on their future. Further controlled studies are warranted 

to better determine the causality, reliability, specificity and durability of these findings.  
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4. STUDY 2  | 
What are the acute and long term effects of 

psilocybin in healthy participants? 
 
 
  

“A little bit of something beats a lot of nothing. Break the 

largest of difficult tasks into the smallest of steps and it can be 

done.”  

 
– Dan Millman  
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4.1. FOREWORD 

 
 
The findings presented in the previous chapter (STUDY 1) suggest that the psychologically supportive 

administration of psilocybin remediates negative cognitive biases characteristic of severe depression. 

The previous chapter therefore provides evidence for a rapid, marked and enduring change in an 

entrenched pathological belief after a psychedelic experience. If we remind ourselves of REBUS (see 

Carhart-Harris and Friston, 2019), the model would theorise that the presence of a pessimism bias 

indicates excessive precision, weight, or influence of this prior in TRD. Moreover, alleviation of this 
negative bias following psilocybin therapy indicates that the treatment has induced belief relaxation and 

recalibration processes, enabling belief revision.  

 

If psychedelics facilitate the relaxation of prior assumptions, does this result in heightened openness 

and receptivity to new perspectives (i.e., the precondition for psychological insight)? The proposition 

that the relaxation of high-level prior assumptions facilitates psychological insight suggests that insight-

related processes operate without conscious awareness; this implies that insight-related processes are 

more effective following the suspension of executive control. The ability of psychedelics to facilitate 
psychological insight is a central principle of psychedelic therapy and is largely based on the notion that 

psychedelic (“mind-manifesting”) drugs permit latent or unconscious aspects of the mind to rise into 

conscious awareness. Chapter 3 discussed my experiments using a sample of TRD patients recruited 

for a larger open-label pilot study. Interestingly, the larger pilot study found that insightfulness during 

the psilocybin experience predicted subsequent long-lasting clinical improvements the same sample of 

TRD patients (see Carhart-Harris et al., 2017a).   

 

Psychedelics have been shown to acutely increase signal complexity of spontaneous brain activity 
(Alonso et al., 2015; Lebedev et al., 2016; Schartner et al., 2017; Viol et al., 2017), which might reflect 

a major phase of the process through which insight occurs. In this phase, reduced confidence in high-

level priors may result in novel perspectives by disinhibiting latent (lower-level) contents of the mind 

and allowing them to emerge into conscious awareness (Carhart-Harris and Friston, 2019). As such, 

this may enable the cultivation of changes to the relevant assumptions instantiated by higher levels in 

the hierarchy (i.e., model refinement). This is in line with a key concept of the REBUS framework, 

Bayesian Model Reduction (BMR), which is a hypothesised mechanism of model optimisation through 
which redundant parameters are pruned in order to refine the model (Carhart-Harris and Friston, 2019). 

In this way, pruning away unnecessary details may allow one to gain an understanding beyond what 

was immediately apparent (i.e., the bigger picture). To summarise, the REBUS model (Carhart-Harris 

and Friston, 2019) theorises that increased brain signal complexity with relaxed high-level priors 

enables the brain to be more amenable to curiosity and BMR processes. This may result in the 

facilitation of psychological insight and the attainment of novel perspectives, which may ultimately 

mediate long-term outcomes. In order to test this principle, a structured assessment of psychological 

insight and how it relates to brain signal complexity and long-term outcomes is required. 
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In this chapter, I will present my thorough investigation of the acute and enduring effects of psilocybin 

on the brain and psychology of healthy participants. I include a relatively varied and extensive 

assessment of psilocybin-induced psychological insight, both in the acute state as well as in the long-

term. Moreover, I perform resting-state EEG recordings during the acute drug state to measure 
psilocybin-induced alterations in brain signal complexity. Psychological outcomes are assessed 

throughout and potential enduring post-psilocybin changes in the brain are explored.  
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4.2. INTRODUCTION 

 

Psychedelic (literally translated as “mind-revealing”) drugs possess a unique potential as scientific tools 

to study the brain and demonstrate great therapeutic potential. One such drug includes psilocybin, a 
naturally occurring psychedelic derived from the Psilocybe genus of mushrooms. A growing body of 

evidence suggests that as little as one single high dose of psilocybin can have safe and long-lasting 

positive psychological effects on healthy individuals and patient populations (Carhart-Harris et al., 

2016a; Carhart-Harris et al., 2017a; Carhart-Harris and Goodwin, 2017; MacLean et al., 2011; Griffiths 

et al., 2011). Moreover, psilocybin and related psychedelics can acutely occasion peak experience 

phenomena that may modulate some of these enduring outcomes (Griffiths et al., 2011; Roseman et 

al., 2018b; Carhart-Harris et al., 2017a; Haijen et al., 2018; Russ et al., 2019). A model of psychedelic 
drug action, REBUS, has recently been developed to account for the psychological and neurological 

effects of psychedelics, both acutely and in the long-term (Carhart-Harris and Friston, 2019). Science 

is currently gaining an initial understanding of the acute brain action of psilocybin and related 

psychedelic drugs (Carhart-Harris et al., 2012a; Carhart-Harris et al., 2013; Carhart-Harris et al., 2012b; 

Carhart-Harris et al., 2016c; Carhart-Harris et al., 2017d; Vollenweider et al., 1997b; Roseman et al., 

2016; Lebedev et al., 2016; Lebedev et al., 2015; Muthukumaraswamy et al., 2013; Tagliazucchi et al., 

2014; Tagliazucchi et al., 2016), but their potential long-term brain effects are not as well studied nor 

understood. Accordingly, testing the principles put forward by REBUS and determining the long-term 
brain effects of psychedelics, as well as the neural correlates of long-term psychological outcomes that 

they can induce, will help fill this knowledge gap and would hold significant value. 

 

4.2.1. The essential importance of context  

 

The REBUS model proposes that psychedelics facilitate the relaxation of prior assumptions such that 

they become more sensitive to context and amenable to revision (Carhart-Harris and Friston, 2019). 
This is supported by evidence showing that psychedelics heighten one’s sensitivity to the internal (set) 

and external (setting) environment (Carhart-Harris et al., 2018). As such, evidence suggests that 

contextual factors (i.e. set and setting) are crucial determinants of the quality of a psychedelic 

experience. For instance, trait absorption – defined as how easily and deeply an individual can be 

immersed in stimuli and/or experiences – has been shown to predict psychedelic-induced challenging 

experiences (Haijen et al., 2018), visual effects, insightfulness, and mystical-type experiences during 

the acute drug state (Studerus et al., 2012; Haijen et al., 2018; Russ et al., 2019). Moreover, positive 

prior expectations have been found to predict more positive experiences under a psychedelic (Metzner 
et al., 1965), whereas pre-dosing anxiety can reduce the likelihood of having a “peak experience” 

(Richards et al., 1977) and has been shown to predict negative experiences during a psychedelic 

session (Metzner et al., 1965). A direct association between state anxiety and therapeutic alliance has 

been shown previously in non-psychedelic research (Kim et al., 2015; Mundorf et al., 2017). Although 

not yet demonstrated in psychedelic research, therapeutic alliance is known to be a major predictor of 
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response in mental healthcare (Kazdin, 2007) and its influence is likely to be greater still in the context 

of psychedelics. It makes sense that successfully building rapport and trust allows the participant to 

foster feelings of security, ultimately resulting in a reduction of pre-dosing anxiety. Therefore, it’s very 

likely that the interpersonal environment created by the study guides (“sitters”) is a major determinant 
of one’s response to a psychedelic drug (Masters and Houston, 1966; Leary et al., 1964; Johnson et 

al., 2008) and should be investigated in this context. 

 

4.2.2. Importance of the quality of the acute experience  

 

Through their serotonergic mechanism of action (i.e. agonism at the 5-HT2AR), psychedelics produce 

profound effects on consciousness and alter perception, cognition and mood in a characteristic way. A 

principal theory in current psychedelic research is that the nature and quality of the acute psychedelic 
experience mediates the long-term beneficial effects of these drugs. Indeed, the psychedelic 

occasioned peak (mystical-type) experience10 has been likened to a ‘quantum change experience’ 

(Griffiths et al., 2018), which describes a deeply profound experience that brings about enduring 

behavioural, emotional and cognitive changes (Miller, 2004). In naturalistic settings, the magnitude of 

psychedelic peak experience was predictive of sustained increases in well-being (Russ et al., 2019; 

Barrett et al., 2015; Haijen et al., 2018). This has been also been demonstrated in patients with TRD, 

where the occurrence and intensity of oceanic boundlessness was associated with markedly better 

clinical outcomes five weeks after psilocybin treatment (Roseman et al., 2018b). Moreover, a positive 
association has been identified between the extent of ego-dissolution experienced and changes in 

nature-relatedness (Nour et al., 2017). In controlled studies with healthy participants, the positive and 

enduring effects of psilocybin and LSD on subjective well-being, life satisfaction and shifts in 

perspective have been attributed to the psychedelic experience for up to 14-months (Griffiths et al., 

2008; Griffiths et al., 2011; Schmid and Liechti, 2017; Nicholas et al., 2018). Despite evidence 

demonstrating long-term psychological effects after a psychedelic experience, potential enduring 

changes in the brain have not been sufficiently investigated and the purported influence of acute 
psychedelic experiential components on these potential long-term brain effects has not been studied to 

date. 

 

4.2.3. Complexity of the psychedelic brain and psychological insight  

 

Entropy is a measure of a system’s randomness and is therefore an index of uncertainty. The higher 

the entropy (uncertainty), the higher the diversity of the signal (Spiegelhalter et al., 2002; Friston, 2010; 

Crutchfield, 2012). The idea that the human brain acts in an entropic fashion under the influence of 
psychedelics is a relatively novel theory (Carhart-Harris, 2018; Carhart-Harris et al., 2014; Carhart-

Harris and Friston, 2019) that may further our understanding of consciousness itself in addition to 

 
10 The term “mystical-type experience” is based on Walter Stace's work on mysticism (Stace, 1960), and is synonymous with 
the term “peak experience” derived from the work of Abraham Maslow (Maslow, 1959, 1964). 
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psychedelic drug action. The measures listed below are all formally related to entropy, but will be 

referred to more generally as measures of complexity.  

 

Intriguingly, evidence suggests that brain signal complexity is heightened during the psychedelic state 
(Alonso et al., 2015; Lebedev et al., 2016; Schartner et al., 2017; Viol et al., 2017). Certain complexity-

related measures appear to be particularly informative about the quality of conscious states. For 

instance, brain signal complexity is reduced in disorders of consciousness, such as the vegetative state 

(Sitt et al., 2014), as well as when under general anaesthesia (Schartner et al., 2015). In healthy 

individuals, brain complexity is lowest during deep sleep but at equivalent levels in rapid eye movement 

(REM) sleep and at wake (Casali et al., 2013). Taken together, this evidence indicates that the 

complexity (entropy) of brain dynamics is tightly linked to the manifestation of consciousness 

experience. This suggests that acute psychedelic effects – characterised by entropic brain activity and 
profound effects on states of consciousness – may reflect a state of enhanced conscious content 

(Carhart-Harris, 2018; Carhart-Harris et al., 2014) and provides support for a multidimensional 

conception of conscious states (Bayne and Carter, 2018). Based on their ability to increase brain 

complexity, psychedelics have been proposed as a potential treatment to increase conscious content 

in patients with disorders of consciousness (Scott and Carhart-Harris, 2019) – however, this has yet to 

be tested. As acute changes in consciousness can predict therapeutic outcomes in the long-term after 

a psychedelic experience (Griffiths et al., 2011; Roseman et al., 2018b; Carhart-Harris et al., 2017a), 

deepening our understanding of the entropic brain, which may be regarded as a neural proxy for 
conscious state, may aid with the interpretation of post-psychedelic outcomes.  

 

The REBUS model (Carhart-Harris and Friston, 2019) theorises that an entropic psychedelic brain 

reduces confidence in high-level priors11. In this way, novel perspectives may be obtained through the 

disinhibition of latent contents of the mind in lower levels of the hierarchy, thus allowing them to emerge 

into conscious awareness – this notion represents a key principle of psychedelic therapy, in which 

psychedelics are literally defined as “mind-manifesting”. To this end, the REBUS model proposes that 
increased brain signal complexity (entropy) with relaxed high-level priors enables the brain to be more 

amenable to curiosity and BMR processes, which may reflect a mechanism through which 

psychological insight occurs (Carhart-Harris and Friston, 2019). Psychological insight may be defined 

as the procurement of novel perspectives, thoughts or realisations about one’s self, behaviour or 

assumptions – and is therefore characterised by novelty. Evidence of an association between brain 

complexity and novel experiences provides support for the REBUS model. For instance, increased 

complexity has been linked to states of improvisation – a term that suggests a note of uncertainty and 

diversity – during music playing (Dolan et al., 2018). Relatedly, increased brain complexity in the LSD 
state was found to predict increases trait openness two weeks later (Lebedev et al., 2016). As openness 

is an attribute characterised by cognitive exploration and is linked to creativity, aesthetic sensitivity, 

 
11 Hierarchical predictive coding posits that the brain generates mental models that predict upcoming sensory inputs. These 
predictive models are called “priors” (i.e., “prior beliefs.”) and are layered in a hierarchy. Higher levels send predictions down the 
hierarchy and lower levels report sensory information upwards. When top-down predictions don’t match the bottom-up sensory 
input, the model either updates its priors based on the new information or ignores this information and maintains its priors. 
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unconventionality, imagination and intellectual curiosity (McCrae and Costa, 1997), it may be regarded 

as a set of traits characterised by an interest in novel experiences. Taken together, it seems plausible 

to suggest that insight during the psychedelic state might be linked to increased brain signal complexity. 

 
It is well-established that insight can occur acutely in a state-like fashion during a psychedelic 

experience and recreational users report that gaining greater insight into the human condition is a 

common intention for engaging in psychedelic use (Passie and Brandt, 2018). Moreover, the facilitation 

of psychological insight is among the most common benefits of psilocybin use reported by recreational 

users (Carhart-Harris and Nutt, 2013). This is particularly important in the therapeutic setting given that 

increased insight is associated with improved life satisfaction and well-being in healthy participants 

(Harrington and Loffredo, 2010) as well as decreased depression and anxiety in patient populations 

(Silvia and Phillips, 2011; Grant et al., 2002). In a recent study, 74% of alcoholics rated their psychedelic 
experience as one of the top 10 most insightful experiences of their lives and attributed their positive 

clinical outcomes to this insight (Garcia-Romeu et al., 2019). Based on this finding, the authors suggest 

that psychological insight may represent an important mechanism of behavioural change following a 

psychedelic experience (Garcia-Romeu et al., 2019). In TRD patients, increases in insightfulness during 

the acute treatment period predicted decreases in depressive symptoms and positive changes in 

personality in the long-term (Carhart-Harris et al., 2017a; Erritzoe et al., 2018). Furthermore, 

significantly increased insightfulness has been observed at 360 minutes post-dose psilocybin (Kometer 

et al., 2015), but whether this persists is unknown. It is important to note that most studies to date have 
used a subscale of the 11D-ASC questionnaire to measure insightfulness, which consists of only three 

statements relating to insight and may be insufficient to measure insight in its entirety. To address this 

issue, a recent study conducted a more extensive assessment of psychedelic-induced insight, albeit 

only acutely and not followed up long-term (Carbonaro et al., 2018). In order to test the ideas put forth 

by the REBUS model, a structured assessment of psychological insight and how it relates to brain signal 

complexity and long-term outcomes is required, yet has not been studied to date.  

 

4.2.4. Well-being and connectedness  

 

Psychedelics are known to produce a myriad of positive psychological effects in the long-term. For 

instance, sustained increases in well-being lasting over a year have been observed following a single 

high-dose psilocybin experience (e.g. Griffiths et al., 2006; Griffiths et al., 2008; Griffiths et al., 2011). 

While definitions of well-being vary, there is little debate as to whether this psychological construct is a 

crucial factor related to mental and physical health (Pressman et al., 2013) and the importance of well-

being is becoming increasingly recognised. This has led to rapid expansion of the field of positive 
psychology, with a major shift in focus toward promoting psychological well-being as opposed to only 

treating mental illness (Slade, 2010). There are many intimately linked factors that influence an 

individual’s well-being and mental health, such as the degree of flourishing, felt presence of meaning 

in life, psychological flexibility (i.e. reduced experiential avoidance) and connectedness to nature and 

others. In a recent study by our group, TRD patients were asked to describe their experience of 
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psilocybin-assisted therapy. The major theme identified through thematic analysis was that of 

‘connectedness’, or the process change of disconnection to connection, which patients believed to be 

modulating the positive clinical outcomes that they had experienced (Watts et al., 2017). As such, 

connectedness – defined as an empathic and embodied sense of closeness to self, others and 
world/universe – has been posited as a psychological mechanism by which psilocybin exerts positive 

psychological effects (Carhart-Harris et al., 2017c).  

 

Social connectedness  
 

The construct ‘social connectedness’ is used to describe a variety of self-other experiences, which 

overall reflect an individual’s subjective interconnection and closeness with others (Lee and Robbins, 
1995). It is well-established that humans have a deep-seated psychological need to be connected to 

others and possess a sense of ‘belongingness’. This sense of belongingness arises from social 

relationships and is considered to act as a psychological buffer that protects mental health during times 

of stress (Haslam et al., 2012; Baumeister and Leary, 1995; Praharso et al., 2017). Indeed, empirical 

evidence supports such theories; self-reports of individuals’ perceived social connectedness, as 

measured by assessing perceived social support, and quality of social relationships, are strongly related 

to psychological well-being (Yu et al., 2015; Patterson and Veenstra, 2010). These subjective 

appraisals of individuals’ social connectedness are more closely linked with mental health than objective 
components, such as regularity of social participation, living alone and marital status (Berry and Welsh, 

2010; Holt-Lunstad et al., 2010). This highlights the importance of the experiential quality and one’s 

perception of social interactions and relationships in mediating well-being. As such the subjective sense 

of social connectedness has been conceptualised as “the ‘active ingredient’ in social relationships” 

(Saeri et al., 2018). 

 

Psychedelics have been associated with a range of acute and enduring prosocial effects and can 
profoundly alter the way one views others (e.g. Griffiths et al., 2018; Pokorny et al., 2017). Empathy – 

defined as the ability to feel or understand the emotions of others – has been shown to promote 

prosocial behaviour (Eisenberg and Miller, 1987) and can be categorised as emotional (sharing the 

emotion of another individual) or cognitive (understanding the emotion). Emotional empathy, but not 

cognitive, has been shown to significantly increase during the acute phase of psilocybin effects 

(Pokorny et al., 2017). Relatedly, LSD has been found to acutely increase feelings of trust, emotional 

empathy and closeness to others (Schmid et al., 2015; Dolder et al., 2016), with self-reported altruistic 

social effects lasting up to 12-months after the experience (Schmid and Liechti, 2017). It’s possible that 
acute increases in emotional empathy may endure following a psilocybin experience, but this has not 

yet been sufficiently investigated.  

 

Compassion is defined as a feeling of concern for others, particulaly those who are suffering, with an 

orientation toward supporting and understanding; on the other hand, self-compassion is extending 

these feelings to one’s self in instances of perceived inadequacy, failure or general suffering. Notably, 
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elevated self-compassion correlates with lowered depression and anxiety scores (Neff, 2003). 

Ayahuasca has been demonstrated to promote self-compassion 24-hours after ingestion in an effect 

known as the ‘afterglow’, but this is reduced to baseline before two months have elapsed (Sampedro 

et al., 2017). Unfortunately, no measurements of self-compassion were taken between 24-hours and 
two months post-dosing, making it difficult to determine the length of time this effect endured. 

Furthermore, after administration of two high doses of psilocybin (25-40 mg each), self-compassion 

peaked one week after the second dose and persisted for up to a year (Bogenschutz et al., 2018). 

Nevertheless, this was only shown in three case studies making it difficult to generalise these results. 

Moreover, previous studies have focused primarily on self-compassion rather than on compassion as 

a whole. Taken together, current research suggests that compassion for oneself and possibly others 

may persist following a psychedelic experience. Despite this, long-term changes in compassion 

following a single high dose of psilocybin administration have not yet been measured. 
 

Relatedly, gratitude is defined as a feeling of thankfulness or gratefulness and is regarded as an 

outwardly directed, prosocial behaviour that is important for building relationships (McCullough et al., 

2002). An increase in gratitude has been linked to decreases in depressive behaviour as a result of 

positive emotional reframing (Lambert et al., 2012). Interestingly, increased gratitude has been 

demonstrated to persist for up to six months in patients given a repeated high dose of psilocybin 

(Griffiths et al., 2018). Such long persistence may be attributable to multiple dosing regimens, but further 

research is warranted to observe if a single high dose of psilocybin has similar, long-lasting effects.  
 

In summary, it is clear from clinical research that psilocybin has the potential to induce a variety of 

prosocial effects – such as increased empathy, compassion, gratitude and social connectedness in 

general. However, little research has investigated the long-term effects of psilocybin on these measures 

to date. In order to gain a more comprehensive understanding of the enduring effects of psilocybin, it is 

important to explore how this drug mediates long-term psychological measures such as these.  

 

Nature connectedness 
 
Nature connectedness is a term used to describe an individual’s sense of oneness with the natural 

world (Mayer and Frantz, 2004). Both trait and state nature connectedness, are intimately linked with 

enhanced physical health, psychological and social well-being, and positively correlated with 

mindfulness (Cervinka et al., 2012; Howell et al., 2011; Mayer and Frantz, 2004; Nisbet et al., 2011; 

Capaldi et al., 2014; Dean et al., 2018). State nature connectedness refers to the extent to which 

connection to nature is presently felt, which may be mediated by present surroundings. Spending time 

in nature has been associated with improved general health and enhanced hedonic well-being, 

including increased life satisfaction, positive affect and lower levels of anxiety (Nisbet and Zelenski, 
2011; Nisbet et al., 2011; Diener, 2009; Mayer et al., 2008; Capaldi et al., 2014; White et al., 2019). At 

the trait level, nature connectedness is defined as the stable sense of oneness and interconnectedness 

with the natural world (Mayer and Frantz, 2004) and is predictive of environmental concern and pro-
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environmental behaviours (Schultz et al., 2004). Higher levels of trait nature connectedness are 

associated with greater eudaimonic well-being and social functioning (Pritchard et al., 2019). Moreover, 

there is evidence indicating that the relationship between nature connectedness and psychological well-

being is mediated by enhanced meaning in life, which is posited to arise from the sense that one is part 
of something greater and more enduring than oneself (Howell et al., 2013). 

 

Psychedelic use in naturalistic settings has been associated with increased nature relatedness, concern 

for the environment and pro-environmental behaviour (Forstmann and Sagioglou, 2017; Nour et al., 

2017; Kettner et al., 2019). Additionally, when compared with users of other illicit non-psychedelic 

drugs, users of psychedelics reported greater concern for the environment and others (Lerner and 

Lyvers, 2006). Empirically, it has been demonstrated that nature-relatedness increased in TRD patients 

up to one year after psilocybin-assisted therapy (Lyons and Carhart-Harris, 2018a). While there is 
evidence suggesting that psychedelics have enduring impacts on nature connectedness, this has not 

been sufficiently investigated in a controlled setting in healthy participants. 

 

4.2.5. Cognitive flexibility  

 

Cognitive flexibility is defined as the contextually appropriate recruitment of and interaction between 

executive functioning, attentional mechanisms, object/abstract representations, perception, previous 

knowledge and conflict monitoring with respect to goal-directed contexts and available resources 
(Ionescu, 2012). As such, cognitive flexibility encompasses a multidimensional set of cognitive 

functions, but in short may be regarded as an executive function that includes attentional set-shifting, 

response inhibition, perseveration and reversal of stimulus-reward associations. The importance of 

cognitive flexibility for mental health is highlighted by its impairment in a myriad of psychopathological 

disorders, including eating disorders (Tchanturia et al., 2012), obsessive-compulsive disorder (OCD; 

Chamberlain et al., 2006), PTSD (Palm and Follette, 2011) and depression (Beck, 1976; Coles and 

Heimberg, 2002).  
 

It is well-established that serotonin plays a major role in the modulation of cognitive flexibility (see 

Carhart-Harris and Nutt, 2017: for a review). Notably, agonism at the key site of psychedelic drug action 

– the 5-HT2AR – is associated with enhanced cognitive flexibility, cortical plasticity and learning (Chen 

et al., 2003; Harvey, 2003; Romano et al., 2010; King et al., 1974; Boulougouris et al., 2008; Zhang and 

Stackman, 2015). On the other hand, 5-HT2AR antagonism is associated with impaired cognitive 

flexibility, learning and working memory (Boulougouris et al., 2008; Clarke et al., 2004; Seymour et al., 

2012; Wingen et al., 2007). Intriguingly, a recent optogenetics study found that serotonergic neurons 
within the dorsal raphe nuclei significantly activate when mice experience a surprising violation of 

assumptions, irrespective of reward-related implications (Matias et al., 2017). This suggests that 

serotonergic signalling plays an important role in conditions of uncertainty by enhancing environmental 

sensitivity and adaptability. 5-HT2AR signalling has been proposed as the key mediator of this effect, 

particularly in situations of crisis (i.e. promotion of neural plasticity when changes are required; Carhart-
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Harris and Nutt, 2017). The claim that 5-HT2AR signalling is a critical mediator of change processes, 

particularly in uncertain conditions, fits well with the REBUS model of psychedelic drug action (Carhart-

Harris and Friston, 2019). According to REBUS, these findings support the notion that the psychedelic 

brain enters an entropic “hot state” that is more sensitive to context and facilitates synaptic efficacy and 
plasticity (Ly et al., 2018; Carhart-Harris and Friston, 2019). The model goes further to suggest that, 

when the acute psychedelic effects begin to subside, the brain returns to its usual regimen of efficient 

free-energy minimisation and this is reflected by a renewed sense of familiarity and assuredness 

(Carhart-Harris and Friston, 2019). Importantly however, the brain may not return to how it was before 

the psychedelic experience. This suggests a potential window of opportunity for psychedelics to induce 

persistent functional and maybe even anatomical changes in the brain as a result of this period of 

elevated plasticity (Ly et al., 2018).  

 
5-HT2ARs are abundantly expressed in cortical high-level association areas, including the highly 

interconnected Default Mode Network (DMN; Beliveau et al., 2017; Varnas et al., 2004). The DMN acts 

as a cognitive transit hub and plays a role in functionally high-level behaviour (Finc et al., 2017; Kaplan 

et al., 2017; Soto et al., 2018; Van Hoeck et al., 2013). Dynamic, adaptive regulation of DMN plays an 

important role in the facilitation of cognitive processes as well as monitoring the environment for 

unexpected events (Buckner et al., 2008; Spreng, 2012). Internal or external shifting of context has also 

been demonstrated to correlate with increased DMN activity within a cognitive set-shift task (Crittenden 

et al., 2015), indicating a potential facilitative role of the DMN in cognitive flexibility. This is interesting 
given the evidence showing acute and post-acute modulations of DMN connectivity and dynamics 

following psychedelic compounds (Carhart-Harris et al., 2012a; Carhart-Harris et al., 2013; Carhart-

Harris et al., 2017d). Indeed, a recent study provides tentative evidence that psychedelics acutely 

enhance a construct approximating cognitive flexibility, namely divergent creative thinking (Kuypers et 

al., 2016). However, the potential for enduring changes in cognitive flexibility after a psychedelic 

experience has not been sufficiently investigated to date. 

 

4.2.6. Psychedelic effects on neural networks 

 

Evidence suggests that psychedelics desynchronise and disorganise neuronal activity via 5-HT2AR 

activation, particularly within high-level brain networks such as the DMN (Carhart-Harris et al., 2016c; 

Kometer et al., 2015; Muthukumaraswamy et al., 2013; Puig et al., 2010; Wood et al., 2012; Schenberg 

et al., 2015; Riba et al., 2004; Riba et al., 2002; Carhart-Harris et al., 2012a). Additionally, psychedelics 

facilitate increased coupling between brain regions and networks that are usually functionally 

segregated (Carhart-Harris et al., 2013; Palhano-Fontes et al., 2015). Increased global integration in 
cortical association regions (Tagliazucchi et al., 2016) and functional disintegration within high-level 

networks (Lebedev et al., 2015) have been found to correlate with subjective ratings of ego-dissolution 

in the acute psychedelic drug state. To this end, a collapse of the usual hierarchy and subsequent 

decrease in modularity of the brain may represent an important mechanism through which psychedelics 

induce their subjective effects – this is in line with the ideas put forward by the REBUS model (Carhart-
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Harris and Friston, 2019). Recent work suggests that brain changes persist for up to one week following 

a psychedelic experience. For instance, increased amygdala responsiveness to emotional face stimuli 

was found one day after psilocybin treatment for depression (Roseman et al., 2018a), yet decreased 

amygdala responsiveness was found one week post-psilocybin in healthy participants (Barrett et al., 
2020). Although we are beginning to understand the acute and post-acute action of psychedelics on 

the brain, there is much still to learn and many controversies in the results to untangle. Moreover, 

despite these initial insights, the capacity of psilocybin and related psychedelics to induce persistent 

brain effects is unknown. Given the period of elevated plasticity (Ly et al., 2018) during the psychedelic 

“hot state” (Carhart-Harris and Friston, 2019) combined with evidence of positive psychological 

outcomes in the long-term following a psychedelic experience (see Carhart-Harris and Goodwin, 2017; 

Elsey, 2017; Carhart-Harris et al., 2017c; Johnson et al., 2019: for reviews), the proposition that 

psychedelics may induce long-term brain effects is not unlikely. Accordingly, unveiling potential 
enduring effects of psychedelics on the brain, and neural correlates of the positive psychological 

changes that they can induce, would significantly contribute to the field. 

 

 

4.3. OBJECTIVES AND HYPOTHESES 

 

Taken together, it’s apparent that psychedelic compounds have the capacity to promote positive 
changes that sustain long-term, but a growing awareness of other possible phenomenological features 

and outcomes of the psychedelic experience encourage further research into additional psychological 

mechanisms at play. For instance, the predictive value of psychedelic peak experiences in promoting 

positive long-term changes is well-established, but the potential role of psychological insight has yet to 

be determined. Moreover, science is currently gaining an understanding of the acute and post-acute 

brain effects of psychedelics, but the long-term brain effects and neurobiological mechanisms 

underlying long-term psychedelic outcomes are yet to be elucidated. In an attempt to account for the 
acute and long-term psychological and neurological effects of psychedelics, the REBUS model of 

psychedelic drug action was recently developed (Carhart-Harris and Friston, 2019). An extensive 

investigation of a broad repertoire of psilocybin-induced effects on the brain and psychology of healthy 

participants, both acutely and in the long-term, is required to help fill the knowledge gaps. To this end, 

testing a key principle of the REBUS model – i.e. a structured assessment of psychological insight and 

if/how it relates to brain signal complexity and long-term outcomes – and determining the long-term 

brain effects of psychedelics, as well as the neural correlates of long-term psychological outcomes that 

they can induce, would hold significant value. 
 

 

Study objective: To comprehensively investigate the acute and long-term effects of psilocybin on the 

brain and psychology of healthy participants, with a key focus on the role of psychological insight. 
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Hypotheses: 

• Therapeutic alliance will be negatively associated with pre-dosing anxiety, and both of these 

contextual factors as well as trait absorption will predict the quality of the psilocybin experience.  

• Emotional breakthrough during the acute psilocybin session will positively relate to peak 

experience phenomena.  
• During the acute phase of the psilocybin drug effects, insight will be positively associated with 

brain signal complexity.  
• Psychological insight will continue to be facilitated in the psilocybin integration session and also 

in the weeks (≤4 weeks) following the psilocybin experience.  

• The enduring facilitation of psychological insight (and subsequent insight-induced behavioural 

change) will relate to positive psychological outcomes following the psilocybin experience.  
• Cognitive flexibility will increase in the long-term, sustained at four weeks following the 

psilocybin experience. 

• Psilocybin will induce changes in resting-state functional connectivity four weeks post-dosing. 

• Psilocybin will alter amygdala responsivity to facial affect stimuli four weeks post-dosing.  

• Psilocybin peak experience phenomena will predict long-term neural changes.  

• Enduring neural effects will correlate with enduring psychological effects. 
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4.4. METHODS 

 

4.4.1. Statement of contributions 

 
Personal contribution: Dr Robin Carhart-Harris and I conceptualised the study design. I 
coordinated the study and obtained the Home Office licence, psilocybin, and ethical and site-

specific approvals. I recruited all of the participants, designed and decorated the dosing room and 

provided psychological support for the participants throughout the study. I led all study visits, 

including screening, dosing, integration and scanning sessions. I collected (including EEG), 

plotted and interpreted all of the data presented in this chapter. With the exception of the EEG 

and fMRI data, I analysed all data presented here.    

 

Team contribution: Various team members provided assistance on all study visits; those members 
that played an essential role include Luigi Espasiano, Victoria Nygart, Manca Peskar, Melissa 

Shukuroglou and Meg Spriggs. Team psychiatrists, namely David Erritzoe, Roberta Murphy and 

Jonathan Martell, provided medical cover and support on screening, scanning and dosing days. 

I supervised MSc Translational Neuroscience students (Gregory Cooper, Pablo Mallaroni, Katie 

Trinci and Joseph Peill) in their contribution to the data analysis with the help of co-supervisors 

Christopher Timmermann and Robin Carhart-Harris, as well as all team members, notably Meg 

Spriggs, Leor Roseman and Fernando Rosas. Gregory Cooper, Pablo Mallaroni, Katie Trinci and 
Joseph Peill pre-processed the EEG data. Together with Fernando Rosas, Joseph Peill analysed 

the EEG data. Leor Roseman analysed the fMRI data.  

 

4.4.2. Ethical approvals 

 

This study received a favourable opinion from the NRES London-Surrey Research Ethics 

Committee and was carried out in accordance with Good Clinical Practice Guidelines. The 

National Institute for Health Research/Wellcome Trust Imperial Clinical Research Facility (ICRF) 
provided site-specific approvals and a Home Office Licence was obtained for the storage and 

handling of psilocybin, a Schedule 1 drug. This research was sponsored by Imperial College 

London. All participants provided written informed consent.  

 

4.4.3. Drug procurement  

 

COMPASS Pathways supplied the psilocybin for this study. COMPASS Pathways’ stock of 

psilocybin was synthesised by Onyx Pharmaceuticals UK and encapsulated (size 4 capsules) by 
Juniper Pharma Services in accordance with Good Manufacturing Practice (GMP) (see appendix: 

certificate of analysis detailing purity and GMP quality). COMPASS Pathways provided the 
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psilocybin capsules to Fisher Clinical Services for bottling, labelling and distribution. Following 

Home Office guidelines for the transport of Scheduled drugs, the psilocybin was transported in a 

secure temperature-controlled vehicle from Fisher Clinical Services to the Burlington Danes 

Building of Imperial College London, which holds the required Home Office license. The psilocybin 

was stored in a robustly steel-sheeted Safety Storage Cabinet within an ID card-controlled and 

restricted entry only room. Storage conditions were light-protected and temperature-controlled. 
On dosing days, I dispensed and transported the psilocybin to the dosing room in the presence 

of a witness. The study psychiatrist subsequently administered the psilocybin capsules to the 

participants.  

 

4.4.4. Experimental overview and procedures  

 
Study design  

 
This is a one-arm, single-blind, fixed order, within-subjects study investigating the acute and long-

term effects of psilocybin on healthy participants. All participants received two oral doses of 

psilocybin 4-weeks apart. To blind the subjects, participants were informed that they would 

receive up to 25 mg of psilocybin in each dosing session, however, no further information 

regarding dosage was provided. In reality and known to the researchers, all participants received 

1 mg of psilocybin on the first dosing day and 25 mg of psilocybin on the second dosing day. The 

1 mg dose of psilocybin is generally considered to be a subperceptual/subthreshold dose 
(Madsen et al., 2019). This low (inactive) dose acted as the control in that it would not occasion 

a full psychedelic experience and would control for participant expectation. The subsequent dose 

of 25 mg psilocybin is generally considered to be a fully active high dose.  

 

Recruitment and screening 

 
Participants (N=17) were recruited via an online advertisement on the Centre for Psychedelic 

Research website. All participants initiated contact to gain their place on the study. I spoke to 
potential participants on the telephone to briefly ascertain suitability. After this initial telephone 

screen, participants were formally screened in the ICRF with the study physician and ICRF 

nursing staff to determine eligibility for the study. Participants were emailed the participant 

information sheet outlining the nature, purpose and risks of the study in sufficient time for them to 

read it prior to the screening visit. At the screening visit, I explained all of the information contained 

in the sheet and ensured that the information was fully understood. Participants were encouraged 

to ask questions about the information provided before giving their informed consent.  

 
After providing written informed consent, the participants underwent physical and mental health 

assessments. Physical assessments included: (i) an alcohol breathalyser test, (ii) a urine screen 

for drugs of abuse and pregnancy (where applicable), (iii) an electrocardiogram (ECG), (iv) routine 
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blood tests, and (v) blood pressure, heart rate, height and weight recordings. Mental health 

assessments included (i) a neurological examination and (ii) a standard psychiatric interview, the 

Mini-International Neuropsychiatric Interview (MINI) version 5. Participants provided their full 

medical history and declared previous drug use. Screenings typically lasted 2.5 hours. After the 

retrieval of screening results, eligible participants were enrolled in the study and invited to return 

for subsequent visits. 
 

Inclusion criteria 

 
• Physically and mentally healthy 

• Males & females 

• 18-85 years old 

• Good command of the English language 

• No prior experience with psychedelic drugs  
 

Exclusion criteria 

 
• Current or previously diagnosed psychiatric disorder 

• One or more immediate family members with a current or previously diagnosed 
psychotic disorder 

• Medically significant condition that renders them unsuitable for the study (e.g., diabetes, 

severe cardiovascular disease, hepatic or renal failure etc.) 

• Show MR contraindications (e.g., metal implants, pacemakers, claustrophobia etc.)   

• Prior experience with a psychedelic drug  

• Blood or needle phobia 

• Show a positive pregnancy test at screening or during the study 

• Excessive use of alcohol or other drugs (determined by study medic) 

• No email access 

• Inadequate grasp of English language 

• Currently or very recently (within 6 months) involved in other studies 

• Use of alcohol within 24 hours or other drugs within 7 days of scans and doses 

 

Study visits and timeline 
 
Following the screening session on visit 1, eligible participants enrolled in the study were required 

to attend 7 subsequent visits. All participants were instructed to refrain from recreational drug use 
for the duration of the study and alcohol for at least 24 hours before each study visit (Figure 4-1).   

 
• Visit 1: Screening 

• Visit 2: fMRI 1, dosing preparation and computer tasks   

• Visit 3: Dosing session 1 (1 mg); including resting-state EEG  



•

•

•

•

•
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Imaging was performed on a 3T Siemens Tim Trio using a 12-channel head coil. Whole-head 

anatomical images were acquired using the Alzheimer’s Disease Neuroimaging Initiative, Grand 

Opportunity (ADNI-GO; Jack et al., 2008) recommended Magnetisation Prepared Rapid Gradient 

Echo (MPRAGE) parameters – 1 mm isotropic voxels, TR = 2300 ms, TE = 2.98 ms, 160 sagittal 

slices, 256 × 256 in-plane FOV, flip angle = 9°, bandwidth = 240 Hz/pixel, parallel imaging (PI) 

factor = 2, Inversion time = 900 ms. 
 

BOLD fMRI data acquisition 

 
This study used multiband acquisition with two slices acquired simultaneously, also combined 

with in-plane (slice) acceleration using GRAPPA (i.e. the MB2R2 protocol characterised in (i.e. 

the MB2R2 protocol characterised in Demetriou et al., 2018). The MB2R2 protocol was based on 

the multiband EPI WIP v012b provided by the University of Minnesota (Cauley et al., 2014; 

Setsompop et al., 2012; Xu et al., 2013). T2*-weighted echo-planar images (EPI) were acquired 
using the MB2R2 protocol with interleaved slice acquisitions for the functional scans using 3 mm 

isotropic voxels, TR = 1250 ms, TE = 30 ms, 44 axial slices, 192 mm in-plane FOV, flip angle = 

80°, bandwidth = 2232 Hz/pixel, GRAPPA acceleration = 2, number of volumes = 384. Both the 

resting state scan and emotional faces paradigm scan were each 8 minutes in duration.  

 

Resting-state scans were completed with eyes-closed. For the emotional faces paradigm, 

participants used a mirror mounted on the head-coil to view a screen mounted in the rear of the 
scanner bore, where visual stimuli were back-projected through a wave-guide in the rear wall of 

the scanner room. The emotional faces paradigm was a block-design task lasting 8 min. 

Participants were shown faces with either fearful, happy, or neutral expressions, selected from 

the Karolinska Directed Emotional Faces set (Goeleven et al., 2008). An equal number of male 

and female faces were selected for the task. Each face was presented on screen for 3 s, and five 

faces of the same expression were presented in each 15 s block. Rest blocks (also 15 s) were 

also included, and there were 8 repetitions of each block type, presented in a pseudo-random 

sequence (32 blocks in total). Three versions of the task were used and the order of the task 
versions on each scanning visit was counter-balanced across participants. Participants passively 

viewed the faces but were instructed to press a single button with their thumb with the 

presentation of each new face, to confirm that they were paying attention to the stimuli. 

 

BOLD pre-processing 

 
Four different but complementary imaging software packages were used to analyse the fMRI 

data. Specifically, FMRIB Software Library (FSL; Smith et al., 2004), Analysis of Functional 
NeuroImages (AFNI; Cox, 1996), Freesurfer (Dale et al., 1999) and Advanced Normalization 

Tools (ANTS; Avants et al., 2009) were used. The following pre-processing stages were 

performed: 1) motion correction (3dvolreg, AFNI) by registering each volume to the volume most 

similar, in the least squares sense, to all others (in-house code); 2) brain extraction (BET, FSL); 
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4.4.6. Cognitive task 

 

Participants completed a cognitive task on the study laptop (Windows 7 Professional; 64-bit; Intel 

Core i7-2620M CPU at 2.70 GHz) on visits 2, 5 and 8. The tasks were completed in a quiet room 

and the participants were instructed to concentrate fully. 

 
Intra-dimensional/extra-dimensional (IDED) task 

 

Cognitive flexibility was measured via the IDED task, which was kindly provided by Adam 

Hampshire, C3NL, Imperial College London. The format of the task is identical to the intra-

dimensional/extra-dimensional (IDED) task present in the CANTAB neuropsychological test 

automated battery (Robbins et al., 1994), with minor aesthetic modifications. The IDED task 

consists of 9 stages. Two stimuli are presented to the participant at a time. At any given phase, a 

hidden rule determines the correct response to the trial. Participants are required to determine 
the rule and chose the correct stimuli in 6 consecutive trials before progressing to the next phase. 

Participants are not informed when the rule changes, only receiving ticks or crosses as feedback 

for correct or incorrect responses, respectively. Participants fail the task upon responding 

incorrectly 30 times within any given phase. Stimuli sets are pseudorandomised (different sets of 

lines and shapes from a given pool) between timepoints. Errors made at each phase were 

adjusted to the total number of stimuli presented within each phase, representing a measure of 

‘phase-accuracy’ in order to assess changes in IDED performance across time-points while 
controlling for individual variability in learning rates. 

 

Stage 1 (simple discrimination [SD]) requires learning of the correct stimulus from a choice of two 

shapes; at Stage 2 (simple reversal [SR]), the previously irrelevant shape becomes correct. At 

Stage 3 (compound discrimination [C_D]), a second dimension (line) is introduced alongside the 

shape dimension with each of the two stimuli containing a shape and line; subjects need to 

continue selecting the shape dimension. At Stage 4 (compound discrimination [CD]), the lines are 

superimposed onto shapes in each stimulus, and responding to the previous shape is required. 
At Stage 5 (compound reversal [CR]), the previously incorrect shape now becomes the correct 

response. Thus, at stages 1–5, the exemplars are the same, and subjects are required to respond 

to the same dimension of shape. Stage 6 (intra-dimensional shift [IDS]) tests the veracity of rule 

learning as new compound line and shape exemplars are introduced, but the same dimension 

(shape) remains correct. Selection of the previously incorrect shape pattern is required at Stage 

7 (intra-dimensional reversal [IDR]). Stage 8 tests attentional set-shifting (extra-dimensional shift 

[EDS]) as the previously irrelevant dimension (line) now becomes relevant, and one of the line 
patterns becomes the correct response. At Stage 9 (extra-dimensional reversal [EDR]) the 

previously incorrect line becomes the required response. The various stages of this task require 

simple discrimination learning, compound discrimination learning, abstraction, attentional set-

shifting, and reversal learning. 
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4.4.7. Psychedelic dosing preparation (visits 2 and 5) 

 

Participants were carefully prepared for the dosing days on visits 2 and 5 (one day before each 

dosing session) in accordance with guidelines for the safe management of psychedelic drug 

sessions (Johnson et al., 2008). In this preparation session, I provided psychoeducation on the 

subjective effects of psilocybin and introduced the volunteer to the team member assisting me on 
their dosing days. In addition to providing advice on the effective management of positive and 

negative emotional responses to the drug, I simulated the dosing procedure and provided guided 

breathing techniques intended to promote relaxation. Preparation took approximately 2 hours in 

total. 

 

4.4.8. Dosing sessions (visits 3 and 6) 

 
Procedure 

 

Participants attended two dosing sessions on which they received 1 mg psilocybin on dosing day 

1 (visit 3) and 25 mg on dosing day 2 (visit 6). Participants were instructed to refrain from 

caffeinated products and to consume no more than a very light breakfast on the mornings of 

dosing. Participants arrived at the ICRF at 9 am on dosing days. For each dosing day visit, 

participants provided a urine sample for drugs of abuse and pregnancy (where applicable) and 

were breathalysed on arrival. All samples were disposed of immediately following the retrieval of 
the results. Whilst waiting on the results, participants were provided with the ICRF menu and 

asked to choose their meal to be served at the end of the day.  

 

In recognition of the powerful influence of context, classically termed ‘set and setting’, a strong 

emphasis was placed on the interpersonal support in preparation for, during and after, the 

psilocybin-sessions. Before dosing, participants discussed their intentions and expectations with 

the guides (me and a team member) who would be present with them to provide non-directive 

support throughout the dosing-sessions. The intention was subsequently written on a white board 
in the dosing room before dosing.  

 

All participants were dosed at approximately 10:30 am. Dosing days took place in a dimly lit, 

aesthetically pleasing room within the ICRF facility. A music playlist specifically designed to map 

onto the psychedelic-experience was created on Spotify and simultaneously played through both 

headphones (Bose Sound-link II around ear) and speakers (KRK.RP5G3 Rockit Powered Studio). 

Participants wore an eye mask and were encouraged to lie in supine position on the bed. 
Participants were asked to verbally report the subjective intensity of the drug effects from 0 (no 

drug effects) to 10 (most intense drug effects) every hour. When the drug effects subsided and 

dosing day was complete, the participant was assessed for potential discharge by the study 

physician. A taxi home was ordered for London-based participants; these participants were 
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required to phone or send a text message to me when they arrived home safely. For participants 

traveling from further afield, an overnight stay was arranged onsite at The Cement Danes Housing 

Association. 

 

Music 

 
Music was played simultaneously through headphones and speakers throughout the psychedelic 

session, excluding the silent EEG recordings. The playlist contained relaxing music, with a 

mixture of classical, ambient and world music as well as natural and environmental soundtracks. 

During the session, users are encouraged to focus their attention ‘inward’, and it is thought that 

music may help to facilitate this (Kaelen et al., 2018). It has been demonstrated that music 

mediates the quality of the acute experience which subsequently mediates therapeutic outcomes 

with psychedelics (Kaelen et al, 2018). Therefore, music is consistently used in psychedelic 

studies; playing a central role in the psychedelic experience (Kaelen et al., 2018; Swift et al., 
2017; Watts et al., 2017). Although the effects of music on EEG and psychological measures will 

not be assessed in this study, it is still important to note the central role of music and how it may 

contribute to the overall outcome of the experiment. 

 

Dosing day questionnaires  

 

Participants completed a variety of questionnaires on dosing days via PsychoPy version 3.2 
software on the study computer. Participants completed pre-dosing questionnaires immediately 

before receiving their psilocybin dose. Post-dosing questionnaires were completed at the end of 

dosing days immediately before leaving the facility.  

 

Pre-dosing questionnaires 

 

State-Trait Anxiety Inventory (STAI; Spielberger, 1983). The STAI is scored using a 4-point Likert 

scale and measures two types of anxiety: (i) 20-items measuring state anxiety, or anxiety about 
an event; and (ii) 20-items measuring trait anxiety, or anxiety level as a personal characteristic. 

Possible scores on the STAI range from a minimum score of 20 to a maximum score of 80 on 

both the STAI-Trait and STAI-State subscales. STAI scores are commonly classified as “no or 

low anxiety” (20-37), “moderate anxiety” (38-44), and “high anxiety” (45-80). As pre-dosing state 

anxiety was of interest for the purposes of this study, only the state scale of the STAI was used.  

 

Post-dosing questionnaires  

 

Mystical Experience Questionnaire (MEQ; Maclean et al., 2012). The subjective transcendent, 

spiritual quality of experiences was evaluated using the MEQ, a 30-item measure initially devised 

for characterising all types of mystical experiences based on Stace’s framework on mysticism 
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(Pahnke and Richards, 1966; Maclean et al., 2012). The MEQ has been verified by factor analysis 

to retain pertinence to psilocybin-induced spiritual experiences in a laboratory (Maclean et al., 

2012) and survey setting (Barrett et al., 2015). The items in the MEQ are categorised into 4 factors 

associated with different elements of a typical peak experience: (i) mystical quality (sacredness, 

noetic quality and unity), (ii) transcendence of time/space, (iii) positive mood, and (iv) ineffability. 

Items were scored using a 5-point Likert scale, with answers spanning 0-none (not at all) to 5-
extreme (more than ever before in my life).  

 

Altered States of Consciousness Questionnaire (ASC). The ASC was used to measure acute 

subjective experience phenomena. The ASC can be divided into five (5D-ASC, 94 items; Dittrich, 

1998) or eleven dimensions (11D-ASC, 42 items; Studerus et al., 2010). The five dimensions are: 

(i) oceanic boundlessness (OBN), (ii) dread of ego-dissolution (DED), (iii) visionary 

restructuralisation (VRS), (iv) auditory alterations (AUA), and (v) vigilance reduction (VIR). The 

OBN items (Bodmer et al., 1994; Studerus et al., 2010) were formulated based on six of the nine 
categories of “mystical experiences” proposed by Stace (1960), in a similar way to the MEQ 

(Pahnke and Richards, 1966; Maclean et al., 2012). DED is considered to probe negative, 

aversive experiences in which anxiety is a central aspect. VRS measures altered perception and 

meaning including visual hallucinations and synesthesia. The eleven sub-dimensions are made 

only from OBN, DED and VRS – OBN sub-dimensions: experience of unity, spiritual experience, 

blissful state, insightfulness, disembodiment; DED sub-dimensions: impaired control or cognition, 

anxiety; VRS sub-dimensions: complex imagery, elementary imagery, audio/visual synaesthesia, 
changed meaning of percepts. ASC items were rated using a visual analogue scale (0–100, with 

incremental units of one) with zero defined as “No, not more than usually”, and 100 defined as 

“Yes, much more than usually”.  

 

Emotional Breakthrough Inventory (EBI; Roseman et al., 2019). The degree of emotional 

breakthrough, synonymous with cathartic emotional release, was measured using the EBI. The 

8-item EBI is constructed from items pertaining to emotional breakthroughs in previous 

psychedelic phenomenological literature reports of drug-induced psychocatharses (Watts et al., 
2017), such as “I experienced the resolution of personal conflict/trauma” or “I was able to explore 

challenging emotions and memories”. Statements were rated by participants through the means 

of a visual analogue scale composed of 100 units with increments of 1 according to their 

applicability, with 0 being “not more than usually” and 100 being “Yes entirely, or completely”.  

 

The Ego Dissolution Inventory (EDI; Nour et al., 2016). The EDI is an 8-item scale designed to 

measure ego-dissolution, a key feature of the psychedelic experience defined as a distorted 
sense of “self”. Items were rated using a visual analogue scale (0–100, with incremental units of 

one) with zero defined as “No, not more than usually”, and 100 defined as “Yes, entirely or 

completely”. A mean score on all 8 items is calculated for a single EDI factor. 
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Challenging Experience Questionnaire (CEQ; Barrett et al., 2016). The CEQ was used to 

characterise and quantify adverse psychological reactions during the acute psychedelic 

experience. In addition to yielding a total score, the CEQ is decomposed of 7 factors which 

represent different aspects of challenging experience: (i) grief, (ii) fear, (iii) death, (iv) isolation, 

(v) paranoia, (vi) physical distress, and (vii) insanity. Participants are asked to grade how much 

statements applied to the experience using a 5-point Likert scale, with answers spanning 0-none 
(not at all) to 5-extreme (more than ever before in my life).  

 

Near-Death Experience (NDE) scale (Greyson, 1983). The NDE scale was used to assess 

psilocybin-induced near-death type experiences. The NDE scale consists of 16-items, resulting 

in a total score representing the global intensity of the experience as well as scores for four 

subscales: (i) cognitive, (ii) affective, (iii) transcendental, and (iv) paranormal. The sum of all 16 

items gives the total NDE Scale score. A total score greater than or equal to seven is considered 

the threshold for an NDE. For each of the four subscales, the sum of the corresponding items on 
the scale yields the total subscale scores. The typology of NDE is then determined by the 

subscale scores: (i) Cognitive type: cognitive subscale score is greater than or equal to five; (ii) 

Transcendental type: cognitive subscale score is less than five and transcendental subscale 

score is greater than or equal to five; (iii) Affective type: cognitive and transcendental subscale 

scores are each less than five, and affective subscale score is greater than or equal to five; (iv) 

Paranormal type: cognitive, transcendental, and affective subscale scores are each less than five, 

and paranormal subscale score is greater than or equal to five; and (v) Unclassifiable: no subscale 
score is greater than or equal to five. Items were scored using a 4-point Likert scale, with answers 

spanning 0 (strongly disagree) to 4 (strongly agree).  

 

Psychotomimetic States Inventory (PSI; Mason et al., 2008). The PSI is a 48-item scale designed 

to measure drug-induced psychotomimetic symptoms. In the present study, the PSI was used to 

assess the nature and extent of acute psilocybin-induced psychotomimetic effects. Items are 

rated on a 4-point scale (from 0 = never to 3 = strongly), with some items reverse scored. As well 

as yielding a total score, the PSI has six subscales: (i) delusional thinking, (ii) perceptual 

distortions, (iii) cognitive disorganisation, (iv) anhedonia, (v) mania, and (vi) paranoia. 

 

 

Resting-state EEG recordings 
 

A 24-channel wireless EEG cap (DSI-24 System, Wearable Sensing) was used to assess the 

acute brain effects across 21 dry electrodes (0.317μV resolution, 300hz sampling rate). 

Electrodes were positioned according to the 10-20 international format: Fp1, Fp2, Fz, F3, F4, F7, 
F8, Cz, C3, C4, T7/T3, T8/T4, Pz, P3, P4, P7/T5, P8/T6, O1, O2. Electrode Pz served as an 

online reference, with data re-referenced to elctrodes A1 and A2 placed on the earlobes for the 

subtraction of noise in other channels. All data were recorded using DSI-Streamer-v.1.08.41.  
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Lempel-Ziv complexity analysis 

 

The Lempel-Ziv Complexity (LZc) algorithm is a universal compression algorithm that can be 

applied to EEG data to gain an understanding of the diversity and therefore complexity of the 

signal (Ziv and Lempel, 1978). In previous research, LZc has been shown to be more consistent 

than other measures of entropy across psychedelic drug states (Schartner et al., 2017). 
Therefore, LZc was the preferred method of brain complexity analysis for this experiment. 

Following pre-processing, the LZc between 0 and 1 was computed. The signal was binarised via 

a Hilbert transform, resulting in a matrix consisting of a row for each channel and column for each 

observation. The LZ76 compression algorithm was then applied to further divide each binary 

string for all channels. This resulted in a list of unique, non-overlapping binary substrings. The 

more complex the initial string of a channel, the more unique substrings were generated by the 

LZ76 compression, equating to a higher LZc. The total amount of substrings (i.e. the size of the 

dictionary) was divided by the number of samples over the log of the samples. 
 

4.4.9. Integration sessions (visits 4 and 7) 

 

Integration sessions took place one day after each dosing session. During the integration 

sessions, participants verbally described their drug experience that took place the previous day. 

When this verbal account was complete, I asked them questions about their experience in the 

form of an unstructured interview.  
 

4.4.10. Remote assessments  

 
Data collection  
 

In addition to the pre- and post-dosing questionnaires given onsite at the beginning and end of 

dosing days, respectively (visits 3 and 6; see dosing sessions section), further assessments were 

given remotely throughout the study. Psychological questionnaires were remotely completed 
immediately after visits 2 – 8 as well as two weeks post visits 3 and 6 via the Survey Gizmo 

platform. The timepoints at which all psychometric measures were adminstered are outlined in 

Table 4-1. 

 
The Psychedelic Survey platform (psychedelicsurvey.com) was created by our group to send 

automatic reminder emails to complete the remote assessments. These emails linked participants 

to questionnaires contained within the separate Survey Gizmo platform. The Psychedelic Survey 

platform only had access to volunteer email addresses and phone numbers, no other 
personal/medical data. This data was considered personal but not sensitive and was therefore in 

accordance with Schedules I and II of the Data Protection Act. Questionnaire data were stored 
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only within the Survey Gizmo platform. Volunteer consent was obtained for the use of these 

platforms and was not compulsory for inclusion in the study.  

 

Psychological measures 
 

Scale to Assess Therapeutic Relationships (STAR; i.e. patient version). The STAR (McGuire-

Snieckus et al., 2007) is a 12-item measure that was administered before each dosing day to 
assess the relationship between participants and study guides. As well as yielding a total score, 

the STAR contains three subscales: (i) positive collaboration, (ii) positive clinician input, and (iii) 

non-supportive clinician input (reverse scored). The STAR is rated on a 5-point Likert scale, with 

answers ranging from 0 to 4. Total subscale scores are obtained by summing scores on the 

relative subscale items. The total STAR score is obtained by adding the scores for all 12 items 

(range 0–48), with higher scores suggesting a better therapeutic relationship.  

 
Gains from Psychedelic Integration questionnaire (GPI). I adapted The Gains from Dream 

Interpretation questionnaire (GDI; Heaton et al., 1998) by replacing the word “dream” with the 

words “psychedelic experience” in each item to create the GPI (validation publication in 

preparation). The GPI is a 13-item questionnaire, with items rated using a 9-point scale (from 1 = 

strongly disagree to 9 = strongly agree). As well as yielding a total score, the GPI has three 

subscales designed to measure different gains from the integration sessions: (i) Exploration-

Insight gains, measuring insight as a result of exploring the psychedelic experience, (ii) 

Experiential gains, measuring the participant’s ability to re-experience the psychedelic session 
and the emotions associated with it, and (iii) Insight-Action gains, measuring the participant’s 

ability to change their cognition and behaviour as a result of the insight.  

 

Mastery-Insight Scale (MIS). The MIS is a 5-item subscale of the Therapeutic Realisations Scale 

(TRS; Kolden, 1991) that assesses the level of mastery and insight gained from therapy. In the 

present study, the MIS was used to assess the level of mastery and insight gained from working 

through the psilocybin session during integration. The five items are rated on a 3-point Likert scale 
(from 0 = low to 2 = high). A total score is obtained by averaging all five items, with high scores 

indicating greater mastery and insight achieved during sessions.  

 

Psychological Insight Scale (PIS). The PIS was self-constructed by the Centre for Psychedelic 

Research Group to measure of how insight affects one’s perspectives and/or behaviours 

(validation publication in preparation). The PIS is a 7-item questionnaire with two subscales: (i) 

insight subscale to measure psychological insight, and (ii) insight-behaviour subscale to measure 

changes to lifestyle/behaviour as a result of this insight. The PIS is scored using a VAS (0–100, 
with incremental units of one) with zero defined as ‘no more than usual’ and 100 defined as ‘much 

more than usual’. Preliminary calculations demonstrate an internal reliability of 0.94 (Cronbach’s 

alpha) and reliability remains high in our group’s survey studies of over 300 participants (PIS 
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validation publication in preparation). In the present study, the PIS demonstrates a significant 

positive correlation (spearman’s rank (rs)= 0.52, p<0.05) with the insightfulness subdimension of 

the 11D-ASC. Furthermore, the PIS correlates with the SRIS – insightfulness subscale at two 

weeks post-25 mg psilocybin administration (Pearson’s correlation coefficient (r)=0.634).  

 

Warwick-Edinburgh Mental Wellbeing Scale (WEMWBS; Tennant et al., 2007). The WEMWBS is 
a 14-item questionnaire used to assess psychological well-being. The WEMWBS is designed to 

assess mental well-being itself and not the determinants of mental well-being – e.g. resilience, 

problem solving, etc. The WEMWBS includes hedonic (i.e. happiness, life satisfaction) and 

eudaimonic (i.e. positive relationships, psychological functioning) items which together measure 

mental well-being. The 14-items are rated on a 5-point Likert scale (from 1 = none of the time to 

5 = all of the time) to yield a total summed score, with a minimum possible score of 14 and a 

maximum score of 70 (population norms: M=51, SD=9; Morris and Earl, 2017). 

  
Brief Experiential Avoidance Questionnaire (bEAQ; Gamez et al., 2014)). The bEAQ assesses 

one’s tendency to avoid unwanted internal experiences such as negative feelings or cognitions. 

The bEAQ is a 15-item measure rated on a 6-point Likert scale (from 1 = “strongly disagree” to 6 

= “strongly agree”). Scores range from 15 to 90 points (item 6 must be inverted), with higher 

scores showing greater experiential avoidance. 

 

Life Orientation Test-Revised (LOT-R; Scheier et al., 1994). The LOT-R is a 6-item questionnaire 
developed to assess individual differences in generalised optimism versus pessimism. The six 

items are rated on a 5-point Likert scale (from 0 = strongly disagree to 4 = strongly agree). Items 

2, 5, 6, and 8 are fillers and are therefore not scored. Responses to "scored" items are coded so 

that high values imply optimism, with some items being reverse scored. 

 

Meaning in Life Questionnaire (MLQ; Steger et al., 2006). The MLQ assesses meaning in life as 

defined as an individual’s awareness regarding the significance of their existence, and sense 

made of their life. The MLQ is a 10-item measure rated on a 7-point Likert scale (from 1 = 
absolutely untrue to 7 = absolutely true) and is made up of two subscales: (i) presence of meaning 

in life (MLQ-P) and (ii) search for meaning in life (MLQ-S). 

  

Connectedness to Nature Scale (CNS; Mayer and Frantz, 2004). The CNS measures an 

individual’s affective and experiential ‘oneness’ or ‘connectedness’ with nature. The CNS 

correlates positively with environmentalism and well-being, and negatively with consumerism. 

The CNS is a 14-item questionnaire rated on a 7-point Likert scale (from 1 = “strongly disagree” 
to 7 = “strongly agree”).  
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Social Connectedness Scale (SCS; Lee and Robbins, 1995). The SCS measures an individual’s 

sense of ‘belongingness’ by assessing subjective interpersonal closeness/connectedness 

experienced between the self and others. The SCS is an 8-item measure rated on a 6-point Likert 

scale (from 1 = “agree” to 6 = “disagree”).  

 

Santa Clara Brief Compassion Scale (SCBCS; Hwang et al., 2008). The SCBCS is a 5-item 
measure of compassion – defined as an attitude toward non-intimate other(s), including strangers; 

containing feelings, cognitions, and behaviors that are focused on concern and an orientation 

toward supporting and understanding the other(s)” – rated on a 7-point Likert scale (from 1 = “not 

at all true of me” to 7 = “very true of me”).  

 

Gratitude Questionnaire (GQ-6; McCullough et al., 2002). The GQ-6 is a 6-item scale designed 

to assess individual differences in the proneness to experience gratitude in daily life. The GQ-6 

is rated on a 7-point Likert scale (from 1 = “strongly disagree” to 7 = “strongly agree”). Items are 
summed to yield a total score, with some items reverse scored. Scores range from 6 to 42, with 

higher scores showing greater gratitude. 

 

Short Suggestibility Scale (SSS; Kotov et al., 2004). The SSS is a 21-item measure of 

suggestibility. The SSS is rated on a 5-point Likert scale (from 0 = “not at all or very slightly” to 4 

= “a lot”) and summed to yield a total score. Scores range from 0 to 84, with higher scores 

representing greater suggestibility.  

 

Short Rosenberg Self-Esteem Scale (RSES-S; Tambs and Røysamb, 2014). The RSES-S is a 

shortened 4-item version of the 10-item RSES scale developed by (Rosenberg, 1965) to measure 

self-esteem (defined as one’s own feeling of worthyness). Reliability of the 4-item short version 

is high, correlating at 0.95 with the full scale (Tambs and Røysamb, 2014). The RSES-S is rated 

on a 4-point Likert scale (from 1 = “strongly disagree” to 4 = “strongly agree”), with two items 

reversed. Scores are summed to yield a total score, with higher scores indicating greater self-

esteem.  

 

Interpersonal Reactivity Index (IRI; Davis, 1983). The IRI is a 28-item measure of empathy rated 

on a 5-point Likert scale (from 0 = “does not describe me well” to 4 = “describes me very well”), 

with some items reverse scored. The IRI has four subscales: (i) Perspective Taking – the 

tendency to spontaneously adopt the psychological point of view of others; (ii) Fantasy – taps 

respondents' tendencies to transpose themselves imaginatively into the feelings and actions of 

fictitious characters in books, movies, and plays; (iii) Empathic Concern – assesses "other-
oriented" feelings of sympathy and concern for unfortunate others; and (iv) Personal Distress – 

measures "self-oriented" feelings of personal anxiety and unease in tense interpersonal settings. 

The IRI is particularly useful as it enables distinction between cognitive (perspective-taking 
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subscale) and emotional empathy (empathic concern subscale). Items on each subscale are 

summed to yield total subscale scores ranging from 0 to 28. 

 

Self-Reflection and Insight Scale (SRIS; Grant et al., 2002). The SRIS measures the tendency to 

reflect on the self and the extent to which individuals have insight into their own behaviour. The 

SRIS is a 20-item measure rated on a 6-point Likert scale (from 1 = “strongly disagree” to 6 = 
“strongly agree”). The SRIS has three subscales: (i) insight (SRIS-IN) – measures the presence 

of insight; (ii) need for self-reflection (SRIS-NSR) – measures one’s recognition of their need for 

self-reflection; and (iii) engagement in self-reflection (SRIS-ESR) – measures the process of 

engaging in self-reflection. Scores are summed to yield total subscale scores. 

 

Flourishing Scale (FS; Diener et al., 2010). The FS is a brief 8-item measure of flourishing, defined 

as self-perceived success in important areas such as relationships, self-esteem, purpose, and 

optimism. The FS is rated on a 7-point Likert scale (from 1 = “strongly disagree” to 7 = “strongly 
agree”) and provides a single psychological well-being (flourishing) score. Scores are summed to 

yield the total ranging from 8 to 56, with higher scores reflecting greater flourishing.  

 

Profile of Mood States (POMS; Grove and Prapavessis, 1992). The 40-item abbreviated version 

of the POMS was used to measure mood. Items are rated on a 4-point Likert scale (from 0 = “not 

at all” to 4 = “extremely”), with some items reversed. The POMS has six primary factors: (i) 

tension; (ii) depression; (iii) anger; (iv) fatigue; (v) confusion; and (vi) vigour. Scores on each 
factor are summed to yield subscale totals. A Total Mood Disturbance (TMD) score can also be 

calculated by adding the scores for tension, depression, anger, fatigue and confusion before 

subtracting the score for vigour.   

 
Various consciousness questions.  Six months post-dosing, participants were instructed to reflect 

on the peak of each dosing session and asked the following three questions: (i) “How profound 

was the state of consciousness you experienced?”, rated on a 8-point Likert scale (from 1 = “no 

more profound than routine everyday states of consciousness” to 8 = “the single most profound 

state of consciousness of my life, that I can recall”); (ii) “How intense was the state of 

consciousness you experienced?”, rated on a 8-point Likert scale (from 1 = “no more intense than 

routine everyday states of consciousness” to 8 = “the single most intense state of consciousness 

of my life, that I can recall”); and (iii) “How unusual was the state of consciousness you 

experienced?”, rated on a 8-point Likert scale (from 1 = “no more unusual than routine everyday 

states of consciousness” to 8 = “the single most unusual state of consciousness of my life, that I 

can recall”).  
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Table 4-1. Schedule of psychometric assessments. 

 PRE-DOSING  ACUTE DOSING POST-DOSING 

   1 day 2 weeks 4 weeks 

      

STAR X     

STAI X     

      

INTENSITY  X    

PSI  X    

ASC  X    

MEQ  X    

NDE  X    

EDI  X    

EBI  X    

CEQ  X    

      

GPI   X   

MIS   X   

PIS   X X X 

      

MODTAS X   X X 

WEMWBS X   X X 

BEAQ X   X X 

LOT-R X   X X 

MLQ X   X X 

CNS X   X X 

SCS X   X X 

GQ-6 X   X X 

SSS X   X X 

IRI X    X 

RSES-S X   X X 

SRIS X   X X 

POMS X   X X 

      

Abbreviations: STAR, Scale to Assess Therapeutic Relationship; STAI, State-Trait Anxiety Inventory; PSI, Psychotomimetic 
States Inventory; ASC, Altered State of Consciousness questionnaires; NDE, Near Death Experience; EDI, Ego Dissolution 
Inventory; MEQ, Mystical Experience Questionnaire; EBI, Emotional Breakthrough Inventory; CEQ, Challenging Experience 
Questionnaire; MIS, Mastery-Insight Scale; GPI, Gains from Psychedelic Integration; PIS, Psychological Insight Scale; SRIS, Self-
Reflection and Insight Scale; WEMWBS, Warwick-Edinburgh Mental Well-being Scale; MLQ, Meaning in Life Questionnaire; FS, 
Flourishing Scale; CNS, Connectedness to Nature Scale; SCS, Social Connectedness Scale; GQ-6, Gratitude Questionnaire; 
SCBCS, Santa Clara Brief Compassion Scale; IRI, Interpersonal Reactivity Index; RSES-S, Short Rosenberg Self-Esteem Scale; 
LOT-R, Revised Life Orientation Test; SSS, Short Suggestibility Scale; POMS, Profile of Mood States; MODTAS, Modified 
Tellegen Absorption Scale. 
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4.4.11. Psychometric data analysis  

 
All statistical analyses were performed using either SPSS version 26.0 (IBM Corp., Armonk, NY, 

USA) or GraphPad Prism version 8.3.1 (GraphPad Software, La Jolla California USA). Simple 

comparisons were performed using two-tailed paired t-tests for parametric data and Wilcoxon 

signed ranks tests for non-parametric data. Other data were subjected to one- and two-way 
repeated measures ANOVAs and followed up on with Bonferroni-corrected post hoc multiple 

comparisons. Where necessary, a linear mixed-effects model (LMM) was used in place of 

repeated measures ANOVA to account for missing values. Relationships between the measures 

were analysed using using simple linear regressions. Results provide 95% CIs around the mean 

differences. Effect sizes were calculated using the Hedges’ g formula. Statistical significance was 

assumed if the null hypothesis could be rejected at p≤0.050 probability level. 

 

Study power was estimated a priori using nQuery version 8.6 (Statistical Solutions Ltd., Los 
Angeles, CA, USA) based on the fixed sample size of N=17. For the one-way repeated measures 

ANOVA with a 0.05 significance level on the primary psychological outcome measure (i.e. 

psychological well-being measured via WEMWBS), analyses indicated 99% power to detect a 

difference in means across the three primary timepoints – (i) baseline; (ii) four weeks post 1 mg 

psilocybin; and (ii) four weeks post 25 mg psilocybin – characterised by an effect size of 0.3 

(based on a variance of means, V=∑(μᵢ-μ)²/M, of 5.556, standard deviation at each level of 8.7, 

and between level correlation of 0.755). For correlations, power analyses indicated a detectable 
effect size of 0.59 with a desired power of 80% at the 5% two-sided significance level.
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4.5. RESULTS 

 

4.5.1. Demographics  

 
A total of 17 participants completed the study. Participants had an average age of 40 years 

(SD=7.76, age range: 29–59). All participants were psychedelic naïve (100%) and balanced in 
terms of gender (χ2=0.06, p=0.808), marital status (χ2=3.09, p=0.214), educational attainment 

(χ2=0.12, p=0.943) and English language proficiency (χ2=3.78, p=0.086). However, participants 

differed in ethnicity (χ2=8.50, p=0.004), nationality (χ2=18.13, p=0.001) and employment status 

(χ2=12.80, p=0.002) as the majority were British (76%) Caucasians (88%) in full-time employment 

(88%). A breakdown of the participant demographic details can be found in Table 4-2.  

 
Table 4-2. Study participant demographics. 

Demographic variable M SD Range 

Age (in years) 40 7.76 29 – 59 

 n % p 
Gender  
   Male 

   Female 

 
9 

8 

 
53% 

47% 
0.808 

Ethnicity 
   White Caucasian 
   Undisclosed 

 

15 
2 

 

88% 
12% 

0.004** 

Nationality 
   British 
   South African 

   Dutch 
   Hungarian 

   American 

 

13 
1 

1 
1 

1 

 

76% 
6% 

6% 
6% 

6% 

0.001** 

English language proficiency 
   Native speaker 

   Non-native fluent speaker 

 
13 

3 

 
82% 

18% 

0.086 

Education 
   Secondary School 

   Undergraduate  
   Postgraduate  

 

6 

6 
5 

 

35% 

35% 
30% 

0.943 

Employment status 
   Full time  

   Part time 

   Unemployed 

 
14 

3 

0 

 
82% 

18% 

0% 

0.002** 

Marital status 
   Married 
   Never married  

   Cohabiting with partner   

 

10 
5 

2 

 

59% 
29% 

12% 

0.214 

Previous psychedelic experience  
   No experience 

   Limited experience (<10 times used)  

 

17 

0 

 

100% 

0% 
 

Age data expressed as mean ± SD with the age range. The chi-square test was used to determine differences in categorical 
variables. Data expressed as frequency count (n) and percentage (%) of sample (p<0.01**).  
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4.5.2. Pre-dosing contextual factors 

 
In order to determine predictors of the acute experience, pre-dosing contextual factors were 

assessed. A paired sample t-test showed a trend level difference in the Scale To Assess 

Therapeutic Relationship (STAR) scores between the 25 mg (M=39.00, SD=5.26) and 1 mg 

(M=35.18, SD=5.80); t(16)=2.116, p=0.051 ns trend, 95% CI [-0.01, 7.66]) psilocybin sessions 
(Figure 4-2 A). A three (subscale) × two (dose) repeated-measures ANOVA revealed a significant 

main effect of dose (F(1,16)=7.00, p=0.018) and a main effect of subscale (F(1.50,23.97)=365.50, 

p<0.0001), but no interaction between dose and subscale (F(1.32,21.17)=2.29, p=0.140 ns). Post-

hoc comparisons revealed significantly greater positive clinician input subscale scores for the 25 

mg dose (M=9.41, SD=1.42) compared with the 1 mg dose of psilocybin (M=8.06, SD=2.05; 

p=0.021, 95% CI [-1.67, 2.02], g=0.7). No other subscales differed between the doses of 

psilocybin (all p>0.164 ns). With regards to differences between the subscales, post-hoc multiple 

comparisons revealed significantly greater positive collaboration subscale scores (1 mg: 
M=17.47, SD=3.43; 25 mg: M=19.76, SD=3.21) than positive clinician input (1 mg: M=8.06, 

SD=2.05; p<0.0001, 95% CI [-10.98, -7.84], g=3.17; 25 mg:  M=9.41, SD=1.42; p<0.0001, 95% 

CI [-12.17, -8.54], g=4.0) and non-supportive clinician input (1 mg: M=2.35, SD=1.90; p<0.0001, 

95% CI [12.33, 17.91], g=5.2; 25 mg: M=2.18, SD=2.90; p<0.0001, 95% CI [14.70, 20.48], g=5.5) 

subscale scores, as well as significantly greater positive clinician input (1 mg: M=8.06, SD=2.05; 

25 mg:  M=9.41, SD=1.42) than non-supportive clinician input (1 mg: M=2.35, SD=1.90; 

p<0.0001, 95% CI [3.81, 7.60], g=2.7; 25 mg: M=2.18, SD=2.90; p<0.0001, 95% CI [5.04, 9.43], 
g=3.0) subscale scores for both doses of psilocybin.  

 

A Wilcoxon matched pairs test showed no difference in the participants’ State-Trait Anxiety 

Inventory (STAI_state) scores between the 25 mg psilocybin session (M=27.53, SD=8.63) and 

the 1 mg psilocybin session (M=29.12, SD=6.99); Z=41.0, p=0.163 ns, 95% CI [-3.67, 0.49] 

(Figure 4-2 B).  A direct association between state anxiety and therapeutic alliance has been 

shown previously (Kim et al., 2015; Mundorf et al., 2017), yet it has not been investigated within 

the context of psychedelics. To address this, a simple linear regression was carried out to 
determine the relationship between 25 mg psilocybin pre-dosing state anxiety and therapeutic 

alliance. In line with the hypothesis, the linear regression demonstrated a negative relationship 

between 25 mg pre-dosing STAI and STAR (F(1, 15)=8.08, R2=0.383, p=0.012) scores (Figure 4-2 

C). 
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psilocybin session (M=0.33, SD=0.46); Z=36.0, p=0.008, 95% CI [1.26, 6.54], g=1.4). An eight 

(time)×two (dose) repeated-measures ANOVA revealed a significant main effect of dose 

(F(1,16)=259.70, p<0.0001), a main effect of time (F(2,39)=70.96, p<0.0001), and an interaction 

between dose and time (F(2,37)=54.79, p<0.0001).  

 

Post-hoc multiple comparisons revealed significantly greater intensity following 25 mg versus 1 
mg psilocybin at 1 hour (1 mg: M=1.09, SD=1.19; 25 mg: M=7.59, SD=3.41; p<0.0001, 95% CI [-

9.06, -3.94], g=2.4); 2 hours (1 mg: M=1.03, SD=1.26; 25 mg: M=9.50, SD=1.27; p<0.0001, 95% 

CI [-9.66, -7.28], g=6.4); 3 hours (1 mg: M=0.59, SD=0.92; 25 mg: M=8.94, SD=2.07; p<0.0001, 

95% CI [-9.93, -6.78], g=5.0); 4 hours (1 mg: M=0.26, SD=0.61; 25 mg: M=5.71, SD=2.60; 

p<0.0001, 95% CI [-7.40, -3.48], g=2.9); 5 hours (1 mg: M=0.00, SD=0.00; 25 mg: M=3.76, 

SD=2.63; p<0.001, 95% CI [-5.80, -1.73], g=1.9); and 6 hours (1 mg: M=0.00, SD=0.00; 25 mg: 

M=1.79, SD=2.25; p=0.041, 95% CI [-3.54, -0.05], g=1.1) post-dosing. These results demonstrate 

that the 25 mg dose of psilocybin produces more intense drug effects than 1 mg psilocybin, as 
expected (Figure 4-3 A) 

 

Post-hoc multiple comparisons revealed significantly greater intensity following 25 mg compared 

to baseline (time 0: M=0.00, SD=0.00) at the following timepoints: 1 hour (M=7.59, SD=3.41; 

p<0.0001, 95% CI [-10.53, -4.65], g=3.0); 2 hours (M=9.50, SD=1.27; p<0.0001, 95% CI [-10.60, 

-8.40], g=10.1); 3 hours (M=8.94, SD=2.08; p<0.0001, 95% [-10.73, -7.15], g=5.8); 4 hours 

(M=5.71, SD=2.60; p<0.0001, 95% CI [-7.95, -3.46], g=2.9); 5 hours (M=3.76, SD=2.63; p<0.001, 
95% CI [-6.03, -1.50], g=1.9); and 6 hours (M=1.79, SD=2.25; p=0.036, 95% CI [-3.51, -0.08], 

g=1.1). Significantly greater intensity following 1 mg psilocybin compared to baseline (time 0: 

M=0.00, SD=0.00) was only observed at one-hour post-dosing (M=1.09, SD=1.19; p=0.033, 95% 

CI [-2.11, -0.06], g=1.2). These results demonstrate that the 25 mg dose of psilocybin produced 

significant drug effects up to six hours post-dosing, after which the drug effects subsided to 

baseline levels. The findings show that the subjective drug effects approached peak intensity at 

2 hours post-dosing with 25 mg psilocybin and then gradually declined in the following hours 

(Figure 4-3 A).  
 

Adverse events  

 

The acute effects of psilocybin were well tolerated by all of the participants and no serious or 

unexpected adverse events occurred during either dosing session. Mild and transient nausea 

(n=3) and flushing (n=1) occurred during the second dosing session (high dose, 25 mg 

psilocybin), however, these adverse events were expected effects of psilocybin. No participants 
required tranquilising medications (oral lorazepam) during the dosing sessions and no prolonged 

psychotic symptoms were observed in any of the participants. 
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Psychotomimetic symptoms  

 

The Psychotomimetic States Inventory (PSI) was used to assess the nature and extent of 

psilocybin-induced psychotomimetic effects. As well as yielding a total score, the PSI has 

subscales of delusional thinking, perceptual distortions, cognitive disorganisation, anhedonia, 

mania and paranoia.  
 

A Wilcoxon matched pairs test showed a significant increase in the participants’ total 

Psychotomimetic States Inventory (PSI) scores for the 25 mg psilocybin session (M=0.30, 

SD=0.09) compared with the 1 mg psilocybin session (M=0.09, SD=0.04); Z=153.0, p<0.0001, 

95% CI [0.16, 0.24]  g=2.9). A six (subscale) × two (dose) repeated-measures ANOVA revealed 

a significant main effect of dose (F(1,16)=106.60, p<0.0001) and a main effect of subscale 

(F(5,80)=13.41, p<0.0001), and an interaction between dose and subscale (F(5,80)=21.76, p<0.0001; 

Figure 4-3 B). 
 

Post-hoc comparisons revealed that except for anhedonia (1 mg: M=0.22, SD=0.06; 25 mg: 

M=0.27, SD=0.14; p=0.271 ns, 95% CI [-0.12, -0.02]), all other subscale scores were significantly 

increased following 25 mg versus 1 mg psilocybin: perceptual (1 mg: M=0.04, SD=0.06; 25 mg: 

M=0.34, SD=0.14; p<0.0001, 95% CI [-0.37, -0.23], g=2.6); paranoia (1 mg: M=0.04, SD=0.06; 

25 mg: M=0.14, SD=0.13; p=0.001, 95% CI [-0.17, -0.03], g=0.9); mania (1 mg: M=0.15, SD=0.06; 

25 mg: M=0.35, SD=0.14; p<0.0001, 95% CI [-0.27, -0.13], g=1.8); delusional (1 mg: M=0.07, 
SD=0.06; 25 mg: M=0.21, SD=0.14; p<0.0001, 95% CI [-0.21, -0.07], g=1.2); cognitive 

disorganisation (1 mg: M=0.08, SD=0.07; 25 mg: M=0.44, SD=0.21; p<0.0001, 95% CI [-0.42, -

0.29], g=2.2; Figure 4-3 B) 

 

With regards to differences between the PSI subscales, post-hoc multiple comparisons revealed 

significantly greater mania (M=0.15, SD=0.06) compared with perceptual (M=0.04, SD=0.06; 

p<0.001, 95% CI [-0.19, -0.03], g=1.7), paranoia (M=0.04, SD=0.06; p=0.002, 95% CI [-0.18, -

0.03], g=1.7) and delusional (M=0.07, SD=0.06; p=0.048, 95% CI [0.0003, 0.15], g=1.3) scores 
for the 1 mg dose of psilocybin. Significantly greater anhedonia scores (M=0.22, SD=0.09) were 

also observed compared with perceptual (M=0.04, SD=0.06; p<0.0001, 95% CI [-0.26, -0.10], 

g=2.2), delusional (M=0.07, SD=0.06; p<0.0001, 95% CI [-0.23, -0.07], g=1.9) and cognitive 

disorganisation (M=0.08, SD=0.07; p<0.0001, 95% CI [-0.21, -0.06], g=1.6) scores for the 1 mg 

dose of psilocybin. No other differences between the PSI subscales were found for the 1 mg dose 

of psilocybin (all p>0.091 ns). 

  
For the 25 mg dose of psilocybin, post-hoc multiple comparisons revealed significantly greater 

perceptual (M=0.34, SD=0.14) and cognitive disorganisation (M=0.44, SD=0.21) scores 

compared with paranoia (M=0.14, SD=0.13; perceptual: p<0.0001, 95% CI [0.12, 0.27], g=1.4; 

cognitive disorganisation: p<0.0001, 95% CI [-0.37, -0.22], g=1.6) and delusional (M=0.21, 
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Altered states of consciousness  

 

Altered states of consciousness (ASC) represent a marked deviation in the subjective experience 

or psychological functioning from normal waking consciousness. The ASC questionnaire was 

used to assess the quality of the acute subjective experience in the psilocybin dosing sessions 

across five (5D-ASC; Dittrich, 1998) and eleven (11D-ASC; Studerus et al., 2010) dimensions.  
 

5D-ASC: The five dimensions are: oceanic boundlessness (OBN), dread of ego dissolution 

(DED), visionary restructuralisation (VRS), auditory alterations (AUA), and vigilance reduction 

(VIR). The OBN items were formulated based on six of the nine categories of “mystical 

experiences” proposed by Stace (1960) (Studerus et al., 2010) in a similar way to the MEQ 

(Maclean et al., 2012). DED is considered to probe negative, aversive experiences in which 

anxiety is a central aspect. VRS measures altered perception and meaning including visual 

hallucinations and synaesthesia (Figure 4-4 A). 
 

A five (dimension) × two (dose) repeated-measures ANOVA revealed a significant main effect of 

dose (F(1,16)=129.30, p<0.0001), a main effect of dimension (F(4,64)=19.18, p<0.0001) and a 

significant interaction between dose and dimension (F(4,64)=13.95, p<0.0001). Post-hoc multiple 

comparisons revealed significantly greater alterations in consciousness following 25 mg versus 1 

mg psilocybin on all dimensions of the 5D-ASC: OBN (1 mg: M=0.08, SD=0.15; 25 mg: M=0.76, 

SD=0.20; p<0.0001, 95% CI [-0.80, -0.56], g=3.7); DED (1 mg: M=0.02, SD=0.03; 25 mg: M=0.43, 
SD=0.23; p<0.0001, 95% CI [-0.52, -0.28], g=2.4); VRS (1 mg: M=0.11, SD=0.12; 25 mg: M=0.74, 

SD=0.19; p<0.0001, 95% CI [-0.75, -0.50], g=3.8); AUA (1 mg: M=0.02, SD=0.04; 25 mg: M=0.38, 

SD=0.26; p<0.0001, 95% CI [-0.47, -0.23], g=1.8); VIR (1 mg: M=0.16, SD=0.15; 25 mg: M=0.45, 

SD=0.23; p<0.0001, 95% CI [-0.41, -0.17], g=1.4).   

 

With regards to differences between the dimensions, post-hoc multiple comparisons revealed 

significantly more VIR (M=0.16, SD=0.15) than DED (M=0.02, SD=0.03; p=0.040, 95% CI [-0.27, 

-0.003], g=1.2) and AUA (M=0.02, SD=0.04; p=0.039, 95% CI [-0.27, -0.004], g=1.2) for the 1 mg 
dose of psilocybin. There were no other significant differences between the dimensions for 1 mg 

dose of psilocybin (all p>0.427 ns). For the 25 mg dose of psilocybin, post-hoc multiple 

comparisons revealed significantly greater OBN (M=0.76, SD=0.20) and VRS (M=0.74, SD=0.19) 

scores compared with all other dimensions: DED (M=0.43, SD=0.23; OBN: p<0.0001, 95% CI 

[0.20, 0.47], g=1.5; VRS: p<0.0001, 95% CI [0.18, 0.44], g=1.4); AUA (M=0.38, SD=0.26; OBN: 

p<0.0001, 95% CI [0.25, 0.52], g=1.7; VRS: p<0.0001, 95% CI [0.23, 0.49], g=1.5); and VIR 

(M=0.45, SD=0.23; OBN: p<0.0001, 95% CI [0.18, 0.44], g=1.4; VRS: p<0.0001, 95% CI [0.15, 
0.42], g=1.3). There were no other significant differences between the dimensions for 25 mg dose 

of psilocybin (all p>0.680 ns).  
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These results show that the 25 mg dose of psilocybin produced significant alterations in 

consciousness on all five ASC dimensions, especially the OBN and VRS dimensions, compared 

with the 1 mg dose. 

 

11D-ASC: The eleven sub-dimensions are made only from OBN, DED and VRS. The OBN sub-

dimensions are experience of unity, spiritual experience, blissful state, insightfulness, and 
disembodiment. The DED sub-dimensions are impaired control or cognition, and anxiety. The 

VRS sub-dimensions are complex imagery, elementary imagery, audio/visual synaesthesia, and 

changed meaning of percepts (Figure 4-4 B). 

 

An eleven (dimension) × two (dose) repeated-measures ANOVA revealed a significant main 

effect of dose (F(1,16)=202.30, p<0.0001), a main effect of dimension (F(10,160)=12.69, p<0.0001), 

and an interaction between dose and dimension (F(10,160)=4.49, p<0.0001). Post-hoc multiple 

comparisons revealed significantly greater alterations in consciousness following 25 mg versus 1 
mg psilocybin on all dimensions of the 11D-ASC: changed meaning of percepts (1 mg: M=0.04, 

SD=0.08; 25 mg: M=0.66, SD=0.28; p<0.0001, 95% CI [-0.77, -0.47], g=2.9); audio-visual 

synaesthesia (1 mg: M=0.19, SD=0.25; 25 mg: M=0.91, SD=0.14; p<0.0001, 95% CI [-0.87, -

0.57], g=3.4); elementary imagery (1 mg: M=0.20, SD=0.22; 25 mg: M=0.85, SD=0.26; p<0.0001, 

95% CI [-0.80, -0.50], g=2.6); complex imagery (1 mg: M=0.11, SD=0.14; 25 mg: M=0.80, 

SD=0.26; p<0.0001, 95% CI [-0.84, -0.54], g=3.1); anxiety (1 mg: M<0.01, SD<0.01; 25 mg: 

M=0.37, SD=0.29; p<0.0001, 95% CI [-0.52, -0.21], g=1.7); impaired control and cognition (1 mg: 
M=0.04, SD=0.06; 25 mg: M=0.48, SD=0.25; p<0.0001, 95% CI [-0.60, -0.30], g=2.3); 

disembodiment (1 mg: M=0.09, SD=0.22; 25 mg: M=0.81, SD=0.23; p<0.0001, 95% CI [-0.86, -

0.56], g=3.0); insightfulness (1 mg: M=0.07, SD=0.19; 25 mg: M=0.70, SD=0.22; p<0.0001, 95% 

CI [-0.77, -0.47], g=2.9); blissful state (1 mg: M=0.09, SD=0.14; 25 mg: M=0.78, SD=0.28; 

p<0.0001, 95% CI [-0.85, -0.54], g=3.0); spiritual experience (1 mg: M=0.06, SD=0.11; 25 mg: 

M=0.68, SD=0.26; p<0.0001, 95% CI [-0.77, -0.46], g=3.0); experience of unity (1 mg: M=0.06, 

SD=0.19; 25 mg: M=0.69, SD=0.26; p<0.0001, 95% CI [-0.78, -0.48], g=2.6). Compared with 

normal waking consciousness (drug-free), 25 mg psilocybin induced pronounced alterations with 
significant increases in all dimensions of the 11D-ASC (p<0.0001), whereas 1 mg psilocybin only 

induced a significant increase in Elementary Imagery (p=0.020).  

 

With regards to differences between the dimensions, post-hoc multiple comparisons revealed 

significantly more audio-visual synaesthesia (M=0.19, SD=0.25; p=0.037, 95% CI [0.005, 0.36], 

g=1.0) and elementary imagery (M=0.20, SD=0.22; p=0.021, 95% CI [0.01, 0.37], g=1.2) than 

anxiety (M=0.01, SD=0.01) for the 1 mg dose of psilocybin. There were no other significant 
differences between the dimensions for 1 mg psilocybin (all p>0.152 ns). For the 25 mg dose of 

psilocybin, post-hoc multiple comparisons revealed significantly less anxiety (M=0.37, SD=0.29) 

and impaired control and cognition (M=0.48, SD=0.25) compared with the following dimensions: 

changed meaning of percepts (M=0.66, SD=0.28; anxiety: p<0.0001, 95% CI [0.11, 0.47], g=0.9; 
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compared with all other dimensions (all p<0.0001, g>1.3). (B) 11D-ASC. The eleven sub-dimensions are 

made only from OBN, DED and VRS. The OBN sub-dimensions are experience of unity, spiritual experience, 

blissful state, insightfulness, and disembodiment. The DED sub-dimensions are impaired control or 

cognition, and anxiety. The VRS sub-dimensions are complex imagery, elementary imagery, audio/visual 

synaesthesia, and changed meaning of percepts. Compared with normal waking consciousness (drug-free), 

25 mg psilocybin induced pronounced alterations with significant increases in all dimensions of the 11D-

ASC (all p<0.0001), whereas 1 mg psilocybin only induced a significant increase in Elementary Imagery 

(p=0.020). Abbreviations: 5D-ASC, 5-Dimensional Altered State of Consciousness; OBN, oceanic boundlessness; DED, dread 

of ego dissolution; VRS, visionary restructuralisation; AUA, auditory alterations; VIR, vigilance reduction; 11D-ASC, 11-

Dimensional Altered State of Consciousness.   
 

Mystical-type experiences  

 

The subjective transcendent, spiritual quality of experiences was evaluated using the 30-item 

Mystical Experience Questionnaire (MEQ). The MEQ contains yields a total score consisting of 

the average of all items as well as four subscales associated with different elements of a typical 

peak experience: (i) mystical (sacredness, noetic quality and unity), (ii) transcendence of 

time/space, (iii) positive mood, and (iv) ineffability. 
 

A Wilcoxon matched pairs test showed a significant increase in the participants’ total Mystical 

Experience Questionnaire (MEQ) scores for the 25 mg psilocybin session (M=85.12, SD=17.15) 

compared with the 1 mg psilocybin session (M=13.16, SD=16.11); Z=153.0, p<0.0001, 95% CI 

[61.96, 81.95], g=4.1). A four (subscale)×two (dose) repeated-measures ANOVA revealed a 

significant main effect of dose (F(1,16)=232.80, p<0.0001), a main effect of subscale (F(3,48)=4.54, 

p=0.007), and an interaction between dose and subscale (F(3,48)=4.43, p=0.008). Post-hoc 

multiple comparisons revealed significantly more mystical experiences following 25 mg versus 1 
mg psilocybin on all subscales of the MEQ: mystical quality (1 mg: M=8.94, SD=16.06; 25 mg: 

M=73.88, SD=25.07; p<0.0001, 95% CI [-74.94, -54.95], g=2.9); positive mood (1 mg: M=19.53, 

SD=22.65; 25 mg: M=84.76, SD=23.10; p<0.0001, 95% CI [-75.23, -55.24], g=2.7); 

transcendence of space and time (1 mg: M=13.12, SD=16.43; 25 mg: M=89.76, SD=18.90; 

p<0.0001, 95% CI [-86.64, -66.65], g=4.1); ineffability (1 mg: M=11.06, SD=16.54; 25 mg: 

M=92.06, SD=18.99; p<0.0001, 95% CI [-91.00, -71.00], g=4.3; Figure 4-5 C). 

 
With regards to differences between the subscales, post-hoc multiple comparisons revealed 

significantly more positive mood (M=19.53, SD=22.65) than mystical quality (M=8.94, SD=16.06) 

for the 1 mg dose of psilocybin (p=0.024, 95% CI [0.89, 20.29], g=0.5). There were no other 

significant differences between the subscales for the 1 mg dose of psilocybin (all p>0.130 ns). 

For the 25 mg dose of psilocybin, post-hoc multiple comparisons revealed significantly more 

ineffability (M=92.06, SD=18.99; p<0.0001, 95% CI [8.48, 27.88], g=0.8), positive mood 

(M=84.76, SD=23.10; p=0.018, 95% CI [1.18, 20.58], g=0.4) and transcendence of space and 

time (M=89.76, SD=18.90; p<0.001, 95% CI [6.18, 25.58], g=0.7) than mystical quality (M=73.88, 
SD=25.07). 
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These results demonstrate that the 25 mg dose of psilocybin produced a greater mystical-type 

(peak) experience compared with the 1 mg dose.  

 

Ego dissolution  

 
The Ego Dissolution Inventory (EDI) was used to assess the experience of a compromised sense 

of self occasioned by psychedelic drugs. A Wilcoxon matched pairs test showed a significant 

increase in the participants’ total EDI scores for the 25 mg psilocybin session (M=80.18, 

SD=23.43) compared with the 1 mg psilocybin session (M=8.53, SD=18.33); Z=153.0, p<0.0001, 

95% CI [57.43, 85.88], g=3.2; Figure 4-5 B). 

 

Next, I explored the eight items comprising the EDI in order to assess specific phenomenological 

features. An eight (items)×two (dose) repeated-measures ANOVA revealed a significant main 
effect of dose (F(1,16)=114.00, p<0.0001) and a main effect of the items (F(7,112)=2.86, p=0.009), 

but no interaction (F(7,112)=1.76, p=0.102 ns). Post-hoc multiple comparisons revealed significantly 

more ego dissolution following 25 mg versus 1 mg psilocybin on all items of the EDI: “All notion 

of self and identity dissolved away” (1 mg: M=7.24, SD=20.38; 25 mg: M=78.00, SD=31.67; 

p<0.0001, 95% CI [-82.45, -59.08], g=2.5); “I lost all sense of ego” (1 mg: M=7.77, SD=19.69; 25 

mg: M=73.18, SD=33.45; p<0.0001, 95% CI [-77.10, -53.73], g=2.3); “I felt far less absorbed by 

my own issued and concerns” (1 mg: M=12.71, SD=21.36; 25 mg: M=88.71, SD=19.02; 
p<0.0001, 95% CI [-87.68, -64.32], g=3.6); “I experienced a disintegration of my “self” or “ego”” 

(1 mg: M=8.18, SD=19.87; 25 mg: M=82.94, SD=25.21; p<0.0001, 95% CI [-86.45, -63.08], 

g=3.1); “I experienced a decrease in my sense of self-importance” (1 mg: M=8.24, SD=18.37; 25 

mg: M=86.94, SD=20.40; p<0.0001, 95% CI [-90.39, -67.02], g=3.9); “I felt a sense of union with 

others” (1 mg: M=9.18, SD=18.73; 25 mg: M=74.88, SD=31.18; p<0.0001, 95% CI [-77.39, -

54.02], g=2.4); “I felt at one with the universe” (1 mg: M=8.00, SD=17.75; 25 mg: M=73.29, 

SD=31.80; p<0.0001, 95% CI [-76.98, -53.61], g=2.4); “I experienced a dissolution of my "self" or 

ego” (1 mg: M=6.94, SD=16.11; 25 mg: M=83.53, SD=27.65; p<0.0001, 95% CI [-88.27, -64.90], 
g=3.2).  

 

For the 25 mg dose of psilocybin, post-hoc multiple comparisons revealed significantly greater 

scores on the item “I felt far less absorbed by my own issued and concerns” (M=88.71, SD=19.02) 

compared with the items “I lost all sense of ego” (M=73.18, SD=33.45; p=0.010, 95% CI [-28.95, 

-2.11], g=0.5), “I felt a sense of union with others” (M=74.88, SD=31.18; p=0.037, 95% CI [0.40, 

27.25], g=0.5) and “I felt at one with the universe” (M=73.29, SD=31.80; p=0.010, 95% CI [1.99, 
28.83], g=0.5). Significantly greater scores were also observed on the item “I experienced a 

decrease in my sense of self-importance” (M=86.94, SD=20.40) compared with the items “I lost 

all sense of ego” (M=73.18, SD=33.45; p=0.039, 95% CI [-27.19, -0.34], g=0.5) and “I felt at one 
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with the universe” (M=73.29, SD=31.80; p=0.042, 95% CI [0.22, 27.07], g=0.5). No other 

differences between the items were found for the 25 mg dose of psilocybin (all p>0.129 ns). 

 

Near death (type) experiences 

 

All participants scored above the conventional threshold (³7) for a (psilocybin-induced) near-

death (type) experience (Greyson, 1983) following 25 mg psilocybin. The total NDE score was 

significantly greater following 25 mg (M=16.41, SD=7.41) versus 1 mg (M=2.82, SD=3.23) 

psilocybin; t(16)=8.696, p<0.0001, g=2.3. Therefore, the mean score following 25 mg psilocybin 

exceeds the cut-off point and may be regarded as inducing a near-death (type) experience. The 

mean score following 1 mg psilocybin does not reach the cut-off point and may not be regarded 
as inducing a near-death (type) experience (Figure 4-5 A). 

 

A four (subscale)×two (dose) repeated-measures ANOVA revealed a significant main effect of 

dose (F(1,16)=75.62, p<0.0001) and a main effect of subscale (F(3,48)=9.63, p<0.0001), with no 

interaction between dose and subscale (F(3,48)=0.22, p=0.884 ns). Post-hoc comparisons revealed 

that all subscales were significantly increased following 25 mg versus 1 mg psilocybin: cognitive 

(1 mg: M=0.71, SD=0.92; 25 mg: M=4.06, SD=2.25; p<0.0001, 95% CI [-4.53, -2.18], g=1.9); 

affective (1 mg: M=1.41, SD=1.42; 25 mg: M=5.12, SD=2.55; p<0.0001, 95% CI [-4.88, -2.53], 
g=1.7); paranormal (1 mg: M=0.59, SD=1.06; 25 mg: M=3.89, SD=2.12; p<0.0001, 95% CI [-4.47, 

-2.12], g=1.9); transcendental (1 mg: M=0.12, SD=0.33; 25 mg: M=3.35, SD=2.40; p<0.0001, 

95% CI [-4.41, -2.06], g=1.8). These results show that near-death experience phenomena were 

significantly enhanced following 25 mg psilocybin administration. As the cognitive and 

transcendental component scores are each less than five and the affective component score 

exceeds five, the 25 mg psilocybin near-death (type) experience may be classified as affective-

type.   
 

Next, I analysed the 16 items comprising the NDE scale in order to assess the specific 

phenomenological features of the psilocybin experience. A 16 (items)×two (dose) repeated-

measures ANOVA revealed a significant main effect of dose (F(1,16)=75.62, p<0.0001) and item 

(F(15,240)=11.28, p<0.0001), as well as a significant interaction between dose and item 

(F(15,240)=3.46, p<0.0001). Post-hoc comparisons revealed that 12 of the 16 items were scored 

significantly higher under 25 mg than 1 mg: altered time perception (1 mg: M=0.29, SD=0.27; 25 

mg: M=1.53, SD=0.62; p<0.0001, 95% CI [-1.77, -0.71], g=2.5); speeded thoughts (1 mg: M=0.06, 
SD=0.24; 25 mg: M=0.88, SD=0.93; p<0.0001, 95% CI [-1.35, -0.29], g=1.1); understanding 

everything (1 mg: M=0.06, SD=0.24; 25 mg: M=1.06, SD=0.75; p<0.0001, 95% CI [-1.53, -0.47], 

g=1.7); peace/pleasantness (1 mg: M=0.59, SD=0.71; 25 mg: M=1.59, SD=0.62; p<0.0001, 95% 

CI [-1.53, -0.47], g=1.4); feelings of joy (1 mg: M=0.53, SD=0.51; 25 mg: M=1.47, SD=0.62; 

p<0.0001, 95% CI [-1.47, -0.41], g=1.6); harmony/unity (1 mg: M=0.24, SD=0.56; 25 mg: M=1.24, 

SD=0.83; p<0.0001, 95% CI [-1.53, -0.47], g=1.3); bright light (1 mg: M=0.06, SD=0.24; 25 mg: 
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M=0.82, SD=0.95; p<0.001, 95% CI [-1.29, -0.23], g=1.0); heightened senses (1 mg: M=0.29, 

SD=0.47; 25 mg: M=1.71, SD=0.47; p<0.0001, 95% CI [-1.94, -0.88], g=2.9); separation from the 

body (1 mg: M=0.18, SD=0.39; 25 mg: M=1.18, SD=0.64; p<0.0001, 95% CI [-1.53, -0.47], g=1.8); 

unearthly environment (1 mg: M=0.18, SD=0.39; 25 mg: M=1.47, SD=0.62; p<0.0001, 95% CI [-

1.88, -0.82], g=2.4); encountering mystical being/presence (1 mg: M=0.00, SD=0.00; 25 mg: 

M=0.76, SD=0.90; p<0.001, 95% CI [-1.29, -0.23], g=1.1); border/point of no return (1 mg: 
M=0.00, SD=0.00; 25 mg: M=0.59, SD=0.87; p=0.017, 95% CI [-1.12, -0.06], g=0.9). There was 

no significant difference between the following items: encountering deceased/religious spirits (1 

mg: M=0.00, SD=0.00; 25 mg: M=0.53, SD=0.87; p=0.051 ns trend, 95% CI [-1.06, 0.00]); 

precognitive visions (1 mg: M=0.06, SD=0.24; 25 mg: M=0.53, SD=0.87; p=0.131 ns, 95% CI [-

1.00, 0.06]); extrasensory perception (1 mg: M=0.06, SD=0.24; 25 mg: M=0.47, SD=0.87; 

p=0.295 ns, 95% CI [-0.94, 0.12]); and life review (1 mg: M=0.29, SD=0.47; 25 mg: M=0.59, 

SD=0.71; p=0.814 ns, 95% CI [-0.82, 0.24]). 

 
These results show that altered time perception, speeded thoughts, understanding everything, 

peace/pleasantness, feelings of joy, harmony/unity, bright light, heightened senses, separation 

from the body, unearthly environment, encountering mystical being/presence and border/point of 

no return are the specific NDE phenomena enhanced following 25 mg psilocybin administration. 

Life review, extrasensory perception, precognitive visions and encountering deceased/religious 

spirits are NDE phenomena that are not enhanced following 25 mg psilocybin administration. This 

demonstrates that there are specific phenomenological features of the affective-type NDE 
occasioned by 25 mg psilocybin. 

 

 

Emotional breakthrough 

 

A Wilcoxon matched pairs test showed a significant increase in the participants’ Emotional 

Breakthrough Inventory (EBI) scores for the 25 mg psilocybin session (M=0.75, SD=0.27) 

compared with the 1 mg psilocybin session (M=0.05, SD=0.10); Z=153.0, p<0.0001, 95% CI 
[0.56, 0.84], g=3.3; Figure 4-6 A). 
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challenging experience (i.e., fear, grief, physical distress, insanity, isolation, death, and paranoia), 

covering acute affective, cognitive, and somatic symptoms.  

 

A Wilcoxon matched pairs test showed a significant increase in the participants’ overall 

Challenging Experience Questionnaire (CEQ) scores for the 25 mg psilocybin session (M=0.35, 

SD=0.21) compared with the 1 mg psilocybin session (M=0.05, SD=0.05); Z=151.0, p<0.0001, 
95% CI [0.56, 0.84], g=1.9). A seven (subscale)×two (dose) repeated-measures ANOVA revealed 

a significant main effect of dose (F(1,16)=31.75, p<0.0001), a main effect of subscale (F(6,96)=5.67, 

p<0.0001), and an interaction between dose and subscale (F(6,96)=3.33, p=0.005; Figure 4-6 B). 

 

Post-hoc comparisons revealed that the paranoia subscale scores did not change (1 mg: M=0.00, 

SD=0.00; 25 mg: M=0.06, SD=0.13; p=0.906 ns, 95% CI [-0.23, 0.10]), but all other subscale 

scores were significantly increased following 25 mg versus 1 mg psilocybin: death (1 mg: M=0.00, 

SD=0.00; 25 mg: M=0.32, SD=0.36; p<0.0001, 95% CI [-0.49, -0.16], g=1.2); isolation (1 mg: 
M=0.06, SD=0.14; 25 mg: M=0.46, SD=0.42; p<0.0001, 95% CI [-0.57, -0.23], g=1.2); grief (1 mg: 

M=0.10, SD=0.14; 25 mg: M=0.48, SD=0.30; p<0.0001, 95% CI [-0.55, -0.22], g=1.5); insanity (1 

mg: M=0.02, SD=0.08; 25 mg: M=0.30, SD=0.33p<0.0001, 95% CI [-0.44, -0.11], g=1.1); fear (1 

mg: M=0.03, SD=0.04; 25 mg: M=0.31, SD=0.32; p<0.0001, 95% CI [-0.45, -0.11], g=1.2); 

physical distress (1 mg: M=0.06, SD=0.08; 25 mg: M=0.33, SD=0.25; p≤0.0001, 95% CI [-0.44, -

0.11], g=1.4; Figure 4-6 C).  

 
With regards to differences between the subscales, post-hoc multiple comparisons revealed that 

there was no significant difference between the CEQ subscales for the 1 mg dose of psilocybin 

(all p>0.923 ns). For the 25 mg dose of psilocybin, post-hoc multiple comparisons revealed 

significantly less paranoia (M=0.06, SD=0.13) than all other subscales: death (M=0.32, SD=0.36; 

p<0.001, 95% CI [-0.45, -0.07], g=0.9); isolation (M=0.46, SD=0.42; p<0.0001, 95% CI [-0.59, -

0.21], g=1.2); grief (M=0.48, SD=0.30; p<0.0001, 95% CI [-0.60, -0.23], g=1.7); insanity (M=0.30, 

SD=0.33; p=0.003, 95% CI [-0.42, -0.05], g=0.9); fear (M=0.31, SD=0.32; p=0.002, 95% CI [-0.43, 

-0.06], g=1.0); physical distress (M=0.33, SD=0.25; p<0.001, 95% CI [-0.46, -0.08], g=1.3). No 
other differences between the subscales were found for the 25 mg dose of psilocybin (all p>0.087 

ns). 
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LZc values were found two hours post-dosing with 25 mg relative to 1 mg psilocybin (p=0.024, 95% CI [-

0.08, -0.01], g=1.6). No other significant differences in LZc values were found between the doses of 

psilocybin at any other EEG recording timepoints. With regards to differences between the EEG recording 

timepoints, post-hoc multiple comparisons revealed significantly greater LZc values at one hour (p=0.010, 

95% CI [-0.08, -0.01], g=1.1) and two hours (p=0.009, 95% CI [-0.08, -0.01], g=1.6) post-dosing with 25 mg 

psilocybin relative to baseline. No other significant differences were found between the EEG recording 

timepoints for the 25 mg dose of psilocybin. No differences were observed between any EEG recording 

timepoints for the 1 mg dose of psilocybin. (F) Relationship between complexity and insight. A positive 

association was found between LZc and VAS-insight scores (F(1,9)=6.12, R2=0.405, p=0.035) two hours after 

the administration of 25 mg psilocybin. | Data are expressed as mean ± SEM (p<0.01**; p<0.001***; 

p<0.0001****). Abbreviations: VAS, visual analogue scale; LZc, Lempel-Ziv complexity; Bs 1, baseline 1 - pre-dosing 1 mg); 

Bs 2, baseline 2 - pre-dosing 25 mg).   

 

4.5.5. Psilocybin integration sessions 

 

A Wilcoxon matched pairs test showed a significant increase in the participants’ Mastery-Insight 

Scale (MIS) scores one day after the 25 mg psilocybin session (M=1.48, SD=0.37) compared with 

one day after the 1 mg psilocybin session (M=0.33, SD=0.50; Z=152.0, p<0.0001, 95% CI [0.89, 

1.41], g=2.5; Figure 4-8 A). Self-ratings of gains from participation in the integration sessions were 

also assessed using the Gains from Psychedelic Integration (GPI) questionnaire. A Wilcoxon 

matched pairs test showed a significant increase in the participants’ overall GPI scores one day 
after the 25 mg psilocybin session (M=6.38, SD=1.18) compared with one day after the 1 mg 

psilocybin session (M=3.25, SD=1.99); Z=150.0, p<0.0001, 95% CI [1.94, 4.33], g=1.8) Figure 

4-8 B). Next, analyses were completed for the three separate subscales contained in the GPI. A 

three (subscale)×two (dose) repeated-measures ANOVA revealed a significant main effect of 

dose (F(1,16)=30.93, p<0.0001), no effect of subscale (F(1.07,17.17)=2.73, p=0.115 ns) and an 

interaction between dose and subscale (F(1.24,19.90)=5.81, p=0.020). Post-hoc comparisons 

revealed significantly greater experiential gains (1 mg: M=3.18, SD=2.10; 25 mg: M=5.71, 

SD=1.80; p=0.003, 95% CI [-4.23, -0.83], g=1.2), exploration-insight gains (1 mg: M=3.34, 
SD=2.05; 25 mg: M=6.75, SD=1.34; p<0.0001, 95% CI [-4.93, -1.90], g=1.9) and insight-action 

gains (1 mg: M=3.24, SD=2.06; 25 mg: M=6.69, SD=1.29; p<0.0001, 95% CI [-4.96, -1.96], g=1.9) 

one day after the 25 mg dose compared with one day after the 1 mg dose of psilocybin Figure 

4-8 C). 



1 mg 25 mg
0

2

4

6

8

G
PI

 s
co

re

***

1 mg 25 mg
0.0

0.5

1.0

1.5

2.0

M
IS

 s
co

re
 

****

Experiential 
gains

Exploration-Insight 
gains

Insight-Action 
gains 

0

2

4

6

8

10

G
PI

 s
co

re

1 mg 25 mg

**** ****
**

A B

C



 

 101 

4.5.6. Long-term outcomes    

 

Psychological insight  

 

The Psychological Insight Scale (PIS) was used to assess the extent of psychological insight and 

subsequent behavioural changes facilitated by psilocybin. The PIS has two subscales: the 
psychological insight (PI) subscale to assess the insight and the behavioural change (BC) 

subscale to assess insight-induced changes in behaviour. 

 

A two (subscale)×six (timepoint) repeated-measures ANOVA revealed a significant main effect of 

dose (F(1.98,31.64)=42.35, p<0.0001), no effect of subscale (F(1,16)=0.06, p=0.817 ns), and a 

significant interaction between dose and subscale (F(2.73,43.75)=4.71, p=0.008). Post-hoc 

comparisons revealed that both subscales were significantly increased one day (PIS-PI, 1 mg: 

M=9.70, SD=19.56; 25 mg: M=66.87, SD=24.05, p<0.0001, 95% CI [-75.55, -38.80], g=2.5; PIS-
BC, 1 mg: M=9.65, SD=23.32; 25 mg: M=53.41, SD=28.43; p<0.0001, 95% CI [-65.42, -22.11], 

g=1.6), 14 days (PIS-PI, 1 mg: M=9.98, SD=23.44; 25 mg: PIS M=45.91, SD=25.89, p<0.001, 

95% CI [-54.61, -17.26], g=1.4; PIS-BC, 1 mg: M=11.06, SD=23.05; 25 mg: M=56.35, SD=29.83, 

p<0.0001, 95% CI [-67.02, -23.57], g=1.6) and four weeks (PIS-PI, 1 mg: M=13.14, SD=19.27; 

25 mg: M=48.54, SD=22.78, p<0.0001, 95% CI [-52.41, -18.40], g=1.6; PIS-BC, 1 mg: M=13.71, 

SD=24.79; 25 mg: M=53.06, SD=29.44, p=0.002, 95% CI [-65.98, -12.72], g=1.4) following the 

25 mg psilocybin session versus the 1 mg psilocybin session (Figure 4-9 A-B).  
 

Self-reflection and insight 

 

A five (timepoint)×three (subscale) repeated-measures ANOVA revealed a significant main effect 

of timepoint (F(4,64)=9.66, p<0.0001) and a main effect of subscale (F(2,32)=19.28, p<0.0001), but 

no interaction between timepoint and subscale (F(8,128)=0.35, p=0.943 ns; Figure 4-9 C-E). 

 

Post-hoc comparisons revealed that there was no significant difference in the Engagement in 
Self-Reflection subscale scores at 14 days (M=4.90, SD=0.82; p=0.998 ns, 95% CI [-0.38, 0.31]) 

or four weeks (M=4.92, SD=0.77; p=0.989 ns, 95% CI [-0.40, 0.29] after the 1 mg psilocybin 

session compared to baseline (M=4.86, SD=0.76). However, significantly greater Engagement in 

Self-Reflection subscale scores were observed at 14 days (M=5.40, SD=0.48; p=0.015, 95% CI 

[-0.74, -0.05], g=0.7) and four weeks (M=5.49, SD=0.56; p=0.018, 95% CI [-0.39, -0.05], g=0.8) 

after the 25 mg psilocybin session compared to the second baseline (M=4.92, SD=0.77; Figure 

4-9 E).  Relatedly, no significant difference was found in the Need for Self-Reflection subscale 
scores at 14 days (M=5.02, SD=0.72; p=0.999 ns, 95% CI [-0.32, 0.37]) or four weeks (M=5.08, 

SD=0.65; p=0.999 ns, 95% CI [-0.37, 0.32] after the 1 mg psilocybin session compared to baseline 

(M=5.05, SD=0.75). However, significantly greater Need for Self-Reflection subscale scores were 

observed at four weeks (M=5.31, SD=0.56; p=0.011, 95% CI [-0.76, -0.07], g=0.4), but only at 
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at four weeks (p=0.011, 95% CI [-0.76, -0.07], g=0.4), but only at trend level at 14 days (p=0.078 (ns trend), 

95% CI [-0.67, 0.02], g=0.4), after the 25 mg psilocybin session. No differences were found following 1 mg 

psilocybin (all p>0.988 ns). (E) SRIS – engagement in self-reflection. Significantly greater SRIS-ESR 

scores were observed at 14 days (p=0.015, 95% CI [-0.74, -0.05], g=0.7) and four weeks (p=0.018, 95% CI 

[-0.39, -0.05], g=0.8) after 25 mg psilocybin. No differences were found following 1 mg psilocybin (all p>0.998 

ns). | Data are expressed as mean ± SEM (p=0.078# (ns trend), p<0.05*, p<0.01**, p<0.001***, 

p≤0.0001****). Abbreviations: PIS, Psychological Insight Scale; PIS-PI, Psychological Insight subscale; PIS-BC, Behavioural 

Change subscale; SRIS, Self-Reflection and Insight Scale; IN, insight; SRIS-NSR, SRIS need for self-reflection subscale; SRIS-

ESR, SRIS engagement in self-reflection subscale.  
 

Psychological well-being 

 
A one-way repeated-measures ANOVA revealed a significant difference in the Warwick-

Edinburgh Mental Well-being Scale (WEMWBS) scores between the timepoints (F(2.73,42.05)=7.59, 

p<0.001). Post-hoc multiple comparisons revealed that there was no significant difference in 

WEMWBS scores at 14 days (M=47.82, SD=6.71; p=0.424 ns, 95% CI [-1.67, 6.49]) or four weeks 

(M=47.88, SD=6.93; p=0.339 ns, 95% CI [-1.31, 6.01]) after the 1 mg psilocybin session 

compared with baseline (M=50.24, SD=6.84). However, significantly greater WEMWBS scores 

were observed at 14 days (M=54.94, SD=5.73; p=0.007, 95% CI [-12.39, -1.73], g=1.1) and four 
weeks (M=53.53, SD=6.49; p=0.012, 95% CI [-10.23, -1.06], g=0.8) after the 25 mg psilocybin 

session compared with the second baseline (M=47.88, SD=6.93; Figure 4-10 A).  

 

Meaning in life 

 

A five (timepoint)×two (subscale) repeated-measures ANOVA revealed a significant main effect 

of timepoint (F(3.05,48.76)=3.29, p=0.027) and a main effect of subscale (F(1,16)=30.48, p<0.0001), 

and an interaction between timepoint and subscale (F(2.76,44.11)=7.34, p<0.001).  
 

Post-hoc comparisons revealed that there was no significant difference in the Presence of 

Meaning subscale scores at 14 days (M=17.47, SD=5.42; p>0.999 ns, 95% CI [-2.72, 2.48]) or 

four weeks (M=16.59, SD=5.26; p=0.857 ns, 95% CI [-1.61, 3.14]) after the 1 mg psilocybin 

session compared to baseline (M=17.35, SD=5.33). However, significantly greater Presence of 

Meaning subscale scores were observed at 14 days (M=21.76, SD=4.84; p=0.015, 95% CI [-9.56, 

-0.79], g=1.0) and four weeks (M=21.17, SD=5.79; (p=0.032, 95% CI [-8.85, 0.29], g=0.8) after 

the 25 mg psilocybin session compared to the second baseline (M=16.59, SD=5.26).   
 

There was no significant difference in the Search for Meaning subscale scores at 14 days (1 mg: 

M=27.12, SD=3.79, p>0.999 ns, 95% CI [-3.04, 3.63]; 25 mg: M=25.82, SD=5.49, p=0.986 ns, 

95% CI [-1.81, 3.34]) or four weeks (1 mg: M=26.82, SD=5.00, p=0.998 ns, 95% CI [-2.84, 4.49]; 

25 mg: M=26.65, SD=3.90, p>0.999 ns, 95% CI [-3.77, 3.65]) after the 1 mg or 25 mg psilocybin 

sessions compared to their relative baseline scores (1 mg: M=27.41, SD=4.93; 25 mg M=26.82, 

SD=5.00; Figure 4-10 B-C).  
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Flourishing 

 

A one-way repeated-measures ANOVA revealed a significant difference in The Flourishing Scale 

(FS) scores between the timepoints (F(4,64)=6.14, p<0.001). Post-hoc multiple comparisons 

revealed that there was no significant difference in FS scores at 14 days (M=41.88, SD=5.59; 

p>0.999 ns, 95% CI [-3.55, 3.66]) or four weeks (M=40.76, SD=7.45; p=0.876 ns, 95% CI [-2.43, 
4.78]) after the 1 mg psilocybin session compared with baseline (M=41.94, SD=6.55). However, 

significantly greater FS scores were observed at 14 days (M=46.35, SD=6.41; p<0.001, 95% CI 

[-9.19, -1.98], g=0.8) and four weeks (M=45.47, SD=6.74; p=0.005, 95% CI [-8.31, -1.10], g=0.6) 

after the 25 mg psilocybin session compared with the second baseline (M=40.76, SD=7.45;  

Figure 4-10 D). 

 

Connectedness to nature 

 

A one-way repeated-measures ANOVA revealed a significant difference in the Connectedness to 

Nature Scale (CNS) scores between the timepoints (F(2.07,31.95)=11.60, p≤0.0001). Post-hoc 

multiple comparisons revealed that there was no significant difference in CNS scores at 14 days 

(M=4.58, SD=1.11; p>0.999 ns, 95% CI [-0.36, 0.39]) or four weeks (M=4.51, SD=0.96; p=0.988 

ns, 95% CI [-0.41, 0.56]) after the 1 mg psilocybin session compared with baseline (M=4.59, 

SD=1.09). However, significantly greater CNS scores were observed at 14 days (M=5.26, 

SD=0.94; p<0.001, 95% CI [-1.14, -0.34], g=0.7) and four weeks (M=5.20, SD=0.86; p<0.0001, 
95% CI [-1.00, -0.37], g=0.7) after the 25 mg psilocybin session compared with the second 

baseline (M=4.51, SD=0.96; Figure 4-10 E).  

 

Social Connectedness 

 

A one-way repeated-measures ANOVA revealed a significant difference in the Social 

Connectedness Scale (SCS) scores between the timepoints (F(2.73,43.75)=8.79, p<0.001). Post-hoc 

multiple comparisons revealed that there was no significant difference in SCS scores at 14 days 
(M=32.71, SD=11.66; p>0.999 ns, 95% CI [-2.45, 4.92]) or four weeks (M=33.71, SD=10.09; 

p>0.999 ns, 95% CI [-4.36, 4.83]) after the 1 mg psilocybin session compared with baseline 

(M=33.94, SD=10.23). However, significantly increased SCS scores were observed at 14 days 

(M=39.65, SD=8.79; p=0.006, 95% CI [-10.31, -1.58], g=0.6), and increased at trend level at four 

weeks (M=37.88, SD=8.96; p=0.066 (ns trend level), 95% CI [-8.56, 0.21], g=0.4), after the 25 

mg psilocybin session compared with the second baseline (M=33.71, SD=10.09; Figure 4-10 F).  
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Gratitude 

 

A non-parametric Friedman one-way repeated-measures ANOVA test revealed a significant 

difference in the Gratitude Questionnaire (GQ-6) scores between the timepoints (χ2(4)=19.38, 

p<0.001). Post-hoc multiple comparisons revealed that there was no significant difference in GQ-

6 scores at 14 days (M=5.92, SD=0.93; p>0.999 ns) or four weeks (M=5.92, SD=0.95; p>0.999 
ns) after the 1 mg psilocybin session compared with baseline (M=5.88, SD=1.03). However, 

significantly greater GQ-6 scores were observed at 14 days (M=6.47, SD=0.62; p=0.003, g=0.6) 

and at trend level at four weeks (M=6.28, SD=0.80; p=0.079 ns (trend level), g=0.4) after the 25 

mg psilocybin session compared with the second baseline (M=5.92, SD=0.95; Figure 4-11 A).  

 

Compassion 

 

A one-way repeated-measures ANOVA revealed a significant difference in The Santa Clara Brief 
Compassion Scale (SCBCS) scores between the timepoints (F(3.14,48.28)=6.47, p<0.0001). Post-

hoc multiple comparisons revealed that there was no significant difference in SCBCS scores at 

14 days (M=4.71, SD=1.03; p=0.616 ns, 95% CI [-0.20, 0.56]) or four weeks (M=4.54, SD=1.29; 

p=0.350 ns, 95% CI [-0.21, 0.89]) after the 1 mg psilocybin session compared with baseline 

(M=4.88, SD=0.90). However, significantly greater SCBCS scores were observed at 14 days 

(M=5.40, SD=0.87; p=0.006, 95% CI [-1.49, -0.22], g=0.7) and four weeks (M=5.25, SD=0.93; 

p=0.009, 95% CI [-1.25, -0.16], g=0.6) after the 25 mg psilocybin session compared with the 
second baseline (M=4.54, SD=1.29l Figure 4-11 B).  

 

Interpersonal reactivity  

 

A one-way repeated-measures ANOVA revealed no significant difference in the IRI total scores 

four weeks after the 1 mg (M=65.94, SD=12.82; p=0.413 ns, 95% CI [-2.13, 6.48]) or 25 mg 

(M=68.06, SD=12.00; p=0.585 ns, 95% CI [-7.56, 3.32]) psilocybin sessions compared to their 

relative baselines (1 mg: M=68.12, SD=13.14; 25 mg: M=65.94, SD=12.82). A four 
(subscale)×three (timepoint) repeated-measures ANOVA revealed a significant main effect of 

subscale (F(2.28,36.54)=275.30, p<0.0001), but no main effect of timepoint (F(1.80,28.88)=0.92, p=0.401 

ns). A significant interaction between timepoint and subscale was also found (F(3.70,59.15)=2.98, 

p=0.029).  

 

Post-hoc comparisons revealed that there was no significant difference in the Fantasy subscale 

scores four weeks (M=16.65, SD=7.62; p=0.818 ns, 95% CI [-1.72, 2.78]) after the 1 mg psilocybin 
session compared to baseline (M=17.18, SD=6.94). Likewise, there was no significant difference 

in the Fantasy subscale scores four weeks (M=17.00, SD=6.96; p=0.923 ns, 95% CI [-2.73, 2.03]) 

after the 25 mg psilocybin session compared to the second baseline (M=16.65, SD=7.62). 

Similarly, there was no significant difference in the Perspective Taking subscale scores four 
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weeks after the 1 mg (M=19.94, SD=4.62; p=0.689 ns, 95% CI [-1.11, 2.17]) or 25 mg (M=21.29, 

SD=4.93; p=0.104 ns, 95% CI [-2.95, 0.24]) psilocybin sessions compared to their relative 

baseline scores (1 mg: M=20.47, SD=4.82; 25 mg: M=19.94, SD=4.62). There was no significant 

difference in the Empathic Concern subscale scores four weeks after the 1 mg psilocybin session 

(M=19.24, SD=4.74; p=0.840 ns, 95% CI [-1.47, 2.29]) compared to baseline (M=19.65, 

SD=4.87). However, a trend level increase in the Empathic Concern subscale scores were 
observed four weeks after the 25 mg psilocybin session (M=21.65, SD=4.21; p=0.065 (ns trend 

level), 95% CI [-4.96, 0.14], g=0.5) compared to the second baseline (M=19.24, SD=4.74). With 

regards to the Personal Distress subscale, there was no significant difference in four weeks after 

the 1 mg psilocybin session (M=10.12, SD=4.59; p=0.468 ns, 95% CI [-0.81, 2.22]) compared to 

baseline (M=10.82, SD=4.77). However, a significant decrease in the Personal Distress subscale 

scores were observed four weeks after the 25 mg psilocybin session (M=8.12, SD=3.99; p=0.013, 

95% CI [0.40, 3.60], g=0.4) compared to the second baseline (M=10.12, SD=4.59; Figure 4-11 

C). 
 

 

Self-esteem 

 

A one-way repeated-measures ANOVA revealed a significant difference in the shortened 

Rosenberg Self-Esteem Scale (RSES-S) scores between the timepoints (F(4,64)=4.17, p=0.005). 

Post-hoc multiple comparisons revealed that there was no significant difference in RSES-S 
scores at 14 days (M=7.35, SD=1.83; p=0.784 ns, 95% CI [-0.64, 1.46]) or four weeks (M=7.59, 

SD=1.84; p=0.988 ns, 95% CI [-0.87, 1.22]) after the 1 mg psilocybin session compared with 

baseline (M=7.76, SD=1.95). Significantly greater RSES-S scores were observed at 14 days 

(M=8.77, SD=2.19; p=0.022, 95% CI [-2.23, -0.13], g=0.6), but not at four weeks (M=8.41, 

SD=2.15; p=0.180, 95% CI [-1.87, 0.22]), after the 25 mg psilocybin session compared with the 

second baseline (M=7.59, SD=1.84; Figure 4-12 A).  

 

 
Optimism and suggestibility  

 

A non-parametric Friedman one-way repeated-measures ANOVA test revealed no significant 

differences in the Revised Life Orientation Test (LOT-R) scores between the timepoints 

(χ2(4)=2.91, p=0.574 ns; Figure 4-12 B). Likewise, a non-parametric Friedman one-way repeated-

measures ANOVA test revealed no significant differences in the Short Suggestibility Scale (SSS) 

scores between the timepoints (χ2(4)=2.44, p=0.655 ns; Figure 4-12 C). 
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Fatigue: Post-hoc comparisons revealed that there was no significant difference in fatigue scores 

at 14 days (M=5.71, SD=4.36; p=0.774 ns, 95% CI [-1.47, 1.95]) or four weeks (M=5.06, SD=3.19; 

p=0.323 ns, 95% CI [-0.95, 2.72], after the 1 mg psilocybin session compared to baseline 

(M=4.94, SD=3.32). There was a significant decrease in fatigue scores at 14 days (M=3.47, 

SD=2.81; p=0.006, 95% CI [0.51, 2.66], g=0.2), but not four weeks (M=4.18, SD=2.94; p=0.096 
ns, 95% CI [-0.18, 1.94]), after the 25 mg psilocybin session compared to the second baseline 

(M=4.00, SD=2.42). 

 

Depression: Post-hoc comparisons revealed that there was a significant increase in depression 

scores at 14 days (M=9.23, SD=4.34; p=0.003, 95% CI [-6.07, -1.46], g=0.8), but not at four weeks 

(M=4.23, SD=4.56; p=0.240 ns, 95% CI [-0.91, 3.38], after the 1 mg psilocybin session compared 

to baseline (M=5.47, SD=5.36). There was no significant difference in depression scores at 14 

days (M=2.71, SD=4.15; p=0.053 ns trend, 95% CI [-0.02, 3.08], g=0.4) or four weeks (M=4.12, 
SD=5.02; p=0.892 ns, 95% CI [-1.69, 1.92]) after the 25 mg psilocybin session compared to the 

second baseline (M=4.00, SD=2.42). 

 

Esteem-related affect: Post-hoc comparisons revealed that there was a significant decrease in 

esteem-related affect scores at 14 days (M=6.47, SD=5.21; p<0.0001, 95% CI [5.39, 12.02], 

g=2.0), but not at four weeks (M=14.18, SD=3.83; p=0.158 ns, 95% CI [-0.43, 2.43], after the 1 

mg psilocybin session compared to baseline (M=15.18, SD=2.77). There was a significant 
increase in esteem-related affect scores at 14 days (M=17.41, SD=3.76; p=0.001, 95% CI [-5.01, 

-1.46], g=0.8) and four weeks (M=16.41, SD=3.89; p=0.011, 95% CI [-3.90, -0.57], g=0.6) after 

the 25 mg psilocybin session compared to the second baseline (M=14.18, SD=3.83). 
 

Vigour: Post-hoc comparisons revealed that there was a significant decrease in vigour scores at 

14 days (M=7.23, SD=1.56; p=0.008, 95% CI [0.84, 4.81], g=1.0), but not at four weeks (M=9.29, 

SD=4.50; p=0.486 ns, 95% CI [-1.51, 3.04], after the 1 mg psilocybin session compared to 

baseline (M=10.06, SD=3.66). There was no significant difference in vigour scores at 14 days 
(M=10.94, SD=3.80; p=0.123 ns, 95% CI [-3.79, 0.49]) or four weeks (M=10.35, SD=4.36; 

p=0.287 ns, 95% CI [-3.09, 0.98]) after the 25 mg psilocybin session compared to the second 

baseline (M=9.29, SD=4.50). 

 

Confusion: Post-hoc comparisons revealed that there was no significant difference in confusion 

scores at 14 days (M=7.12, SD=3.06; p=0.056 ns trend, 95% CI [-4.06, 0.06], g=0.6) or four weeks 

(M=4.88, SD=2.67; p=0.796 ns, 95% CI [-1.66, 2.13], after the 1 mg psilocybin session compared 
to baseline (M=5.12, SD=2.85). There was a significant decrease in confusion scores at 14 days 

(M=3.29, SD=2.78; p=0.006, 95% CI [0.51, 2.66], g=0.6), but not four weeks (M=4.41, SD=2.89; 

p=0.577 ns, 95% CI [-1.28, 2.22]), after the 25 mg psilocybin session compared to the second 

baseline (M=4.88, SD=2.67). 
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Next, I analysed differences between mood states at each timepoint. At baseline, post-hoc 

multiple comparisons revealed significantly greater esteem-related affect compared with all other 

mood states: tension (p=0.007, 95% CI [-13.28, -1.78], g=1.7); anger (p<0.0001, 95% CI [-14.22, 

-6.25], g=3.2); fatigue (, p<0.0001, 95% CI [-12.94, -5.53], g=2.8); depression (p<0.001, 95% CI 

[0.51, 2.66], g=2.2); vigour (p<0.0001, 95% CI [2.97, 7.27], g=1.5), and; confusion (p<0.0001, 
95% CI [6.84, 13.28], g=3.4). Significantly more vigour than anger (p=0.034, 95% CI [-9.94, -

0.29], g=1.4) was also observed. Two weeks after the 1 mg psilocybin session, participants 

showed significantly greater tension than fatigue (p<0.001, 95% CI [1.59, 5.23], g=0.8) and 

esteem-related affect (p=0.008, 95% CI [0.59, 4.70], g=0.6). Significantly less fatigue than 

depression (p=0.002, 95% CI [-5.92, -1.14], g=0.8) and anger (p=0.001, 95% CI [1.05, 4.60], 

g=0.7), as well as significantly less esteem-related affect than depression (p=0.033, 95% CI [0.17, 

5.36], g=0.5), was also observed. Four weeks after the 1 mg psilocybin session, post-hoc multiple 

comparisons revealed significantly greater esteem-related affect compared with all other mood 
states: tension (p=0.002, 95% CI [-14.57, -2.84], g=1.9); anger (p<0.0001, 95% CI [-14.76, -5.59], 

g=3.0); fatigue (p<0.001, 95% CI [-13.92, -4.32], g=2.5); depression (p=0.001, 95% CI [-16.27, -

3.61], g=2.2); vigour (p=0.002, 95% CI [1.64, 8.12], g=1.1), and; confusion (p<0.0001, 95% CI 

[5.06, 13.53], g=2.7). Significantly more vigour than anger (p=0.013, 95% CI [-9.70, -0.89], g=1.4) 

and confusion (p=0.012, 95% CI [0.80, 8.03], g=1.1) was also observed.  

 

Two weeks after the 25 mg psilocybin session, post-hoc multiple comparisons revealed 
significantly greater esteem-related affect [tension (p<0.0001, 95% CI [-18.79, -8.03], g=3.3); 

anger (p<0.0001, 95% CI [-19.58, -11.36], g=5.0); fatigue (p<0.0001, 95% CI [-18.11, -9.77], 

g=4.0); depression (p<0.0001, 95% CI [-20.82, -8.59], g=3.5); vigour (p<0.0001, 95% CI [4.32, 

8.62], g=1.6), and; confusion (p<0.0001, 95% CI [9.21, 19.02], g=4.1)] and vigour [tension 

(p=0.003, 95% CI [-11.78, -2.10], g=1.7); anger (p<0.0001, 95% CI [-13.10, -4.90], g=2.9); fatigue 

(p<0.0001, 95% CI [-11.22, -3.72], g=2.1); depression (p=0.003, 95% CI [-14.08, -2.39], g=2.0), 

and; confusion (p<0.001, 95% CI [3.39, 11.90], g=2.2)] compared with all other mood states. Four 

weeks after the 25 mg psilocybin session, there was significantly greater esteem-related affect 
compared with all other mood states: tension (p<0.0001, 95% CI [-17.64, -6.95], g=3.0); anger 

(p<0.0001, 95% CI [-18.85, -8.79], g=3.5); fatigue (p<0.0001, 95% CI [-16.53, -7.94], g=3.4); 

depression (p<0.001, 95% CI [-18.86, -5.73], g=2.6); vigour (p<0.0001, 95% CI [3.63, 8.49], 

g=1.4), and; confusion (p<0.0001, 95% CI [7.49, 16.51], g=3.3). Significantly more vigour than all 

other mood states except for depression and esteem-related affect was also observed: tension 

(p=0.011, 95% CI [-11.31, -1.16], g=1.4); anger (p=0.001, 95% CI [-12.71, -2.82], g=1.9); fatigue 

(p<0.001, 95% CI [-10.40, -1.95], g=1.6); and; confusion (p=0.012, 95% CI [1.09, 10.79], g=1.5). 
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timepoint (F(2.47,39.48)=4.93, p=0.008) and a main effect of subscale (F(1.58,25.23)=44.22, p<0.0001), 

and an interaction between timepoint and subscale (F(5.20,83.17)=2.85, p=0.018).  

 

Post-hoc comparisons revealed that there was no significant difference in the Aesthetic 

Involvement in Nature (AIN) subscale scores at 14 days (M=9.47, SD=4.43; p=0.998 ns, 95% CI 

[-1.76, 2.11]) or four weeks (M=9.12, SD=5.82; p=0.889 ns, 95% CI [-1.25, 2.31] after the 1 mg 
psilocybin session compared to baseline (M=9.65, SD=5.23). However, significantly greater 

Aesthetic Involvement in Nature subscale scores were observed at 14 days (M=10.59, SD=5.73; 

p=0.019, 95% CI [-2.73, -0.21], g=0.2) and four weeks (M=11.18, SD=5.91; p=0.015, 95% CI [-

3.77, -0.35], g=0.3) after the 25 mg psilocybin session compared to the second baseline (M=9.12, 

SD=5.82). Similarly, there was no significant difference in the Altered States of Consciousness 

(ASC) subscale scores at 14 days (M=3.29, SD=3.26; p=0.986 ns, 95% CI [-1.22, 1.69]) or four 

weeks (M=3.53, SD=3.50; p>0.999 ns, 95% CI [-2.12, 2.12] after the 1 mg psilocybin session 

compared to baseline (M=3.53, SD=3.45). However, significantly greater ASC subscale scores 
were observed at 14 days (M=5.88, SD=3.53; p=0.008, 95% CI [-4.15, -0.55], g=0.6) and four 

weeks (M=6.18, SD=3.43; p=0.002, 95% CI [-4.41, -0.89], g=0.7) after the 25 mg psilocybin 

session compared to the second baseline (M=3.53, SD=3.50). Likewise, there was no significant 

difference in the Imaginative Involvement (II) subscale scores at 14 days (M=14.47, SD=8.23; 

p=0.979 ns, 95% CI [-2.90, 4.19]) or four weeks (M=14.35, SD=8.23; p=0.986 ns, 95% CI [-3.86, 

5.39]) after the 1 mg psilocybin sessions compared to baseline (M=15.12, SD=8.09). There was 

also no significant difference in the Imaginative Involvement subscale scores at 14 days 
(M=16.41, SD=8.32; p=0.243 ns, 95% CI [-4.98, 0.86]) after the 25 mg psilocybin session 

compared to the second baseline (M=14.35, SD=8.23). However, the Imaginative Involvement 

subscale scores were significantly greater four weeks after the 25 mg psilocybin session 

(M=17.59, SD=9.05; p=0.025, 95% CI [-6.13, -0.34], g=0.4). 

 

There was no significant difference in the Extrasensory Perception Experiences (ESP) subscale 

scores at 14 days (1 mg: M=3.00, SD=1.94, p=0.104 ns, 95% CI [-0.13, 1.90]; 25 mg: M=3.23, 

SD=1.95, p=0.875 ns, 95% CI [-1.50, 0.79]) or four weeks (1 mg: M=2.88, SD=2.03p=0.090 ns, 
95% CI [-1.61, 3.14]; 25 mg: M=2.94, SD=2.38, p=0.999 ns, 95% CI [-1.61, 3.14]) after the 1 mg 

or 25 mg psilocybin sessions compared to their relative baseline scores (1mg: M=3.88, SD=1.90; 

25 mg: M=2.88, SD=2.03). Similar results were found for the Synaesthesia subscale, as there 

was also no significant difference in the scores at 14 days (1 mg: M=2.06, SD=2.36; p=0.517 ns, 

95% CI [-0.91, 2.91]; 25 mg: M=2.88, SD=2.18;p=0.365 ns, 95% CI [-2.32, 0.55]) or four weeks 

(1 mg: M=2.00, SD=2.06; p=0.314 ns, 95% CI [-0.57, 2.69]; 25 mg: M=3.06, SD=2.16; p=0.105 

ns, 95% CI [-2.28, 0.16]) after the 1 mg or 25 mg psilocybin sessions compared to their relative 
baseline scores (1mg: M=3.06, SD=2.70; 25 mg: M=2.00, SD=2.06).  
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Errors made at each phase were adjusted to the total number of stimuli presented within each 

stage, representing a measure of ‘phase-accuracy’ in order to assess changes in IDED 

performance across time-points while controlling for individual variability in learning rates. 

Performance on the EDS subtask is considered to be the most robust marker of cognitive 

flexibility, as it demands attentional set-shifting and reversal learning simultaneously. The EDS 
was therefore the only task stage of interest for the purposes of this study. Accordingly, only 

adjusted error from the EDS stage of the task was analysed further (see Table 4-3 for results of 

all stages). In line with previous studies (Vatansever et al., 2015), average adjusted EDS error 

was higher than errors made at other stages at each time point, suggesting that the variability in 

total adjusted error rate can mostly be accounted for by this subtask. 

 

A linear mixed-effects model (LMM) was used in place of a one-way repeated-measures ANOVA 

to account for missing values at baseline (N=15). The LMM revealed a significant difference in 
EDS errors between the timepoints (F(1.75,26.22)=4.83, p=0.019). Post-hoc comparisons revealed 

no significant difference in EDS errors four weeks after 1 mg (M=0.32, SD=0.12) relative to 

baseline (M=0.35, SD=0.13; p=0.664 ns, 95% CI [-0.07, 0.15]). However, a significant decrease 

in EDS errors was found four weeks after the 25 mg (M=0.23, SD=0.12) relative to the second 

baseline (M=0.32, SD=0.12; p=0.031, 95% CI [0.01, 0.16], g=0.7; B). 

 
Table 4-3. IDED task stages and EDS errors.  

IDED  
task stages 

Baseline 
N=15† 

1 mg + 4 weeks 
N=17 

25 mg + 4 weeks 
N=17 

Adjusted Errors (µ)* 

µ ± SEM 

D
is

c
ri
m

in
a
ti
o
n
  

SD 0.069 ± 0.027 0.138 ± 0.027 0.054 ± 0.017 

C_D 0.112 ± 0.028 0.114 ± 0.032 0.072 ± 0.023 

CD 0.037 ± 0.016 0.055 ± 0.019 0.065 ± 0.026 

IDS 0.076 ± 0.019 0.063 ± 0.020 0.068 ± 0.026 

EDS 0.354 ± 0.033 0.317 ± 0.026 0.232 ± 0.030 

R
e
v
e
rs

a
l 
 

SR 0.187 ± 0.022 0.156 ± 0.009 0.143 ± 0.000 

CR 0.155 ± 0.019 0.169 ± 0.012 0.193 ± 0.019 

IDR 0.156 ± 0.009 0.178 ± 0.023 0.165 ± 0.013 

EDR 0.354 ± 0.033 0.317 ± 0.026 0.141 ± 0.034 
 

Abbreviations: IDED, Intra-dimensional/extra-dimensional task; SD, simple discrimination; C_D, compound discrimination with 

second dimension; CD, compound discrimination; IDS, intra-dimensional shift; EDS, extra-dimensional shift: SR, simple reversal; 

CR, compound reversal, IDR, intra-dimensional reversal; EDR, extra-dimensional reversal. 
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59% of participants rated the 1 mg psilocybin experience as “no more unusual than routine 

everyday states of consciousness” and 94% rated the 25 mg psilocybin experience as “the single 

most unusual state of consciousness in their lifetime”. With regards to differences between the 

questions, post-hoc multiple comparisons revealed no differences in scores between any 

questions six months after the 1 mg psilocybin session (all p>0.705 ns). However, significantly 

greater scores were observed on question 3 “how unusual was the state of consciousness you 

experienced?” (M=7.93; SD=0.24) relative to question 1 “how profound was the state of 

consciousness you experienced?” (M=7.53, SD=0.71; p=0.025, 95% CI [-0.75, -0.04], g=0.6) six 

months after the 25 mg psilocybin session. No other significant differences between the questions 

were observed six months after the 25 mg psilocybin session (all p>0.227 ns). 
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4.5.7. Long-term brain effects 

 
Emotional faces task  

 
A five (stimulus condition)×three (timepoint) repeated-measures ANOVA revealed a significant 

main effect of stimulus condition (F(1.72,27.59)=9.01, p=0.002) and a main effect of timepoint 
(F(1.94,30.99)=4.07, p=0.028), but no significant interaction between timepoint and stimulus condition 

(F(3.04,48.57)=0.88, p=0.457 ns; Figure 4-17 A-B).  

 

Post-hoc multiple comparisons revealed no significant differences in BOLD response across any 

of the timepoints in left or right amygdala for the following stimulus conditions: (i) neutral (all 

p>0.361 ns); (ii) fear>neutral (all p>0.186 ns); and (iii) happy>neutral (all p>0.116 ns). A significant 

increase in BOLD response was found in left and right amygdala for happy faces four weeks after 

1 mg psilocybin (Right amygdala: M=1.30, SD=0.69; Left amygdala: M=1.05, SD=0.55) relative 
to baseline (Right amygdala: M=0.42, SD=0.95; p=0.001, 95% CI [-1.04, 0.37], g=1.0); Left 

amygdala: M=0.32, SD=0.90; p=0.019, 95% CI [-1.33, -0.12], g=0.9). A trend level increase in left 

amygdala for happy faces was also observed four weeks after 25 mg psilocybin (M=1.06, 

SD=1.15) relative to baseline (M=0.32, SD=0.90; p=0.058 ns trend, 95% CI [-1.49, 0.02], g=0.7). 

No other significant differences in BOLD response for happy faces were found (all p>0.080). No 

difference in BOLD response was found in the left or right amygdala for fearful faces four weeks 

after 1 mg psilocybin relative to baseline (all p>0.459). However, a significant decrease in BOLD 
response was observed in the left amygdala for fearful faces four weeks after 25 mg psilocybin 

(M=0.51, SD=0.89) compared to the relative baseline (M=1.24, SD=0.81; p=0.013, 95% CI [-0.15, 

1.30], g=0.9).  

 

 

Resting-state functional connectivity 

 
Next, seed-based RSFC analyses were performed using the BOLD data on four regions of 
interest (ROIs): (i) the subgenual anterior cingulate cortex (sgACC), (ii) the ventromedial 

prefrontal cortex (vmPFC), (iii) the bilateral amygdala, and (iv) the bilateral parahippocampus. 

 
Increased sgACC rsFC was observed with regions largely corresponding to the left frontoparietal 

network (lFPN) four weeks after the 25 mg psilocybin session (Table 4-4; Figure 4-18). Likewise, 

increased vmPFC rsFC was observed with regions largely corresponding to the FPN four weeks 

after the 25 mg psilocybin session (Table 4-4; Figure 4-18). No other differences in rsFC were 
observed after the 25 mg psilocybin session. No differences in rsFC were observed for any ROIs 

four weeks after the 1 mg psilocybin session. No within-RSN (integrity) or between-RSN 

(segregation) rsFC changes were observed at any timepoint. 
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4.5.8. Predictive factors 

 

Contextual factors predict the quality of acute experience  

 

The importance of contextual factors in determining the quality of an acute psychedelic 

experience is well-established, yet the influence of some factors remain to be investigated in a 
controlled setting. In a recent qualitative study conducted by our group, patients with treatment-

resistant depression reported their felt importance of the relationship with the dosing “guides” or 

“sitters” in post-psychedelic treatment interviews. However, the importance of the therapeutic 

alliance in predicting the acute psychedelic experience has not been systematically investigated. 

Therefore, a key question of this research was: is therapeutic alliance positively related to acute 

25 mg psilocybin peak experience phenomena (i.e. OBN dimension of the 5D-ASC; MEQ; EDI)? 

 

Pre-dosing anxiety has been shown to significantly predict anxious or other negative experiences 
during a psychedelic session (Metzner et al., 1965) and trait absorption has been shown to predict 

psychedelic-induced visual effects, insightfulness and peak experience phenomena (Studerus et 

al., 2012; Haijen et al., 2018; Russ et al., 2019). The experience of insightfulness was a key focus 

of this research. Therefore, key questions of this research were: (i) is pre-dosing anxiety 

negatively related to insightfulness and positively related to a negative component (i.e. DED 

dimension of 5D-ASC) of the acute 25 mg psilocybin experience? (ii) is trait absorption positively 

related to insightfulness during the acute 25 mg psilocybin experience?  
 

Simple linear regressions were carried out to address the questions outlined above. In line with 

the hypotheses, a positive association was found between 25 mg pre-dosing MODTAS total score 

of absorption and the insightfulness (F(1,15)=5.98, R2=0.285, p=0.027) dimension of the 11D-ASC 
(Figure 4-20 F). With regards to therapeutic alliance, the 25 mg pre-dosing STAR score was 

positively associated with scores on the MEQ (F(1,15)=10.74, R2=0.417, p=0.005), EDI 

(F(1,15)=7.56, R2=0.335, p=0.015) and OBN subscale of the 5D-ASC (F(1,15)=7.52, R2=0.334, 

p=0.015) (Figure 4-20 A-C). With regards to pre-dosing anxiety, the 25 mg pre-dosing STAI score 
was positively associated with the score on the DED dimension of the 5D-ASC (F(1,15)=6.49, 

R2=0.302, p=0.022) and negatively associated with the insightfulness dimension score of the 

11D-ASC (F(1,15)=7.11, R2=0.322, p=0.018; Figure 4-20 D-E).  
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5D-ASC OBN subdimensions of the 11D-ASC (i.e. (i) experience of unity, (ii) spiritual experience, 

(iii) blissful state, (iv) insightfulness, and (v) disembodiment) and the changes in sgACC and 

vmPFC rsFC four weeks later. Positive associations were found between the experience of unity 

dimension and the change in sgACC (F(1,15)=7.40, R2=0.330, p=0.016) and vmPFC (F(1,15)=23.29, 

R2=0.608, p<0.001) rsFC four weeks later (Figure 4-22 C-D). With regards to the spiritual 

experience dimension, a positive association was found with the change in vmPFC rsFC 
(F(1,15)=10.92, R2=0.421, p=0.005) four weeks later (Figure 4-22 B). With regards to the 

disembodiment dimension, a positive association was also found with the change in vmPFC rsFC 

(F(1,15)=14.91, R2=0.498, p=0.001) four weeks later (Figure 4-22 A). A positive association was 

found between the insightfulness dimension scores and the change in sgACC rsFC four weeks 

later (F(1,15)=6.07, R2=0.288, p=0.026; Figure 4-22 E). The association between brain signal 

complexity during the peak of the 25 mg psilocybin experience (i.e. LZc two hours post dosing) 

and changes in resting-state functional connectivity four weeks later was also assessed; however, 

no significant associations were found (all p>0.659 ns).  
 

 

Quality of the integration session predicts long-term outcomes  

 

Early psychedelic therapists suggested that it’s essential to properly integrate psychological 

material that comes up during a psychedelic session (McCabe, 1977; Grof, 1980). Based on case 

studies, reports and the views of prominent psychedelic therapists, it is hypothesised that the 
quality of the post-25 mg psilocybin integration session may predict long-term psychological 

outcomes. To investigate this, simple linear regressions were carried out between the 25 mg 

psilocybin integration measures (i.e. MIS, GPI and PIS) and the change in experiential avoidance 

(bEAQ) and well-being (WEMWBS) four weeks later. The change in bEAQ score was negatively 

associated with the MIS (F(1,15)=6.23, R2=0.294, p=0.025; Figure 4-23 A) and GPI Insight-Action 

(F(1,15)=5.23, R2=0.259, p=0.037; Figure 4-23 B) scores, whereas PIS-PI (F(1,15)=8.00, R2=0.381, 

p=0.014; Figure 4-23 D) and PIS-BC (F(1,15)=6.19, R2=0.323, p=0.027; Figure 4-23 C) scores were 

positively associated with the change in WEMWBS score four weeks later.  
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shown that insight can also be more protracted, crystallising in the integration and also over the 

course of a few weeks following a psychedelic experience (see Figure 4-9). The influence of 

psychological insight gained in the integration session on long-term outcomes has already been 

outlined in a preceding section (see Figure 4-23). As such, a further key question of this study 

was: is the enduring facilitation of psychological insight (and subsequent insight-induced 

behavioural change) a mechanism underlying positive psychological outcomes following a 
psychedelic experience? To address this question, simple linear regressions were carried out 

between the four weeks post-25 mg psilocybin change in: (i) PIS-PI score and the change in 

WEMWBS and bEAQ scores; (ii) PIS-BC score and the change in WEMWBS and bEAQ scores; 

and (iii) SRIS-IN score and the change in WEMWBS and bEAQ scores.  

 

Four weeks post-25 mg psilocybin, the change in bEAQ score was negatively associated with the 

change in PIS-PI (F(1,15)=5.23, R2=0.258, p=0.037), PIS-BC (F(1,15)=11.00, R2=0.423, p=0.005) 

and SRIS-IN scores (F(1,15)=4.79, R2=0.242, p=0.045; Figure 4-25 D-F). The change in WEMWBS 
score four weeks post-25 mg psilocybin was positively associated with the change in PIS-BC 

(trend level association; F(1,15)=4.44, R2=0.228, p=0.052 ns trend; Figure 4-25 A). No associations 

were found with the change in PIS-PI or SRIS-IN sores (all p>0.309 ns). As the relationship 

between the change in WEMWBS and PIS-BC was at trend level and did not reach full 

significance, simple linear regressions were carried out between the change in FS (a facet of well-

being) and both PIS subscales. The change in FS score was positively associated with the change 

in PIS-PI (F(1,15)=8.22, R2=0.370, p=0.012) score four weeks after 25 mg psilocybin (Figure 4-25 
C). This was also the case for insight-induced behaviour change, as the change in PIS-BC score 

was positively associated with the change in FS (F(1,15)=7.01, R2=0.318, p=0.018) score four 

weeks after 25 mg psilocybin (Figure 4-25 B).   

 

Cognitive flexibility 

 

Enhancements in constructs approximating cognitive flexibility, such as divergent creative 

thinking (Kuypers et al., 2016), have been demonstrated following the administration of 
psychedelics. However, enduring post-psychedelic enhancement of cognitive flexibility has not 

previously been demonstrated. This study found a reduction in EDS errors (i.e. an increase in 

cognitive flexibility) four weeks after the 25 mg psilocybin experience. It has been postulated that 

impairments in cognitive flexibility may contribute to psychopathological behaviour. For instance, 

reduced cognitive flexibility as been associated with the development and perseverance of 

depression (Beck, 1976; Coles and Heimberg, 2002). As such, a key question of this study was: 

is cognitive flexibility a mechanism underlying positive psychological outcomes following a 
psychedelic experience? To address this question, simple linear regressions were carried out 

between the four weeks post-25 mg psilocybin change in EDS errors and the change in 

WEMWBS, bEAQ and PIS scores. Contrary to hypotheses, the change in EDS errors was not 

associated with the change in any of these measures (all p>0.153 ns).  
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Neural correlates of long-term outcomes 

 

The findings of this study support the well-established view that psychedelic experiences have 

the potential to promote enduring psychological outcomes. In addition to broadening the scope of 

post-psychedelic outcomes under investigation, this study is the first to also investigate long-term 
brain changes following a psychedelic experience. To this end, the present study is well placed 

to investigate the neural correlates of the long-term psychological outcomes induced by 

psychedelics. As such, a key question of this study was: are the enduring changes in resting-

state functional connectivity and left amygdala responsivity to fearful faces related to the four 

weeks post-25 mg psilocybin change in well-being and experiential avoidance? As the amygdala 

and vmPFC are known to be critically involved in social cognition, their association with the 

change in social connectedness (a facet of well-being) was also assessed. To address this 

question, simple linear regressions were carried out between the four weeks post-25 mg 
psilocybin change in (i) sgACC rsFC and the change in WEMWBS and bEAQ scores; (ii) vmPFC 

rsFC and the change in WEMWBS, SCS and bEAQ scores; (iii) left amygdala responsivity to 

fearful faces and the change in WEMWBS, SCS and bEAQ scores. The association between 

cognitive flexibility (i.e. EDS errors) and changes in resting-state functional connectivity and left 

amygdala responsivity to fearful faces four weeks after the 25 mg psilocybin experience was also 

assessed; however, no significant associations were found (all p>0.120 ns).  

 
Four weeks after 25 mg psilocybin, the change in sgACC rsFC was positively associated with the 

change in WEMWBS scores (F(1,15)=6.62, R2=0.321, p=0.022; Figure 4-26 C). Moreover, the 

change in vmPFC rsFC was positively associated with the change in SCS (F(1,15)=5.98, R2=0.285, 

p=0.027) score four weeks after the 25 mg psilocybin session (Figure 4-26 D). As for the 

emotional faces paradigm, the change in left amygdala response to fearful faces was negatively 

associated with the change in WEMWBS (F(1,15)=5.82, R2=0.294, p=0.030) and SCS (F(1,15)=6.66, 

R2=0.308, p=0.021) scores four weeks after the 25 mg psilocybin session (Figure 4-26 A-B). No 

associations were found between the brain measures and  the four weeks post-25 mg psilocybin 
change in bEAQ score (all p>0.080 ns).   
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4.6. DISCUSSION 

 

The present study combined multimodal neuroimaging with extensive measurement of a broad 

repertoire of psychological outcomes. To this end, the novel results considerably broaden the field’s 
knowledge of the acute and long-term psychological and neurological effects of psilocybin and provide 

inspiration for future work. As the findings of this study are considerable owing to the wide range of 

assessments utilised, the key findings are summarised in bullet-point below for the sake of clarity and 

simplicity. Further details pertaining to each bullet point are provided in the corresponding sections of 

this discussion.   

 

4.6.1. Summary of the key findings 

 

• The time-course and intensity levels of acute psilocybin effects were in line with expectations 

and consistent with previous studies that have administered similar doses of psilocybin.  

• Therapeutic alliance and pre-dosing anxiety are interrelated contextual factors that predict the 

quality of the acute 25 mg psilocybin experience  

• 25 mg psilocybin induced peak experience phenomena  

• 25 mg psilocybin increased brain signal complexity during the peak intensity of the experience 

(i.e. two hours post-dosing), and this was related to the degree of insightfulness experienced 

during the same EEG recording. 

• Trait absorption predicted insightful experiences during the 25 mg psilocybin experience 

• The 25 mg psilocybin experience induced an afterglow period (<2 weeks post-dosing) 

characterised by elevated positive mood states and self-esteem. On the other hand, 1 mg 

psilocybin induced somewhat of an “after-dim” period (<2 weeks post-dosing) characterised by 

increased negative mood states.  

• 25 mg psilocybin enhanced trait absorption and a variety of prosocial effects (e.g. emotional 

empathy, compassion and gratitude) sustained long-term. 

• Experiential avoidance and psychological well-being are interrelated and are improved four 

weeks after 25 mg psilocybin.  

• The 25 mg psilocybin dosing and integration sessions enhanced the facilitation of acute, post-
acute and enduring psychological insight, which mediated positive long-term changes in 

experiential avoidance and well-being.    

• 25 mg psilocybin enhanced cognitive flexibility in the long-term. 

• Psilocybin did not alter optimism or suggestibility.  

• 25 mg psilocybin induced long-term changes in resting-state functional connectivity and left 

amygdala responsivity to fearfully-expressive facial stimuli, and these brain effects were related 

to long-term changes in social connectedness and overall well-being.  

• 25 mg psilocybin peak experience phenomena predicted changes in resting-state functional 
connectivity four weeks later. 
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4.6.2. Acute subjective effects of psilocybin  

 
Time-course and intensity of the drug effects  

 
The results of this study show that 25 mg psilocybin produced significant drug effects up to six hours 

post-dosing. The subjective drug effects approached peak intensity at two hours post-25 mg psilocybin 

administration and then gradually declined in the following hours. On the other hand, 1 mg psilocybin 

had negligible drug effects only observed at one hour post-dosing compared to baseline. This is in line 

with expectations, as 1 mg psilocybin is generally considered to be a subperceptual /subthreshold dose 

(Madsen et al., 2019) and was used in place of a ‘placebo’ – i.e. would not occasion a full psychedelic 

experience and would act as a control for participant expectation. The time-course of acute 25 mg 

psilocybin effects were consistent with previous studies that have administered similar doses of 
psilocybin to healthy participants under comparable conditions (Griffiths et al., 2006; Griffiths et al., 

2011; Griffiths et al., 2018; Barrett et al., 2018; Madsen et al., 2019; Hasler et al., 2004). These results 

are in line with expectations as the intake of psilocybin leads to dose-related 5-HT2AR occupancy in the 

human brain, and both psilocin plasma levels and 5-HT2AR occupancy correlate (non-linear) with 

subjective intensity ratings (Madsen et al., 2019).  

 

Psilocybin alters consciousness and induces peak experience phenomena 

 

The findings presented here show that 25 mg psilocybin induced ego dissolution and near-death and 

mystical-type experiences among the majority of participants, whereas 1 mg did not. Moreover, 25 mg 

psilocybin altered all dimensions on the 5D- and 11D-ASC. In particular, greater scores were found on 

the OBN and VRS dimensions of the 5D-ASC and reduced scores on the anxiety and impaired cognition 

and control dimensions of the 11D-ASC relative to the other dimensions on both ASC scales. Relatedly, 

>90% participants rated the 25 mg psilocybin experience as the single most intense, profound and 

unusual state of consciousness of their lifetime six months post-dosing, whereas the majority rated the 
1 mg psilocybin experience as no more intense, profound or unusual than everyday states. The 25 mg 

dose of psilocybin also produced significantly more transient psychotomimetic effects than 1 mg 

psilocybin, with the exception of the phenomenon of anhedonia. In particular, cognitive disorganisation 

was found to be the most pronounced transient psychotomimetic state phenomenon enhanced 

following 25 mg psilocybin. Significantly more challenging experiences were reported following the 25 

mg dose. That being said, it should be noted that the CEQ overall mean and subscale means were all 

less than 40% of the maximum score, suggesting that challenging experiences were relatively mild-to-

moderate and well-managed. Relatedly, significantly more emotional breakthroughs were reported 
following 25 mg psilocybin, indicating that psychological struggles were worked through and resolved.  

 

The acute subjective effects presented here are consistent with previous research and are thus in line 

with expectations. The MEQ, CEQ, ASC and EDI are often used to assess the acute subjective effects 

of psychedelics (Dittrich, 1998; Studerus et al., 2010; Nour et al., 2016; Barrett et al., 2015; Maclean et 
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al., 2012; Barrett et al., 2016). Psychedelics are known to alter the perception of time (Wittmann et al., 

2007; Wackermann et al., 2008) as well as perception across different sensory modalities, especially 

at high doses (Studerus et al., 2011; Schmid et al., 2015; Carhart-Harris et al., 2016b). A highly vivid 

imagination and eyes-closed elementary (i.e. colours and patterns) and complex (i.e. concrete objects, 
landscapes or entities) imagery are among the most commonly reported acute subjective effects 

(Carhart-Harris et al., 2011; Studerus et al., 2011; Schmid et al., 2015). Ego-dissolution, which refers 

to a temporary dissolution of the boundaries between the self (i.e. the “me”) and other (i.e. the “not 

me”), is a commonly reported effect elicited by psychedelic compounds (Nour et al., 2016) and 

consistent with the present findings. The loss of the sense of self is an important feature of peak 

experiences occasioned by psychedelics. Psychedelic peak experiences are characterised by feelings 

of unity with all that exists. This unitive experience is therefore explicitly related to disturbed ego-

boundaries between the self (i.e. the “me”) and the other/object (i.e. the “not me”). In addition to high 
scores on the EDI (Carhart-Harris et al., 2016b; Lebedev et al., 2015; Nour et al., 2017; Nour et al., 

2016; Tagliazucchi et al., 2016), previous studies have also indicated prominent effects of psychedelics 

on ego-functioning via high ratings on the OBN dimension of the 5D-ASC, defined as “positively 

experienced derealisation and depersonalisation” (Dittrich, 1998; Studerus et al., 2010). The 25 mg 

psilocybin-induced psychotomimetic symptoms presented here are in line with a previous LSD study. 

Carhart-Harris and colleagues (2016) also found that all factors of the PSI, except for ‘anhedonia’, were 

significantly increased under LSD, with the most marked effect on ‘cognitive disorganisation’ (Carhart-

Harris et al., 2016b).  
 

This study found significantly more challenging experiences following 25 mg versus 1 mg psilocybin. 

That being said, the CEQ overall mean and subscale means were all less than 40% of the maximum 

score, suggesting that challenging experiences were relatively mild-to-moderate and well-managed. 

This is in line with the literature, as challenging psychedelic experiences may be minimised and 

successfully managed in research contexts that recognise the importance of set and setting13 (Metzner 

et al., 1965; Studerus et al., 2012; Johnson et al., 2008), yet can still occur in controlled and supportive 
conditions (Studerus et al., 2011). Evidence suggests a possible profile of psychedelic challenging 

experiences that includes the following categories of experience14: (i) fear or panic; (ii) paranoia; (iii) 

sadness or depressed mood; (iv) anger; (v) cognitive effects, such as confusion, distressing loss of ego, 

loss of sanity, delusions, dissociation and depersonalisation; (vi) perceptual effects, such as illusions; 

and (vii) physiological symptoms, such as increased heart rate, nausea and/or emesis and sympathetic 

system response (Frecska and Luna, 2006; Johnson et al., 2008; McCabe, 1977).  

 

It has been suggested that the intensity of challenging psychedelic experiences may predict enduring 
positive outcomes, whereas the duration of struggle, on the other hand, is predictive of negative 

outcomes (Carbonaro et al., 2016). Relatedly, proponents of psychoanalysis argue that one must 

 
13 Set and setting is a term used to refer to various internal and external contextual factors that shape one’s response to a 
psychedelic drug. The ‘set’ typically refers to the participant’s mindset, mood, traits and expectations. The ‘setting’ typically refers 
to external environmental factors, such as interpersonal relationships with others present and comfortable surroundings.  
14 Important note: Although these challenging experience categories appear in aggregate in the literature, they may not all appear 
in any single instance of a psychedelic challenging experience. 
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overcome psychological resistance in order to achieve emotional breakthrough and resolve 

psychological struggle (Grof, 1980; Fischer, 2015; Eisner, 1958; Crocket et al., 1963). The high levels 

of emotional breakthrough found here following the 25 mg dose indicate that psychological struggles 

were indeed worked through and resolved. A recent study demonstrated that emotional breakthroughs 
– which are closely related to, but qualitatively different from, peak and challenging experience 

phenomena – represent an essential component of the psychedelic experience (Roseman et al., 2019). 

Overcoming psychological resistance and achieving emotional breakthrough has been argued to be a 

requirement for the occurrence of peak experience phenomena (Jung, 2014). Consistent with this 

notion, the present study found that the degree of emotional breakthrough is related to the occurrence 

of peak experience phenomena, as measured via the MEQ and the OBN dimension of the 5D-ASC. It 

should be noted that the specific assessment of emotional breakthrough following the resolution of 

psychological struggle was precluded until the very recent development of the EBI (Roseman et al., 
2019). Accordingly, substantial research efforts are required to better understand the importance and 

implications of psychedelic-induced emotional breakthrough.  

 

All participants exceeded the threshold for a near-death (type) experience following 25 mg psilocybin, 

yet it should be noted that two participants also surprisingly exceeded this threshold following 1 mg 

psilocybin. The 25 mg psilocybin finding is consistent with previous reports of high-dose psychedelic-

induced near-death (type) experiences (Martial et al., 2019). Interestingly, the NDE occasioned here by 

25 mg psilocybin was of the affective-type with only specific NDE phenomena enhanced. This is 
consistent with a recent DMT study, which also found DMT-induced NDEs were of the affective-type 

(Timmermann et al., 2018). Importantly, the overall mean NDE score following 1 mg psilocybin did not 

reach the cut-off point; thus, 1 mg psilocybin was not regarded as inducing a near-death (type) 

experience. As for the two participants that exceeded the NDE threshold following the 1 mg dose, the 

reason for this is unclear but may indicate the following possibilities: (i) the NDE is prone to false 

positives, thus thwarting our confidence in all findings obtained using this measure; or (ii) the context of 

the dosing session facilitated the induction of a near-death (type) experience. If we consider the second 
possibility, participants were instructed to treat each dosing day equally as a kind of “music meditation” 

to reduce further variability beyond the drug dosage given between the dosing sessions (i.e. varying 

levels of talking, engaging in other activities, interactions with the “sitters” etc.). This welcomed the 

participants to engage with and immerse themselves in the music, thereby encouraging them to remain 

in the bed wearing the eyeshades and headphones regardless of the dose given. With this in mind, 

experienced Buddhist meditators have been shown to induce near-death (type) experiences during 

meditation practices (Van Gordon et al., 2018), which may help to explain the findings here following 1 

mg psilocybin. Be that as it may, meditation-induced near-death experiences have only been reported 
in highly advanced practitioners and none of this study’s participants would fall into this category. As 

such, the findings presented here invite further research in order to disentangle the relative contribution 

of drug effects and contextual factors in producing psychedelic NDEs.  
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4.6.3. Acute brain effects of psilocybin  

 

Psilocybin increases brain signal complexity  

 
It has been suggested that the increase in brain signal complexity (entropy) under psychedelics reflects 

an increase in ‘richness’ of experience, in which conscious content becomes more diverse (Carhart-

Harris, 2018). The present study found an increase in the complexity (LZc) of spontaneous brain activity 

two hours after the administration of 25 mg psilocybin – this corresponds to the “peak” of the experience, 

when subjective ratings of drug intensity were at their highest. The increase in signal complexity found 

here is consistent with a vast body of literature demonstrating heightened brain signal complexity under 

psychedelics (e.g. Alonso et al., 2015; Lebedev et al., 2016; Schartner et al., 2017; Viol et al., 2017). 

Notably, however, here we show a positive association between increased brain complexity and the 
degree of insightfulness experienced during the same recording, potentially revealing neural basis for 

this experience – this is the first study to explore and find this relationship.  

 

The correlation between insightfulness and brain complexity (entropy) found here provides substantial 

support for a key principle of the REBUS model: namely, that increased brain signal complexity with 

relaxed high-level priors enables the brain to be more amenable to curiosity and BMR processes 

(Carhart-Harris and Friston, 2019). By inducing a “hot state” in the brain characterised by heightened 

entropy (and thus uncertainty), 25 mg psilocybin may have facilitated insightfulness by disinhibiting 
lower-level (latent) priors and enabling them to emerge into conscious awareness. Within the REBUS 

framework, BMR is a hypothesised mechanism of model optimisation through which redundant 

parameters are pruned in order to refine the model (Carhart-Harris and Friston, 2019). As such, with 

high-level priors relaxed, these “insights” may then encourage the cultivation of changes to the relevant 

assumptions instantiated by higher levels in the hierarchy. In this way, pruning away unnecessary 

details may allow one to gain an understanding beyond what was immediately apparent (i.e., insight 

into “the bigger picture”).  
 

The proposition that the relaxation of high-level prior assumptions facilitates psychological insight 

suggests that insight-related processes are more effective following the suspension of executive 

control. Relatedly, the emergence of insight on cessation of ego-centred consciousness is a key 

component of Buddhist philosophy and practice. Consistent with the present findings, a recent study 

found increased brain entropy in experienced practitioners of Vipassanā – a form of meditation that is 

sometimes translated as “insight” or more accurately "special-seeing" (Kakumanu et al., 2018). As 

increased brain entropy in the psychedelic state has been found to correlate with subjective ratings of 
ego-dissolution (Lebedev et al., 2016), this finding is particularly interesting – this is because Vipassanā 

meditation encourages insightfulness through a “no self” state, and the Kakumanu et al. (2018) study 

therefore helps to interpret and integrate this study’s results with the existing literature. Taken together, 

these findings provide support for heightened brain complexity as a potential neural phase though which 

insight might occur.  
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4.6.4. Predicting the quality of the acute experience 

 
Response to a psychedelic is highly related to, but not limited to, dosage of the drug (e.g., Studerus et 

al. (2012). Particular personality traits (e.g. Studerus et al., 2012), mental state at the time of dosing 
(e.g. Hartogsohn, 2016; Leary et al., 1963; Phelps, 2017; Studerus et al., 2012) and characteristics of 

the setting in which the experience takes place (e.g. Leary et al., 1963; Hartogsohn, 2016) all influence 

the response to a psychedelic. Thus, responses to psychedelics strongly vary between and within 

subjects, even when the drug dose is kept constant (Studerus et al., 2011; Nichols, 2004). It has 

therefore been postulated that a large proportion of inter- and intraindividual differences in reactions to 

psychedelics is determined by contextual factors, often referred to as the ‘set’ and ‘setting’ (Carhart-

Harris et al., 2018). A limited number of studies have attempted to assess factors that may be predictive 

of acute or longer-term responses to psychedelics (Russ et al., 2019; Studerus et al., 2012; Haijen et 
al., 2018). Factors related to traits and mental state at time of dosing are less clear, and those 

associated with adverse experiences are generally linked to greater pre-dosing anxiety and 

apprehension as well as a lack of trust in the other people present (e.g. Barrett and Griffiths, 2017; 

Leary et al., 1963; Studerus et al., 2012; Phelps, 2017).  

 

Therapeutic alliance and pre-dosing anxiety are interrelated and can predict the acute subjective effects 

of psilocybin.  

 
The importance of contextual factors in determining the quality of an acute psychedelic experience is 

well-established (see Carhart-Harris et al., 2018), yet the influence of some factors have not previously 

been investigated in a controlled setting. Therapeutic alliance is known to be a major predictor of 

response in mental healthcare (Kazdin, 2007), and its influence is likely to be greater still in the context 

of psychedelics given the influence of set and setting on their effects.  Yet, the importance of therapeutic 

alliance in predicting the acute psychedelic experience has not previously been systematically 

investigated. To this end, the present study hypothesised that the quality of the therapeutic relationship 
between the participant and study guides (“sitters”)16 would be predictive of peak experience 

phenomena. Moreover, based on the direct association between state anxiety and therapeutic alliance 

shown previously in non-psychedelic research (Kim et al., 2015; Mundorf et al., 2017), this study 

hypothesised that 25 mg psilocybin pre-dosing anxiety and therapeutic alliance would be negatively 

correlated.  

 
Consistent with hypotheses, the present study demonstrated that therapeutic alliance predicted pre-

dosing state anxiety. In particular, 25 mg psilocybin pre-dosing state anxiety negatively correlated with 
therapeutic alliance, demonstrating that a better therapeutic relationship is related to reduced 

participant anxiety levels prior to the psychedelic session. This finding most likely reflects how “safe” or 

“comfortable” the participant felt in the care of the sitters. It is likely that the dosing preparation sessions 

 
16 The terms “sitters” and “guides” are synonymous. In this thesis, “sitters” or “guides”  refer to the pair of researchers that care 
for the participant before, during and after the psilocybin sessions. The role of a sitter is to provide non-directive psychological 
support as required. As such, the role is not overly active (i.e., as in a therapist) or inactive (i.e., as in passively observing).  
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aided these feelings of security, as a thorough discussion on the study procedures, risks, drug effects, 

potential subjective experiences and techniques for navigating such experiences may reduce fear or 

uncertainty. Further, reviewing personal history and feelings during the preparation is not only important 

for the development of a trusting relationship, but also because related personal material may “emerge” 
under the effects of the drug. Prior knowledge of the participant’s circumstances enables the sitters to 

better understand the participant’s experience and thus provide appropriate interpersonal support 

should strong emotions arise – thus, it is imperative that additional attention is paid to participant 

rapport, beyond customary levels in research, in the context of psychedelic studies.  

 

Therapeutic alliance is a major predictor of response in mental healthcare (Kazdin, 2007) and a number 

of studies have linked it to a significant portion of variance in psychotherapeutic treatment outcomes 

(Horvath and Symonds, 1991; Horvath et al., 2011; Horvath and Bedi, 2002; Martin et al., 2000). 
Evidence suggests that the experiential component of psychedelics necessitates and facilitates the 

development of a strong therapeutic bond between the participant and their sitters (Johnson et al., 

2008; Richards, 2016; Carhart-Harris et al., 2018). Therefore, it’s likely that the interpersonal 

environment created by the sitters is of great importance in influencing a participant’s response to a 

psychedelic drug (Masters and Houston, 1966; Leary et al., 1964; Johnson et al., 2008). In line with this 

notion, the present study demonstrated that a better therapeutic alliance reduces pre-dosing anxiety 

and facilitates acute ego- and boundary-dissolution as well as mystical-type experiences. It makes 

sense that supportive interpersonal interactions with the sitters enable the participant to trust that their 
needs are met and that they will be cared for during their experience. Successfully building rapport and 

trust allows the participant to foster feelings of security, ultimately resulting in a reduction of pre-dosing 

anxiety and influencing the quality of the psychedelic experience.  

 

Pre-dosing anxiety has been shown to significantly predict anxious or other negative experiences during 

a psychedelic session (Metzner et al., 1965). In line with this evidence, the present study found a 

positive association between pre-dosing anxiety and scores on the DED dimension of the 5D-ASC. It 
is worth noting that the 5D-ASC DED dimension measures an unpleasant and anxious state 

characterised by cognitive impairment, loss of self-control, feelings of separation from oneself and the 

world, and anxiety or panic (Dittrich, 1998; Dittrich et al., 2010; Studerus et al., 2010). Relatedly, 

previous research suggests that positive prior expectations predict more positive experiences under a 

psychedelic (Metzner et al., 1965) and greater anxiety can reduce the likelihood of having a peak 

experience (Richards et al., 1977). As the experience of insight was a key focus of this research, this 

study hypothesised that 25 mg psilocybin pre-dosing anxiety would be negatively associated with 

scores on the insightfulness dimension of the 11D-ASC. In line with the hypothesis and prior literature, 
this study showed greater 25 mg psilocybin pre-dosing anxiety predicted reduced insightfulness.  
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Trait absorption predicts the acute subjective effects of psilocybin. 

 

The importance of trait absorption in determining the quality of an acute psychedelic experience is well-

established (Studerus et al., 2012; Haijen et al., 2018; Russ et al., 2019). Based on this evidence base 
and conforming to this study’s focus on insight, it was hypothesised that pre-dosing trait absorption 

would predict scores on the insightfulness dimension of the 11D-ASC. Consistent with this, the present 

study found pre-dosing trait absorption predictive of 25 mg psilocybin-induced ratings on the 

insightfulness dimension of the 11D-ASC, such that greater trait absorption was associated with greater 

insightfulness.  

 

The personality trait absorption is related to how easily and deeply an individual can be immersed in 

stimuli and/or experiences. The present finding that pre-dosing absorption predicted acute 25 mg 
psilocybin-induced insightfulness is consistent with previous research, as trait absorption has previously 

been shown to predict psychedelic-induced visual effects, insightfulness and mystical-type experiences 

(Studerus et al., 2012; Haijen et al., 2018; Russ et al., 2019). Moreover, a large number of studies have 

shown that absorption is associated with differential responsivity to various other non-psychedelic ASC 

induction procedures, including hypnosis, meditation, marijuana intoxication, and electromyograph 

biofeedback (Vaitl et al., 2005; Pekala et al., 1985).  

 

Absorption has been related to genetic variants in the 5-HT2AR, with a specific variant relating to greater 
5-HT2AR signalling being associated with higher absorption scores (Ott et al., 2005). Here, the finding 

that absorption predicted insightfulness during the acute psychedelic experience can therefore be 

interpreted psychologically or neurobiologically, i.e. in terms of greater immersion in the psychedelic 

experience or in terms of potential differences in 5-HT2AR functioning facilitating both absorption and 

psychedelia, respectively. These interpretations are of course not mutually exclusive. The relevance of 

personality traits in shaping psychedelic responses has been noted previously (Savage et al., 1966; 

Studerus et al., 2012) and it is intriguing to think these may have a serotonergic underpinning (Frokjaer 
et al., 2008). 

 

4.6.5. The Psilocybin Afterglow 

 
Psilocybin alters mood states  

 
This study demonstrated an increase in anger, depression and confusion coinciding a decrease in 

esteem-related affect and vigour two weeks after the 1 mg psilocybin session; these mood states 
returned to baseline four weeks later. The increase in anger, depression and confusion coinciding a 

decrease in esteem-related affect and vigour observed two weeks after the 1 mg psilocybin session 

cannot be explained by the literature. The reason for this increase in negative and decrease in positive 

mood states is unclear and cannot be explained by the literature, but it is possible that this finding 

reflects the participants’ “disappointment” after receiving a sub-perceptual dose and therefore not 
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experiencing subjective drug effects. The return of these mood states to baseline levels four weeks 

later suggests that participants were either no longer disappointed or perhaps anticipated receiving a 

larger dose on the second dosing session the following day. It should be noted that these suggested 

possibilities are highly speculative, and the present results highlight the need for further research to 
examine the potential mood effects of subthreshold doses of psychedelic compounds. 

 

On the other hand, a trend level decrease in depression and a significant decrease in tension, anger, 

fatigue and confusion together with an increase in esteem-related affect was observed two weeks after 

the 25 mg psilocybin session. Tension, anger, fatigue and confusion all returned to baseline at four 

weeks post 25 mg, but the increased esteem-related affect remained four weeks post-dosing. It has 

been argued that after-effects subsequent to a psychedelic experience constitute a distinct phase, 

referred to as the ‘afterglow’ (Albaugh and Anderson, 1974; Krupitsky and Grinenko, 1997; Pahnke, 
1969; Sherwood et al., 1962; Pahnke et al., 1970; Metzner, 1998). The psychedelic afterglow refers to 

positive physical and mental effects that persist after the acute psychedelic effects have subsided, or 

after the peak experience has subsided (see Majic et al., 2015: for a review). The afterglow 

phenomenon typically lasts approximately two weeks and is characterised by elevated mood, reduced 

stress, increased willingness to enter into close interpersonal relationships and enhanced efficacy of 

psychotherapeutic interventions (Grob et al., 1996; Albaugh and Anderson, 1974; Pahnke, 1969; 

Winkelman, 2014). This state is often characterised by feelings of psychological clarity and contrasts 

with the phenomenon of hangovers following the use of various other substances, such as alcohol 
(Pahnke, 1969; Pahnke et al., 1970; Winkelman, 2014; Majic et al., 2015). In line with the present results 

showing elevated mood states following the 25 mg psilocybin session, Pahnke described the 

psychedelic afterglow as an “elevated and energetic mood with a relative freedom from concerns of the 

past and from guilt and anxiety” (Pahnke, 1969). The decrease in confusion and trend level decrease 

in depression observed here two weeks after 25 mg psilocybin is also consistent with research showing 

a reduction of these two mood states in regular ritualistic ayahuasca users (Barbosa et al., 2016).   

 
Psilocybin improves self-esteem 

 

In line with the concept of the ‘psychedelic afterglow’, the present study found increased self-esteem 

up to two weeks after the 25 mg psilocybin session, with a subsequent return to baseline levels at four 

weeks post. Among recreational psychedelic drug users, commonly reported benefits of the psychedelic 

afterglow include increased confidence (self-esteem), a state of inner peace and feeling "cleansed" 

(see psychedelic user reports; e.g. erowid.org and shroomery.org).  As the psychedelic afterglow 

typically lasts approximately two weeks (Grob et al., 1996), it’s not surprising that the increase in self-
esteem found here did not persist beyond the two-week follow-up. Consistent with the present study, 

accounts of ayahuasca-induced improvements in self-esteem have been reported in patients with 

addiction (Mabit, 2007; Loizaga-Velder and Pazzi, 2013; Cruz and Nappo, 2018) and eating (Lafrance 

et al., 2017) disorders. Moreover, an early study found that 71% of participants experienced sustained 

improvements in self-esteem following LSD therapy (Savage et al., 1964).  
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4.6.6. Enduring subjective effects  

 

Psilocybin does not alter suggestibility or optimism. 

 
Previous research has shown increased suggestibility under psychedelics (Carhart-Harris et al., 

2015a), yet the potential long-term enhancement of suggestibility has not been sufficiently investigated. 

As evidence suggests that psychedelic drug use can lead to long-term increases in openness to 

experience (MacLean et al., 2011), then it’s possible that this is a consequence of greater willingness 

to entertain unusual ideas. If so, might this represent a manifestation of a long-term increase in 

suggestibility? To address this question, the present study investigated the potential for long-term 

enhancements in suggestibility following 25 mg psilocybin. Contrary to hypotheses, the present study 

did not find a change in suggestibility at any timepoint post-psilocybin treatment. 
 
Suggestibility has been associated with enhanced treatment outcomes for a number of conditions, 

including pain (Patterson and Jensen, 2003) and depression (Kirsch and Low, 2013). It has therefore 

been proposed that the psychedelic-induced increase in suggestibility may have important implications 

for their therapeutic use. The potential of LSD to enhance suggestibility was first noted by clinicians 

working with the drug in the 1950s (Goolker, 1961; Weitzenhoffer and Hilgard, 1962; Sjoberg and 

Hollister, 1965). Early studies showed that suggestibility was significantly enhanced by hypnosis, LSD, 

mescaline and three drugs (LSD, mescaline and psilocybin) in combination, but not by psilocybin alone 
(Sjoberg and Hollister, 1965). This early study provides support for the findings shown here as it 

suggests that psilocybin alone is insufficient to alter suggestibility, even in the acute drug state. To this 

end, it’s possible that other psychedelic drugs not investigated here, such as LSD, have the potential 

to induce long-term increases in suggestiblity – this should be explored further in future research. 

Nevertheless, given the ability of psilocybin to induce enduring positive effects on the psychology of 

both healthy and patient populations (Andersen et al., 2020; Carhart-Harris and Goodwin, 2017), it’s 

unlikey that a psychedelic-induced increase in suggestibility represents a key mediator of therapeutic 

outcomes.  
 

The present study did not find changes in optimism following psilocybin. This is in contrast to previous 

research showing enduring post-psychedelic increases in optimism in healthy participants (Smigielski 

et al., 2019; Carhart-Harris et al., 2016b). Recreational and ritualistic psychedelic drug users have also 

been shown to exhibit greater optimism (or reduced pessimism) than non-users (Grob et al., 1996). In 

patient populations, a single dose of psilocybin has been shown to induce sustained reductions in 

anxiety and depression as well as increases in optimism in patients suffering from depression and 
anxiety reactive to advanced-stage cancer (Griffiths et al., 2016; Ross et al., 2016). Psilocybin has also 

been shown to induce long-lasting reductions in depressive symptoms and pessimism in patients 

suffering from treatment-resistant depression (Lyons and Carhart-Harris, 2018b), and PET imaging 

studies have provided support for a positive association between 5-HT2AR signalling and pessimism 

(Bhagwagar et al., 2006; Meyer et al., 2003). It has been postulated that increased 5-HT2AR binding 

and associated pessimistic thinking (Bhagwagar et al., 2006; Meyer et al., 2003) may be a corollary of 
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deficient 5-HT2AR signalling, and that enduring post-psychedelic increases in optimism (or reduced 

pessimism) may be viewed as evidence of extreme 5-HT2AR signalling having a lasting impact on 

positive thinking (Carhart-Harris et al., 2016b). 

 
Based on the large body of evidence demonstrating increased optimism (or reduced pessimism) in a 

variety of samples, it is surprising that the present study did not replicate this well-established finding. 

One possible explanation for the present study’s results may include high scores for optimism at 

baseline. This effect, also known as the ceiling effect, renders little chance for a significant increase 

after the intervention. Overall, further research examining the long-term changes in optimism, with 

particular efforts to avoid ceiling effects, is warranted. 

 

Psilocybin enhances absorption 

 

Absorption has been described as a type of focused attention characterised by deep involvement with 

particular aspects of subjective experience (Dal Cin et al., 2017). For instance, high trait absorption is 

related to intense engagement with nature and aesthetic involvement with art (Wild et al., 1995). The 

present study found a long-term increase in trait absorption up to four weeks after the 25 mg psilocybin 

session. Consistent with this, a very recent study also found increased absorption four weeks after a 

high-dose psilocybin experience (Barrett et al., 2020). Furthermore, increased absorption has also been 

observed following a psychedelic microdosing regime, indicating that participants became more 
involved in imaginative experiences after microdosing (Polito and Stevenson, 2019).  

 

As mentioned in previous sections, studies indicate that individuals with higher pre-existing levels of 

trait absorption are more likely to experience stronger effects from psychedelic substances. Absorption 

is closely linked to one’s capacity to experience altered states of consciousness and has been identified 

as the most important trait predictor of acute boundary dissolution and visual alterations following 

administration of high doses of psilocybin (Studerus et al., 2012). In line with these findings, the present 
study also found that baseline trait absorption was predictive of 25 mg psilocybin-induced 

insightfulness. The implication from the finding presented here – in line with a very recent study (Barrett 

et al., 2020) – is that the 25 mg psilocybin session also increased one’s capacity for absorption in the 

long-term. 

 

The idea of systematically increasing absorption is not new. Religious rituals and practices are designed 

to enhance trait levels of absorption in order to increase the capacity to have more intense religious 

experiences (Luhrmann et al., 2010). Whereas microdosing may have a comparable effect, whereby 
regularly inducing subtle alterations in consciousness may slowly increase sensitivity and 

responsiveness to future consciousness alterations (Polito and Stevenson, 2019), the present results 

suggest that a single high dose of psilocybin may be sufficient to bring about this effect. Further research 

is required to replicate and confirm this finding.  
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Psilocybin increases emotional empathy, compassion and gratitude  

 

The present study demonstrated that 25 mg psilocybin significantly increased emotional, but not 

cognitive, empathy for up to four weeks post-dosing in healthy participants. Relatedly, previous 
research has also shown that psilocybin increases emotional, but not cognitive, empathy in the acute 

drug state (Pokorny et al., 2017). Taken together, this implies that increased emotional empathy may 

persist beyond the acute phase of psilocybin effects. Furthermore, the present findings indicate that 

psilocybin may be useful for the treatment of mental illnesses that phenotypically display impaired 

empathy, such as autism, bipolar disorder, MDD and psychopathy – this could be explored in future 

work, which might hypothesise enduring improvements in empathy correlating with positive clinical 

outcomes in these populations after psilocybin therapy.  

 
In addition to feelings of sympathy (i.e. concern for another), the experience of empathy can sometimes 

result in personal distress – defined as an aversive, self-focused emotional reaction to the apprehension 

or comprehension of another’s emotional state or condition – when there is confusion between self and 

other. It is argued that personal distress reduces the likelihood of prosocial behaviour and is therefore 

detrimental to empathic concern (Decety and Lamm, 2009). Consistent with this, the present study also 

demonstrated significantly decreased personal distress four weeks post-25 mg psilocybin. This is not 

surprising given that previous studies have shown significantly decreased psychological distress and 

suicidal thinking after psilocybin administration (Hendricks et al., 2015). Taken together, the findings 
suggest that psilocybin may be useful in healthy participants as well as patient populations that are 

suffering with increased psychological distress. Further investigations are required to replicate and 

confirm these findings. 

 

This study is the first to show significantly elevated compassion up to four weeks following 25 mg 

psilocybin, suggesting that positive changes in compassion sustained long-term may be attributable to 

the psilocybin experience. In line with this finding, previous accounts have demonstrated elevated self-
compassion after the psychedelic experience (Bogenschutz et al., 2018; Sampedro et al., 2017). 

Increased self-compassion appears to be an important contributor to relief from depression and anxiety-

related symptoms (Neff, 2003), and is now encouraged as an avenue in psychotherapy (Hofmann et 

al., 2011). Similarly, increased compassion may positively contribute to depression and anxiety-related 

symptoms and would be worth exploring in the context of psychedelics and psychotherapy.  

 

The present results demonstrate that increased gratitude persisted up to four weeks post-25 mg 

psilocybin. In line with this finding, a previous study found increased gratitude six months after the 
administration of two high doses of psilocybin (Griffiths et al., 2018). The enduring increase in gratitude 

observed here is a promising result as increased gratitude has been linked to reductions in depressive 

behaviour via positive emotional reframing (Lambert et al., 2012). Furthermore, gratitude uniquely 

contributes to increased well-being and life-satisfaction (Wood et al., 2009; Emmons and McCullough, 

2003). Taken together, these findings suggest that psilocybin-induced increases in gratitude may 
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contribute to a long-term decrease in depressive behaviour. Future work may hypothesise that after a 

psilocybin experience, gratitude would persist in the long-term and negatively correlate with depression 

scores in this population. 

 

Psilocybin enhances psychological well-being  

 

The present study found increased psychological well-being up to four weeks after the 25 mg psilocybin 

session. Moreover, the mean post-25 mg psilocybin well-being scores found here were greater than 

that of the UK average (Morris and Earl, 2017). In addition to psychological well-being in general, this 

study also observed increases in specific facets of well-being, having meaning in life, flourishing and 

social and nature connectedness four weeks after 25 mg psilocybin. No changes were observed 

following the 1 mg psilocybin experience.   
 

In line with the present findings, previous research has demonstrated increases in well-being sustained 

for more than one year following a single high dose of psilocybin (Griffiths et al., 2008; MacLean et al., 

2011). Meaning in life and flourishing are key facets of psychological well-being. The present study 

found that flourishing and the presence of meaning in life significantly increased up to four weeks post-

dosing with 25 mg psilocybin. These results build on previous studies in which the psychedelic 

experience is rated among the most meaningful and spiritually significant experiences in people’s lives 

(Griffiths et al., 2018; Griffiths et al., 2011; Griffiths et al., 2008). Those with higher meaning in life have 
been shown to possess greater self-esteem and experience less anxiety and depression (Harlow et al., 

1986; Steger et al., 2006). Notably, life meaning has been implicated as a mediating factor between 

spirituality and well-being (Ivtzan et al., 2013; Fry, 2000). Relatedly, a previous study using psilocybin 

in combination with spiritual practices identified a synergistic effect of the two in enhancing purpose in 

life (Griffiths et al., 2018). 

 

The present study demonstrated that 25 mg psilocybin significantly increased social and nature 
connectedness up to four weeks post-dosing in healthy participants. The CNS used here, although 

designed to assess emotional and experiential connection to nature (Mayer and Frantz, 2004), was 

later found to measure cognitive beliefs rather than an emotional connection (Perrin and Benassi, 

2009). Taking this into account, the current study demonstrates that psilocybin sessions altered 

participants beliefs about their connection to nature, beliefs which have been found to correlate with 

environmental concern and pro-environmental behaviours (Hoot and Friedman, 2011). In line with this 

finding, naturalistic use of psychedelics has been associated with beliefs of oneness with the universe 

and greater concern for others compared with non-drug users and users of other illicit substances 
(Lerner and Lyvers, 2006). Psilocybin has also been found to increase nature-relatedness in the long-

term in patients with treatment-resistant depression (Lyons and Carhart-Harris, 2018a). Post-

psychedelic increases in nature relatedness have been found to positively correlate with concomitant 

increases in psychological well-being (Kettner et al., 2019). Moreover, increases in nature relatedness 

were found to depend on the extent of ego-dissolution and perceived influence of natural surroundings 
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during the acute psychedelic state (Kettner et al., 2019). Further work is required to examine how 

serotonergic psychedelics impact emotional response, and emotional connectedness to nature. 

 

This study also found enhanced social connectedness up to four weeks after the 25 mg psilocybin 
session. Previous studies have highlighted a variety of acute and enduring prosocial effects of 

psychedelics (Griffiths et al., 2008; Griffiths et al., 2018; Griffiths et al., 2011), however social 

connectedness has not been explicitly measured as an outcome after psychedelics. Although the 

increase in social connectedness found here was not significant beyond two weeks, ratings remained 

at trend level at four weeks. Social connectedness and social functioning is impaired in a variety of 

mood and anxiety-related disorders, impairments which have historically been regarded as an outcome 

of mental illnesses (Saeri et al., 2018). However, there is a growing evidence base supporting a bi-

directional relationship between social connectedness and mental health which indicate that poor social 
connectedness is a risk factor for many disorders (Saeri et al., 2018; Yu et al., 2015; De Silva et al., 

2005). 

 

Psilocybin reduces experiential avoidance 

 

The present study demonstrated that 25 mg psilocybin significantly decreased experiential avoidance 

up to four weeks post-dosing in healthy participants. This is in line with a recent theory based on findings 

obtained from qualitative interviews following psilocybin-assisted psychotherapy in depressed patients 
(Watts et al., 2017). More specifically, this qualitative evidence suggests that psilocybin-assisted 

psychotherapy may be promoting sustainable transitions from experiential avoidance to acceptance 

(Watts et al., 2017).  

 

Experiential avoidance has been defined as an unwillingness to engage with distressing emotions, 

thoughts, memories, and physical sensations, despite this avoidance creating more harm in the long-

term (Hayes et al., 2012). The paradoxical result is that the more unpleasant events are avoided, the 
more they tend to occur, resulting in increased psychological suffering (Hayes, 2002). A wealth of 

evidence suggests that experiential avoidance represents one of the most prominent transdiagnostic 

psychological processes with a known role in a wide variety of psychological disorders. Experiential 

avoidance is therefore a functional process that has been linked to a wide range of psychopathology, 

including depressive, anxiety, and externalising disorders (Hayes et al., 1996; Chawla and Ostafin, 

2007). Essentially, the concept of experiential avoidance has marked a conceptual shift toward the 

behavioural responses to distress (avoidance) instead of the content of the distress itself when 

characterising psychopathologies. 
 

Psychedelics can open people up to both positive and negative feelings that may have been long 

suppressed. A high-dose psychedelic experience can be challenging, intensely emotional, shake one's 

worldview, or bring up painful experiences from the past (Barrett et al., 2016). Upon reflection on the 

present study findings, I theorise that the 25 mg psilocybin experience may have reduced experiential 
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avoidance via participant exposure to typically avoided stimuli, such as distressing memories, fears 

and/or traumatic experiences. This possibility is in line with the rationale of exposure-based treatments 

for various disorders, including PTSD, panic disorder and phobias (Kline et al., 2018; Barlow et al., 

2000; Norton and Price, 2007; Ost, 1989). 
 

Psilocybin facilitates psychological insight  

 

Among experienced recreational psychedelic drug users, the facilitation of psychological insight and 

improved well-being are the most commonly reported benefits of psilocybin use (Carhart-Harris and 

Nutt, 2013). Extensively investigating the ability of psilocybin to facilitate psychological insight was a 

key aim of this research. To this end, the present study brought together various different assessments 

to grasp a measurement of insight at particular timepoints throughout the investigation. Relative to the 
1 mg psilocybin integration session, the present study found that the integration session one day after 

the 25 mg psilocybin experience facilitated increased experiential, personal insight, and insight-induced 

action gains as measured by the GPI. This study also found that the 25 mg psilocybin integration 

session led to increased scores on the MIS. Moreover, the present findings highlight the potential for 

psilocybin to induce a more long-term facilitation of insight. For instance, results obtained using the PIS 

demonstrated increased psychological insight and subsequent insight-induced behavioural changes up 

to four weeks post-25 mg versus 1 mg psilocybin. Moreover, SRIS findings demonstrated an increased 

need for, and engagement in, self-reflection as well as increased insight up to four weeks post-25 mg 
versus 1 mg psilocybin. 

 

It is well-established that insight can occur acutely in a state-like fashion during a psychedelic 

experience. Yet, this study has shown that insight can also be more protracted, crystallising in the 

integration and also over the course of a few weeks following a psychedelic experience. The present 

results are the first to demonstrate that 25 mg psilocybin significantly increases long-term insight up to 

four weeks post-dosing in healthy participants. Previous research indicates that increased insight 
contributes to improved well-being and overall life satisfaction (Harrington and Loffredo, 2010). 

Additionally, increased insight has been linked to decreases in depression and anxiety in patient 

populations (Silvia and Phillips, 2011; Grant et al., 2002). In line with this, our group recently found that 

insightfulness experienced during a psilocybin experience predicted long-lasting clinical improvements 

in patients with treatment-resistant depression (Carhart-Harris et al., 2017a). This indicates that insight, 

as a key component of psychedelic therapy, may contribute to long-term improvements in 

psychopathological disorders. As the present results demonstrated psilocybin-induced improvements 

in insight that were sustained long-term, future work may look to investigate to what extent insight 
(sustained after the psilocybin experience) contributes to improvements in patient populations.  

 

Insight has been proposed as an important contributor to behavioural changes after a psychedelic 

experience (Garcia-Romeu et al., 2019). Consistent with this, the present study found a significant 

increase in self-reported positive behavioural changes immediately following and up to four weeks post-
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25 mg versus 1 mg psilocybin. This suggests a rapid and enduring effect of insight on positive 

behavioural change. This promising result requires further investigation, such as a deeper assessment 

of different aspects of post-psychedelic behavioural change and its relation to insightful experiences. 

For example, psilocybin has been shown to decrease addictive behaviour in tobacco smokers (Johnson 
et al., 2014). Therefore, future work should investigate the extent of which psychedelic-induced insight 

contributes to behavioural changes observed in patient populations, such as a decrease in addictive 

behaviour. 

 

The evaluation of insight within this study is relatively varied and extensive. Many previous psychedelic 

studies have reported on insight using the ASC-insightfulness sub-scale (Kometer et al., 2015; Carhart-

Harris et al., 2017a; Erritzoe et al., 2018). This scale consists of three statements evaluating insight e.g. 

“I felt particularly profound”, “I had particularly inventive ideas” and “I had insights into the ways the 
world works that were mysterious to me before”. Taken together, these statements do not appear to be 

particularly specific to the construct of insight as it is ordinarily understood. Insight, more generally, is 

the procurement of a novel understanding or perspective about one’s self, behaviour or assumptions. 

Therefore, it is arguable that statements such as those in the ASC are not adequate to fully evaluate 

the phenomenon of psychological insight. It is important, therefore, to be cautious when evaluating the 

outcome of such studies. This is an encouragement for the need of more extensive and accurate insight 

scales. Hence, multiple scales were used in this study to evaluate the psychedelic-induced facilitation 

of insight more thoroughly. Future studies investigating insight may look to adopt this approach to gain 
a more extensive evaluation of this phenomenon. In line with this, one group recently employed a more 

extensive approach by exploring memories, beliefs and emotions related to psychological insight during 

the acute psychedelic state, albeit without measuring enduring effects (Carbonaro et al., 2018). 

 

Insight predicts long-term change in well-being and experiential avoidance 

 

A wealth of evidence suggests that experiential avoidance – defined as the tendency to rigidly escape 
or avoid private psychological experiences even when doing so is futile or interferes with valued actions 

– represents one of the most prominent transdiagnostic psychological processes with a known role in 

a wide variety of psychological disorders. Based on this, a key question of this research was: is 

experiential avoidance a psychological mechanism underlying positive psychological outcomes 

following a psychedelic experience? To address this question, the relationship between experiential 

avoidance and various well-being measures was assessed. This study showed that the change in 

experiential avoidance was related to the change in social connectedness, flourishing, sensed presence 

of meaning in life and psychological well-being overall four weeks after 25 mg psilocybin. As a key focus 
of this research was on the ability of facilitated psychological insight to mediate long-term positive 

change, these findings led to a further question: is insight a psychological mechanism underlying post-

25 mg psilocybin positive change in both well-being and experiential avoidance? Furthermore, this 

study hypothesised that providing a supported integration session for participants to consolidate and 

reflect on their experience may facilitate new insights into the experience’s personal significance and 
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meaning. In line with the hypotheses, this study showed that the degree of psychological insight and 

insight-induced behavioural change, gained at the one-day post-25 mg psilocybin integration (and 

sustained change four weeks later), predicted the long-term change in well-being and experiential 

avoidance.  
 

It is well-established that insight can occur acutely during a psychedelic experience, yet an extensive 

investigation of psychedelic-induced insight (i.e. acutely, post-acutely and in the long-term) has not yet 

been reported. This study has shown that insight may crystallise in the integration session and also 

over the course of a few weeks following a 25 mg psilocybin experience, and that this is associated with 

long-term improvements in well-being and experiential avoidance. This is in line with previous mental 

health research suggesting that insight contributes to improved well-being and overall life satisfaction 

in healthy participants (Harrington and Loffredo, 2010) and is linked to decreases in depression and 
anxiety in patient populations (Silvia and Phillips, 2011; Grant et al., 2002). The present findings also 

support and extend the notion that insight, as a key component of psychedelic therapy (and now 

extended to include the post-psychedelic crystallisation of insight and subsequent insight-induced 

behavioural change), may contribute to long-term improvements in psychopathological disorders 

(Carhart-Harris et al., 2017a; Noorani et al., 2018; Watts et al., 2017). 

 

Although the occurrence of peak experience phenomena may mediate long-term outcomes observed 

following a psychedelic experience, the present findings highlight the importance of insight and 
successful psychedelic integration. Participants attended an integration session the day after each 

dosing session in the present study. Psychedelic integration sessions are essential to ensure 

psychological stability, provide an opportunity for the participant to discuss their thoughts and provide 

a degree of “closure” given the profundity of experiences occasioned by psilocybin and related 

psychedelic compounds. As with any intense or profound experience, participants often feel the need 

for, and benefit from, one or more sessions for discussing and consolidating novel thoughts and feelings 

that may have emerged under the acute drug effects. It is possible that psychedelic integration facilitates 
engagement with a broader repertoire of perspectives that enables the consolidation of insight, for 

instance into personal thought and/or behavioural patterns, thus encouraging the implementation of 

subsequent behavioural changes. This may contribute to the sustained improvements in experiential 

avoidance and well-being. Notably, it is likely that participants would be relatively more comfortable 

discussing their experiences with the study guides (sitters) due to their psychedelic knowledge and 

presence during dosing. To this end, the provision of one or more supportive integration sessions and 

an investigation of their subsequent outcomes is imperative for future psychedelic studies.  
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4.6.7. Enduring behavioural effects  

 
Psilocybin enhances cognitive flexibility  

 
Significant decreases in adjusted EDS errors (i.e. increased cognitive flexibility) were observed four 

weeks post-25 mg, but not 1 mg, psilocybin. Importantly however, practice effects cannot be ruled out 

due to the fixed order design of this study. Lowe & Rabbit (1998) reported an acceptable test-retest 

correlation (R=0.7) for the EDS phase of the task measured in four week intervals, yet test-retest 

reliability was only determined across two timepoints (Lowe and Rabbitt, 1998). As such, the absence 

of evidence of learning effects between the first and second IDED does not preclude the absence of 

learning effects between the second and third, independent of drug effects. Furthermore, cognitive 

flexibility encompasses a multidimensional set of cognitive functions (Ionescu, 2012), of which 
abstracted set-shifting and reversal learning may not be fully representative. With this in mind, further 

research incorporating additional measures of cognitive flexibility with efforts to avoid learning effects 

is required to interpret the reliability of the present results.  

 

Above limitations considered, the present finding of increased cognitive flexibility four weeks after 25 

mg psilocybin is consistent with the literature. Agonism at the 5-HT2AR – the key site of action for 

psychedelic compounds – is associated with synaptic plasticity (Chen et al., 2003), enhanced 

associative learning (Harvey, 2003; Romano et al., 2010) and cognitive flexibility in animals (King et al., 
1974). Specifically, reversal (Boulougouris et al., 2008) and extinction learning appear to be mediated 

by 5-HT2AR activation (Boulougouris et al., 2008; Zhang and Stackman, 2015). On the other hand, 5-

HT2AR antagonism impairs cognitive flexibility, associative learning and working memory in animals 

(Boulougouris et al., 2008; Clarke et al., 2004) and in humans (Seymour et al., 2012; Wingen et al., 

2007). Enhancements in constructs approximating cognitive flexibility, such as divergent creative 

thinking, have previously been shown following the administration of psychedelics (Kuypers et al., 

2016). However, enduring post-psychedelic enhancement of cognitive flexibility has not previously been 
demonstrated and should be investigated further. The present study failed to find an association 

between the change in cognitive flexibility and long-term outcomes, suggesting a possible psilocybin-

induced enhancement of a broader construct of psychobehavioural flexibility that mediates the 

observed psychological and neural changes and IDED performance. 

 

If future studies can replicate and extend these results, the enduring increase in cognitive flexibility 

observed here is a promising finding. Impaired cognitive flexibility is associated with myriad of 

psychopathological disorders, including eating disorders (Tchanturia et al., 2012), obsessive-
compulsive disorder (OCD; Chamberlain et al., 2006) and PTSD (Palm and Follette, 2011). Moreover, 

it has been postulated that impairments in cognitive flexibility may contribute to affective inflexibilities 

and biases associated with the development and perseverance of depression (Beck, 1976; Coles and 

Heimberg, 2002). To this end, it would be interesting to explore the potential mediating role of cognitive 

flexibility in promoting post-psychedelic clinical outcomes in patient populations.  
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4.6.8. Enduring brain effects  

 

Psilocybin alters resting-state functional connectivity  

 

Unveiling the role of interactions among distributed neuronal populations and brain areas in enabling 

flexible cognitive operations and complex behaviour is a central goal of neuroscience (McIntosh, 1999; 

Bressler and Menon, 2010). Technological advancements in neuroimaging techniques have resulted in 

comprehensive network maps of the anatomical connections among neural elements (Sporns et al., 

2005), as well as the simultaneous recording of patterned neural activity. Representing and quantifying 

the structural and functional connectivity of the brain allows us make inferences about its organisational 

properties (Sporns, 2014). Functional connectivity – defined as statistical dependence between the time 

series of measured neurophysiological signals – refers to the basic concept that two locations can be 
said to be functionally connected if they have coherent or synchronised dynamics. Functional 

connectivity can be examined during the performance of tasks as well as during resting state. At rest, 

the brain intrinsically originates spontaneous activity that is not attributable to specific inputs or to the 

generation of specific output. Correlated activity at rest therefore is likely to reflect a combination of 

conscious activity and internal neural dynamics.  

 

A number of brain networks have been established to have specific cognitive implications that can be 

replicated across independent samples (Power et al., 2011). For instance, the DMN is associated with 

self-reflection and mind-wandering thought (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle et 

al., 2001) and the frontoparietal network (FPN) is associated with executive function (Power et al., 

2011). To investigate possible long-term changes in resting-state functional connectivity (rsFC) induced 
by a psilocybin experience, this study placed seeds in the vmPFC and sgACC of the DMN (see Table 

4-4). The results of the present study show increased vmPFC rsFC with regions of the FPN, as well as 

a relationship between this increased vmPFC-FPN coupling and the increase in social connectedness 

found four weeks after the 25 mg psilocybin experience. The findings of this study also show increased 

sgACC rsFC with the left postcentral gyrus (lPoCG) and regions of the lFPN as well as a relationship 

between this increased sgACC-lFPN/lPoCG coupling and the increase in well-being found four weeks 

after the 25 mg psilocybin experience. No rsFC changes were observed four weeks after 1 mg 
psilocybin.  

 

Increased sgACC-lFPN/lPoCG rsFC correlates with increased psychological well-being four weeks 

after 25 mg psilocybin.  

 

Psilocybin has been shown to effectively treat MDD (Carhart-Harris et al., 2017a; Carhart-Harris et al., 

2016a) as well as induce long-term increases in psychological well-being in healthy participants 

(Griffiths et al., 2008, 2011; Garcia-Romeu et al., 2014). Although the present study recruited a healthy 
sample, the measure of well-being represents a useful proxy that may be generalisable to findings 

observed in patient populations. With this in mind, the relationship between the increase in sgACC-
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lFPN/lPoCG coupling and well-being found here four weeks after 25 mg psilocybin is consistent with 

previous MDD research.  

 

In line with the current findings, evidence suggests an important link between sgACC-lPoCG rsFC and 
the severity of depressive symptoms, whereby reduced coupling was associated with worse outcomes 

(Hirshfeld-Becker et al., 2019; McIntosh et al., 2018; Lee et al., 2018). In a recent longitudinal study, 

researchers investigated whether rsFC could predict the onset of MDD in children with familial risk for 

developing the disorder in adolescence (Hirshfeld-Becker et al., 2019). The study found weaker sgACC 

rsFC with the lPoCG among the children that later developed MDD compared with the children that 

didn’t (Hirshfeld-Becker et al., 2019). Interestingly, the children that didn’t develop MDD exhibited 

greater sgACC-lPoCG connectivity than both the MDD sufferers and the control groups – this suggests 

that increased sgACC-lPoCG rsFC may represent a possible resilience factor to the disorder (Hirshfeld-
Becker et al., 2019). Moreover, they found high predictive accuracy in the classification between MDD-

developers and non-developers using a prediction model based on baseline rsFC. In this model, 

sgACC-lPoCG rsFC was among the features carrying the most predictive power in the classification 

between MDD-developers and non-developers, potentially providing a useful neuromarker for early 

identification and treatment (Hirshfeld-Becker et al., 2019). Relatedly, HIV patients have been shown 

to present with depressive symptoms associated with reduced sgACC-lPoCG rsFC compared to control 

subjects (McIntosh et al., 2018) and young males suffering from internet gaming disorder (IGD) with 

comorbid depression also display reduced sgACC rsFC with the lPoCG than IGD subjects without 
comorbid depression (Lee et al., 2018). 

 

Evidence of decreased DMN-FPN rsFC has been reported in MDD (Kaiser et al., 2015; Mulders et al., 

2015) and is also in line with the present findings. For instance, reduced sgACC rsFC with the frontal 

pole—a key structure involved in cognitive control in affective contexts (Dichter et al., 2010)—has been 

associated with increased depressive symptoms (van Duinkerken et al., 2016).  In a study examining 

risk and resilience in maltreated children, greater Orthodenticle homeobox 2 (OTX2) methylation and 
lower depression scores were both associated with increased rsFC vmPFC connectivity with the frontal 

pole (Kaufman et al., 2018). This is interesting given that the transient downregulation of the OTX2 

gene was recently associated with the development of depressive-like behaviours in a mouse model of 

early life stress (Pena et al., 2017). Reduced sgACC rsFC with the angular gyrus has also been 

associated with increased depressive symptoms (Strikwerda-Brown et al., 2015). The left angular gyrus 

is a brain hub that processes information by connecting distinct, functional specialised regions, including 

the amygdala, vmPFC, sgACC and other areas related to emotion regulation (Achard et al., 2006). In 

addition to its role in many cognitive tasks (Cabeza et al., 2008; Reineberg et al., 2015; Staresina and 
Davachi, 2006), many studies have shown that abnormalities of the left angular gyrus are associated 

with depression. For example, left angular gyrus volume has been associated with suicide attempts in 

MDD (Lee et al., 2016) and functional connectivity strength of left angular gyrus is lower in MDD patients 

relative to healthy controls (Lai et al., 2017). 
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Taken together, as the increase in well-being found here in healthy participants may be regarded as 

synonymous with (or a proxy of) a decrease in depressive-like symptoms in patients, the above MDD 

research lends some support to the present results. To this end, a long-term functional imaging follow-

up in a depressed population following psilocybin treatment would be interesting to explore in future 
research. Additionally, the explorative nature of this study warrants further research to replicate these 

results in healthy participants. 

 
 

Increased vmPFC-FPN rsFC correlates with increased social connectedness four weeks after 25 mg 

psilocybin.  

 

The present study observed that the increase in vmPFC rsFC with FPN regions (IFG and frontal pole) 
was associated with the increase in social connectedness four weeks after 25 mg psilocybin. This is 

consistent with what we know about these brain regions with regards to social cognition. The DMN has 

been found to be involved in various domains of social processing, including the vmPFC which has 

been shown to play a key role in the social understanding of others (Li et al., 2014). Moreover, 

connectivity between the vmPFC and various emotion regions are mainly associated with emotion 

engagement during social interactions (Li et al., 2014).  

 

A growing body of evidence indicates that both the IFG and the vmPFC are involved in emotional and 
cognitive empathy, respectively (Shamay-Tsoory et al., 2009). Although the IFG has been clearly 

related to social cognition, it is not a region which is typically associated with the emotional aspects. 

Importantly, the IFG is key part of the human ‘mirror neuron system’ (Kilner et al., 2009). The mirror 

neuron system is involved in detecting the intentions of actors while watching their actions and is thus 

a building block for empathy (Decety and Jackson, 2004; Preston and de Waal, 2002; Gallese and 

Goldman, 1998). The IFG has been implicated in emotion recognition tasks, such as identification of 

emotional intonation (Wildgruber et al., 2005) and judgement of facial expressions (Kesler-West et al., 

2001). Furthermore, IFG damage has been shown to result in deficits in emotion recognition from faces 
and from prosody (Shamay-Tsoory et al., 2009). This makes sense when we consider that experiencing 

emotions may encourage and motivate imitation, and therefore depends on an intact mirror neuron 

system. In summary, there is strong support for the IFG and vmPFC representing two behavioural 

systems for understanding others—i.e. an early social-emotional matching/mirroring system involving 

the IFG and a more advanced system for cognitive understanding of mental states, involving the 

vmPFC.  

 
Emotion-regulation disorders, such as social-anxiety disorder and psychopathy, often result in social 

isolation and diminished occupational opportunities for those suffering from them. It is clear that the 

regulation of emotional behaviour is essential for human social interactions and successful participation 

in society (Hare, 2017). Yet, regulating social-emotional actions is cognitively complex as it requires the 

effectiveness of ongoing behaviour to be successfully assessed and compared with alternative action 

strategies. The frontal pole has been associated with many cognitive functions, such as relational 
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reasoning (Hartogsveld et al., 2018; Vendetti and Bunge, 2014), counterfactual choice (Mansouri et al., 

2017; Boorman et al., 2009) and exploration behaviour (Zajkowski et al., 2017; Daw et al., 2006). The 

frontal pole is involved in the most complex goal-oriented events, including long-term goals and 

integration of multistage event complexes, which is likely why it is so heavily involved in complex moral 
judgments (Berthoz et al., 2002; Moll and de Oliveira-Souza, 2007; Moll et al., 2002; Moll et al., 2005).  

 

It is well established that serotonin plays an important role in regulating social and emotional processes 

(Canli and Lesch, 2007). Research has shown that the risk of developing social psychopathologies is 

increased in short-allele carriers of the serotonin transporter gene (Caspi et al., 2010). Intriguingly, 

effective connectivity studies have shown that this increased vulnerability to social disorders in short-

allele carriers is due to decreased top-down control from the frontal pole over emotional processing 

(Volman et al., 2013). It is now widely accepted that the frontal pole coordinates cognitive and affective 
information in order to initiate cognitive control over social-emotional behaviour (Bramson et al., 2018; 

Tyborowska et al., 2016; Volman et al., 2011; Volman et al., 2013). However, a recent study extended 

this knowledge by showing that frontal pole contribution to social-emotional control arises specifically 

from the lateral frontal pole, which is able to influence other brain structures via its connections to both 

medial and lateral circuits with parietal, cingulate, and temporal regions (Bramson et al., 2019). 

 

A recent study using Human Connectome Project data from a large dataset of healthy participants 

found that greater self-control was associated with stronger vmPFC-frontal pole rsFC (Cona et al., 
2019). Stronger self-control was found to be associated with positive and desirable qualities, such as 

increased intelligence, agreeableness and openness as well as decreased antisocial behaviours. On 

the other hand, weaker self-control was associated with undesirable qualities, such as increased 

aggression, antisocial behaviour, social withdrawal and anxiety, as well as reported feelings of social 

rejection. As such, they found that increased vmPFC-frontal pole rsFC was associated with greater self-

control, and greater self-control was associated with desirable qualities related to sociability (Cona et 

al., 2019). Although Cona et al (2019) didn’t attempt to find associations between variables beyond self-
control and vmPFC-frontal pole rsFC, their findings are interesting considering the association between 

vmPFC-frontal pole rsFC and social connectedness found here in the present study. 

 

Consistent with the present findings, previous studies have highlighted a variety of acute and enduring 

prosocial effects of psychedelics (Griffiths et al., 2008; Griffiths et al., 2018; Griffiths et al., 2011). For 

instance, psilocybin has been shown to alter social rejection processing by reducing feelings of social 

exclusion, whereby the neural response to social exclusion correlated with psilocybin-induced 

alterations in self-processing (Preller et al., 2016). This is in line with a study showing that psychedelic-
induced alterations in self-processing and social cognition are intertwined (Preller et al., 2018). 

Moreover, LSD has been shown to increase adaptation to opinions expressed by a norm group (Preller 

et al., 2019b). Interestingly, Preller et al (2019) showed that increases in BOLD signal in the mPFC 

were associated with altered social feedback processing (Preller et al., 2019a). In a recent study by our 

group, TRD patients reported that they experienced a distressing sense of disconnection from others 
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prior to psilocybin-assisted treatment (Watts et al., 2017). After psilocybin treatment, many patients 

reported to be able to “re-connect” with family members, friends, strangers, and even people who had 

wronged them (Watts et al., 2017). Interestingly, TRD patients reported that this increase in social 

connectedness was a major factor contributing to their treatment response (Watts et al., 2017); this 
supports the idea that the influence of psychedelics on social cognition and behaviour may be an 

important mechanism underlying their clinical efficacy. Taken together, the above evidence suggests 

an important link between vmPFC-FPN rsFC and social-emotional processes and is consistent with the 

relationship between the increase in social connectedness and vmPFC-FPN rsFC found here four 

weeks after 25 mg psilocybin.  

 

Psilocybin alters amygdala responsivity to the presentation of emotionally-expressive faces 

 
This study found a decrease in left amygdala response to fearful faces four weeks after 25 mg 

psilocybin. Interestingly, the decrease in left amygdala response to fearful faces was associated with 

the change in well-being and social connectedness four weeks after 25 mg psilocybin. On the other 

hand, this study unexpectedly found an increase in bilateral amygdala response to happy faces four 

weeks after the 1 mg psilocybin session. As 1 mg psilocybin failed to induce significant acute or long-

term effects in all other measures of this study, the validity of this finding is questionable and requires 

further investigation.  

 
The amygdala is a complex subcortical structure located in the medial portion of the temporal lobe and 

is involved in multiple tasks, including the generation of emotional behaviour, formation of emotional 

memories related to fear and anxiety and modulation of the consolidation of explicit memories for 

emotionally arousing events (Aggleton, 2000; Whalen and Phelps, 2009). Notably, 5-HT2ARs are 

densely expressed in the amygdala (Pralong et al., 2002) and play a crucial role in regulating the activity 

of amygdalar microcircuits and projections (Pralong et al., 2002; Bombardi, 2014). 5-HT2Rs in the 

amygdala play an important neuromodulatory role in fear and stress responses (see Bombardi, 2014: 
for a review), suggesting dysregulation of amygdalar 5-HT2R signalling may result in psychopathology. 

Previous research demonstrates the involvement of the amygdala in psychedelic drug action. For 

instance, psychedelics have previously been shown to modulate the excitability of amygdalar pyramidal 

cells and GABAergic interneurons through their 5-HT2AR-mediated mechanism of action (Jiang et al., 

2009; Rainnie, 1999; Sokal et al., 2005; Stein et al., 2000). Moreover, a previous study found decreased 

right amygdala responses to negative emotional stimuli during the acute psilocybin experience in 

healthy participants, which was found to be associated with psilocybin-induced increases in positive 

mood state (Kraehenmann et al., 2015). Nonetheless, it is important to consider that observations of 
decreased amygdala response during the acute phase of the psilocybin drug effects (Kraehenmann et 

al., 2015) might be better explained by participants’ potential lack of engagement with the task and its 

stimuli. Taken together, it is clear that psychedelics may have the capacity to alter amygdala functioning 

which might be relevant to the treatment of disorders characterised by dysfunction in this brain structure.  
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Decreased left amygdala response correlates with increased well-being and social connectedness four 

weeks after 25 mg psilocybin.  

 

In line with the present findings, a recent study found decreased negative affect and amygdala 
responsiveness to emotional faces one week after a psilocybin (25 mg/70 kg) experience in healthy 

participants (Barrett et al., 2020). However, in contrast to the findings presented here, Barrett et al 

(2020) found a return to baseline levels in amygdala response four weeks post-psilocybin. As such, the 

present study may be regarded as the first to demonstrate long-term17 changes in amygdala 

responsivity to facial affect stimuli and associated psychological outcomes (i.e. four weeks post-dosing).   

 

In line with the association between decreased left amygdala response to fearful faces and increased 

social connectedness found here, the amygdala and several of its strongly connected targets, 
particularly the vmPFC, are consistently implicated in social cognition (Frith, 2007). As such, the 

amygdala is considered to be a hub of the “social brain” based on the distributed topography of its 

anatomical connections to regions involved in social processing (Freese and Amaral, 2009). Patients 

with amygdalar damage tend to make less eye-contact (Spezio et al., 2007), are insensitive to personal 

boundaries (Kennedy et al., 2009), have difficulty spontaneously orienting to (Adolphs et al., 2005) and 

interpreting signals from the eye region of others’ faces (Kennedy and Adolphs, 2010) and do not exhibit 

the normal fMRI signal response in the fusiform gyrus and superior temporal sulcus to facial expressions 

– whereby the magnitude of reduced fMRI signal in these regions compared to controls correlates with 
the degree of amygdalar damage (Vuilleumier et al., 2004). Moreover, amygdala-damaged patients 

also exhibit markedly diminished social apprehension, which is a deficit in motivated interpersonal 

behaviour (Adolphs et al., 1995; Bechara et al., 1999). 

 

The amygdala is also known to be sensitive to emotional salience, regardless of the emotional valence 

of stimuli (Adolphs, 2010; Santos et al., 2011). As well as being involved in psychedelic drug action 

(e.g. Bernasconi et al., 2014; Mertens et al., 2020; Kraehenmann et al., 2015; Spain et al., 2015), the 
amygdala has previously been implicated in the pathophysiology of depression (Drevets et al., 1992) 

and plays a role in the action of certain antidepressant medications (Ma, 2015). In particular, decreased 

amygdala responsivity has been observed after effective treatment with conventional antidepressants, 

namely selective serotonin reuptake inhibitors (SSRIs; Ma, 2015). As such, decreased amygdala 

response to negative emotional stimuli under SSRIs has been suggested to be a key component of 

their therapeutic action (Harmer et al., 2017). This is in line with the present study's findings of an 

association between decreased left amygdala responsiveness to fearful faces and increased well-being 

and social connectedness four weeks after 25 mg psilocybin. It is important to highlight a significant 
discrepancy between the present study’s findings and previous results from our group, which observed 

increased right amygdala responsiveness to fearful faces post-acutely in TRD patients (Roseman et 

 
17 Barrett et al (2020) found sustained (i.e., one week) decreases in amygdala responsiveness to emotional faces after a psilocybin 
(25 mg/70 kg) experience, yet this effect returned to baseline levels four weeks post-dosing. One week post-dosing may not be 
regarded as sufficiently long enough to constitute interpreting these findings as long-term changes. Hence, the present study 
might be regarded as the first to demonstrate a psilocybin-induced change in amygdala responsivity to facial affect stimuli that is 
truly sustained in the long-term. 
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al., 2018a). The reasons for this discrepancy are unclear, yet consistent with the ability of LSD to induce 

various opposing acute and longer-term effects (Carhart-Harris et al., 2016b). It’s possible that this 

discrepancy is merely a function of the different populations studied (i.e. depressed patients versus 

healthy volunteers). Alternatively, the increase in amygdala responsiveness found post-acutely 
(Roseman et al., 2018a) might reflect a transient alteration in seroternergic signalling due to 5-HT2AR 

receptor internalisation – to this end, if long-term scanning was completed in the depression study, 

amygdala responsiveness may have also subsequently decreased one week post-dosing in the 

depressed patients, as in the healthy volunteers study by Barrett et al. (2020). It should also be noted 

that the increased amygdala reactivity toward fearful faces observed by Roseman et al (2018) was 

measured prior to any psychological integration work, thus supporting the need for future studies to 

determine long-term amygdala effects of psilocybin and clinical relevance. Future work should aim to 

address these discrepancies. To this end, an investigation of the long-term effects of psilocybin on brain 
function in different populations – with a particular focus on scanning at different post-treatment phases 

– would be interesting to explore in this context. 

 

4.6.9. Predicting long-term outcomes  

 

Quality of the psilocybin experience predicts long-term change in resting-state functional connectivity 

 

The importance of acute psychedelic experiential components in determining long-term psychological 
outcomes is well-established, yet their ability to predict long-term brain effects has not been studied to 

date. Accordingly, this study aimed to address this knowledge gap by assessing the predictive potential 

of peak experience phenomena in determining enduring changes in resting-state functional 

connectivity. This study found that the occurrence and magnitude of 25 mg psilocybin-induced peak 

experience phenomena, measured via four OBN sub-dimensions (i.e. insightfulness, experience of 

unity, spiritual experience, and disembodiment) predicted changes in resting-state functional 

connectivity four weeks later. The present findings are consistent with a basic principle of the 
psychedelic treatment model, which posits that the quality of the acute experience mediates long-term 

outcomes.  

 

Psychedelic peak experiences have been reported as among the most meaningful events experienced 

in one’s life (Griffiths et al., 2018). A wealth of evidence suggests that psychedelic peak experiences 

may mediate some of the enduring positive psychological effects observed following psychedelic use 

in both healthy and patient populations (see Barrett and Griffiths, 2017: for a review). As such, 

psychedelic peak experiences have been likened to “quantum change experiences” (Griffiths et al., 
2018), which are described as sudden and often profoundly meaningful experiences that are said to 

result in dramatic and enduring behavioural, emotional and cognitive changes (Miller, 2004). In line with 

this concept, recent research by our group found that greater psilocybin-induced OBN predicted positive 

long-term clinical outcomes in a sample of TRD patients (Roseman et al., 2018b). Likewise, previous 

studies have shown that psychedelic-induced peak experiences measured via the MEQ are predictive 
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of positive long-term outcomes, including increased well-being (Griffiths et al., 2016; MacLean et al., 

2011; Ross et al., 2016; Bogenschutz et al., 2015; Haijen et al., 2018). 

 

Given the ability of psychedelic peak experience phenomena to predict subsequent long-term 
psychological changes, the proposition that psychedelic peak experience phenomena may predict long-

term brain changes is not unlikely. Notably, this study found that the quality of the acute 25 mg 

psilocybin experience predicted neural changes four weeks later. This is the first study to demonstrate 

the importance of peak experience phenomena in determing long-term neural outcomes after a 

psychedelic experience, and substantially extends previous research demonstrating the ability of 

psychedelic peak experience phenomena to predict subsequent long-term psychological changes, 

including increased well-being. Relatedly, this study found that the change in sgACC rsFC was 

positively associated with the change in well-being four weeks after the 25 mg psilocybin experience. 
As psychedelic peak experience phenomena have been linked with sustained changes in well-being, 

the finding here that insightfulness and experience of unity scores predicted the change in sgACC rsFC 

is notable. A basic principle of the psychedelic treatment model is that the treatment’s efficacy critically 

depends on the occurrence of a profound psychological experience. In line with this principle, the 

present findings suggest that, in addition to the psychological effects, the enduring brain effects of 

psilocybin may be experience dependent and not a simple product of isolated pharmacological action. 

As such, the importance of promoting a greater quality psychedelic experience deserves appropriate 

attention in future investigations, as well as the predictive potential of such experiential components in 
determining long-term brain effects of psychedelics.  

 

4.6.10. Methodological strengths and limitations  

 

This study had many key advantages, including multimodal neuroimaging and the extensive 

measurement of a broad repertoire of psychological outcomes not previously investigated in 

psychedelic research, both acutely and in the long term. To highlight the multifaceted approach taken 
by this study, the various complimentary techniques included the following: (i) an extensive battery of 

questionnaires provided a subjective assessment of the acute and long-term effects of psilocybin on 

human cognition, emotions and behaviour; (ii) computer-based tasks (i.e. IDED) provided an objective 

assessment of enduring post-psilocybin effects on cognitive flexibility; (iii) EEG was used to directly 

measure neural activity during the acute drug state and enabled an objective view of the psychedelic 

brain; (iv) fMRI was used to measure enduring neural effects one month post-dosing and enabled an 

objective view of sustained brain effects (i.e. resting-state functional connectivity and amygdala 

responsivity to facial affect stimuli) after a psychedelic experience. To this end, the analytical techniques 
employed in this study have helped to improve understanding of a wide range of acute and long-term 

psychological and neurological effects of psilocybin in healthy participants. A further advantage 

concerns the within-subjects design of this study, which minimises random noise due to individual 

variability and compensates for the reduced sample size due to increased statistical power compared 

with between-subjects designs.  
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Study design considerations 

 

A key limitation of the present study was the sample size, which was influenced by various factors, such 

as: (i) recruitment, (ii) assessment compliance, (iii) availability of psilocybin, and (iv) costs and 
budgeting. Sample size was reduced further in the context of the acute EEG recordings; this was due 

to a few participants not complying with the recordings during the high dose (25 mg psilocybin) session 

as well as EEG artefacts in the data obtained. In specific cases, post-EEG recording VAS ratings were 

not completed by all of the participants. For instance, some participants were unable to complete the 

VAS due to the profound effects of psilocybin during the peak intensity of the experience, lowering the 

number of results. To compensate for this, other approaches could include ‘experience sampling’ –  a 

technique that cues the user to talk about their experience at distinct time intervals (Csikszentmihalyi 

and Larson, 1987). This could be a useful way to assess acute insightful experiences as it would enable 
distinct timings of the ‘insightful’ event to be correlated with EEG measures, such as brain complexity. 

With regards to data obtained, three participants had to be excluded from analysis due to excessive 

artefacts. Reasons for this and possibilities for how to overcome this problem will be discussed later in 

this section. Finally, three participants withdrew for reasons unrelated to the study. In future, the use of 

reserve participants could be implemented up until the first dose of psilocybin to compensate for this. 

 

The present study had a single-blind, fixed order, within-subjects study design. All participants received 

two doses of psilocybin four weeks apart. To blind the subjects, participants were informed that they 
would receive up to 25 mg of psilocybin in each dosing session, however no further information 

regarding dosage was provided. In reality and known to the researchers, all participants received 1 mg 

psilocybin – considered to be a subperceptual/subthreshold dose (Madsen et al., 2019) – on the first 

dosing day and 25 mg psilocybin – considered to be a fully active high dose – on the second dosing 

day. As such, the subthreshold dose of 1 mg psilocybin acted in place of a ‘placebo’ in that it would not 

occasion a full psychedelic experience yet would control for participant expectation.  

 
Although this design has the advantage of controlling for participant expectation, there are limitations 

to consider. This study chose 1 mg psilocybin as a control because it is suggested to be 

pharmacologically ‘inert’, thus producing effects via expectancy alone similar to a non-active placebo. 

Positive expectation is the major psychological factor underlying the ‘placebo’ effect, so the merit of 

using 1 mg psilocybin as a control is that participants can be briefed to expect psilocybin in both dosing 

sessions. Participants were encouraged to expect and prepare for up to 25 mg psilocybin, thus 

standardising preparation and expectations prior to each dosing session. Psilocybin is expected to 

induce subjectively detectable sympathomimetic effects between approximately 3-5 mg, depending on 
the individual (Hasler et al., 1997). As such, it was hypothesised that 1 mg psilocybin would not induce 

psychological or brain effects, either acutely or in the long-term. Although the present results are 

consistent with this, the effects of 1 mg psilocybin have not been studied to date and it is possible that 

this dose is sufficient to produce effects in measures unaccounted for in this study. Future research 

may wish to use an active placebo, such as methylphenidate; however, it should be noted that the 
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blinding of participants is particularly difficult in psychedelic research due to the characteristic and 

profound effects of these drugs on perception and cognition. With regards to the fixed-order design of 

this study, balancing the order of 25 mg and 1 mg psilocybin sessions would be one method to control 

for potential order effects. However, this was not possible in the current design as 25 mg psilocybin was 
hypothesised to induce long-term neural and psychological outcomes. As such, post-25 mg psilocybin 

long-term outcomes would confound post-1 mg psilocybin data if 25 mg was administered first, thus 

contradicting the methodological reasons for employing a fixed-order design.  

 

Psilocybin and related psychedelic compounds produce a wide range of responses to identical milligram 

per kilogram (mg/kg) dosing. This is the case between individuals, but also within individuals across 

various psychedelic experiences. As such, fixed dosing regimens are the norm in the context of 

psychedelic drug research. This is supported by a recent report of psilocybin subjective effects and 
clearance, whereby a fixed dose of 25 mg psilocybin was found to approximate circulating levels of 

psilocin following a weight-adjusted dose of 0.3 mg/kg (Brown et al., 2017). As the present study used 

a fixed dose of 25 mg psilocybin, this eliminated the need for participant-specific compounding which 

may be viewed as a further methodological advantage. Nonetheless, despite support for fixed dosing 

designs, future research may wish to consider weight-based dosing. However, future weight-based 

studies should consider that this dosing regimen may be unnecessary (e.g. Brown et al., 2017) and 

dramatically complicates standardisation and validation of the compound and its distribution, particularly 

for a scheduled drug such as psilocybin. 
 

Participants were instructed to treat each dosing day equally as a kind of “music meditation”, which has 

the advantage of reducing further variability beyond drug dosage between the dosing sessions (i.e. 

varying levels of talking, engaging in other activities, interactions with the “sitters” etc.). Further, as 

outlined in the guidelines for safety (Johnson et al., 2008), it is imperative that study guides (sitters) 

provide psychological support if required in the context of psychedelic research. Notably, high doses 

typically occasion more intense, profound and potentially challenging experiences, and therefore a 
greater need for psychological support provision, than low doses. With this in mind, another limitation 

of this study concerns its lack of ability to differentiate between the psilocybin drug effects and 

contextual factors (i.e. the effects of psychological support and music and/or music meditation. 

Nevertheless, reducing participant comfort and neglecting their needs for support may be deemed 

unethical and may carry further limitations that outweigh the benefits. To this end, great consideration 

was given to the potential merits and flaws of each decision made in each step of this study’s design 

process, with considerable efforts to determine reasonable trade-offs in the approach.      

 
Psychometric considerations  

 

A key advantage of this study includes the extensive assessment of a broad repertoire of psychological 

outcomes, most of which were measured using validated scales. Moreover, self-constructed measures 

were developed to compensate for the few instances where validated measures were unavailable or 
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deemed insufficient. Yet, although self-constructed measures used in this study are currently 

undergoing validation processes, a further limitation arises from the fact that they remain unvalidated 

at the time of writing this thesis. Moreover, the majority of psychological outcomes were based on 

subjective questionnaires. This poses another limitation, as self-reported questionnaires are 
problematic due to the influence of responder bias. To this end, further work is required to objectively 

measure these constructs and their associated behavioural changes. This study also used only one 

objective measure of cognitive flexibility, the IDED task, which specifically measures abstracted set-

shifting and reversal learning. Cognitive flexibility encompasses a multidimensional set of cognitive 

functions (Ionescu, 2012), of which abstracted set-shifting and reversal learning may not be fully 

representative. With this in mind, future studies should consider incorporating additional measures of 

cognitive flexibility. Interpretation of the strength of correlations found here should consider the a prior 

power calculation, which indicated a detectable effect size of 0.56 with a desired power of 80% at the 
5% significance level. Further, although the use of change scores can be advantageous and were 

deemed most appropriate for the regression analyses, the role of regression to the mean must also be 

considered when interpreting the correlations found here (e.g. see Allison, 1990).  

 

Neurometric and imaging considerations 

 

The present study utilised a wireless EEG cap with 21 electrodes. This limited the volume of available 

data compared to high density EEG cap alternatives. During analysis, EEG channel removal, ICA and 
artefact removal decreased this volume further. In some cases, over five ICAs were removed due to 

excessive artefacts. Furthermore, up to two channels were removed as excessive artefacts rendered 

them unusable. Increased artefacts during the psilocybin experience were most likely due to increased 

perspiration and jaw clenching, a problem that has been noted in previous psychedelic studies (e.g. 

Muthukumaraswamy et al., 2013). To this end, the high dose (25 mg psilocybin) was considerably more 

affected than the low dose (1 mg psilocybin) recordings. This may be unavoidable in some cases, but 

steps can be taken prior to EEG recording to ensure cleaner EEG data. For example, high density EEG 
electrode analysis could be performed, but in the case of this study, it was more desirable to use the 

wireless EEG cap and increase participant comfort.  

 

There are some important factors to consider when measuring LZc. LZc increases with age in healthy 

participants (Fernandez et al., 2011). Furthermore, clinical populations demonstrate differences in LZc 

trends with age. For example, schizophrenic patients demonstrate an opposing trend to the healthy 

population (Fernandez et al., 2011). This shows that caution must be taken when comparing LZc 

measurements between different ages and clinical populations. It should be noted, however, that all 
participants were healthy and the age range was relatively narrow in this study. Nonetheless, future 

research should look to account for age by introducing age as a covariate during analysis – due to a 

small number of participants, this analytical technique was not viable in the present study. The LZc 

algorithm takes into account binary sequences during a given timeframe. If there was little diversity in 

binary code during the start of the EEG recording but large diversity at the end, this would not be evident 
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using LZc. Although unlikely, this is one limitation of LZc. To avoid this, LZc could be calculated for 

multiple, smaller timeframes revealing how complexity changes over time. It is possible to calculate LZc 

using a length of binary code of 1000 or greater (Amigo et al., 2004), something that is achievable with 

4 seconds of EEG data in this case. Future work may look to determine changes in LZc over time during 
the psychedelic experience in a greater powered study. Furthermore, this may aid in pinpointing 

psychological correlates to particular timepoints. Finally, LZc has previously been attributed to the level 

of conscious experience (Casali et al., 2013; Schartner et al., 2015), but is it possible to categorise 

human consciousness into one number? Given the broad repertoire of experiences in the psychedelic 

state, the idea of a number to represent conscious experience seems basic. The ability of psychedelics 

to differentially affect various aspects of consciousness does not support a unidimensional conception. 

Rather, the effects of psychedelics on consciousness strongly support a multidimensional conception 

of conscious states instead (see Bayne and Carter, 2018). Accordingly, others have categorised LZc 
as a reflection of the ‘richness’ of conscious experience (Carhart-Harris, 2018). Taking a multivariate 

analysis approach of EEG (e.g. LZc and spectral analysis) may also help to extend the findings present 

here. Consistently, psilocybin induces widespread reduction in alpha oscillatory power (Thatcher et al., 

1971; Kometer et al., 2015), with patterns different to that of LZc. Moreover, local changes in delta 

oscillations have been linked to increases in insightfulness during the psychedelic experience (Kometer 

et al., 2015). Combining different analytical methods, such as LZc and spectral analysis, could give a 

more extensive evaluation of the neurobiological effects during the psilocybin experience.  

 
Additional limitations arise from the use of BOLD-based fMRI measures, which indirectly measure brain 

activity. More specifically, the dynamics of the BOLD response are dependent on changes in cerebral 

blood flow, cerebral blood volume and the cerebral metabolic rate of oxygen consumption (Ogawa et 

al., 1990). There are several limitations of using fMRI to study changes in brain function, including poor 

temporal resolution. Changes in blood flow show a slow peak after approximately five seconds from the 

initial increase (referred to as the haemodynamic response function; HRF), thereby significantly limiting 

the temporal resolution of the BOLD signal. BOLD-signal changes are also non-absolute and 
susceptible to a significant amount of noise, such as motion artefacts for example. Further, although 

fMRI measures have relatively better spatial resolution than other neuroimaging modalities, BOLD-

signal measured per 3 mm voxel still represents the mixed activity of approximately one million neurons 

(Arthurs and Boniface, 2002; Logothetis, 2008; Logothetis and Wandell, 2004). Other limitations of fMRI 

include potential confounders of the data, such as the participants experiencing MRI-induced anxiety 

(e.g. claustrophobia in the scanner), other mental states (e.g. excitement, frustration, boredom) and 

falling asleep (especially during resting-state scans). Further limitations arise when investigating 

network connectivity due to variability in the literature regarding brain networks definitions and the 
regions within them. It is also important to consider the validity of the fMRI results found here, as fMRI 

analyses can result in considerably high rates of false positives (Eklund et al., 2016) and commonly 

used task-fMRI measures (incuding the emotional faces paradigm used here) lack sufficient test-restest 

reliability (Elliott et al., 2020). As such, these considerations further highlight the importance of 
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replicating the current findings in future work as well as the need for more reliable and validated 

statistical methods in neuroimaging research.     

 

Although fMRI was not performed acutely in this study, it is important to highlight an additional limitation 
that concerns BOLD-based neuroimaging studies of the acute psychedelic state. As mentioned in the 

previous section, neuroimaging measures such as BOLD-based fMRI indirectly measure brain activity 

via blood flow parameters and might therefore partially be confounded by local and/or cardiovascular 

bottom-up effects (e.g., van‘t Ent et al., 2014; de Munck et al., 2008). Although any transient changes 

in receptor dynamics or other residual pharmacological effects related to psilocybin administration 

would be resolved before the one month post-dosing scans performed here, 5-HT2A-mediated 

vasoactivity intrinsic to psychedelic drug action deserves particular experimental scrutiny, especially in 

the context of acute and post-acute neuroimaging studies. To enable correct interpretation of neuronal 
activity by vascular signals, future research needs to deepen our understanding of the basic 

mechanisms of neurovascular coupling and the specific characteristics of disturbed neurovascular 

coupling in the psychedelic state. To this end, the next chapter attempts to address this knowledge gap 

by investigating the 5-HT2A-mediated regulation of systemic circulation using the most 5-HT2A-selective 

psychedelic yet discovered, 25CN-NBOH.  

 

4.6.11. Conclusions 

 
This study used a multifaceted approach to comprehensively study the psychological and neurological 

effects of psilocybin in healthy participants. Notably, the results provide evidence for persistent brain 

effects – which are predicted by psychedelic peak experience phenomena – that correlate with positive 

long-term changes in prosociality and overall well-being after a high-dose psilocybin experience. The 

results identified psychological insight – both acutely and as it crystallises in the days to weeks following 

a high-dose psilocybin experience – as a potential mediator of mental health outcomes based on its 

ability to promote positive long-term changes in well-being and experiential avoidance. Critically, this 
study also provides evidence for a direct association between a specific neuronal mechanism (i.e. signal 

complexity of spontaneous brain activity) and insightfulness experienced during the peak intensity of a 

high-dose psilocybin experience. Taken together, the results of this study provide support for the 

recently developed REBUS model of psychedelic drug action. The REBUS model posits that an entropic 

brain with relaxed high-level priors may facilitate curiosity and BMR processes that encourage the 

attainment of psychological insight and novel perspectives, which may ultimately mediate long-term 

outcomes.  

 
In addition to the core conclusions presented above, a few crucial points require consideration. This 

study highlights the importance of developing a strong therapeutic alliance in psychedelic research and 

suggests that, in addition to the therapeutic effects, enduring brain effects of psilocybin may be 

experience-dependent. This emphasises the importance of contextual and experiential components of 

psychedelic administration and highlights the need for future studies to take this on board. The results 
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also stress the importance of providing a supported integration session in future psychedelic studies, 

which facilitates further insight and positive changes in the long-term.  

 

To conclude, this study offers a comprehensive account on the acute and long-term effects of psilocybin 
on the brain and psychology of healthy participants. The results support and extend the notion that 

insight, as a key component of psychedelic therapy, may contribute to long-term improvements in 

psychopathological disorders and mental health in general. This study also demonstrates a neural 

mechanism underlying the acute experience of insight during a high-dose psilocybin experience, as 

well as persistent neural changes that correlate with well-being outcomes long after that experience. 

To this end, these novel results considerably broaden the field’s knowledge of the acute and long-term 

psychological and neurological effects of psilocybin and provide inspiration for future work. 
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5. STUDY 3  | 
Can we untangle neuro- and haemodynamic 

mechanisms in the psychedelic brain state? 
 
 
 
  

“Follow your heart… but take your brain with you!”  

 
– Alfred Adler  
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5.1. FOREWORD 

 

The previous chapter presented acute and long-term effects of psilocybin on the brain and psychology 

of healthy human participants. The findings highlight the importance of contextual factors (i.e., set and 

setting) in determining the response to a psychedelic compound. The quality of the acute psilocybin 

experience and the integration of that experience influenced post-psilocybin long-term outcomes. With 

regards to the brain measures, 25 mg psilocybin induced increased brain signal complexity during the 

“peak” of the acute drug effects and this was found to correlate with the degree of insightfulness 

experienced during the recording. Enduring changes in amygdala responsivity to emotional faces 
expressing fear and resting-state functional connectivity were also observed, and these were found to 

correlate with positive long-term changes in psychological well-being and social-connectedness.    

 

The evidence presented in this thesis thus far suggests that psychedelics have therapeutic potential, 

yet very little is known about how they work in the brain mechanistically to give rise to their profound 

effects. It should be noted that our understanding of the general neurophysiology of (cortical) 5-HT2ARs 

– the key site of action for psychedelic compounds –  is limited by the lack of highly selective 5-HT2AR 
agonists. Moreover, our knowledge of the neurophysiological correlates of the human psychedelic brain 

state largely stems from BOLD-fMRI based research, which indirectly measures neuronal activity by 

extraction of blood-flow related parameters. BOLD-fMRI based brain functioning studies, thought to 

mainly reflect neuronal activity, might therefore partially be confounded by local and/or cardiovascular 

bottom-up effects (e.g., van‘t Ent et al., 2014; de Munck et al., 2008). Although there is general effort to 

control for these complex interactions (Müller et al., 2018; Carhart-Harris et al., 2012a) it appears 

essential to learn how 5-HT2AR activation influences the brain’s supply of blood when disentangling 

neuro- and haemodynamic mechanisms involved in the psychedelic brain state. Cardiovascular 5-HT2(A) 

receptors have been subject to extensive research (see Kermorgant et al., 2018; McCall and Clement, 

1994; Nagatomo et al., 2004; Ramage, 2001), yet understanding of how they regulate systemic 

circulation has largely been occluded by the unavailability of selective agonists. As such, 5-HT2A-

mediated vasoactivity intrinsic to psychedelic drug action deserves particular experimental scrutiny 

considering the use of BOLD-fMRI in human studies. Furthermore, unveiling the effects of psychedelics 

with cell-type and circuit specificity might provide insight into the mechanisms underlying the therapeutic 

effects of psychedelics as well as many psychiatric disorders. A cell-type specific and circuit-centric 
investigation of the effects of psychedelics on brain activity holds exciting opportunities and has never 

been performed.  

 

In this chapter, I present an examination of the suitability of 25CN-NBOH – a novel psychedelic that is 

the most selective agonist ligand for the 5-HT2AR yet discovered –  in mice for prospective in vivo optical 

imaging studies. Using the head twitch response (HTR) as a behavioural readout of central 5-HT2A 

activity, the following factors are determined: (i) the dose range of 25CN-NBOH required for parenteral 

administration to induce central 5-HT2A activation, (ii) the time-course of the central action, (iii) sensitivity 
to 5-HT2A antagonism and experimental familiarity, (iv) a possible involvement of 5-HT2C receptors in 
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25CN-NBOH induced HTRs, and (v) potential development of tachyphylaxis and tolerance. To address 

the question of how psychedelic-5-HT2A interactions translate into the brain (haemo-)dynamics 

characteristic for psychedelia, I examine the effects of 25CN-NBOH on heart rate, blood flow, blood 

oxygenation, and respiratory rate via non-invasive pulse oximetry drawn from the animals’ brain-
imminent neck arteries. Since 5-HT2A-related vasoconstriction is thought to be a main effector site of 

serotonergic thermoregulation (e.g. Ootsuka et al., 2004), I investigate the cardiovascular effects of 

25CN-NBOH by varying the temperature of a heat-pad.  
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5.2. INTRODUCTION 

 

Psychedelics have a history of use in psychotherapy and research shows that psychedelics can have 

long-lasting benefits on the psychology of healthy individuals as well as patient populations (see 

Carhart-Harris and Goodwin, 2017; dos Santos et al., 2016; Rucker et al., 2018). Although these 

compounds have great therapeutic potential, very little is known about how they work in the brain 

mechanistically to give rise to their intriguing effects. To this end, elucidating the acute and potentially 

enduring effects of psychedelics on specific cell-types and neural circuitry in rodents may help to explain 

the effects seen on the psychology and brain activity of human participants. Moreover, understanding 
the neural mechanisms underlying psychedelic drug action and any possible enduring effects that these 

drugs have may provide insight into the mechanisms underlying many psychiatric disorders, thus 

helping to elucidate novel targets for therapeutic intervention.  

 

5.2.1. Psychedelic-induced head-twitch behaviour  

 

Modelling psychedelic-induced neuropsychological effects in rodents remains controversial due to the  
subjective effects produced by these drugs, which often seem uniquely human. However, although one 

may question the validity of animal models of psychedelic drug action, evidence suggests that 

behavioural abnormalities induced by psychedelics in rodents may predict such effects in humans (see 

(see Hanks and González-Maeso, 2013; Canal and Morgan, 2012). Moreover, since human studies are 

limited in their ability to probe neurochemical mechanisms, the use of animal models may enable a 

better understanding of the molecular basis through which psychedelics produce their  effects.  

 

Determining which rodent behaviours predict specific types of neuropsychological effects in humans 
holds significant value. Ideally, suitable rodent models that are analogous to specific behavioural 

characteristics induced by psychedelic drugs in humans may be used as tools to investigate the 

anatomy and molecular mechanisms of action underlying such behavioural outcomes. The head-twitch 

response (HTR) is widely used as a mouse behavioural proxy of human psychedelic action, mostly due 

to its predictive validity (Canal and Morgan, 2012; Halberstadt et al., 2020). It is important to note that 

head-twitch behaviour is occasionally observed at baseline, albeit at a much lower frequency than that 

induced by psychedelic drugs. The HTR is induced in mice by all psychedelic drugs yet studied, and is 
not induced by non-psychedelic drugs such as lisuride and ergotamine (Gonzalez-Maeso et al., 2007). 

The HTR is also distinct from other drug-induced behavioural responses in rodents, such as 

dissociative-induced head-weaving and opiate withdrawal-induced wet-dog shakes (Gonzalez-Maeso 

and Sealfon, 2009; Martin et al., 1963). In summary, head-twitch behaviour in mice can be used with a 

high degree of reliability to predict psychedelic potential in humans. 
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5.2.2. Pharmacology of psychedelics 

 

There are two major classes of psychedelic drugs: (i) the indoleamines, such as LSD, psilocybin and 

DMT, and (ii) the phenethylamines, such as mescaline and the 2C (2,5-dimethoxy, 4-substituted 
phenethylamines) series (Nichols, 2004). In contrast with the high selectivity of phenethylamines for the 

5-HT2 family of receptors, indoleamines are relatively non-selective at 5-HT sites (see Table 2-1; Pierce 

and Peroutka, 1989; Titeler et al., 1988; McKenna et al., 1990). Despite differences in their chemical 

structure (see  

Figure 2-2), the indoleamines and phenethylamines induce cross-tolerance and produce remarkably 

similar experiences in humans (Abramson and Rolo, 1965; Abramson et al., 1958; Balestrieri and 

Fontanari, 1959; Hollister et al., 1969; Isbell et al., 1961; Wolbach et al., 1962b). 

 
The serotonin 2A receptor (5-HT2AR) is a member of the 5-HT2 seven-transmembrane receptor family 

and is expressed in various cells and tissues across the mammalian body, with highest expression 

levels in the brain (see GPCR database; Regard et al., 2008). 5-HT2ARs are specifically enriched in the 

cerebral cortex, particularly on the apical dendrites of pyramidal cells in layer 5 (Weber and Andrade, 

2010). By enhancing cortical glutamate release, 5-HT2ARs may modulate cognitive processes, such as 

working memory and attention (Williams et al., 2002; Mirjana et al., 2004). Based on a large body of 

evidence, it is widely accepted that the unitary mechanism responsible for the effects of psychedelics 

is activation of the 5-HT2AR. Indoleamines and phenethylamines both act as agonists at this common 
site (i.e. the 5-HT2AR) of action (Nichols, 2004). Moreover, the strong positive correlation between the 

affinity of these drugs for the 5-HT2AR and psychedelic potency (Glennon et al., 1984) suggests that 

the stimulation of this receptor subtype is important in their mechanism of action. This is further 

supported by research showing an ablation of psychedelic effects in 5-HT2AR knockout mice (Gonzalez-

Maeso et al., 2007) and following the administration of selective 5-HT2AR antagonists in animals and 

humans (Vollenweider et al., 1998; Glennon et al., 1984; Colpaert et al., 1985; Gresch et al., 2005; 

Fiorella et al., 1995; Smith et al., 1995). Specifically, 5-HT2ARs of layer 5 pyramidal cells are thought to 
be a key mediator of psychedelic activity (Muthukumaraswamy et al., 2013; Nichols, 2016; Vollenweider 

and Kometer, 2010). 

 

Psychedelic drug effects show strong manifestation in human psychological functioning, but 

psychedelics also produce somatic effects across mammals. For instance, LSD has been shown to 

induce pupil dilatation, patellar hyperreflexia, temperature dysregulation, as well as increase in breath 

rate, heart rate, and blood pressure in humans (Isbell, 1959; Schmid et al., 2015). Likewise, ‘serotonin 

syndrome’ has been described in the literature and refers to stereotypical movements coinciding other 
motor symptoms in animals (e.g. Corne and Pickering, 1967; Sloviter et al., 1980; Buchborn et al., 

2015). Our knowledge of the neurophysiological correlates of the human psychedelic brain state largely 

feeds from BOLD-fMRI and PET based research. As the given methods indirectly measure neuronal 

activity by extraction of blood-flow related parameters, the vasoactivity intrinsic to psychedelics 

deserves particular experimental scrutiny when interpreting such correlates. 
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In addition to their neuronal expression in the brain, 5-HT2ARs are widely expressed across the vascular 

system (Cohen, 1988; Ullmer et al., 1995) and there is ongoing controversy as to how a direct 

interaction between psychedelics and the vessels might contribute to the overall corticodynamics 
associated with the psychedelic state (Lewis et al., 2017). Psychedelics are likely to interfere with 

cerebral blood flow by targeting 5-HT receptors within the brain’s microcirculation itself (Cohen et al., 

1996). Despite autoregulatory shielding of brain blood flow from the caprioles of the periphery (Yang 

and Liu, 2017), heart rate and systemic blood pressure also have clear effects on cerebral 

haemodynamics (Ma et al., 2016; Kalisch et al., 2005; Terem et al., 2018).  

 

BOLD-fMRI based brain functioning studies, thought to mainly reflect neuronal activity, might therefore 

partially be confounded by local and/or cardiovascular bottom-up effects (e.g., van‘t Ent et al., 2014; de 
Munck et al., 2008). Although there is general effort to control for these complex interactions in brain 

imaging studies on psychedelics (Müller et al., 2018; Carhart-Harris et al., 2012a), it appears essential 

to learn how 5-HT2A activation influences the brain’s supply of blood when disentangling neuro- and 

haemodynamic mechanisms involved in the psychedelic brain state. Cardiovascular 5-HT2(A) receptors 

have been subject to extensive research (see Kermorgant et al., 2018; McCall and Clement, 1994; 

Nagatomo et al., 2004; Ramage, 2001), yet our understanding of how they regulate systemic circulation 

has largely been occluded by the unavailability of selective agonists.  

 
In summary, the 5-HT2AR is considered as an important drug target with potential implications of both 

agonists and antagonists in the treatment of various psychiatric conditions, including depression and 

anxiety (Quesseveur et al., 2012; Buchborn et al., 2014; Ross et al., 2016; Mascher, 1967; Carhart-

Harris et al., 2017a; Carhart-Harris et al., 2016a). Despite the availability of relatively selective 5-HT2AR 

antagonists (see PDSP Ki database; Roth et al., 2000), our understanding of the general 

neurophysiology of (cortical) 5-HT2ARs is limited by the lack of highly selective 5-HT2A agonists. The 5-

HT2A-mediated vasoactivity intrinsic to psychedelic drug action also deserves particular experimental 
scrutiny considering the use of BOLD-fMRI in human studies. The phenylaminergic psychedelics DOI 

and DOM (2,5-dimethoxy-4-iodo-/methyl-amphetamine) have been the state-of-the-art drugs for 

delineation of 5-HT2(A) specific functioning, yet seem to have confounded affinity for 5-HT2 and (nor-

)adrenergic receptors (Ray, 2010). This makes it difficult to examine 5-HT2A-specific vasoactive and 

psychoactive effects. 

 

Since psychedelic phenethylamines display reasonable selectivity for the 5-HT2 receptor but typically 

lack selectivity among the subtypes (Glennon et al., 1992; Roth et al., 1998), extensive medicinal 
chemistry efforts have focused on this scaffold in order to produce highly selective agonists. In search 

of agonists with higher 5-HT2AR selectivity, a novel series of 48 compounds was recently developed 

based on the phenethylamine backbone shared by DOI-like psychedelic drugs (Hansen et al., 2014). 

Amongst these, extensive follow-up in vitro receptor binding screening demonstrated that the newly 

designed N-(2-hydroxybenzyl) substituted 4-cyano-2,5-dimethoxyphenethylamine (25CN-NBOH) was 
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one of the most promising candidates. 

25CN-NBOH 

 

25CN-NBOH is characterised by a high affinity for 5-HT2ARs (in vitro radioligand competition binding, 

av. Ki: ∼1.72 nM), by a ≥100-fold selectivity for binding to this receptor as compared to a plethora of 

non-5-HT2 targets (including other G-protein coupled receptors, ion channels, transporters, and 

enzymes), and robust 5-HT2A selectivity over 5-HT2B/2C receptors (Ki in vitro [averaged across studies]: 

∼56 nM for 5-HT2B and ∼83 nM for 5-HT2C, respectively) (Jensen et al., 2017a; Halberstadt et al., 2016; 

Hansen, 2010). Therefore, 25CN-NBOH appears advantageous over other currently used 5-HT2AR 

agonists subjected to a similarly scrutinous receptor profiling (see Ray, 2010; and PDSP Ki database, 
Roth et al., 2000). 

 

The structure of 25CN-NBOH is similar to that of other N-benzyl substituted phenethylamines currently 

emerging among recreational psychedelic drug users, including the NBOMe series (Lawn et al., 2014), 

all of which induce potent psychedelic effects in humans. Moreover, recent anecdotal reports relating 

to psychedelia specifically induced by 25CN-NBOH began emerging this year. These reports are 

consistent with research demonstrating that N-benzyl substitutions dramatically increase affinity for 5-

HT2AR in vitro and in vivo (Blaazer et al., 2008; Halberstadt and Geyer, 2014; Nichols et al., 2008). 
Although most information regarding the psychedelic effects of novel N-benzyl substituted 

phenethylamines in humans is largely anecdotal in nature, accounts posted by recreational users online 

(for example, erowid.org and bluelight.org) strongly attest to the psychoactive properties of these 

substances. The confirmation of psychedelic effects of 25CN-NBOH in humans provides further support 

for its use in animal studies of psychedelic drug action.  

 

5.2.3. Optogenetics for psychedelic research  

 
Evidence suggest that psychedelics have therapeutic potential, yet very little is known about how they 

work in the brain mechanistically to give rise to their profound effects. Unveiling the effects of 

psychedelics with cell-type and circuit specificity might provide insight into the mechanisms underlying 

the therapeutic effects of psychedelics as well as many psychiatric disorders. A cell-type specific and 

circuit-centric investigation of the effects of psychedelics on brain activity holds exciting opportunities 

and has never been performed.  

 
Since the advent of the game-changing field of optogenetics (Boyden et al., 2005; Li et al., 2005), it is 

now possible to record neuronal activity with cell-type and circuit specificity in the awake, behaving 

animal. The term ‘optogenetics’ refers to the combination of genetics and optics to manipulate and 

monitor the activity of defined cell classes at the level of neuronal circuits. There are two different types 

of tools depending on the optogenetic approach taken: (i) actuators, which are proteins that transduce 

light into neuronal signals, have been designed to manipulate neuronal circuits; and (ii) indicators, which 

are proteins that transduce neuronal signals into optical signals, have been designed to monitor 
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neuronal circuits (Song and Knopfel, 2016). Optogenetic indicators include genetically encoded calcium 

(GECI) and voltage (GEVI) indicators. Whereas GECIs give an indirect readout of neural activities, 

GEVIs directly measure changes in membrane potential with subthreshold sensitivity and are capable 

of detecting inhibitory electrical inputs (Knopfel, 2012). GEVI-based approaches allow the efficient 
detection of neural ensembles, network properties and orchestrated activities as well as the underlying 

circuitry (Antic et al., 2016). Therefore, using GEVI-expressing transgenic mice to conduct cell-type and 

circuit-centric explorations of psychedelic drug action would be advantageous and holds great potential.  

 

 

5.3. OBJECTIVES AND HYPOTHESES 

 
The present study aimed to determine the suitability of 25CN-NBOH in mice for prospective in vivo 

optical imaging studies. The head twitch response (HTR) was used as a behavioural readout of central 

5-HT2AR activity to determine the following factors: (i) The dose range of 25CN-NBOH required for 

parenteral administration to induce central 5-HT2AR activation, (ii) the time-course of the central action, 

(iii) sensitivity to 5-HT2AR antagonism and experimental familiarity, (iv) a possible involvement of 5-

HT2CRs in 25CN-NBOH induced HTRs, and (v) potential development of tachyphylaxis and tolerance. 

25CN-NBOH was then tested with regard to its effects on heart rate, blood flow, blood oxygenation, 

and respiratory rate, monitored by non-invasive pulse oximetry drawn from the animals’ brain-imminent 
neck arteries. Since 5-HT2AR-related vasoconstriction is thought to be a main effector site of 

serotonergic thermoregulation (e.g., Ootsuka et al., 2004), the cardiovascular effects of 25CN-NBOH 

were examined by varying the temperature of the heat-pad supporting the animal. 

 
Study objective: To behaviourally characterise the effects of 25CN-NBOH for prospective in vivo 

optical imaging experiments and elucidate 5-HT2AR-mediated vascular effects via neck arterial blood-

flow parameters. 
 

Hypotheses: 
• 25CN-NBOH will show psychedelic activity by inducing the HTR and will demonstrate 5-HT2A 

selectivity. 

• Experimental familiarity and habituation will improve the HTR readout. 

• 25CN-NBOH will produce tolerance and tachyphylaxis, consistent with similar phenethylamine 

psychedelics.  

• 25CN-NBOH will demonstrate vasoactivity by altering parameters of neck arterial blood-flow. 
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5.4. METHODS 

 

5.4.1. Statement of contributions 

 
Personal contribution: In accordance with the UK Animal Scientific Procedures Act (1986), I completed 

the Home Office Module 1 – 4 course (Certificate number: IMP/16/011), obtained a personal licence 

(PIL number: I5B5A6029; Category C) and received training and competency assessments in order to 

carry out the regulated procedures necessary for this study (see appendices). I carried out the animal 

handling, husbandry and procedures (i.e. intraperitoneal drug administration, transcardial perfusions, 
brain extraction and slicing, head-fixation training, and schedule 1 culling) outlined in this chapter. I also 

carried out all of the confocal microscopy, designed and carried out the behavioural and physiological 

experiments, developed the head-fixation habituation protocol and conceptualised the study design of 

a proposed optogenetic investigation to be completed in the future. I collected, plotted and interpreted 

all of the data presented in this chapter. Additionally, I designed and built the observation boxes used 

in the behavioural experiments.  

 
Team contribution: As a joint project, Tobias Buchborn and I contributed equally to the behavioural and 

physiological experiments. Tobias Buchborn carried out procedures that I had not been assessed in 

(i.e. subcutaneous drug administration and cervical dislocation as the primary method for schedule 1 

culling). Prof Thomas Knöpfel held the project licence (PPL number: 70/7818) and provided the 

supervision and advice required for the conceptualisation of the experimental designs, methodology 

and interpretation of the findings presented here. Prof Thomas Knöpfel also provided the laboratory 

facilities and equipment. Chenchen Song, Peter Quicke, Samuel Barnes and the Imperial College 

Central Biomedical Services (CBS) staff provided the training required for my competency in the 
procedures outlined in this work. Chenchen Song and Gemma Oliver assisted with animal husbandry 

and breeding. The CBS provided the animal facilities and assisted with housing, husbandry, breeding, 

training and competency assessments. All members of the Knöpfel laboratory provided critical 

comments and encouragement. 
 

5.4.2. Animals 

 
All experimental procedures performed at Imperial College London were in accordance with the UK 

Animal Scientific Procedures Act (1986) under Home Office Personal and Project licenses (I5B5A6029, 

IA615553C; PPL 70/7818), following appropriate ethical review. Adult mice of both sexes and with 

mixed genetic background (stock of mainly C57BL/6JxB6CBAF1 background) were bred in-house at 

the Central Biomedical Services (CBS) of Imperial College London. They were housed in individually 

ventilated cages with a 12:12 h light/dark cycle and maintained at an ambient temperature of 21 ± 2◦C 

at 55 ± 10% humidity. Mice were provided with standard rodent-chow pellets (Special Diet Services, 

#RM1) and water ad libitum. 
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5.4.3. Drugs 

 
25CN-NBOH (a kind gift from Jesper L. Kristensen, University of Copenhagen) and ketanserin (Tocris 

Biosciences; Avonmouth, UK) were dissolved in isotonic saline, SB-242084 (Tocris Biosciences; 

Avonmouth, UK) in DMSO (10% in saline). Drugs were applied intraperitoneally or subcutaneously (<10 
ml/kg), as indicated. Pulse oximetry and body core temperature experiments were performed under 

general anaesthesia using isoflurane (IsoFlo; Zoetis, UK) delivered in 100% oxygen, as detailed below. 

 

5.4.4. Behavioural Experiments  

 
Animals were allowed to habituate to the (observational) non-home boxes (25.5 × 12.5 × 12.5 cm [L × 

W × H]) for 30min. Observational boxes were shielded with red acrylic plates to minimise the animals’ 

visual awareness of the experimenter. 
 
Head Twitches 
 
For quantification of HTRs, animals were treated with saline or the respective dose of 25CN-NBOH 

(0.5–3.0 mg/kg, i.p. (or 1.5 mg/kg, s.c.]) and observed for 20–60min. The frequency of head twitches, 

defined as rapid and brisk rotational movement of the head around the longitudinal axis of the animals’ 

body (Handley and Singh, 1986) (see supplemental Movie), was counted in 2- or 5-min bins starting 

directly after injection. The sensitivity of 25CN-NBOH (1.5 mg/kg [vs. 3.0] mg/kg, i.p.) induced head 

twitches to 5-HT2A and/or 5-HT2C antagonism was tested by pre-treating the animals with ketanserin 
(0.75 mg/kg, i.p.) and SB-242084 (0.5 mg/kg, i.p.), respectively, 30min prior to agonist administration. 

The impact of experimental familiarity was investigated by simulation of aspects of the experimental 

procedure (i.e., handling, injection of saline, and exposure to the observational non-home cages for 

30min before, and for 20min after saline injection) 1 day before the actual 25CN-NBOH experiment. 

 
Tachyphylaxis, defined as in-between-session tolerance occurring at repeated short-interval 

application, was tested by injecting saline or 25CN-NBOH (0.75 or 1.5 mg/kg, i.p.) twice at a 1.0- or 

1.5-h interval, and comparing the average HTR frequency in each 30-min observation period. For 
subchronic tolerance, animals were treated for 4 days with saline or 25CN-NBOH. 25CN-NBOH was 

injected once (1.5 mg/kg, i.p. [morning]) or twice (1.5 mg/kg, i.p. [morning] and 3.0 mg/kg, i.p. [evening 

of days 1–3]) per day and HTRs were counted for 20min after each morning application. The twice-per 

day regimen, with the increased dose (i.e., 3.0 mg/kg) in the evening, was chosen based on findings 

for LSD, which indicate that tolerance development is slightly facilitated by a higher frequency of 

application, but more strongly facilitated by a higher frequency of application with increased dosing 

every other application injection (Buchborn et al., 2016). 
 

Statistics 
 
The data from the dose-response, antagonist, and prehabituation experiments were analysed using 

non-parametric Kruskal-Wallis test with Dunn’s multiple post-hoc comparisons, or Mann-Whitney U-

testing (as planned a priori). Tolerance and time-course data were subjected to a two- and three-factor 
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ANOVA with repeated measures on one factor, respectively, and followed up on by Bonferroni-

corrected multiple comparisons. For HTRs, time-course data of interest were fitted by non-linear 

regression analysis, and the decay constant provided by the best-fit exponential equation (HTRt = 

HTR∗0 e−lambda∗t) subsequently used for determination of 25CN-NBOH’s half-life (t½ = ln[2]/lambda). 

Calculations were carried out by SPSS or GraphPad Prism software. Statistical significance was 

assumed if the null hypothesis (e.g., drug has no action) could be rejected at p≤0.050 probability level. 

 

5.4.5. Pulse oximetry and body core temperature measurements 

 
Pulse oximetry was performed in anaesthetised mice using the rodent-specific MouseOx Plus collar-

sensor system (STARR Life Sciences Corp., Oakmont, PA). Anaesthesia was induced in an 

anaesthesia chamber (VetTech Solutions, Cheshire, UK) at 2-2.5% isoflurane, and following the loss 

of the righting reflex maintained via two-port mask supply at 1.5-2.0% concentration. Body temperature 

was maintained by a feedback-loop controlled heat-pad (TR-200 Fine science tools, USA), which drew 

input from a thermosensor attached to the heat-pad’s surface, controlling for 37 or 41˚C pad 

temperature. The collar-sensor was placed around the shaved necks of the animals to read out oxygen 
saturation (% of functional arterial haemoglobin), heart rate (beats per minute [bpm]), breath rate 

(breaths per minute [brpm]), and pulse distention of carotid arteries (Figure 5-4 D). Pulse distention 

reflects changes in light absorption by haemoglobin and via Beer’s law provides the length of the optical 

path through the blood (Hete et al., 2013). Recordings were made at 1 Hz, with a 20-minutes baseline 

period, followed by injection of 25CN-NBOH and saline, respectively, and a 20-minutes post-injection 

period. Body core temperature was monitored via a digital thermometer and rectal probe and registered 

at 2-minutes intervals. 
 
Statistics 
 

Pulse oximetry 1-Hz readouts –as aggregated in 5-min bins– and body core temperature 

measurements were analysed via SPSS-implemented 3-factorial repeated measures ANOVA (with 

group and pad temperature as between-subject factors, and time as within-subject factor), and analysed 

for main effects, interaction, and contrast, respectively. Significant interactions were followed up on by 

Bonferroni-corrected multiple comparisons. For cross-parameter comparability, results were 

normalised to their respective baseline average and depicted as -fold baseline. 
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5.5. RESULTS 

 

5.5.1. Dose-response, ketanserin-sensitivity and effect of experimental familiarity  

 
Mice received a single injection of either saline (control) or 25CN-NBOH (0.5–3.0 mg/kg, [i.p. or s.c.]) 

and were monitored for HTRs during the following 20min. While control animals in this observation 

period rarely showed any behaviours rated as HTRs [0.83 ± 0.31 (mean ± SEM)], the incidence of HTRs 

markedly increased for all tested doses of 25CN-NBOH. Frequencies (mean ± SEM) ranged from 13.67 

± 4.26 for the lowest dose (0.5 mg/kg, i.p.), 37.67 ± 6.04 to 40.67 ± 5.77 for the medium dose (1.5 

mg/kg, i.p. vs. s.c.), and 27.60 ± 4.52 for the highest dose tested (3.0mg/kg, i.p.; Figure 5-1). Inference-

statistically, however, only the 1.5-mg/kg dose significantly differed from the saline group (X2(10, 

N=62)=31.49, p≤0.001; Dunn’s post-hoc [comparison to saline], 1.5 mg/kg i.p. or s.c., each p≤0.01). At 

none of the doses tested, stereotypies other than HTRs (including any symptoms of the serotonin 

syndrome) were noted. 

 

The 5-HT2A antagonist ketanserin (0.75 mg/kg, i.p.), when applied 30min before the agonist, near-

completely prevented the 25CN-NBOH (1.5-mg/kg, i.p.) induced HTRs (mean ± SEM: 2.0 ± 1.29) (X2(4, 

N=30)=14.47, p≤0.010; Dunn’s post-hoc [comparison to 1.5 mg/kg 25CN-NBOH w/o antagonist and to 

control, respectively], p≤0.050 and n.s.). The selective 5-HT2C antagonist SB-242084 (0.5 mg/kg, i.p., 
30min pre-treatment), did not prevent 25CN-NBOH from inducing significant HTRs (mean ± SEM: 31.50 

± 8.25; Dunn’s post-hoc (comparison to saline), p≤0.050]. SB-242084, although not affecting the effect 

of 1.5 mg/kg 25CN-NBOH, increased the animals’ response to the 3.0 mg/kg dose of the agonist, 

leading to HTRs of significant extent (mean ± SEM: 36.20 ± 7.02, p≤0.05; Figure 5-1 B). 

 

Handling the animals and thoroughly habituating them to the experimental procedures (including 

exposure to observational boxes and saline injection 1 day before the 25CN-NBOH experiment), 

respectively, facilitated agonist induced HTRs; a 0.75 mg/kg sub-threshold dose was enabled to induce 
significant twitching (mean ± SEM: 33.0 ± 5.28; p ≤ 0.01) and the response to a 1.5 mg/kg dose was 

significantly increased (mean ± SEM: 61.5 ± 6.3; p≤0.050; Figure 5-1 A). 
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were no route-dependent time-course differences. The average (± SEM) of the three half-lives 

calculated for the 1.5 mg/kg dose is 11.05 ± 1.45.  

 
Figure 5-2. Time-course of 25CN-NBOH (0.5–2.5 mg/kg, i.p.) induced HTR (as observed for the first 30min 

post-application). Mean ± SEM; n=6 per group. The inset replots the means of the 1.5 mg/kg dose as fitted by an 

exponential decay function. 
 

5.5.3. Tachyphylaxis and tolerance  

 

In an independent set of experiments, we explored whether 25CN-NBOH induced HTRs showed signs 

of short-term tolerance. We therefore repeatedly applied the drug at different intervals. Similarly, as 

reported above, 25CN-NBOH (1.5 mg/kg, s.c.) treated mice exhibited an average of 34.67 ± 4.65 HTRs 
within 30 min, which was significantly more than observed in saline treated mice (mean ± SEM: 1.4 ± 

0.25) (p≤0.010). Reapplying the same dose of 25CN-NBOH at 1 or 1.5 h after the first application 

substantially reduced the efficacy of the drug. Main effects for time [F(1, 24)=64.28, p≤0.001], group [F(1, 

19)=62.1, p≤0.001], and time x group interaction [F(4, 24)=10.47, p≤0.001] proved significant. Saline 

treated animals at both intervals did not show significant differences from the first saline application (not 

shown), 25CN-NBOH treated mice—with only 24.98 ± 4.54% (1 h) and 19.48 ± 4.59% (1.5 h) of the 

original responsiveness—twitched significantly less (first vs. resp. second injection, post-hoc each 

p≤0.010; Figure 4). As shown for the 1.5 h interval, a reduced but still highly significant loss of drug 
efficacy could likewise be demonstrated when 25CN-NBOH was injected twice at a lower dose (0.75 

mg/kg, s.c.) to handling habituated mice (mean ± SEM [% of the original responsiveness]: 30.66 ± 5.86; 

first vs. second injection, p≤0.010) (Figure 5-3 A).  
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5.5.5. Heart rate 

 

Isoflurane-anesthetised mice overall exhibited a tendency for an increase of heart rate over time (Figure 

5-5; repeated measures ANOVA, significant main effect time: F(1.77, 65.40)=65.76, p≤0.001). Furthermore, 
a significant time x group interaction (F(1.77, 65.40)=4.59, p≤0.001) and a significant time x treatment x 

temperature interaction (F(1.77, 65.40)=3.93, p=0.029) indicated that the temporal changes in heart rate 

differed between both groups in a temperature dependent manner. Bonferroni-corrected post-hoc 

comparisons revealed that the significant time x group interaction was due to an 25CN-NBOH induced 

tachycardia at all four post-injection measurements for the 37˚C condition (saline vs. 25CN-NBOH 

[mean±SEM, -fold change]: 1.05±0.018 vs. 1.12±0.018 [25 min], p=0.041; 1.07±0.02 vs. 1.18±0.027 

[30 min], p≤0.001; 1.08±0.026 vs. 1.19±0.031 [35 min], p=0.010; 1.08±0.03 vs. 1.19±0.032 [40 min], 

p=0.016) and at the first post-injection measurement for the 41˚C condition, respectively (saline vs. 
25CN-NBOH [mean±SEM, -fold change]: 1.07±0.016 vs. 1.13±0.026 [25 min], p=0.044). Accordingly, 

temperature-dependent heart rate differences in 25CN-NBOH treated animals could be detected at the 

35- and 40-minutes measurements, respectively, and as trend for the 30-minutes measurement (25CN-

NBOH 37 vs. 41˚C 30 min: p=0.095; 35 min: p=0.015; 40 min: p=0.029; 40 min: p=0.014). Mean 

absolute values for the pre- vs. post-injection intervals (given in bpm) are shown in Table 5-1 and Table 

5-2. 

 

5.5.6. Breath rate 

 

Isoflurane-anesthetised mice overall exhibited a tendency for a decrease of breath rate over time 

(Figure 5-6; repeated measures ANOVA, significant main effect time (F(2.72,100.58)=47.46, p≤0.001). 

There was a significant main effect group (F(1,37)=8.27, p=0.007) and a significant time x group 

interaction (F(2.72,100.58)=3.21, p=0.030) without additional temperature dependency. Following up on the 

time x group interaction, 25CN-NBOH significantly decreased breath rate at all four post-injection 

measurements of the 37˚C condition (saline vs. 25CN-NBOH [mean±SEM, -fold change]: 0.96±0.041 
vs. 0.88±0.038 [25 min], p=0.010; 0.91±0.041 vs. 0.78±0.053 [30 min], p=0.014; 0.87±0.048 vs. 

0.72±0.046 [35 min], p=0.025; 0.87±0.051 vs. 0.7±0.048 [40 min], p=0.010), but only as a trend at the 

25-minutes post-injection measurement of the 41˚C condition (0.94±0.015 vs. 0.86±0.025 [25 min], 

p=0.073 for 41˚C). Mean absolute values for the pre- vs. post-injection intervals (given in brpm) are 

listed in Table 5-1 and Table 5-2. 
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5.6. DISCUSSION 

 
The present study characterised the behavioural effects of the selective 5-HT2A agonist, 25CN-NBOH. 

The HTR was used as a behavioural output based on evidence suggesting that the HTR engages 

(Gonzalez-Maeso et al., 2007; Willins and Meltzer, 1997), predicts and/or models 5-HT2AR function in 

the cortex (e.g., Buchborn et al., 2015; Goodwin et al., 1984; Zhang and Marek, 2008). As (5-HT2Aergic) 

vasoactivity of psychedelics might contribute to their overall brain dynamics, this study also 

characterised the effects of 25CN-NBOH on parameters of neck-arterial blood flow. 

 

5.6.1. Behavioural effects  

 

25CN-NBOH evoked marked HTRs in mice at the full range of doses tested (i.e., 0.5–3.0 mg/kg). In the 

context of the multiple-comparisons analysis, however, only the medium dose (1.5 mg/kg) was 

significant, which mirrors previous findings of the drug being most active at around 1.0–3.0 mg/kg 

(Halberstadt et al., 2016; Fantegrossi et al., 2015). The inverted u shape-like dose-response curve of 

25CN-NBOH (with higher doses entailing a relative loss of responsiveness) might be due to increasing 

occupancy of 5-HT2C receptors (whose activity may counteract the 5-HT2A–mediated HTR induction), 
and/or due to 5-HT2 receptors requiring a tuned level of occupancy (compare for DOM, DOB and DOI: 

Buchborn et al., 2015; Fantegrossi et al., 2010; Serafine and France, 2014). Consistent with its 

sensitivity to MDL100907 (Fantegrossi et al., 2015), one of the most selective 5-HT2A antagonists at 

present (av. Ki [Ki database]: ∼1.92 nM for 5-HT2A; ∼112 nM for 5-HT2C), 25CN-NBOH (1.5 mg/kg, i.p.) 

induced HTRs were blocked by the 5-HT2A antagonist ketanserin (av. Ki [Ki database]: ∼1.6 nM for 5-

HT2A; ∼52 nM for 5-HT2C). The selective 5-HT2C antagonist SB-242084 (av. Ki [Ki database]: ∼2.85 for 

5-HT2C; ∼505 nM for 5-HT2A), on the other hand, did not affect HTRs evoked by a 1.5-mg/kg dose of 

25CN-NBOH. Interestingly, it slightly increased the behavioural effect of the higher 3.0-mg/kg dose of 

the agonist. Thus, it might be suggested that low to medium doses of 25CN-NBOH primarily interact 

with 5-HT2AR; but higher doses of 25CN-NBOH may also recruit 5-HT2CRs, thereby interfering with the 

actions mediated by 5-HT2ARs (compare for DOI: Fantegrossi et al., 2010). The finding that 3.0 mg/kg 

25CN-NBOH given to mice reach brain concentrations that fall into the range of the agonist’s in vitro 
affinity for 5-HT2CRs (Jensen et al., 2017b), would be in line with such an interpretation. 

 
 
25CN-NBOH induced HTRs were facilitated when animals had been thoroughly habituated to the 

experimental procedures on the day before the drug application. The latter finding supports 

observations made in rats, where the presence of familiar littermates allowed hallucinogens to evoke 

substantially more HTRs than when observed in isolation (Buchborn et al., 2015). The dependence of 

5-HT2AR-related behaviour in rodents on what may be described as state-environment interaction, 
mirrors characteristics of human psychedelia, which is critically determined by set and setting, i.e., 

psychological constitution and environmental circumstances (see Hartogsohn, 2016; Carhart-Harris et 

al., 2018). 25CN-NBOH induced HTRs occurred within <1min after i.p. injection, reached maximal 
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frequencies within 2–5min, and declined to half-maximal at ∼11min (compare for 25I-NBOMe and 25I-

NBMD: Halberstadt and Geyer, 2014). In contrast to the i.p. route, s.c. administration—as shown for 

the 1.5-mg/kg dose—was associated with a slight delay in peak and somewhat longer duration to half-

maximum. 25CN-NBOH, both in plasma and brain, reaches maximum concentrations within 15min, 

where it remains relatively stable until at least 30min post-application (Jensen et al., 2017). The fast 

decline in the behavioural response observed here therefore does not seem to be a consequence of 

fast drug clearance. One possible explanation for the apparent disconnect between 25CN-NBOH’s 
brain concentration and behavioural output is the development of acute tolerance. Indeed, DOI which 

shares the phenethylamine backbone of 25CN-NBOH, internalises and desensitises 5-HT2ARs within 

15–20 min in vitro (Porter et al., 2001; Raote et al., 2013). 

 
To follow up on the possibility of tolerance development, this study applied 25CN-NBOH (1.5 mg/kg) 

twice at a 1.0- or a 1.5-h interval and found a rapid loss of responsiveness to the second injection 

(compare for LSD and DOI: Darmani and Gerdes, 1995; Buchborn et al., 2016). To test the hypothesis 

that the observed tachyphylaxis was due to substance accumulation (i.e., two single 1.5 mg/kg doses 
accumulating to a less active 3.0-mg/kg dose), the experiment was repeated with a 0.75-mg/kg dose 

(which after thorough animal habituation induced significant HTRs; see Figure 5-1 A) injected twice at 

a 1.5-h interval. If the two 0.75 mg/kg doses had accumulated to form a 1.5-mg/kg dose, the second 

dose should have induced unchanged or more HTRs than the first. However, as the 0.75-mg/kg regimen 

led to a similar-degree tachyphylaxis as did the 1.5-mg/kg dose, it is unlikely that drug accumulation is 

the underlying cause for the rapid tolerance development. Instead processes of 5-HT2A regulation might 

play a role; indeed, DOI applied twice at a 4-h interval in vivo, desensitises 5-HT2A mediated glutamate 

release in the cortex (Scruggs et al., 2003). Finally, the present study investigated subchronic tolerance 
as it would develop with a once-a-day application of 25CN-NBOH (1.5 mg/kg, i.p.) over 4 days. HTRs 

steadily decreased (e.g., compare for DOI and 2C-T-7: Smith et al., 2014), with the most pronounced 

loss of responsiveness exhibited in between the first days. The extent of tolerance could be substantially 

augmented by applying a second (higher) daily dose of 25CN-NBOH (3.0 mg/kg, i.p.) at an ∼8-h 

interval. 

 

5.6.2. Physiological effects 

 

At 37˚C pad temperature, 25CN-NBOH induced a slight increase in neck-arterial pulse distention, a 
measure of local tissue perfusion that parallels changes in mean arterial blood pressure (Hete et al., 

2013; Olivera et al., 2010). Pulse oximetry is largely driven by strong-pulse arteries. Being the most 

dominant neck arteries with immediate pulse from the heart-imminent aortic arch (Ruberte et al., 2017), 

the collar-clip based pulse distention measurement most likely reflects haemodynamics of the carotid 

arteries. The effect of 25CN-NBOH on neck-arterial blood flow is in line with diverse reports of 

psychedelics increasing blood pressure (Dedeoğlu and Fisher, 1991; Dolder et al., 2017; Huang and 

Ho, 1972; Wolbach et al., 1962a), possibly resulting from vasoconstriction and increased total 

peripheral resistance (Chaouche-Teyara et al., 1994). The rise in arterial distension was more 
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pronounced when 25CN-NBOH was applied at elevated pad temperature. Similarly, the 25CN-NBOH 

induced rise in body temperature only occurred at 41, not at 37 ˚C. Psychedelics evoke hyperthermia 

(e.g., Jacob and Lafille, 1963), particularly when primed by environmental heat load (Buchborn et al., 

2016). The effects of 25CN-NBOH on body core temperature and pulse distention found here to be 
temperature-dependent suggests a close relationship. Indeed, psychedelic-induced hyperthermia (like 

hypertension) is thought to engage 5-HT2A related vasoconstriction in the cutaneous bed, which 

interferes with heat dissipation (Blessing and Seaman, 2003). Increased body temperature might drive 

carotid blood flow, favouring output to external over internal branches in relation to the brain’s 

thermoregulatory needs (Hellstrom et al., 1996; Baker et al., 1982).  

 

The present study found 25CN-NBOH-evoked tachycardia that sustained at physiological pad 

temperature but quickly reversed at elevated pad temperature. Mirroring this observation, psychedelics 
have been demonstrated to increase heart rate both in humans (DiMascio et al., 1957; Dolder et al., 

2017; Strassman and Qualls, 1994) and anaesthetised animals (Knowles and Ramage, 1999; Ramage 

et al., 1993; Friedman et al., 1978). Reports of psychedelics increasing the heart rate of animals appear 

more controversial, with several reports of bradycardia (Anderson et al., 1995; Chaouche-Teyara et al., 

1994; Tadepalli et al., 1975), mixed effects or lack of effects (Dabiré et al., 1989; Dedeoğlu and Fisher, 

1991). The controversy in the literature might partially arise from the adrenergic pharmacodynamics of 

the psychedelics used (Ray, 2010). Indeed, the bradycardic effect of the first-generation selective 5-

HT2(A) agonist DOM shows sensitivity to 5-HT2A as well as adrenergic antagonism (Tadepalli et al., 
1975). Beyond unselectivity, however, conflicting results might also be reconciled with regard to two 

opponent counterforces downstream of 5-HT2A. To this end, tachycardia might be due 5-HT2A mediated 

sympathetic cardiac nerve output (Anderson et al., 1995; Saxena and Villalón, 1990). On the other 

hand, bradycardia might result from 5-HT2A mediated hypertension inviting the baroreceptor reflex to 

cancel out the sympathetically driven chronotropy (Ramage et al., 1993; Tadepalli et al., 1975). In line 

with the proposed opponency, this study found that the tachycardic effect of 25CN-NBOH was reversed 

at elevated pad temperature and as pulse distention increased.  
 

Apart from its effect on pulse distention and heart rate, 25CN-NBOH facilitated the development of 

bradypnea, which mirrors findings for DOI (Khater-Boidin et al., 1999; Rose et al., 1995) and might be 

due to 5-HT2(A) mediated inhibition of phrenic nerve activity (Lalley, 1982). Interestingly, phrenic 

inhibition induced by the psychedelic drug, 5-MeO-DMT, could be overcome by ambient heat (King and 

Holtman, 1990). This is consistent with the rapid reversal of 25CN-NBOH’s bradypneic effect at 

increased pad temperature. Blood oxygen saturation was not significantly altered by 25CN-NBOH. 

Therefore, the observed respiro-/cardiovascular effects of the drug do not seem to reflect changes in 

functional arterial haemoglobin availability. 
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5.6.3. Conclusions 

 
In conclusion, this study demonstrated that the selective 5-HT2A agonist 25CN-NBOH induced a dose- 

and time-dependent, ketanserin-sensitive increase in HTRs in mice, which  was subject to short-interval 

and subchronic tolerance. Future research, correlating HTRs with pharmacokinetic-/dynamic 
adaptations at various time points during tolerance development might provide insight as to a possible 

mechanism. Furthermore, making use of new technologies to image cortical activities in awake 

behaving mice using genetically encoded, cell-class specifically targeted voltage and calcium indicators 

(Carandini et al., 2015; Song et al., 2017; Knöpfel et al., 2015) might take our mechanistic 

understanding of the underlying processes from basic receptor pharmacology to systemic circuit 

dynamics. 

 
The present findings also show that 25CN-NBOH induces a temperature-dependant increase in heart 

rate, decrease in breath rate, and increase in arterial blood flow, as measured by pulse oximetry drawn 

from brain-supplying (most likely carotid) arteries. 25CN-NBOH is the most selective 5-HT2 agonist at 

present, with robust preference for 5-HT2A over 5-HT2B and 5-HT2C and lack of appreciable affinity for 

adrenergic receptors (Hansen, 2010; Halberstadt et al., 2016; Jensen et al., 2017a). Given the primary 

relevance of 5-HT2ARs for the psychedelic principle along with the immediacy of neck-arterial blood flow 

to the brain’s metabolic demands, the present results might contribute to a more systemic 

understanding of how psychedelic-5-HT2A interactions translates into the brain (haemo-)dynamics 
characteristic for psychedelia. 

 

5.6.4. Future work: prospective optical imaging experiments   

 

Previous brain slice experiments have shown that psychedelics increase the frequency of spontaneous 

excitatory (EPSCs) and inhibitory (IPSCs) postsynaptic currents in cortical layer 5 pyramidal neurons. 

Therefore, it appears that psychedelics recruit glutamatergic and GABAergic neurons to produce 

enhanced excitatory and inhibitory recurrent network activity (Lambe and Aghajanian, 2007). In addition 
to the fact that layer 5 pyramidal neurons directly synapse onto inhibitory interneurons, research has 

shown that 5-HT2ARs are also densely expressed on interneurons (Puig et al., 2010; Celada et al., 

2013; Wood et al., 2012). Rather than being directly glutamatergic, psychedelics could be modulating 

the excitability of neuronal masses by modulating the gain of excitatory and inhibitory populations that 

contain 5-HT2ARs. 

Electrophysiological studies in rodents have shown that the psychedelic-induced stimulation of 5-

HT2ARs results in the decoupling of pyramidal neuron discharge from the rhythmic oscillations of larger 
neuronal populations in the PFC (Celada et al., 2008; Wood et al., 2012). This is consistent with a MEG 

study in humans showing that psilocybin induces broadband desynchronisation of cortical oscillatory 

rhythms and reduces oscillatory power in regions corresponding to the DMN (Muthukumaraswamy et 

al., 2013). Given the large proportion of layer 5 pyramidal neurons and interneurons expressing 5-
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HT2ARs in the PFC, the effects of psychedelics on cortical networks may derive from a depolarising 

action in such a large neuronal proportion that it alters the association between individual states and 

population measures; this net disruption in population activity thereby decreases cortical rhymicity and 

oscillatory power, thus disorganising PFC network activity (Celada et al., 2013; Celada et al., 2008). 
The PFC seems to exert a top-down control of neuronal activity in subcortical structures via descending 

excitatory axons (Miller and Cohen, 2001); thus, the psychedelic-induced alterations in PFC network 

activity may subsequently alter the activity of other brain areas.  

Using fMRI measures in humans, psilocybin has been shown to decrease cerebral blood flow, venous 

oxygenation and functional connectivity in the major connector hubs of the brain (e.g. thalamus, PCC 

and ACC) as well as decrease positive coupling between the PCC and vmPFC (Carhart-Harris et al., 

2012a). In contrast, human studies using PET have shown psilocybin-induced increases in blood supply 

and glucose metabolism in most cortical regions (Vollenweider et al., 1997a). It is unclear whether the 
timing differences between these measures play a role in this controversy, as PET measures are 

averaged over a longer period of time relative to fMRI. In an attempt to bridge this paradox, it has been 

suggested that the reduced BOLD activity reflects the desynchronisation of oscillatory rhythms while 

the PET metabolic increases correspond with the increased excitability of layer 5 pyramidal neurons 

(Halberstadt, 2015). On the other hand, parvalbumin-expressing, fast spiking interneurons have high-

energy consumption and are among the most metabolically demanding cells in the central nervous 

system, which may account for psychedelic-induced metabolic increases observed with PET imaging.  

As mentioned previously, hemodynamic methods to image brain function are indirectly sensitive to 
neuronal activity due to their vascular nature, limiting their interpretability and quantification. Widely 

used methods (such as BOLD fMRI) are further complicated by their opposite sensitivity to CBF, CBV 

and cerebral oxidative metabolism (Buxton et al., 1998; Davis et al., 1998; Kim et al., 1999). Significant 

progress has been made in determining the properties of hemodynamic responses (Hillman, 2014; Kida 

and Hyder, 2006), yet fundamental questions remain. For instance, the relative contribution of excitatory 

and inhibitory neuron activity to hemodynamic responses and metabolic load is unclear, and the impact 

of increases in inhibitory neuron activity on vascular and metabolic responses is even less clear. 
Arguments for increases and decreases in hemodynamic signals have been proposed with increases 

in inhibitory activity (Boorman et al., 2015; Devor et al., 2008; Shmuel et al., 2006; Stefanovic et al., 

2004). Unveiling the contributions of excitatory and inhibitory activity to neurovascular and 

neurometabolic coupling is a vital and necessary step towards understanding hemodynamic signals as 

well as their sensitivity to brain function and dysfunction at the neuronal level.  

In vitro evidence suggests that psychedelics enhance the excitability of layer 5 pyramidal neurons 

Aghajanian and Marek, 1999; Aghajanian and Marek, 1997; Marek et al., 2001), yet in vivo research 

suggests an overall net inhibition of pyramidal neuron population activity (Abi-Saab et al., 1999; Zhang 
et al., 2010; el Mansari and Blier, 1997; Bergqvist et al., 1999; Puig et al., 2010). As mentioned above, 

a paradox also exists when different neuroimaging methods are employed in human research (i.e., PET 

techniques suggest an excitatory effect whereas fMRI techniques suggest inhibition in cortical regions). 



 

 191 

The growing body of preclinical evidence showing that 5-HT2AR stimulation increases GABAergic 

transmission (Shen and Andrade, 1998; Scruggs et al., 2003; Abi-Saab et al., 1999; Zhang et al., 2010; 

Ashby et al., 1990; Marek and Aghajanian, 1996; el Mansari and Blier, 1997; Bergqvist et al., 1999) 

may help to explain the psychedelic paradox. However, a validation of how psychedelics act on 
pyramidal neurons and interneurons via 5-HT2ARs to alter excitatory and inhibitory neural circuitry in 

the intact brain has never been performed.  

Optogenetic monitoring involves the use of genetic methods to target activity indicators–proteins that 

transduce neuronal activity into optical signals for recording–to defined cell classes. Optogenetic 

indicators include genetically encoded calcium (GECI) and voltage (GEVI) indicators. Whereas GECIs 

give an indirect readout of neural activities, GEVIs directly measure changes in membrane potential 

with subthreshold sensitivity and are capable of detecting inhibitory electrical inputs (Knopfel, 2012). 

GEVI-based approaches allow the efficient detection of neural ensembles, network properties and 
orchestrated activities as well as the underlying circuitry (Antic et al., 2016). Therefore, using GEVI-

expressing transgenic mice enables an in vivo investigation of the effects in excitatory and inhibitory 

neuronal circuits induced by 25CN-NBOH, a psychedelic that is the most selective agonist ligand for 

the 5-HT2AR yet discovered. A cell-type specific and circuit-centric investigation of the effects of 

psychedelics on brain activity holds exciting opportunities and has never been performed. 

In order to design later voltage imaging experiments, the present study performed a series of 

behavioural pharmacology experiments using the HTR as a behavioural readout of psychedelia. A dose 

of 1.5 mg/kg 25CN-NBOH was found to induce the greatest HTR frequency (Figure 5-1) and is thus 
chosen as the most effective dose for future voltage imaging experiments. As 25CN-NBOH was found 

to have a very rapid onset of action and relatively short duration of action (Figure 5-2), the drug will be 

administered s.c. in the head-fixed animal when already in the voltage imaging setup to capture the 

onset of the drug effects. As 25CN-NBOH was found to induce tachyphylaxis (Figure 5-3 A), the drug 

will not be reapplied during voltage imaging experiments. In addition, 25CN-NBOH was found to induce 

tolerance (Figure 5-3 B), providing considerations for chronic imaging sessions. By taking a reverse 

translational approach, a deeper understanding can be obtained in transgenic mice and used to inform 
the findings obtained in humans. Thus, the proposed future work set out above holds great impactful 

potential (see Appendix E for methods of planned future optical imaging project). 
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6. GENERAL DISCUSSION 
 
 
  

“We build too many walls and not enough bridges.” 
 

– Isaac Newton 
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6.1. OBJECTIVES OF THIS THESIS 

 

Our understanding of psychedelic drug action and implications for neuroscience and psychiatry has 

rapidly developed over recent years with the growth of psychedelic research. Yet despite impressive 

progress, fundamental questions remain. Accordingly, the present work outlined in this thesis set out to 

address some of these important knowledge gaps. For instance, a wealth of evidence indicates that 

psychedelics have therapeutic potential based on their ability to induce positive psychological changes 

that persist long-term (see Carhart-Harris and Goodwin, 2017; Rucker et al., 2018; Schenberg, 2018), 

and elucidation of their acute and post-acute brain effects is currently underway (e.g. Carhart-Harris et 
al., 2012a; Carhart-Harris et al., 2016c; Carhart-Harris et al., 2017d; Lebedev et al., 2016; Roseman et 

al., 2016; Vollenweider and Kometer, 2010). Yet, the potential for psychedelics to induce long-term 

brain changes has not been sufficiently studied. Determining post-psychedelic long-term brain effects 

and neurobiological mechanisms underlying positive psychological change would hold significant value 

– not just for the field of psychedelic science, but for the wider fields of neuroscience and mental health. 

To this end, the key site of action for psychedelic drugs – the 5-HT2AR – is considered an important 

drug target with potential implications of both agonists and antagonists in the treatment of various 
psychiatric conditions (Quesseveur et al., 2012; Buchborn et al., 2014; Ross et al., 2016; Mascher, 

1967; Carhart-Harris et al., 2017a; Carhart-Harris et al., 2016a). Yet, in addition to their expression in 

the brain, 5-HT2ARs are widely expressed across the vascular system (Cohen, 1988; Ullmer et al., 

1995). This complicates matters as our knowledge of the neurophysiological correlates of the human 

psychedelic brain state largely stems from BOLD-fMRI techniques, which indirectly measure neuronal 

activity by extraction of blood-flow related parameters. As such, the potential 5-HT2A-mediated 

vasoactivity intrinsic to psychedelic drug action deserves particular experimental scrutiny as it may bring 

the validity of the acute brain findings into question. Taken together, these uncertainties inspired the 
various works that make up this thesis. 

 

Providing further inspiration for the studies presented here, the REBUS model of psychedelic drug 

action was recently developed in an attempt to explain the acute and enduring effects occasioned by 

psychedelic drugs in humans (Carhart-Harris and Friston, 2019). The REBUS model theorises that 

psychedelics induce an acute state of heightened brain entropy via their 5-HT2A-mediated activity 

(Carhart-Harris, 2018), which reflects relaxation of the precision weighting of priors that coincides with 
the increased weight of bottom-up signalling; this allows bottom-up information to have more influence 

on conscious experience and on the configuration of the hierarchy overall (Carhart-Harris and Friston, 

2019). The REBUS model postulates that the effects of psychedelics on the precision weighting of high-

level priors or beliefs may mediate the therapeutic efficacy of these compounds. As the REBUS model 

states that high-level priors may be sensitised to liberated bottom-up information flow, combining the 

belief relaxation process with the right intention, care provision and context may help cultivate the 

revision of such entrenched pathological priors. The REBUS model has the potential to greatly aid our 

understanding of psychedelic drug action, yet substantial research efforts are required to test the 
model’s theories, determine its validity and refine the model as required.  
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6.2. FINDINGS & CONTRIBUTION TO THE FIELD 

 

The findings of Chapter 3 (STUDY 1) suggest that the psychologically supportive administration of 

psilocybin remediates negative cognitive biases characteristic of severe depression. In line with the 

REBUS model, the presence of a pessimism bias in these patients indicates excessive precision, 

weight, or influence of this prior, and its alleviation indicates that the psilocybin treatment induced belief 

relaxation and recalibration processes. A key strength of Chapter 3 is that it presents the first study to 

use a behavioural instrument to more objectively measure optimism/pessimism in the context of 

psychedelic research. As well as being the first to address psychedelic-induced changes in biases that 
are not purely subjective and self-referential, this is also the first study to analyse the effects of a 

psychedelic compound on cognitive biases in patients with severe depression. To this end, the results 

presented in Chapter 3 substantially extend findings of previous research demonstrating increased 

optimism following psychedelic drug use, which have tended to focus on healthy participants via use of 

subjective measures (Barbosa et al., 2009; Carhart-Harris et al., 2016b; Griffiths et al., 2008; Griffiths 

et al., 2011). 

 
Given the remediation of negative cognitive biases found in Chapter 3 and previous research showing 

enduring post-psychedelic increases in optimism in healthy participants (Smigielski et al., 2019; 

Carhart-Harris et al., 2016b), it’s surprising that Chapter 4 did not replicate this well-established finding 

– i.e. in Chapter 4, no change in optimism was observed following psilocybin treatment measured via 

the LOT-R. It should be noted that Chapters 3 and 4 differed greatly in the populations studied (i.e. 

depessed patients vs healthy participants) and measures of cognitive bias utilised (i.e. POFLE vs LOT-

R). However, one possible explanation for the discrepancy with previous research in healthy 

participants (Smigielski et al., 2019; Carhart-Harris et al., 2016b) is the ceiling effect, as the majority of 
participants in Chapter 4 scored high for optimism at baseline; this renders little chance for a significant 

increase after the intervention. Nevertheless, REBUS and the findings of Chapter 3 prompted key 

questions: (i) If psychedelics facilitate the relaxation of prior assumptions, does this result in heightened 

openness and receptivity to new perspectives (i.e. the precondition for psychological insight)? And if 

so, (ii) does psychological insight mediate the positive long-term outcomes that psychedelics can 

induce? Notably, insightfulness during the psilocybin experience was revealed to be predictive of long-

lasting clinical improvements in a larger study of the same sample of TRD patients discussed in Chapter 
3 (Carhart-Harris et al., 2017a).   

 
The ability of psychedelics to facilitate psychological insight is a central principle of psychedelic therapy. 

This is largely based on the notion that psychedelic (“mind-manifesting”) drugs permit latent or 

unconscious aspects of the mind to rise into conscious awareness. To this end, REBUS theorises that 

an entropic psychedelic brain with reduced confidence in high-level priors may result in the attainment 

of psychological insight and novel perspectives by disinhibiting latent (lower-levels of the hierarchy) 

contents of the mind, thus permitting their emergence into conscious awareness. These ideas raised 
the following questions: (i) Is heightened brain complexity (entropy) during the acute psychedelic state 
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positively correlated with insight? (ii) Does insight occur only in a state-like fashion during the acute 

psychedelic state, or can it crystallise in the weeks following a psychedelic experience? (iii) Is the 

occurrence of psychological insight, either acutely or after the psychedelic session, a key mediator of 

long-term positive outcomes? 

 

In support of the REBUS model, Chapter 4 presents the first study to demonstrate a direct association 

between insightfulness and heightened complexity of spontaneous brain activity (i.e. entropic brain) 

during the peak intensity of a high-dose psilocybin experience – thus potentially revealing a neural basis 

for this phenomenon. For the first time, this study also demonstrates that psychological insight 

crystallises in the days to weeks following a high-dose psychedelic experience, and that this sustained 

faciliation of insight may mediate post-psychedelic long-term positive outcomes. To this end, the 

findings of Chapter 4 support and extend the notion that insight, as a key component of psychedelic 
therapy (and now extended to incude sustained facilitation of post-psychedelic insight), may contribute 

to enduring positive change. Relatedly, the results also show post-psilocybin changes in other 

psychological and behavioural constructs not previously investigated in the long-term following a single 

high-dose psychedelic session (e.g. sustained changes in cognitive flexibility, experiential avoidance 

and prosocial constructs such as compassion, gratitude, empathy and social connectedness). 

 

The REBUS model theorises that the psychedelic brain enters an entropic “hot state” that is more 

sensitive to context and facilitates synaptic efficacy and plasticity (Ly et al., 2018; Carhart-Harris and 
Friston, 2019). In support of this, 5-HT2AR signalling plays an important role in conditions of uncertainty 

by enhancing environmental sensitivity and adaptability, particularly in situations of crisis (Carhart-

Harris and Nutt, 2017). Yet the REBUS model goes further to suggest that, when the acute psychedelic 

effects begin to subside, the brain returns to its usual regimen of efficient free-energy minimisation and 

this is reflected by a renewed sense of familiarity and assuredness (Carhart-Harris and Friston, 2019). 

Importantly however, the brain may not return in its entirety to how it was before due to the window of 

opportunity for psychedelics to induce persistent changes in the brain as a result of this period of 
elevated plasticity (Ly et al., 2018). Given the period of elevated plasticity (Ly et al., 2018) and sensitivity 

to context during the psychedelic “hot state” (Carhart-Harris and Friston, 2019) combined with evidence 

of positive psychological outcomes in the long-term following a psychedelic experience (see Carhart-

Harris and Goodwin, 2017; Elsey, 2017; Carhart-Harris et al., 2017c; Johnson et al., 2019: for reviews), 

the proposition that psychedelics may induce long-term brain effects is not unlikely. Accordingly, 

Chapter 4 explored the following key research questions: (iii) Can psychedelics induce long-term brain 

effects, and if so, do they correlate with positive psychological outcomes? (iv) What is the impact of 

contextual factors on the quality of the acute psychedelic experience and what is the impact of 
experiential and post-experiential integration components on the quality of the outcomes? 

 

Chapter 4 presents the first study to unveil sustained brain effects one month after a psychedelic 

experience in healthy, psychedelic naïve participants. Notably, these persistent brain effects were 

predicted by psychedelic peak experience phenomena and were also found to correlate with positive 
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and sustained psychological changes. The results of Chapter 4 highlight the importance of developing 

a strong therapeutic alliance in the context of psychedelic research and suggests that, in addition to the 

psychological effects, enduring brain effects of psilocybin may be experience-dependent. These 

findings support and extend a basic principle of the psychedelic treatment model, which posits that the 
quality of the acute experience mediates long-term therapeutic outcomes (now extended to include 

long-term neural outcomes). Futher, the findings of Chapter 4 also support the notion that the 

psychedelic brain enters an entropic “hot state” that is more sensitive to context and facilitates plasticity 

(Ly et al., 2018; Carhart-Harris and Friston, 2019), and emphasises the importance of contextual and 

experiential components of psychedelic administration. Crucially, psychological insight – both acutely 

and as it crystallises in the days to weeks following a high-dose psilocybin experience – was identified 

as a mechanism that may modulate positive psychological change. As such, in addition to highlighting 

the importance of context and quality of experience, the results of Chapter 4 also stress the importance 
of providing a supported post-psychedelic integration session to facilitate further insight and positive 

change in the long-term. Taken together, the novel results presented here provide support for notions 

of the REBUS model and considerably broaden the field’s knowledge of the acute and long-term 

psychological and brain effects of psilocybin.  

 

6.2.1. Contribution to our understanding of psychedelic vasoactivity   

 

Science is currently gaining an initial understanding of the neural correlates of the psychedelic brain 
state, yet our knowledge of these acute brain effects largely feeds from blood-flow based BOLD-fMRI 

and PET research. This is problematic, as the abundant expression of 5-HT2ARs across the vascular 

system (Cohen, 1988; Ullmer et al., 1995) calls the validity of these findings into question. To this end, 

the final chapter of this thesis attempts to further our understanding of the 5-HT2A-mediated vasoactivity 

intrinsic to psychedelic drug action using the most 5-HT2A-selective psychedelic yet discovered, 25CN-

NBOH. To provide an alternative (direct) methodology for elucidating psychedelic effects on neural 

dynamics, the final chapter characterised the behavioural pharmacology of 25CN-NBOH and used 
these findings to design a future optogenetics study of the psychedelic brain state.  

 

The results of Chapter 5 demonstrate temperature-dependant increases in heart rate, decreases in 

breath rate and increases in arterial blood flow from brain-supplying (most likely carotid) arteries 

following administration of 25CN-NBOH in mice. Given the primary relevance of 5-HT2ARs in 

psychedelic drug action along with the immediacy of neck-arterial blood flow to the brain’s metabolic 

demands, the results of Chapter 5 contribute to our understanding of how 5-HT2A-mediated vasoactivity 

translates into the brain (haemo-)dynamics characteristic of psychedelia. As these findings show a 5-
HT2A-mediated effect of psychedelics on the vascular system, then the validity and interpretations of 

acute psychedelic brain findings obtained using blood-flow based techniques may be called into 

question. Chapter 5 therefore highlights an important caveat of using blood-flow based neuroimaging 

techniques to examine the acute psychedelic brain state. Accordingly, the results of Chapter 5 support 

the use of EEG – a direct measure of neuronal activity – during the acute dosing sessions in Chapter 4 
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(STUDY 2 ); with fMRI used four weeks post-dosing only, long after the drug has been cleared from the 

body.  

 

Given the issues with current approaches, Chapter 5 demonstrates the suitability of 25CN-NBOH for 
prospective in vivo optical imaging studies in mice. This provides an alternative (direct) methodology 

that is sensitive to both neuronal and haemodynamic activity for studying the acute brain effects of 

psychedelics. Importantly, making use of new technologies and cell-type specific and circuit-centric 

approaches (Carandini et al., 2015; Song et al., 2017; Knöpfel et al., 2015) to image cortical activities 

in awake behaving mice might take our mechanistic understanding of the underlying processes from 

basic receptor pharmacology to systemic circuit dynamics. To this end, taking a reverse translational 

approach enables us to go beyond what is possible in humans, and may help uncover the mechanistic 

basis for the therapeutic effects of psychedelics as well as many neuropsychiatric disorders. 
 

 

6.3. RELEVANCE & WIDER IMPACT 

 
Psychedelics are potentially incredibly powerful tools for understanding normal brain function. For 

example, psychedelics offer an exciting opportunity for studying the neural substrates of consciousness 

and their profound ego dissolving effects informs our understanding of the neural mechanisms 
underlying how one forms a coherent sense of self (Vollenweider et al., 1997a; Tagliazucchi et al., 

2016; Muthukumaraswamy et al., 2013; Lebedev et al., 2015; Carhart-Harris et al., 2016c). To this end, 

the findings of Chapter 4 elucidated a potential neural basis for insight processes. In addition to their 

usefulness for understanding normal brain function, psychedelics further our understanding of the 

serotonin system as well as the mechanisms underlying neuropsychiatric disorders. Further, 

psychedelics have shown promise in the treatment of various psychiatric disorders, including difficult to 

treat disorders where current approaches are failing – e.g. treatment-resistant depression (Carhart-
Harris et al., 2016a; Carhart-Harris et al., 2017b) and addictions (Abuzzahab and Anderson, 1971; 

Bogenschutz et al., 2015; Krebs and Johansen, 2012). Importantly, experiential components of 

psychedelic therapy appear to mediate some of the positive clinical outcomes in patient populations, 

highlighting an important caveat in the ‘pharmaceutical medication only’ treatment approach in mental 

health care. This is further supported by the findings presented in Chapter 4, where peak experience 

phenomena during the high-dose psilocybin session predicted not only psychological outcomes, but 

also changes in resting-state functional connectivity one month later. Moreover, the enduring facilitation 

of insightfulness was found to critically mediate positive psychological outcomes. Understanding the 
mechanisms underlying the therapeutic effects of psychedelics has significant impactful potential in the 

field of mental health treatment. Notably, Chapter 4 presented potential neural correlates of enhanced 

well-being and social connectedness in healthy participants following a high-dose psilocybin 

experience.   
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The present findings suggest potential for psychedelic treatment in a range of disorders that are typically 

difficult to treat. This is promising given the failure of current approaches in the field of mental health 

care. The findings of Chapter 3 indicate that the psychologically supportive administration of psilocybin 

remediates negative cognitive biases characteristic of severe depression – giving patients a clearer, 
more accurate outlook on their future unfettered by excessive pessimism. Considering the REBUS 

model, this indicates that psilocybin treatment induced belief relaxation and recalibration processes. 

With this is mind, psychedelics may show great promise in the treatment of disorders characterised by 

entrenched pathological beliefs, such as eating disorders, OCD and addiction. Additionally, the findings 

of Chapter 4 indicate that psilocybin has the potential to alter prosociality in the long-term. For instance, 

empathy, compassion, gratitude and social connectedness were increased one month after the high-

dose psilocybin session. To this end, psilocybin may show promise in the treatment of antisocial 

behaviours and disorders characterised by impaired social functioning – e.g. psychopathy.    
 

In addition to improving our understand of 5-HT2A-mediated vasoactivity intrinsic to psychedelic drug 

action, the findings of Chapter 5 highlight an important consideration relevant to the wider field of 

neuropsychiatry. Namely, the issue of blood-flow based neuroimaging studies of diseased brain states, 

where the disorder is characterised by dysfunctional serotonergic processes. To this end, dysfunctional 

serotonergic transmission in neuropsychiatric disorders may produce vascular effects that confound the 

neuroimaging data, thus bringing the validity into question. This potentially suggests that the knowledge 

base on the neural mechnisms underlying such disorders (if obtained via indirect neuroimaging 
techniques) may be incorrect, which has serious implications for our current theories and treatment 

strategies.     

 

Psychedelics have unique potential as tools to study the brain and show great promise as a treatment 

model for a variety of mental health disorders. Given that current treatment approaches are failing to 

adequately address the global crisis of mental health, the present findings are promising and 

significantly extend the scope of disorders that may be potentially treated with psychedelics. This thesis 
also highlights potentially serious implications for the use of indirect measures of neuronal functioning 

to assess brain states characterised by alterations in serotonergic transmission. Taken together, this 

thesis presents novel findings that are extremely relevant to the wider field of mental health treatment. 

 

 

6.4. FUTURE WORK 

 
The work presented here set out to address some important knowledge gaps in the field of psychedelic 

research. With important limitations considered19, this thesis presents novel findings that substantially 

contribute to the field’s knowledge and understanding of psychedelic drug action. In accordance with 

this novelty, I encourage future research to replicate and confirm the validity of the results presented 

 
19 Please refer to the limitations of each study discussed in the corresponding study chapters. 
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here. Beyond this, future research may wish to consider a large study in a patient population (such as 

severe depression) incorporating the following: (i) extensive study of insight to investigate it’s 

relationship with brain entropy and role in mediating positive clinical outcomes in the long-term 

(extending the findings of Chapter 4); (ii) an investigation of pathological beliefs among the chosen 
patient population, acutely during the psychedelic “hot state” and also how these potentially change 

long-term post-psychedelic treatment (extending the findings of Chapters 3 and 4); and (iii) an 

investigation of acute and long-term brain effects of psychedelics and how these relate to the clinical 

outcomes (extending the findings of Chapters 3 and 4). To this end, a future clinical study combining 

an investigation of pathological priors, psychedelic-induced psychological insight, post-treatment 

psychological and clinical outcomes, and acute – preferably using a direct measure of neuronal activity 

(based on the findings of Chapter 5, which do not support the use of blood-flow based neuroimaging 

techniques to measure acute psychedelic brain states due to 5-HT2A-mediated vasoactivity), such as 
MEG or EEG – and long term neuroimaging in a patient population would considerably extend the 

findings of this thesis.    

   

Further to the suggestions outlined above and in the relevant discussion sections of each Chapter, this 

thesis highlights constructs that may be manipulated by psychedelic treatment and encourages future 

clinical trials in disorders where psychedelics may have potential. The findings of Chapter 3 indicate 

that psilocybin may remediate negative cognitive biases in severe depression, thus inspiring future work 

to assess the efficacy of psilocybin treatment for other disorders characterised by pathological beliefs. 
Examples include eating disorders, addiction and OCD, as these disorders may rest on particularly rigid 

high-level priors that may be potentially amenable to revision with psychedelic therapy. Chapter 4 

highlights a variety of social effects that endure long-term after a psilocybin experience. Although 

performed in healthy participants, these findings encourage future work to assess the efficacy of 

psychedelics to treat disorders characterised by impaired social functioning or antisocial behaviour – 

for example, Social Anxiety Disorder or psychopathy. Chapter 4 also demonstrates improved cognitive 

flexibility, psychological well-being and experiential avoidance long after a high-dose psilocybin session, 
thus inspiring future work to assess the efficacy of psychedelics on disorders characterised by 

dysfunction in these constructs. With this in mind, Autism Spectrum Disorder (ASD) could be interesting 

to explore in the context of psychedelic research – i.e., given the promising effects of psilocybin shown 

in Chapter 4 on several constructs relevant to deficits in ASD, including impairments in social 

functioning, cognitive inflexibility and experiential avoidance. Support for this stems from recent animal 

work, where psilocybin was found to rescue social behavioural abnormalities present in a murine model 

of ASD (Mollinedo-Gajate et al., 2020). Further, early studies in the 1960s reported promising results 

using LSD to treat autistic children, albeit with significant methodological and ethical flaws (for a critical 
review, see Sigafoos et al., 2007). 
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6.5. CONCLUSIONS  

 

Testing notions of the recently developed REBUS model of psychedelic drug action was the key 

backbone of the objectives presented in Chapters 3 and 4 of this thesis. Taken together, these chapters 

provide support for the REBUS model’s theory that an entropic brain in the acute psychedelic state may 

encourage the attainment of psychological insight and facilitate plasticity processes, which may mediate 

long-term changes in deeply held prior assumptions, psychological functioning and the brain. The 

findings of the Chapters 3 and 4 inpsire future work to combine an investigation of pathological priors, 

psychedelic-induced psychological insight, post-treatment psychological and clinical outcomes, and 
acute and long term neuroimaging in a patient population. Combining the approaches presented here 

would hold significant value and would considerably extend the findings of this thesis. Chapter 5 

provides considerations for the suitability of indirect measures of acute psychedelic-induced neuronal 

activity by extraction of blood-flow related parameters. Furthermore, an alternative methodology rooted 

in the optogenetics approach – which is sensitive to both neuronal and haemodynamic activity – is 

proposed for prospective investigations of the brain effects of psychedelics (see Appendix E). By taking 

a reverse translational approach, unveiling the effects of psychedelics with cell-type and circuit 
specificity in mice might inform the mechanisms underlying the therapeutic effects of psychedelics and 

many neuropsychiatric disorders in humans. To this end, an optogenetic investigation of the effects of 

psychedelics on brain activity holds exciting opportunities.  

 

In conclusion, this thesis provides insights on post-psilocybin changes in pathological beliefs in severely 

depressed patients, the acute and long-term effects of psilocybin on the brain and psychology of healthy 

humans, and 5-HT2A-mediated vasoactivity in mice. Given the relative failure of current treatment 

approaches to treat psychiatric disorders, the results presented here have significant real-world 
relevance to society in addressing the global crisis of mental health. Notably, this thesis also highlights 

potentially serious implications for the use of indirect measures of neuronal functioning to assess brain 

states characterised by alterations in serotonergic transmission – which has considerable relevance to 

the wider field of neuropsychiatry, beyond the context of psychedelics. In addition to the therapeutic 

potential of the psychedelic treatment model, advancing our understanding of psychedelics is important 

for the development of new therapeutics as it increases our understanding of the mechanisms 

underlying their clinical efficacy. Accordingly, this thesis used a multifaceted approach – i.e. behavioural 
pharmacology and pulse oximetry in rodents as well as multimodal neuroimaging and a broad repertiore 

of psychological and behavioural assessments in humans – to comprehensively study the effects of 

psychedelics. The novel results presented here considerably advance our understanding of psychedelic 

drug action and provide inspiration for future work.  
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“The known is finite, the unknown 

infinite; intellectually we stand on an 

islet in the midst of an illimitable ocean 

of inexplicability.” 
 
– Thomas H Huxley 



 

 202 

7. REFERENCES 
Abi-Saab WM, Bubser M, Roth RH, et al. (1999) 5-HT2 receptor regulation of extracellular GABA  

levels in the prefrontal cortex. Neuropsychopharmacol 20(1): 92-96. 
Abramson HA (1967) The Use of LSD in Psychotherapy and Alcoholism. Indianapolis: Bobbs-Merrill 

Company. 
Abramson HA and Rolo A (1965) Lysergic acid diethylamide (LSD-25). 38. Comparison with action of 

methysergide and psilocybin on test subjects. J Asthma Res 3(1): 81-96. 
Abramson HA, Sklarofsky B, Baron MO, et al. (1958) Lysergic acid diethylamide (LSD-25) 

antagonists. II. Development of tolerance in man to LSD-25 by prior administration of MLD-41 
(1-methyl-d-lysergic acid diethylamide). AMA Arch Neurol Psychiatry 79(2): 201-207. 

Abuzzahab FS, Sr. and Anderson BJ (1971) A review of LSD treatment in alcoholism. Int 
Pharmacopsychiatry 6(4): 223-235. 

Achard S, Salvador R, Whitcher B, et al. (2006) A resilient, low-frequency, small-world human brain 
functional network with highly connected association cortical hubs. J Neurosci 26(1): 63-72. 

Adolphs R (2010) What does the amygdala contribute to social cognition? Ann N Y Acad Sci 1191: 
42-61. 

Adolphs R, Gosselin F, Buchanan TW, et al. (2005) A mechanism for impaired fear recognition after 
amygdala damage. Nature 433(7021): 68-72. 

Adolphs R, Tranel D, Damasio H, et al. (1995) Fear and the human amygdala. J Neurosci 15(9): 
5879-5891. 

Aggleton JP (2000) The amygdala: a functional analysis. United Kingdom: Oxford University Press. 
Akers BP, Ruiz JF, Piper A, et al. (2011) A Prehistoric Mural in Spain Depicting Neurotropic Psilocybe 

Mushrooms? Econ Bot 65(2): 121-128. 
Albaugh BJ and Anderson PO (1974) Peyote in the treatment of alcoholism among American Indians. 

Am J Psychiatry 131(11): 1247-1250. 
Allegro J, Brown J, Ruck C, et al. (2009) The Sacred Mushroom and the Cross: A Study of the Nature 

and Origins of Christianity Within the Fertility Cults of the Ancient Near East. United Kingdom: 
Gnostic Media Research & Publishing. 

Allison PD (1990) Change Scores as Dependent Variables in Regression Analysis. Sociological 
Methodology 20: 93-114. 

Alloy LB and Abramson LY (1979) Judgment of contingency in depressed and nondepressed 
students: sadder but wiser? J Exp Psychol Gen 108(4): 441-485. 

Alonso JF, Romero S, Mananas MA, et al. (2015) Serotonergic psychedelics temporarily modify 
information transfer in humans. Int J Neuropsychopharmacol 18(8). 

Amigo JM, Szczepanski J, Wajnryb E, et al. (2004) Estimating the entropy rate of spike trains via 
Lempel-Ziv complexity. Neural Comput 16(4): 717-736. 

Ampuero E, Rubio FJ, Falcon R, et al. (2010) Chronic fluoxetine treatment induces structural plasticity 
and selective changes in glutamate receptor subunits in the rat cerebral cortex. Neuroscience 
169(1): 98-108. 

Anden NE, Corrodi H and Fuxe K (1971) Hallucinogenic drugs of the indolealkylamine type and 
central monoamine neurons. J Pharmacol Exp Ther 179(2): 236-249. 

Anden NE, Corrodi H, Fuxe K, et al. (1968) Evidence for a central 5-hydroxytryptamine receptor 
stimulation by lysergic acid diethylamide. Br J Pharmacol 34(1): 1-7. 

Andersen KAA, Carhart-Harris R, Nutt DJ, et al. (2020) Therapeutic effects of classic serotonergic 
psychedelics: A systematic review of modern-era clinical studies. Acta Psychiatr Scand. Epub 
ahead of print 2020/10/31. DOI: 10.1111/acps.13249. 

Anderson IK, Martin GR and Ramage AG (1995) Evidence that activation of 5-HT2 receptors in the 
forebrain of anaesthetized cats causes sympathoexcitation. Br J Pharmacol 116(2): 1751-
1756. 

Antic SD, Empson RM and Knopfel T (2016) Voltage imaging to understand connections and 
functions of neuronal circuits. J Neurophysiol. DOI: 10.1152/jn.00226.2016. jn 00226 02016. 

Arthurs OJ and Boniface S (2002) How well do we understand the neural origins of the fMRI BOLD 
signal? Trends Neurosci 25(1): 27-31. 



 

 203 

Ashby CR, Jiang LH, Kasser RJ, et al. (1990) Electrophysiological characterization of 5-
hydroxytryptamine2 receptors in the rat medial prefrontal cortex. J Pharmacol Exp Ther 
252(1): 171-178. 

Avants BB, Tustison N and Song G (2009) Advanced normalization tools (ANTS). Insight j 2(365): 1-
35. 

Baker M, Hawkins M and Rader R (1982) Thermoregulatory influences on common carotid blood flow 
in the dog. J Appl Physiol 52(5): 1138-1146. 

Baldwin M, Lewis SA and Bach SA (1959) The effects of lysergic acid after cerebral ablation. 
Neurology 9(7): 469-474. 

Balestrieri A and Fontanari D (1959) Acquired and crossed tolerance to mescaline, LSD-25, and BOL-
148. AMA Arch Gen Psychiatry 1: 279-282. 

Barbosa PC, Cazorla IM, Giglio JS, et al. (2009) A six-month prospective evaluation of personality 
traits, psychiatric symptoms and quality of life in ayahuasca-naive subjects. J Psychoactive 
Drugs 41(3): 205-212. 

Barbosa PC, Strassman RJ, da Silveira DX, et al. (2016) Psychological and neuropsychological 
assessment of regular hoasca users. Compr Psychiatry 71: 95-105. 

Barlow DH, Gorman JM, Shear MK, et al. (2000) Cognitive-behavioral therapy, imipramine, or their 
combination for panic disorder: A randomized controlled trial. JAMA 283(19): 2529-2536. 

Barrett FS, Bradstreet MP, Leoutsakos JS, et al. (2016) The Challenging Experience Questionnaire: 
Characterization of challenging experiences with psilocybin mushrooms. J Psychopharmacol 
30(12): 1279-1295. 

Barrett FS, Carbonaro TM, Hurwitz E, et al. (2018) Double-blind comparison of the two hallucinogens 
psilocybin and dextromethorphan: effects on cognition. Psychopharmacology (Berl) 235(10): 
2915-2927. 

Barrett FS, Doss MK, Sepeda ND, et al. (2020) Emotions and brain function are altered up to one 
month after a single high dose of psilocybin. Sci Rep 10(1): 2214. 

Barrett FS and Griffiths RR (2017) Classic Hallucinogens and Mystical Experiences: Phenomenology 
and Neural Correlates. Curr Top Behav Neurosci. Epub ahead of print 2017/04/13. DOI: 
10.1007/7854_2017_474. 

Barrett FS, Johnson MW and Griffiths RR (2015) Validation of the revised Mystical Experience 
Questionnaire in experimental sessions with psilocybin. J Psychopharmacol 29(11): 1182-
1190. 

Bastos AM, Usrey WM, Adams RA, et al. (2012) Canonical microcircuits for predictive coding. Neuron 
76(4): 695-711. 

Baumeister RF and Leary MR (1995) The need to belong: desire for interpersonal attachments as a 
fundamental human motivation. Psychol Bull 117(3): 497-529. 

Bayne T and Carter O (2018) Dimensions of consciousness and the psychedelic state. Neurosci 
Conscious 2018(1): 008. 

Bechara A, Damasio H, Damasio AR, et al. (1999) Different contributions of the human amygdala and 
ventromedial prefrontal cortex to decision-making. J Neurosci 19(13): 5473-5481. 

Beck A, Riskind J, Brown G, et al. (1988) Levels of hopelessness in DSM-III disorders: A partial test 
of content specificity in depression. Cogn Ther Res 12(5): 459-469. 

Beck AT (1967) Depression: clinical, experimental, and theoretical aspects. New York: Hoeber 
Medical Division, Harper & Row. 

Beck AT (1976) ‘Principles of Cognitive Therapy’. Cognitive Therapy and the Emotional Disorders. 
New York, NY: International Universities Press. 

Beck AT and Rush AJ (1979) Cognitive therapy of depression. New York: Guilford. 
Beck AT, Ward CH, Mendelson M, et al. (1961) An inventory for measuring depression. Arch Gen 

Psychiatry 4: 561-571. 
Beckmann CF, Mackay CE, Filippini N, et al. (2009) Group comparison of resting-state FMRI data 

using multi-subject ICA and dual regression. NeuroImage 47(Suppl 1): S148. 
Beliveau V, Ganz M, Feng L, et al. (2017) A High-Resolution In Vivo Atlas of the Human Brain's 

Serotonin System. J Neurosci 37(1): 120-128. 
Belser AB, Agin-Liebes G, Swift TC, et al. (2017) Patient Experiences of Psilocybin-Assisted 

Psychotherapy: An Interpretative Phenomenological Analysis. J Humanist Psychol 57(4): 
354-388. 

Bergqvist PB, Dong J and Blier P (1999) Effect of atypical antipsychotic drugs on 5-HT2 receptors in 
the rat orbito-frontal cortex: an in vivo electrophysiological study. Psychopharmacology (Berl) 
143(1): 89-96. 



 

 204 

Berman MG, Peltier S, Nee DE, et al. (2011) Depression, rumination and the default network. Soc 
Cogn Affect Neurosci 6(5): 548-555. 

Bernasconi F, Schmidt A, Pokorny T, et al. (2014) Spatiotemporal brain dynamics of emotional face 
processing modulations induced by the serotonin 1A/2A receptor agonist psilocybin. Cereb 
Cortex 24(12): 3221-3231. 

Berry HL and Welsh JA (2010) Social capital and health in Australia: An overview from the household, 
income and labour dynamics in Australia survey. Soc Sci Med 70(4): 588-596. 

Berthoz S, Armony JL, Blair RJ, et al. (2002) An fMRI study of intentional and unintentional 
(embarrassing) violations of social norms. Brain 125(Pt 8): 1696-1708. 

Bhagwagar Z, Hinz R, Taylor M, et al. (2006) Increased 5-HT(2A) receptor binding in euthymic, 
medication-free patients recovered from depression: a positron emission study with 
[(11)C]MDL 100,907. Am J Psychiatry 163(9): 1580-1587. 

Blaazer AR, Smid P and Kruse CG (2008) Structure-activity relationships of phenylalkylamines as 
agonist ligands for 5-HT(2A) receptors. ChemMedChem 3(9): 1299-1309. 

Blair JB, Kurrasch-Orbaugh D, Marona-Lewicka D, et al. (2000) Effect of ring fluorination on the 
pharmacology of hallucinogenic tryptamines. J Med Chem 43(24): 4701-4710. 

Blessing WW and Seaman B (2003) 5-hydroxytryptamine(2A) receptors regulate sympathetic nerves 
constricting the cutaneous vascular bed in rabbits and rats. Neuroscience 117(4): 939-948. 

Bodmer I, Dittrich A and Lamparter D (1994) Aussergewöhnliche Bewusstseinszustände-Ihre 
gemeinsame Struktur und Messung [Altered states of consciousness-Their common structure 
and assessment]. Welten des Bewusstseins. Bd 3: 45-58. 

Boess FG and Martin IL (1994) Molecular biology of 5-HT receptors. Neuropharmacology 33(3-4): 
275-317. 

Boess FG, Monsma FJ, Jr., Carolo C, et al. (1997) Functional and radioligand binding 
characterization of rat 5-HT6 receptors stably expressed in HEK293 cells. 
Neuropharmacology 36(4-5): 713-720. 

Bogenschutz MP, Forcehimes AA, Pommy JA, et al. (2015) Psilocybin-assisted treatment for alcohol 
dependence: a proof-of-concept study. J Psychopharmacol 29(3): 289-299. 

Bogenschutz MP, Podrebarac SK, Duane JH, et al. (2018) Clinical Interpretations of Patient 
Experience in a Trial of Psilocybin-Assisted Psychotherapy for Alcohol Use Disorder. Front 
Pharmacol 9: 100. 

Bombardi C (2014) Neuronal localization of the 5-HT2 receptor family in the amygdaloid complex. 
Front Pharmacol 5: 68-68. 

Bonson KR (2018) Regulation of human research with LSD in the United States (1949-1987). 
Psychopharmacology (Berl) 235(2): 591-604. 

Boorman ED, Behrens TE, Woolrich MW, et al. (2009) How green is the grass on the other side? 
Frontopolar cortex and the evidence in favor of alternative courses of action. Neuron 62(5): 
733-743. 

Boorman L, Harris S, Bruyns-Haylett M, et al. (2015) Long-latency reductions in gamma power predict 
hemodynamic changes that underlie the negative BOLD signal. J Neurosci 35(11): 4641-
4656. 

Boulougouris V, Glennon JC and Robbins TW (2008) Dissociable effects of selective 5-HT2A and 5-
HT2C receptor antagonists on serial spatial reversal learning in rats. Neuropsychopharmacol 
33(8): 2007-2019. 

Bouso JC, Palhano-Fontes F, Rodriguez-Fornells A, et al. (2015) Long-term use of psychedelic drugs 
is associated with differences in brain structure and personality in humans. Eur 
Neuropsychopharmacol 25(4): 483-492. 

Boyden ES, Zhang F, Bamberg E, et al. (2005) Millisecond-timescale, genetically targeted optical 
control of neural activity. Nat Neurosci 8(9): 1263-1268. 

Bradley PB, Elkes C and Elkes J (1953) On some effects of lysergic acid diethylamide (L.S.D. 25) in 
normal volunteers. J Physiol 121(2): 50-51. 

Bradley PB and Elkes J (1953) The effect of amphetamine and D-lysergic acid diethylamide (LSD 25) 
on the electrical activity of the brain of the conscious cat. J Physiol 120(1-2): 13-14. 

Bramson B, Folloni D, Verhagen L, et al. (2019) Human lateral Frontal Pole contributes to control over 
social-emotional behaviour. bioRxiv. DOI: 10.1101/584896. 584896. 

Bramson B, Jensen O, Toni I, et al. (2018) Cortical Oscillatory Mechanisms Supporting the Control of 
Human Social-Emotional Actions. J Neurosci 38(25): 5739-5749. 

Bressler SL and Menon V (2010) Large-scale brain networks in cognition: emerging methods and 
principles. Trends Cogn Sci 14(6): 277-290. 



 

 205 

Brown RT, Nicholas CR, Cozzi NV, et al. (2017) Pharmacokinetics of Escalating Doses of Oral 
Psilocybin in Healthy Adults. Clin Pharmacokinet 56(12): 1543-1554. 

Brown WA (1994) Placebo as a treatment for depression. Neuropsychopharmacology 10(4): 265-269; 
discussion 271-288. 

Bruhn JG, De Smet PA, El-Seedi HR, et al. (2002) Mescaline use for 5700 years. Lancet 359(9320): 
1866. 

Buchborn T, Lyons T and Knöpfel T (2018) Tolerance and Tachyphylaxis to Head Twitches Induced 
by the 5-HT2A Agonist 25CN-NBOH in Mice. Front Pharmacol 9(17). 

Buchborn T, Lyons T, Song C, et al. (2020) The serotonin 2A receptor agonist 25CN-NBOH increases 
murine heart rate and neck-arterial blood flow in a temperature-dependent manner. J 
Psychopharmacol. Epub ahead of print 2020/02/13. DOI: 10.1177/0269881120903465. 
269881120903465. 

Buchborn T, Schroder H, Dieterich DC, et al. (2015) Tolerance to LSD and DOB induced shaking 
behaviour: differential adaptations of frontocortical 5-HT(2A) and glutamate receptor binding 
sites. Behav Brain Res 281: 62-68. 

Buchborn T, Schröder H, Höllt V, et al. (2014) Repeated lysergic acid diethylamide in an animal 
model of depression: Normalisation of learning behaviour and hippocampal serotonin 5-HT2 
signalling. Journal of Psychopharmacology 28(6): 545-552. 

Buchborn T, Schroeder H, Koch T, et al. (2016) Differential tolerance to lysergic acid diethylamide 
(LSD) and dimethyltryptamine (DMT)-A matter of serotonin (5-HT) 2A receptor 
downregulation? Naunyn Schmiedebergs Arch Pharmacol 389(1): S63. 

Buckner RL, Andrews-Hanna JR and Schacter DL (2008) The brain's default network: anatomy, 
function, and relevance to disease. Ann N Y Acad Sci 1124: 1-38. 

Butler AC, Chapman JE, Forman EM, et al. (2006) The empirical status of cognitive-behavioral 
therapy: A review of meta-analyses. Clin Psychol Rev 26(1): 17-31. 

Buxton RB, Wong EC and Frank LR (1998) Dynamics of blood flow and oxygenation changes during 
brain activation: the balloon model. Magn Reson Med 39(6): 855-864. 

Byock I (2018) Taking Psychedelics Seriously. J Palliat Med 21(4): 417-421. 
Cabeza R, Ciaramelli E, Olson IR, et al. (2008) The parietal cortex and episodic memory: an 

attentional account. Nat Rev Neurosci 9(8): 613-625. 
Cahir M, Ardis T, Reynolds GP, et al. (2007) Acute and chronic tryptophan depletion differentially 

regulate central 5-HT1A and 5-HT 2A receptor binding in the rat. Psychopharmacology (Berl) 
190(4): 497-506. 

Canal CE and Morgan D (2012) Head-twitch response in rodents induced by the hallucinogen 2,5-
dimethoxy-4-iodoamphetamine: a comprehensive history, a re-evaluation of mechanisms, 
and its utility as a model. Drug Test Anal 4(7-8): 556-576. 

Canli T and Lesch KP (2007) Long story short: the serotonin transporter in emotion regulation and 
social cognition. Nat Neurosci 10(9): 1103-1109. 

Capaldi CA, Dopko RL and Zelenski JM (2014) The relationship between nature connectedness and 
happiness: a meta-analysis. Front Psychol 5: 976-976. 

Carandini M, Shimaoka D, Rossi LF, et al. (2015) Imaging the Awake Visual Cortex with a Genetically 
Encoded Voltage Indicator. J Neurosci 35(1): 53-63. 

Carbonaro TM, Bradstreet MP, Barrett FS, et al. (2016) Survey study of challenging experiences after 
ingesting psilocybin mushrooms: Acute and enduring positive and negative consequences. 
Journal of Psychopharmacology. DOI: 10.1177/0269881116662634. 

Carbonaro TM, Johnson MW, Hurwitz E, et al. (2018) Double-blind comparison of the two 
hallucinogens psilocybin and dextromethorphan: similarities and differences in subjective 
experiences. Psychopharmacology (Berl) 235(2): 521-534. 

Carhart-Harris RL (2018) The entropic brain - revisited. Neuropharmacology 142: 167-178. 
Carhart-Harris RL, Bolstridge M, Day CMJ, et al. (2017a) Psilocybin with psychological support for 

treatment-resistant depression: six-month follow-up. Psychopharmacology (Berl). DOI: 
10.1007/s00213-017-4771-x. 

Carhart-Harris RL, Bolstridge M, Rucker J, et al. (2016a) Psilocybin with psychological support for 
treatment-resistant depression: an open-label feasibility study. Lancet Psychiatry 3(7): 619-
627. 

Carhart-Harris RL, Bolstridge M, Rucker J, et al. (2017b) Psilocybin with psychological support for 
treatment-resistant depression: six-month follow-up. Psychopharmacology (Berl). DOI: 
10.1007/s00213-017-4771-x. 



 

 206 

Carhart-Harris RL, Erritzoe D, Haijen E, et al. (2017c) Psychedelics and connectedness. 
Psychopharmacology (Berl). Epub ahead of print 2017/08/11. DOI: 10.1007/s00213-017-
4701-y. 

Carhart-Harris RL, Erritzoe D, Williams T, et al. (2012a) Neural correlates of the psychedelic state as 
determined by fMRI studies with psilocybin. Proc Natl Acad Sci U S A 109(6): 2138-2143. 

Carhart-Harris RL and Friston KJ (2010) The default-mode, ego-functions and free-energy: a 
neurobiological account of Freudian ideas. Brain 133(Pt 4): 1265-1283. 

Carhart-Harris RL and Friston KJ (2019) REBUS and the Anarchic Brain: Toward a Unified Model of 
the Brain Action of Psychedelics. Pharmacol Rev 71(3): 316-344. 

Carhart-Harris RL and Goodwin GM (2017) The Therapeutic Potential of Psychedelic Drugs: Past, 
Present and Future. Neuropsychopharmacol. Epub ahead of print 2017/04/27. DOI: 
10.1038/npp.2017.84. 

Carhart-Harris RL, Kaelen M, Bolstridge M, et al. (2016b) The paradoxical psychological effects of 
lysergic acid diethylamide (LSD). Psychol Med 46(7): 1379-1390. 

Carhart-Harris RL, Kaelen M, Whalley MG, et al. (2015a) LSD enhances suggestibility in healthy 
volunteers. Psychopharmacology (Berl) 232(4): 785-794. 

Carhart-Harris RL, Leech R, Erritzoe D, et al. (2013) Functional connectivity measures after psilocybin 
inform a novel hypothesis of early psychosis. Schizophr Bull 39(6): 1343-1351. 

Carhart-Harris RL, Leech R, Hellyer PJ, et al. (2014) The entropic brain: a theory of conscious states 
informed by neuroimaging research with psychedelic drugs. Front Hum Neurosci 8: 20. 

Carhart-Harris RL, Leech R, Williams TM, et al. (2012b) Implications for psychedelic-assisted 
psychotherapy: functional magnetic resonance imaging study with psilocybin. Br J Psychiatry 
200(3): 238-244. 

Carhart-Harris RL, Murphy K, Leech R, et al. (2015b) The Effects of Acutely Administered 3,4-
Methylenedioxymethamphetamine on Spontaneous Brain Function in Healthy Volunteers 
Measured with Arterial Spin Labeling and Blood Oxygen Level-Dependent Resting State 
Functional Connectivity. Biol Psychiatry 78(8): 554-562. 

Carhart-Harris RL, Muthukumaraswamy S, Roseman L, et al. (2016c) Neural correlates of the LSD 
experience revealed by multimodal neuroimaging. Proc Natl Acad Sci U S A 113(17): 4853-
4858. 

Carhart-Harris RL and Nutt DJ (2013) Experienced drug users assess the relative harms and benefits 
of drugs: a web-based survey. J Psychoactive Drugs 45(4): 322-328. 

Carhart-Harris RL and Nutt DJ (2017) Serotonin and brain function: a tale of two receptors. J 
Psychopharmacol 31(9): 1091-1120. 

Carhart-Harris RL, Roseman L, Bolstridge M, et al. (2017d) Psilocybin for treatment-resistant 
depression: fMRI-measured brain mechanisms. Scientific Reports 7(1): 13187. 

Carhart-Harris RL, Roseman L, Haijen E, et al. (2018) Psychedelics and the essential importance of 
context. J Psychopharmacol. Epub ahead of print 2018/02/16. DOI: 
10.1177/0269881118754710. 269881118754710. 

Carhart-Harris RL, Williams TM, Sessa B, et al. (2011) The administration of psilocybin to healthy, 
hallucinogen-experienced volunteers in a mock-functional magnetic resonance imaging 
environment: a preliminary investigation of tolerability. J Psychopharmacol 25(11): 1562-
1567. 

Carliner H, Brown QL, Sarvet AL, et al. (2017) Cannabis use, attitudes, and legal status in the U.S.: A 
review. Prev Med 104: 13-23. 

Carod-Artal FJ (2015) Hallucinogenic drugs in pre-Columbian Mesoamerican cultures. Neurología 
(English Edition) 30(1): 42-49. 

Casali AG, Gosseries O, Rosanova M, et al. (2013) A theoretically based index of consciousness 
independent of sensory processing and behavior. Sci Transl Med 5(198): 198ra105. 

Caspi A, Hariri AR, Holmes A, et al. (2010) Genetic sensitivity to the environment: the case of the 
serotonin transporter gene and its implications for studying complex diseases and traits. Am J 
Psychiatry 167(5): 509-527. 

Castrén E and Hen R (2013) Neuronal plasticity and antidepressant actions. Trends Neurosci 36(5): 
259-267. 

Cauley SF, Polimeni JR, Bhat H, et al. (2014) Interslice leakage artifact reduction technique for 
simultaneous multislice acquisitions. Magn Reson Med 72(1): 93-102. 

Celada P, Puig MV and Artigas F (2013) Serotonin modulation of cortical neurons and networks. 
Front Integr Neurosci 7: 25. 



 

 207 

Celada P, Puig MV, Diaz-Mataix L, et al. (2008) The hallucinogen DOI reduces low-frequency 
oscillations in rat prefrontal cortex: reversal by antipsychotic drugs. Biol Psychiatry 64(5): 392-
400. 

Cerletti A and Rothlin E (1955) Role of 5-hydroxytryptamine in mental diseases and its antagonism to 
lysergic acid derivatives. Nature 176(4486): 785-786. 

Cervinka R, Roderer K and Hefler E (2012) Are nature lovers happy? On various indicators of well-
being and connectedness with nature. J Health Psychol 17(3): 379-388. 

Chamberlain SR, Fineberg NA, Blackwell AD, et al. (2006) Motor inhibition and cognitive flexibility in 
obsessive-compulsive disorder and trichotillomania. Am J Psychiatry 163(7): 1282-1284. 

Chaouche-Teyara K, Fournier B, Safar M, et al. (1994) Systemic and Regional Haemodynamic 
Effects of 1-(2, 5-Dimethoxy-4-IODO-Phenyl)-2-Aminopropane (DOI) and α-Methyl-5-HT, in 
the Anaesthetised Rat. Clin Exp Hypertens 16(6): 779-798. 

Chawla N and Ostafin B (2007) Experiential avoidance as a functional dimensional approach to 
psychopathology: an empirical review. J Clin Psychol 63(9): 871-890. 

Chen A, Hough CJ and Li H (2003) Serotonin type II receptor activation facilitates synaptic plasticity 
via N-methyl-D-aspartate-mediated mechanism in the rat basolateral amygdala. 
Neuroscience 119(1): 53-63. 

Clarke HF, Dalley JW, Crofts HS, et al. (2004) Cognitive inflexibility after prefrontal serotonin 
depletion. Science 304(5672): 878-880. 

Cohen ML (1988) Serotonin receptors in vascular smooth muscle. In: Sanders-Bush E (ed) The 
Serotonin Receptors. New Jersey: Springer, pp.295-316. 

Cohen Z, Bonvento G, Lacombe P, et al. (1996) Serotonin in the regulation of brain microcirculation. 
Prog Neurobiol 50(4): 335-362. 

Coles ME and Heimberg RG (2002) Memory biases in the anxiety disorders: current status. Clin 
Psychol Rev 22(4): 587-627. 

Colpaert FC, Meert TF, Niemegeers CJ, et al. (1985) Behavioral and 5-HT antagonist effects of 
ritanserin: a pure and selective antagonist of LSD discrimination in rat. Psychopharmacology 
(Berl) 86(1-2): 45-54. 

Colvin CR and Block J (1994) Do positive illusions foster mental health? An examination of the Taylor 
and Brown formulation. Psychol Bull 116(1): 3-20. 

Cona G, Kocillari L, Palombit A, et al. (2019) Archetypes of human cognition defined by time 
preference for reward and their brain correlates: An evolutionary trade-off approach. 
NeuroImage 185: 322-334. 

Corne S and Pickering R (1967) A possible correlation between drug-induced hallucinations in man 
and a behavioural response in mice. Psychopharmacologia 11(1): 65-78. 

Cowen P and Sherwood AC (2013) The role of serotonin in cognitive function: evidence from recent 
studies and implications for understanding depression. J Psychopharmacol 27(7): 575-583. 

Cox RW (1996) AFNI: software for analysis and visualization of functional magnetic resonance 
neuroimages. Comput Biomed Res 29(3): 162-173. 

Crittenden BM, Mitchell DJ and Duncan J (2015) Recruitment of the default mode network during a 
demanding act of executive control. Elife 4: e06481. 

Crocket RW, Sandison RA and Walk A (1963) Hallucinogenic drugs and their psychotherapeutic use. 
HK Lewis. 

Crutchfield JP (2012) Between order and chaos. Nature Physics 8(1): 17-24. 
Cruz JI and Nappo SA (2018) Is Ayahuasca an Option for the Treatment of Crack Cocaine 

Dependence? J Psychoactive Drugs 50(3): 247-255. 
Csikszentmihalyi M and Larson R (1987) Validity and reliability of the Experience-Sampling Method. J 

Nerv Ment Dis 175(9): 526-536. 
Cuijpers P, Berking M, Andersson G, et al. (2013a) A meta-analysis of cognitive-behavioural therapy 

for adult depression, alone and in comparison with other treatments. Can J Psychiatry 58(7): 
376-385. 

Cuijpers P, Hollon SD, van Straten A, et al. (2013b) Does cognitive behaviour therapy have an 
enduring effect that is superior to keeping patients on continuation pharmacotherapy? A 
meta-analysis. BMJ Open 3(4). 

Dabiré H, Chaouche-Teyara K, Cherqui C, et al. (1989) DOI is a mixed agonist-antagonist at 
postjunctional 5-HT2 receptors in the pithed rat. Eur J Pharmacol 170(1-2): 109-111. 

Dal Cin S, Hall MP and Lane DS (2017) Absorption. In: Zeigler-Hill V and Shackelford TK (eds) 
Encyclopedia of Personality and Individual Differences. Cham: Springer International 
Publishing, pp.1-2. 



 

 208 

Dale AM, Fischl B and Sereno MI (1999) Cortical surface-based analysis. I. Segmentation and 
surface reconstruction. NeuroImage 9(2): 179-194. 

Davies J (2017) Psychedelic Justice: How Do We Repair the Harms of Psychedelic Prohibition? 
MAPS Bull. Vol. 27(1). 

Davis AK, Barrett FS, May DG, et al. (2020) Effects of Psilocybin-Assisted Therapy on Major 
Depressive Disorder: A Randomized Clinical Trial. JAMA psychiatry. Epub ahead of print 
2020/11/05. DOI: 10.1001/jamapsychiatry.2020.3285. 

Davis MH (1983) Measuring individual differences in empathy: Evidence for a multidimensional 
approach. Journal of Personality and Social Psychology 44(1): 113-126. 

Davis TL, Kwong KK, Weisskoff RM, et al. (1998) Calibrated functional MRI: mapping the dynamics of 
oxidative metabolism. Proc Natl Acad Sci U S A 95(4): 1834-1839. 

Daw ND, O'Doherty JP, Dayan P, et al. (2006) Cortical substrates for exploratory decisions in 
humans. Nature 441(7095): 876-879. 

De Borhegyi SF (1963) Pre-Columbian Pottery Mushrooms from Mesoamerica. Am Antiq 28(3): 328-
338. 

de Munck JC, Goncalves SI, Faes TJ, et al. (2008) A study of the brain's resting state based on alpha 
band power, heart rate and fMRI. NeuroImage 42(1): 112-121. 

De Silva MJ, McKenzie K, Harpham T, et al. (2005) Social capital and mental illness: a systematic 
review. J Epidemiol Community Health 59(8): 619-627. 

Dean JH, Shanahan DF, Bush R, et al. (2018) Is Nature Relatedness Associated with Better Mental 
and Physical Health? Int J Environ Res Public health 15(7). 

Decety J and Jackson PL (2004) The functional architecture of human empathy. Behav Cogn 
Neurosci Rev 3(2): 71-100. 

Decety J and Lamm C (2009) Empathy versus personal distress: Recent evidence from social 
neuroscience. 

Dedeoğlu A and Fisher L (1991) Central and peripheral injections of the 5-HT2 agonist, 1-(2, 5-
dimethoxy-4-iodophenyl)-2-aminopropane, modify cardiovascular function through different 
mechanisms. J Pharmacol Exp Ther 259(3): 1027-1034. 

Delay J, Lhermitte F, Verdeaux G, et al. (1952) [Modifications of the electrocardiogram of rabbits by 
di-ethylamide of d-lysergic acid]. Rev Neurol (Paris) 86(2): 81-88; disc 113-114. 

Delgado PL (2000) Depression: the case for a monoamine deficiency. J Clin Psychiatry 61 Suppl 6: 7-
11. 

Demetriou L, Kowalczyk OS, Tyson G, et al. (2018) A comprehensive evaluation of increasing 
temporal resolution with multiband-accelerated protocols and effects on statistical outcome 
measures in fMRI. NeuroImage 176: 404-416. 

Devor A, Hillman EM, Tian P, et al. (2008) Stimulus-induced changes in blood flow and 2-
deoxyglucose uptake dissociate in ipsilateral somatosensory cortex. J Neurosci 28(53): 
14347-14357. 

Dichter GS, Felder JN and Smoski MJ (2010) The effects of Brief Behavioral Activation Therapy for 
Depression on cognitive control in affective contexts: An fMRI investigation. J Affect Disord 
126(1-2): 236-244. 

Diener E (2009) The science of well-being: The collected works of Ed Diener. Springer. 
Diener E, Wirtz D, Tov W, et al. (2010) New Well-being Measures: Short Scales to Assess Flourishing 

and Positive and Negative Feelings. Soc Indic Res 97(2): 143-156. 
DiMascio A, Greenblatt M and Hyde RW (1957) A study of the effects of LSD: Physiologic and 

psychological changes and their interrelations. Am J Psychiatry 114(4): 309-317. 
Dittrich A (1998) The standardized psychometric assessment of altered states of consciousness 

(ASCs) in humans. Pharmacopsychiatry 31 Suppl 2: 80-84. 
Dittrich A, Lamparter D and Maurer M (2010) 5D-ASC: Questionnaire for the assessment of altered 

states of consciousness. A Short Introduction. Zurich: PSIN PLUS. 
Doblin R (1991) Pahnke’s “Good Friday experiment”: A long-term follow-up and methodological 

critique. J Transpers Psychol 23(1): 1-28. 
Dolan D, Jensen HJ, Mediano PAM, et al. (2018) The Improvisational State of Mind: A 

Multidisciplinary Study of an Improvisatory Approach to Classical Music Repertoire 
Performance. Front Psychol 9: 1341-1341. 

Dolder PC, Schmid Y, Muller F, et al. (2016) LSD Acutely Impairs Fear Recognition and Enhances 
Emotional Empathy and Sociality. Neuropsychopharmacol 41(11): 2638-2646. 

Dolder PC, Schmid Y, Steuer AE, et al. (2017) Pharmacokinetics and pharmacodynamics of lysergic 
acid diethylamide in healthy subjects. Clin Pharmacokinet 56(10): 1219-1230. 



 

 209 

dos Santos RG, Osório FL, Crippa JAS, et al. (2016) Antidepressive, anxiolytic, and antiaddictive 
effects of ayahuasca, psilocybin and lysergic acid diethylamide (LSD): a systematic review of 
clinical trials published in the last 25 years. Ther Adv Psychopharm 6(3): 193-213. 

Drevets WC, Videen TO, Price JL, et al. (1992) A functional anatomical study of unipolar depression. 
J Neurosci 12(9): 3628-3641. 

Duman RS, Aghajanian GK, Sanacora G, et al. (2016) Synaptic plasticity and depression: new 
insights from stress and rapid-acting antidepressants. Nature medicine 22(3): 238-249. 

Dunne C (2018) Welcome to the trip of your life: the rise of underground LSD guides. The Guardian. 
Retrieved from https://www.theguardian.com/society/2018/dec/06/lsd-guides-psychedelic-
assisted-psychotherapy. 

Egan C, Grinde E, Dupre A, et al. (2000) Agonist high and low affinity state ratios predict drug intrinsic 
activity and a revised ternary complex mechanism at serotonin 5-HT(2A) and 5-HT(2C) 
receptors. Synapse 35(2): 144-150. 

Eisenberg N and Miller PA (1987) The relation of empathy to prosocial and related behaviors. Psychol 
Bull 101(1): 91-119. 

Eisner BG (1958) Psychotherapy with lysergic acid diethylamide. J Nerv Ment Dis 127: 528-539. 
Eklund A, Nichols TE and Knutsson H (2016) Cluster failure: Why fMRI inferences for spatial extent 

have inflated false-positive rates. Proceedings of the National Academy of Sciences 113(28): 
7900. 

el Mansari M and Blier P (1997) In vivo electrophysiological characterization of 5-HT receptors in the 
guinea pig head of caudate nucleus and orbitofrontal cortex. Neuropharmacology 36(4-5): 
577-588. 

Elliott ML, Knodt AR, Ireland D, et al. (2020) What Is the Test-Retest Reliability of Common Task-
Functional MRI Measures? New Empirical Evidence and a Meta-Analysis. Psychol Sci 31(7): 
792-806. 

Elsey JWB (2017) Psychedelic drug use in healthy individuals: A review of benefits, costs, and 
implications for drug policy. Drug Sci Polic Law 3: 2050324517723232. 

Emmons RA and McCullough ME (2003) Counting blessings versus burdens: an experimental 
investigation of gratitude and subjective well-being in daily life. J Pers Soc Psychol 84(2): 
377-389. 

Engel G, Gothert M, Hoyer D, et al. (1986) Identity of inhibitory presynaptic 5-hydroxytryptamine (5-
HT) autoreceptors in the rat brain cortex with 5-HT1B binding sites. Naunyn Schmiedebergs 
Arch Pharmacol 332(1): 1-7. 

Erritzoe D, Frokjaer VG, Haugbol S, et al. (2009) Brain serotonin 2A receptor binding: relations to 
body mass index, tobacco and alcohol use. NeuroImage 46(1): 23-30. 

Erritzoe D, Roseman L, Nour MM, et al. (2018) Effects of psilocybin therapy on personality structure. 
Acta Psychiatr Scand 138(5): 368-378. 

Erspamer V and Vialli M (1937) Ricerche sul secreto delle cellule enterocromaffini. Boll d Soc Med-
chir Pavia 51: 357-363. 

Evarts EV (1957) A review of the neurophysiological effects of lysergic acid diethylamide (LSD) and 
other phychotomimetic agents. Ann N Y Acad Sci 66(3): 479-495. 

Fantegrossi WE, Gray BW, Bailey JM, et al. (2015) Hallucinogen-like effects of 2-([2-(4-cyano-2,5-
dimethoxyphenyl) ethylamino]methyl)phenol (25CN-NBOH), a novel N-benzylphenethylamine 
with 100-fold selectivity for 5-HT(2)A receptors, in mice. Psychopharmacology (Berl) 232(6): 
1039-1047. 

Fantegrossi WE, Simoneau J, Cohen MS, et al. (2010) Interaction of 5-HT2A and 5-HT2C receptors 
in R(-)-2,5-dimethoxy-4-iodoamphetamine-elicited head twitch behavior in mice. J Pharmacol 
Exp Ther 335(3): 728-734. 

Fernandez A, Lopez-Ibor MI, Turrero A, et al. (2011) Lempel-Ziv complexity in schizophrenia: a MEG 
study. Clin Neurophysiol 122(11): 2227-2235. 

Ferrari F and Villa RF (2017) The Neurobiology of Depression: an Integrated Overview from Biological 
Theories to Clinical Evidence. Mol Neurobiol 54(7): 4847-4865. 

Finc K, Bonna K, Lewandowska M, et al. (2017) Transition of the functional brain network related to 
increasing cognitive demands. Hum Brain Mapp 38(7): 3659-3674. 

Fiorella D, Rabin RA and Winter JC (1995) The role of the 5-HT2A and 5-HT2C receptors in the 
stimulus effects of hallucinogenic drugs. I: Antagonist correlation analysis. 
Psychopharmacology (Berl) 121(3): 347-356. 

Fischer FM (2015) Therapy with substance: Psycholytic psychotherapy in the twenty first century. 
Muswell Hill Press. 



 

 210 

Fleming SM, Weil RS, Nagy Z, et al. (2010) Relating Introspective Accuracy to Individual Differences 
in Brain Structure. Science 329(5998): 1541. 

Forstmann M and Sagioglou C (2017) Lifetime experiences with classical psychedelics predicts pro-
environmental behaviour through an increase in nature relatedness. J Psychopharmacol In 
press. 

Frecska E and Luna LE (2006) The adverse effects of hallucinogens from intramural perspective. 
Neuropsychopharmacol 8(4): 189-200. 

Freese JL and Amaral DG (2009) Neuroanatomy of the Primate Amygdala. In: Whalen PJ and Phelps 
EA (eds) The Human Amygdala. New York (NY): The Guilford Press. 

Friedman E, Lambert GA and Buchweitz E (1978) 2, 5-dimethoxy-4-methylamphetamine (DOM)—A 
central component of its cardiovascular effects in rats; involvement of serotonin. Eur J 
Pharmacol 49(2): 157-161. 

Friston K (2005) A theory of cortical responses. Philos Trans R Soc Lond B Biol Sci 360(1456): 815-
836. 

Friston K (2010) The free-energy principle: a unified brain theory? Nat Rev Neurosci 11(2): 127-138. 
Friston K (2012) A Free Energy Principle for Biological Systems. Entropy (Basel) 14(11): 2100-2121. 
Friston K, Kilner J and Harrison L (2006) A free energy principle for the brain. J Physiol Paris 100(1-

3): 70-87. 
Friston KJ (2011) Functional and effective connectivity: a review. Brain Connect 1(1): 13-36. 
Frith CD (2007) The social brain? Philos Trans R Soc Lond B Biol Sci 362(1480): 671-678. 
Frokjaer VG, Mortensen EL, Nielsen FA, et al. (2008) Frontolimbic serotonin 2A receptor binding in 

healthy subjects is associated with personality risk factors for affective disorder. Biol 
Psychiatry 63(6): 569-576. 

Frokjaer VG, Vinberg M, Erritzoe D, et al. (2010) Familial risk for mood disorder and the personality 
risk factor, neuroticism, interact in their association with frontolimbic serotonin 2A receptor 
binding. Neuropsychopharmacol 35(5): 1129-1137. 

Fry PS (2000) Religious involvement, spirituality and personal meaning for life: Existential predictors 
of psychological wellbeing in community-residing and institutional care elders. Aging Ment 
Health 4(4): 375-387. 

Gaddum JH (1953) Antagonism between lysergic acid diethylamide and 5-hydroxytryptamine. J 
Physiol 121(1): 15p. 

Gaddum JH and Hameed KA (1954) Drugs which antagonize 5-hydroxytryptamine. Br J Pharmacol 
Chemother 9(2): 240-248. 

Gallese V and Goldman A (1998) Mirror neurons and the simulation theory of mind-reading. Trends 
Cogn Sci 2(12): 493-501. 

Gamez W, Chmielewski M, Kotov R, et al. (2014) The brief experiential avoidance questionnaire: 
development and initial validation. Psychol Assess 26(1): 35-45. 

Garcia-Romeu A, Davis AK, Erowid F, et al. (2019) Cessation and reduction in alcohol consumption 
and misuse after psychedelic use. J Psychopharmacol 33(9): 1088-1101. 

Garcia-Romeu A, Griffiths RR and Johnson MW (2014) Psilocybin-occasioned mystical experiences 
in the treatment of tobacco addiction. Curr Drug Abuse Rev 7(3): 157-164. 

Garrett N and Sharot T (2017) Optimistic update bias holds firm: Three tests of robustness following 
Shah et al. Conscious Cogn 50: 12-22. 

Garrett N, Sharot T, Faulkner P, et al. (2014) Losing the rose tinted glasses: neural substrates of 
unbiased belief updating in depression. Front Hum Neurosci 8: 639. 

Gasser P, Holstein D, Michel Y, et al. (2014) Safety and efficacy of lysergic acid diethylamide-
assisted psychotherapy for anxiety associated with life-threatening diseases. J Nerv Ment Dis 
202(7): 513-520. 

Gaynes BN (2009) Identifying difficult-to-treat depression: differential diagnosis, subtypes, and 
comorbidities. J Clin Psychiatry 70 Suppl 6: 10-15. 

Gee P, Schep LJ, Jensen BP, et al. (2016) Case series: toxicity from 25B-NBOMe--a cluster of N-
bomb cases. Clin Toxicol (Phila) 54(2): 141-146. 

Gerald C, Adham N, Kao HT, et al. (1995) The 5-HT4 receptor: molecular cloning and 
pharmacological characterization of two splice variants. Embo j 14(12): 2806-2815. 

Gewirtz JC, Chen AC, Terwilliger R, et al. (2002) Modulation of DOI-induced increases in cortical 
BDNF expression by group II mGlu receptors. Pharmacol Biochem Behav 73(2): 317-326. 

Gibson B and Sanbonmatsu DM (2004) Optimism, pessimism, and gambling: the downside of 
optimism. Pers Soc Psychol Bull 30(2): 149-160. 



 

 211 

Glennon RA, Raghupathi R, Bartyzel P, et al. (1992) Binding of phenylalkylamine derivatives at 5-
HT1C and 5-HT2 serotonin receptors: evidence for a lack of selectivity. J Med Chem 35(4): 
734-740. 

Glennon RA, Titeler M and McKenney JD (1984) Evidence for 5-HT2 involvement in the mechanism 
of action of hallucinogenic agents. Life Sci 35(25): 2505-2511. 

Goeleven E, De Raedt R, Leyman L, et al. (2008) The Karolinska Directed Emotional Faces: A 
validation study. United Kingdom: Taylor & Francis, 1094-1118. 

Gonzalez-Maeso J and Sealfon SC (2009) Psychedelics and schizophrenia. Trends Neurosci 32(4): 
225-232. 

Gonzalez-Maeso J, Weisstaub NV, Zhou M, et al. (2007) Hallucinogens recruit specific cortical 5-
HT(2A) receptor-mediated signaling pathways to affect behavior. Neuron 53(3): 439-452. 

Goodwin GM, Green AR and Johnson P (1984) 5-HT2 receptor characteristics in frontal cortex and 5-
HT2 receptor-mediated head-twitch behaviour following antidepressant treatment to mice. Br 
J Pharmacol 83(1): 235-242. 

Goolker P (1961) The Use of Lsd in Psychotherapy. Transactions of a Conference on D-Lysergic Acid 
Diethylamide (Lsd-25), April 1959, Princeton, N. Psychoanal Quart 30: 448-449. 

Grant AM, Franklin J and Langford P (2002) The Self-Reflection and Insight Scale: A new measure of 
private self-consciousness. Soc Behav Personal 30(8): 821-835. 

Greden JF (2001) The burden of disease for treatment-resistant depression. J Clin Psychiatry 62 
Suppl 16: 26-31. 

Greenfield R (2006) Timothy Leary: A Biography. Harcourt, Incorporated. 
Greicius MD, Krasnow B, Reiss AL, et al. (2003) Functional connectivity in the resting brain: a 

network analysis of the default mode hypothesis. Proc Natl Acad Sci U S A 100(1): 253-258. 
Gresch PJ, Smith RL, Barrett RJ, et al. (2005) Behavioral tolerance to lysergic acid diethylamide is 

associated with reduced serotonin-2A receptor signaling in rat cortex. Neuropsychopharmacol 
30(9): 1693-1702. 

Greyson B (1983) The Near-Death Experience Scale: Construction, Reliability, and Validity. The 
Journal of nervous and mental disease 171(6): 369-375. 

Griffiths R, Richards W, Johnson M, et al. (2008) Mystical-type experiences occasioned by psilocybin 
mediate the attribution of personal meaning and spiritual significance 14 months later. J 
Psychopharmacol 22(6): 621-632. 

Griffiths RR, Johnson MW, Carducci MA, et al. (2016) Psilocybin produces substantial and sustained 
decreases in depression and anxiety in patients with life-threatening cancer: A randomized 
double-blind trial. J Psychopharmacol 30(12): 1181-1197. 

Griffiths RR, Johnson MW, Richards WA, et al. (2018) Psilocybin-occasioned mystical-type 
experience in combination with meditation and other spiritual practices produces enduring 
positive changes in psychological functioning and in trait measures of prosocial attitudes and 
behaviors. J Psychopharmacol 32(1): 49-69. 

Griffiths RR, Johnson MW, Richards WA, et al. (2011) Psilocybin occasioned mystical-type 
experiences: immediate and persisting dose-related effects. Psychopharmacology (Berl) 
218(4): 649-665. 

Griffiths RR, Richards WA, McCann U, et al. (2006) Psilocybin can occasion mystical-type 
experiences having substantial and sustained personal meaning and spiritual significance. 
Psychopharmacology (Berl) 187(3): 268-283; discussion 284-292. 

Grinspoon L and Bakalar JB (1979) Psychedelic drugs reconsidered. Basic Books New York. 
Grob CS, Danforth AL, Chopra GS, et al. (2011) Pilot study of psilocybin treatment for anxiety in 

patients with advanced-stage cancer. Arch Gen Psychiatry 68(1): 71-78. 
Grob CS, McKenna DJ, Callaway JC, et al. (1996) Human psychopharmacology of hoasca, a plant 

hallucinogen used in ritual context in Brazil. J Nerv Ment Dis 184(2): 86-94. 
Grof S (1980) LSD psychotherapy. Hunter House. 
Grove J and Prapavessis H (1992) Preliminary evidence for the reliability and validity of an 

abbreviated Profile of Mood States. International Journal of Sport Psychology 23: 93-109. 
Grunenberg C, Harris J and Harris JP (2005) Summer of Love: Psychedelic Art, Social Crisis and 

Counterculture in the 1960s. Liverpool University Press. 
Haijen ECHM, Kaelen M, Roseman L, et al. (2018) Predicting Responses to Psychedelics: A 

Prospective Study. Front Pharmacol 9: 897-897. 
Halberstadt AL (2015) Recent advances in the neuropsychopharmacology of serotonergic 

hallucinogens. Behav Brain Res 277: 99-120. 



 

 212 

Halberstadt AL, Chatha M, Klein AK, et al. (2020) Correlation between the potency of hallucinogens in 
the mouse head-twitch response assay and their behavioral and subjective effects in other 
species. Neuropharmacology 167: 107933. 

Halberstadt AL and Geyer MA (2014) Effects of the hallucinogen 2,5-dimethoxy-4-
iodophenethylamine (2C-I) and superpotent N-benzyl derivatives on the head twitch 
response. Neuropharmacology 77: 200-207. 

Halberstadt AL, Sindhunata IS, Scheffers K, et al. (2016) Effect of 5-HT2A and 5-HT2C receptors on 
temporal discrimination by mice. Neuropharmacology 107: 364-375. 

Halpern JH, Lerner AG and Passie T (2018) A Review of Hallucinogen Persisting Perception Disorder 
(HPPD) and an Exploratory Study of Subjects Claiming Symptoms of HPPD. In: Halberstadt 
AL, Vollenweider FX and Nichols DE (eds) Behavioral Neurobiology of Psychedelic Drugs. 
Berlin, Heidelberg: Springer Berlin Heidelberg, pp.333-360. 

Halpern JH and Pope HG, Jr. (1999) Do hallucinogens cause residual neuropsychological toxicity? 
Drug Alcohol Depend 53(3): 247-256. 

Halpern JH and Pope HG, Jr. (2003) Hallucinogen persisting perception disorder: what do we know 
after 50 years? Drug Alcohol Depend 69(2): 109-119. 

Halpern JH, Sherwood AR, Hudson JI, et al. (2005) Psychological and cognitive effects of long-term 
peyote use among Native Americans. Biol Psychiatry 58(8): 624-631. 

Hamilton JP, Farmer M, Fogelman P, et al. (2015) Depressive Rumination, the Default-Mode 
Network, and the Dark Matter of Clinical Neuroscience. Biol Psychiatry 78(4): 224-230. 

Hamilton M (1960) A Rating Scale For Depression. J Neurol Neurosurg Psychiatry 23(1): 56. 
Hanks C (2009) Technology and values: Essential readings. John Wiley & Sons. 
Hanks JB and González-Maeso J (2013) Animal Models of Serotonergic Psychedelics. ACS Chem 

Neurosci 4(1): 33-42. 
Hansen M (2010) Design and synthesis of selective serotonin receptor agonists for positron emission 

tomography imaging of the brain. PhD Thesis: University of Copenhagen, Denmark. 
Hansen M, Phonekeo K, Paine JS, et al. (2014) Synthesis and structure-activity relationships of N-

benzyl phenethylamines as 5-HT2A/2C agonists. ACS Chem Neurosci 5(3): 243-249. 
Hare B (2017) Survival of the Friendliest: Homo sapiens Evolved via Selection for Prosociality. Annu 

Rev Psychol 68: 155-186. 
Hari J (2015) Chasing the scream: The first and last days of the war on drugs. Bloomsbury Publishing 

USA. 
Harlow LL, Newcomb MD and Bentler PM (1986) Depression, self-derogation, substance use, and 

suicide ideation: lack of purpose in life as a mediational factor. J Clin Psychol 42(1): 5-21. 
Harmer CJ, Duman RS and Cowen PJ (2017) How do antidepressants work? New perspectives for 

refining future treatment approaches. Lancet Psychiatry 4(5): 409-418. 
Harrington R and Loffredo DA (2010) Insight, Rumination, and Self-Reflection as Predictors of Well-

Being. J Psychol 145(1): 39-57. 
Hartogsohn I (2016) Set and setting, psychedelics and the placebo response: An extra-

pharmacological perspective on psychopharmacology. J Psychopharmacol 30(12): 1259-
1267. 

Hartogsohn I (2017) Constructing drug effects: A history of set and setting. Drug Sci Polic Law 3: 
2050324516683325. 

Hartogsveld B, Bramson B, Vijayakumar S, et al. (2018) Lateral frontal pole and relational processing: 
Activation patterns and connectivity profile. Behav Brain Res 355: 2-11. 

Harvey JA (2003) Role of the serotonin 5-HT(2A) receptor in learning. Learn Mem 10(5): 355-362. 
Haslam C, Jetten J and Alexander SH (2012) The social cure: Identity, health and well-being. 

Psychology press. 
Hasler F, Bourquin D, Brenneisen R, et al. (1997) Determination of psilocin and 4-hydroxyindole-3-

acetic acid in plasma by HPLC-ECD and pharmacokinetic profiles of oral and intravenous 
psilocybin in man. Pharm Acta Helv 72(3): 175-184. 

Hasler F, Grimberg U, Benz MA, et al. (2004) Acute psychological and physiological effects of 
psilocybin in healthy humans: a double-blind, placebo-controlled dose-effect study. 
Psychopharmacology (Berl) 172(2): 145-156. 

Hayes SC (2002) Acceptance, Mindfulness, and Science. Clin Psychol Sci Prac 9(1): 101-106. 
Hayes SC, Strosahl KD and Wilson KG (2012) Acceptance and commitment therapy: The process 

and practice of mindful change. United States: Guilford Press. 
Hayes SC, Wilson KG, Gifford EV, et al. (1996) Experimental avoidance and behavioral disorders: a 

functional dimensional approach to diagnosis and treatment. J Consult Clin Psychol 64(6): 
1152-1168. 



 

 213 

Heaton KJ, Hill CE, Peterson DA, et al. (1998) A comparison of therapist-facilitated and self-guided 
dream interpretation sessions. Journal of Counseling Psychology 45(1): 115-122. 

Hecht D (2013) The Neural Basis of Optimism and Pessimism. Exp Neurobiol 22(3): 173-199. 
Hellstrom G, Fischer-Colbrie W, Wahlgren N, et al. (1996) Carotid artery blood flow and middle 

cerebral artery blood flow velocity during physical exercise. J Appl Physiol 81(1): 413-418. 
Hendricks PS, Johnson MW and Griffiths RR (2015) Psilocybin, psychological distress, and 

suicidality. J Psychopharmacol 29(9): 1041-1043. 
Hermle L, Ruchsow M and Täschner KL (2015) [Hallucinogen Persisting Perception Disorder (HPPD) 

and Flashback Phenomena – Differential Diagnosis and Explanation Models]. Fortschr Neurol 
Psychiatr 83(9): 506-515. 

Hete BF, Starr EW and Ayers EJ (2013) Pulse oximetry system and techniques for deriving cardiac 
and breathing parameters from extra-thoracic blood flow measurements. Google Patents. 

Hill C, Oei T and Hill M (1989) An empirical investigation of the specificity and sensitivity of the 
automatic thoughts questionnaire and dysfunctional attitudes scale. J Psychopathol Behav 
Assess 11(4): 291-311. 

Hillman EM (2014) Coupling mechanism and significance of the BOLD signal: a status report. Annu 
Rev Neurosci 37: 161-181. 

Hintzen A and Passie T (2010) The Pharmacology of LSD. United Kingdom: Oxford University Press. 
Hirschfeld RM (2000) History and evolution of the monoamine hypothesis of depression. J Clin 

Psychiatry 61 Suppl 6: 4-6. 
Hirshfeld-Becker DR, Gabrieli JDE, Shapero BG, et al. (2019) Intrinsic Functional Brain Connectivity 

Predicts Onset of Major Depression Disorder in Adolescence: A Pilot Study. Brain Connect 
9(5): 388-398. 

Hirst WD, Abrahamsen B, Blaney FE, et al. (2003) Differences in the central nervous system 
distribution and pharmacology of the mouse 5-hydroxytryptamine-6 receptor compared with 
rat and human receptors investigated by radioligand binding, site-directed mutagenesis, and 
molecular modeling. Mol Pharmacol 64(6): 1295-1308. 

Hofmann A (1980) LSD: My Problem Child. New York: McGraw-Hill. 
Hofmann SG, Grossman P and Hinton DE (2011) Loving-kindness and compassion meditation: 

potential for psychological interventions. Clin Psychol Rev 31(7): 1126-1132. 
Hollister LE, Macnicol MF and Gillespie HK (1969) An hallucinogenic amphetamine analog (DOM) in 

man. Psychopharmacologia 14(1): 62-73. 
Hollon SD, Kendall PC and Lumry A (1986) Specificity of Depressotypic Cognitions in Clinical 

Depression. J Abnorm Psychol 95(1): 52-59. 
Holt-Lunstad J, Smith TB and Layton JB (2010) Social relationships and mortality risk: a meta-analytic 

review. PLoS Med 7(7): e1000316. 
Hoot RE and Friedman H (2011) Connectedness and environmental behavior: Sense of 

interconnectedness and pro-environmental behavior. Int J Transpers Stud 30(1-2): 89-100. 
Horgan J (2005) Psychedelic Medicine: Mind bending, health giving. New Scientist (online): Retrieved 

from https://www.newscientist.com/article/mg18524881-400-psychedelic-medicine-mind-
bending-health-giving/. 

Horvath AO and Bedi RP (2002) The alliance. Psychotherapy relationships that work: Therapist 
contributions and responsiveness to patients. New York, NY, US: Oxford University Press, 
pp.37-69. 

Horvath AO, Del Re AC, Flückiger C, et al. (2011) Alliance in individual psychotherapy. 
Psychotherapy 48(1): 9-16. 

Horvath AO and Symonds BD (1991) Relation between working alliance and outcome in 
psychotherapy: A meta-analysis. J Couns Psychol 38(2): 139-149. 

Hosang GM, Shiles C, Tansey KE, et al. (2014) Interaction between stress and the BDNF Val66Met 
polymorphism in depression: a systematic review and meta-analysis. BMC Med 12: 7. 

Howell AJ, Dopko RL, Passmore H-A, et al. (2011) Nature connectedness: Associations with well-
being and mindfulness. Pers Individ Differ 51(2): 166-171. 

Howell AJ, Passmore H-A and Buro K (2013) Meaning in nature: Meaning in life as a mediator of the 
relationship between nature connectedness and well-being. J Happiness Stud 14(6): 1681-
1696. 

Hoyer D, Waeber C, Schoeffter P, et al. (1989) 5-HT1C receptor-mediated stimulation of inositol 
phosphate production in pig choroid plexus. A pharmacological characterization. Naunyn 
Schmiedebergs Arch Pharmacol 339(3): 252-258. 

Huang JT and Ho BT (1972) The pressor action of 2, 5-dimethoxy-4-methylamphetamine in rats. J 
Pharm Pharmacol 24(8): 656-657. 



 

 214 

Hwang JY, Plante T and Lackey K (2008) The Development of the Santa Clara Brief Compassion 
Scale: An Abbreviation of Sprecher and Fehr s Compassionate Love Scale. Pastoral 
Psychology 56: 421-428. 

Ionescu T (2012) Exploring the nature of cognitive flexibility. New Ideas Psychol 30(2): 190-200. 
Isbell H (1959) Comparison of the reactions induced by psilocybin and LSD-25 in man. 

Psychopharmacology (Berl) 1(1): 29-38. 
Isbell H, Wolbach AB, Wikler A, et al. (1961) Cross tolerance between LSD and psilocybin. 

Psychopharmacologia 2: 147-159. 
Ivtzan I, Chan CPL, Gardner HE, et al. (2013) Linking Religion and Spirituality with Psychological 

Well-being: Examining Self-actualisation, Meaning in Life, and Personal Growth Initiative. J 
Relig Health 52(3): 915-929. 

Izuma K and Adolphs R (2011) The brain's rose-colored glasses. Nat Neurosci 14(11): 1355-1356. 
Jack CR, Jr., Bernstein MA, Fox NC, et al. (2008) The Alzheimer's Disease Neuroimaging Initiative 

(ADNI): MRI methods. J Magn Reson Imaging 27(4): 685-691. 
Jacob J and Lafille C (1963) Charactérisation et detection pharacologiques des substances 

hallucinogènes. Arch Int Pharmocodyn Ther 145: 528-545. 
James SL, Abate D, Abate KH, et al. (2018) Global, regional, and national incidence, prevalence, and 

years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–
2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 
392(10159): 1789-1858. 

Jensen AA, McCorvy JD, Leth-Petersen S, et al. (2017a) Detailed characterization of the in vitro 
pharmacological and pharmacokinetic properties of N-(2-hydroxybenzyl)-2, 5-dimethoxy-4-
cyanophenylethylamine (25CN-NBOH), a highly selective and brain-penetrant 5-HT2A 
receptor agonist. J Pharmacol Exp Ther 361(3): 441-453. 

Jensen AA, McCorvy JD, Petersen SL, et al. (2017b) Detailed characterization of the in vitro 
pharmacological and pharmacokinetic properties of N-(2-hydroxybenzyl)-2,5-dimethoxy-4-
cyanophenylethylamine (25CN-NBOH), a highly selective and brain-penetrant 5-HT2A 
receptor agonist. J Pharmacol Exp Ther. Epub ahead of print 2017/04/01. DOI: 
10.1124/jpet.117.239905. 

Jiang X, Xing G, Yang C, et al. (2009) Stress impairs 5-HT2A receptor-mediated serotonergic 
facilitation of GABA release in juvenile rat basolateral amygdala. Neuropsychopharmacol 
34(2): 410-423. 

Johnson M, Richards W and Griffiths R (2008) Human hallucinogen research: guidelines for safety. J 
Psychopharmacol 22(6): 603-620. 

Johnson MW, Garcia-Romeu A, Cosimano MP, et al. (2014) Pilot study of the 5-HT2AR agonist 
psilocybin in the treatment of tobacco addiction. J Psychopharmacol 28(11): 983-992. 

Johnson MW, Hendricks PS, Barrett FS, et al. (2019) Classic psychedelics: An integrative review of 
epidemiology, therapeutics, mystical experience, and brain network function. Pharmacol Ther 
197: 83-102. 

Johnson SC, Baxter LC, Wilder LS, et al. (2002) Neural correlates of self-reflection. Brain 125(8): 
1808-1814. 

Jung CG (2014) On the Nature of the Psyche. United Kingdom: Routledge. 
Kaelen M, Barrett FS, Roseman L, et al. (2015) LSD enhances the emotional response to music. 

Psychopharmacology (Berl) 232(19): 3607-3614. 
Kaelen M, Roseman L, Kahan J, et al. (2016) LSD modulates music-induced imagery via changes in 

parahippocampal connectivity. Eur Neuropsychopharmacol. Epub ahead of print 2016/04/17. 
DOI: 10.1016/j.euroneuro.2016.03.018. 

Kaiser RH, Andrews-Hanna JR, Wager TD, et al. (2015) Large-Scale Network Dysfunction in Major 
Depressive Disorder: A Meta-analysis of Resting-State Functional Connectivity. JAMA 
psychiatry 72(6): 603-611. 

Kakumanu RJ, Nair AK, Venugopal R, et al. (2018) Dissociating meditation proficiency and 
experience dependent EEG changes during traditional Vipassana meditation practice. 
Biological psychology 135: 65-75. 

Kalisch R, Delfino M, Murer MG, et al. (2005) The phenylephrine blood pressure clamp in 
pharmacologic magnetic resonance imaging: reduction of systemic confounds and improved 
detectability of drug-induced BOLD signal changes. Psychopharmacology (Berl) 180(4): 774-
780. 

Kaplan JT, Gimbel SI, Dehghani M, et al. (2017) Processing Narratives Concerning Protected Values: 
A Cross-Cultural Investigation of Neural Correlates. Cereb Cortex 27(2): 1428-1438. 



 

 215 

Kaster MP, Moretti M, Cunha MP, et al. (2016) Novel approaches for the management of depressive 
disorders. European Journal of Pharmacology 771: 236-240. 

Kaufman J, Wymbs NF, Montalvo-Ortiz JL, et al. (2018) Methylation in OTX2 and related genes, 
maltreatment, and depression in children. Neuropsychopharmacol 43(11): 2204-2211. 

Kawahara G, Maeda H, Kikura-Hanajiri R, et al. (2017) The psychoactive drug 25B-NBOMe 
recapitulates rhabdomyolysis in zebrafish larvae. Forensic toxicol 35(2): 369-375. 

Kazdin AE (2007) Mediators and mechanisms of change in psychotherapy research. Annu Rev Clin 
Psychol 3: 1-27. 

Kennedy DP and Adolphs R (2010) Impaired fixation to eyes following amygdala damage arises from 
abnormal bottom-up attention. Neuropsychologia 48(12): 3392-3398. 

Kennedy DP, Glascher J, Tyszka JM, et al. (2009) Personal space regulation by the human 
amygdala. Nat Neurosci 12(10): 1226-1227. 

Kermorgant M, Pavy-Le Traon A, Senard J, et al. (2018) Serotonergic Receptor 5-HT2A in the 
Cardiosympathovagal System. In: Guiard B and Di Giovanni G (eds) 5-HT2A Receptors in the 
Central Nervous System. Switzerland: Birkhauser Verlag AG, pp.137-145. 

Keshavan MS and Sudarshan M (2017) Deep dreaming, aberrant salience and psychosis: 
Connecting the dots by artificial neural networks. Schizophr Res 188: 178-181. 

Kesler-West ML, Andersen AH, Smith CD, et al. (2001) Neural substrates of facial emotion 
processing using fMRI. Brain Res Cogn Brain Res 11(2): 213-226. 

Kettner H, Gandy S, Haijen E, et al. (2019) From Egoism to Ecoism: Psychedelics Increase Nature 
Relatedness in a State-Mediated and Context-Dependent Manner. Int J Environ Res Public 
health 16(24). 

Khater-Boidin J, Rose D, Glérant JC, et al. (1999) Central effects of 5-HT on respiratory rhythm in 
newborn rats in vivo. Eur J Neurosci 11(10): 3433-3440. 

Kida I and Hyder F (2006) Physiology of functional magnetic resonance imaging: energetics and 
function. Methods Mol Med 124: 175-195. 

Kilner JM, Neal A, Weiskopf N, et al. (2009) Evidence of mirror neurons in human inferior frontal 
gyrus. J Neurosci 29(32): 10153-10159. 

Kim S, Roth WT and Wollburg E (2015) Effects of therapeutic relationship, expectancy, and credibility 
in breathing therapies for anxiety. Bull Menninger Clin 79(2): 116-130. 

Kim SG, Rostrup E, Larsson HB, et al. (1999) Determination of relative CMRO2 from CBF and BOLD 
changes: significant increase of oxygen consumption rate during visual stimulation. Magn 
Reson Med 41(6): 1152-1161. 

King AR, Martin IL and Melville KA (1974) Reversal learning enhanced by lysergic acid diethylamide 
(LSD): concomitant rise in brain 5-hydroxytryptamine levels. Br J Pharmacol 52(3): 419-426. 

King K and Holtman J (1990) Characterization of the effects of activation of ventral medullary 
serotonin receptor subtypes on cardiovascular activity and respiratory motor outflow to the 
diaphragm and larynx. J Pharmacol Exp Ther 252(2): 665-674. 

Kirsch I (2019) Placebo Effect in the Treatment of Depression and Anxiety. Frontiers in Psychiatry 
10(407). 

Kirsch I and Low CB (2013) Suggestion in the treatment of depression. Am J Clin Hypn 55(3): 221-
229. 

Kline AC, Cooper AA, Rytwinksi NK, et al. (2018) Long-term efficacy of psychotherapy for 
posttraumatic stress disorder: A meta-analysis of randomized controlled trials. Clin Psychol 
Rev 59: 30-40. 

Knight AR, Misra A, Quirk K, et al. (2004) Pharmacological characterisation of the agonist radioligand 
binding site of 5-HT(2A), 5-HT(2B) and 5-HT(2C) receptors. Naunyn Schmiedebergs Arch 
Pharmacol 370(2): 114-123. 

Knopfel T (2012) Genetically encoded optical indicators for the analysis of neuronal circuits. Nat Rev 
Neurosci 13(10): 687-700. 

Knöpfel T, Gallero-Salas Y and Song C (2015) Genetically encoded voltage indicators for large scale 
cortical imaging come of age. Curr Opin Chem Biol 27: 75-83. 

Knowles ID and Ramage AG (1999) Evidence for a role for central 5-HT2B as well as 5-HT2A 
receptors in cardiovascular regulation in anaesthetized rats. Br J Pharmacol 128(3): 530-542. 

Kohen R, Metcalf MA, Khan N, et al. (1996) Cloning, characterization, and chromosomal localization 
of a human 5-HT6 serotonin receptor. J Neurochem 66(1): 47-56. 

Kolden GG (1991) The generic model of psychotherapy: An empirical investigation of patterns of 
process and outcome relationships. Psychotherapy Research 1(1): 62-73. 



 

 216 

Kometer M, Pokorny T, Seifritz E, et al. (2015) Psilocybin-induced spiritual experiences and 
insightfulness are associated with synchronization of neuronal oscillations. 
Psychopharmacology (Berl) 232(19): 3663-3676. 

Kometer M, Schmidt A, Bachmann R, et al. (2012) Psilocybin biases facial recognition, goal-directed 
behavior, and mood state toward positive relative to negative emotions through different 
serotonergic subreceptors. Biol Psychiatry 72(11): 898-906. 

Korn CW, Sharot T, Walter H, et al. (2014) Depression is related to an absence of optimistically 
biased belief updating about future life events. Psychol Med 44(3): 579-592. 

Kotov R, Bellman SB and Watson DB (2004) Multidimensional Iowa Suggestibility Scale (MISS) Brief 
Manual. 

Kraehenmann R, Preller KH, Scheidegger M, et al. (2015) Psilocybin-Induced Decrease in Amygdala 
Reactivity Correlates with Enhanced Positive Mood in Healthy Volunteers. Biol Psychiatry 
78(8): 572-581. 

Krebs TS and Johansen PO (2012) Lysergic acid diethylamide (LSD) for alcoholism: meta-analysis of 
randomized controlled trials. J Psychopharmacol 26(7): 994-1002. 

Krebs TS and Johansen PO (2013) Psychedelics and mental health: a population study. PLOS ONE 
8(8): e63972. 

Krupitsky EM and Grinenko AY (1997) Ketamine psychedelic therapy (KPT): A review of the results of 
ten years of research. J Psychoact Drugs 29(2): 165-183. 

Kuypers KP, Riba J, de la Fuente Revenga M, et al. (2016) Ayahuasca enhances creative divergent 
thinking while decreasing conventional convergent thinking. Psychopharmacology (Berl) 
233(18): 3395-3403. 

Lafrance A, Loizaga-Velder A, Fletcher J, et al. (2017) Nourishing the Spirit: Exploratory Research on 
Ayahuasca Experiences along the Continuum of Recovery from Eating Disorders. J 
Psychoactive Drugs 49(5): 427-435. 

Lai CH, Wu YT and Hou YM (2017) Functional network-based statistics in depression: Theory of mind 
subnetwork and importance of parietal region. J Affect Disord 217: 132-137. 

Lalley PM (1982) Inhibition of phrenic and sympathetic vasomotor neurons in cats by the serotonin 
analog 5-methoxy-N, N-dimethyltryptamine. J Pharmacol Exp Ther 220(1): 39-48. 

Lambe EK and Aghajanian GK (2007) Prefrontal cortical network activity: Opposite effects of 
psychedelic hallucinogens and D1/D5 dopamine receptor activation. Neuroscience 145(3): 
900-910. 

Lambert NM, Fincham FD and Stillman TF (2012) Gratitude and depressive symptoms: the role of 
positive reframing and positive emotion. Cogn Emot 26(4): 615-633. 

Lambert O and Bourin M (2002) SNRIs: mechanism of action and clinical features. Expert Rev 
Neurother 2(6): 849-858. 

Lavender A and Watkins E (2004) Rumination and future thinking in depression. Br J Clin Psychol 
43(Pt 2): 129-142. 

Lawn W, Barratt M, Williams M, et al. (2014) The NBOMe hallucinogenic drug series: Patterns of use, 
characteristics of users and self-reported effects in a large international sample. J 
Psychopharmacol 28(8): 780-788. 

Leary T, Litwin GH and Metzner R (1963) REACTIONS TO PSILOCYBIN ADMINISTERED IN A 
SUPPORTIVE ENVIRONMENT. J Nerv Ment Dis 137: 561-573. 

Leary TF, Metzner R and Alpert R (1964) The Psychedelic Experience: A Manual Based on the 
Tibetan Book of the Dead. United Kingdom: Penguin Books Ltd. 

Lebedev AV, Kaelen M, Lovden M, et al. (2016) LSD-induced entropic brain activity predicts 
subsequent personality change. Hum Brain Mapp 37(9): 3203-3213. 

Lebedev AV, Lovden M, Rosenthal G, et al. (2015) Finding the self by losing the self: Neural 
correlates of ego-dissolution under psilocybin. Hum Brain Mapp 36(8): 3137-3153. 

Lee D, Lee J, Namkoong K, et al. (2018) Subregions of the Anterior Cingulate Cortex Form Distinct 
Functional Connectivity Patterns in Young Males With Internet Gaming Disorder With 
Comorbid Depression. Front Psychiatry 9(380). 

Lee MA and Shlain B (1985) Acid dreams: the CIA, LSD, and the sixties rebellion. United States: 
Grove Press. 

Lee RM and Robbins SB (1995) Measuring belongingness: The Social Connectedness and the Social 
Assurance scales. J Couns Psychol 42(2): pp. 

Lee YJ, Kim S, Gwak AR, et al. (2016) Decreased regional gray matter volume in suicide attempters 
compared to suicide non-attempters with major depressive disorders. Compr Psychiatry 67: 
59-65. 



 

 217 

Leonard BE (1973) Some effects of the hallucinogenic drug 2, 5-dimethoxy-4-methyl amphetamine on 
the metabolism of biogenic amines in the rat brain. Psychopharmacologia 32(1): 33-49. 

Lerner M and Lyvers M (2006) Values and Beliefs of Psychedelic Drug Users: A Cross-Cultural Study. 
J Psychoact Drugs 38(2): 143-147. 

Letheby C (2016) The epistemic innocence of psychedelic states. Conscious Cogn 39: 28-37. 
Lewis CR, Preller KH, Kraehenmann R, et al. (2017) Two dose investigation of the 5-HT-agonist 

psilocybin on relative and global cerebral blood flow. NeuroImage 159: 70-78. 
Li W, Mai X and Liu C (2014) The default mode network and social understanding of others: what do 

brain connectivity studies tell us. Front Hum Neurosci 8: 74-74. 
Li X, Gutierrez DV, Hanson MG, et al. (2005) Fast noninvasive activation and inhibition of neural and 

network activity by vertebrate rhodopsin and green algae channelrhodopsin. Proc Natl Acad 
Sci U S A 102(49): 17816-17821. 

Liechti ME (2017) Modern Clinical Research on LSD. Neuropsychopharmacol 42(11): 2114-2127. 
Liu RJ and Aghajanian GK (2008) Stress blunts serotonin- and hypocretin-evoked EPSCs in 

prefrontal cortex: role of corticosterone-mediated apical dendritic atrophy. Proc Natl Acad Sci 
U S A 105(1): 359-364. 

Logothetis NK (2008) What we can do and what we cannot do with fMRI. Nature 453(7197): 869-878. 
Logothetis NK and Wandell BA (2004) Interpreting the BOLD signal. Annu Rev Physiol 66: 735-769. 
Loizaga-Velder A and Pazzi A (2013) Therapist and Patient Perspectives on Ayahuasca-Assisted 

Treatment for Substance Dependence. In: Labate B and Cavnar C (eds) The Therapeutic 
Use of Ayahuasca. Berlin: Springer, pp.133-152. 

Lowe C and Rabbitt P (1998) Test\re-test reliability of the CANTAB and ISPOCD neuropsychological 
batteries: theoretical and practical issues. Neuropsychologia 36(9): 915-923. 

Luhrmann TM, Nusbaum H and Thisted R (2010) The absorption hypothesis: Learning to hear God in 
evangelical Christianity. Am Anthropol 112(1): 66-78. 

Ly C, Greb AC, Cameron LP, et al. (2018) Psychedelics Promote Structural and Functional Neural 
Plasticity. Cell Rep 23(11): 3170-3182. 

Lynch TF (1980) Guitarrero Cave: Early Man In The Andes. United States: Elsevier Science 
Publishing Co Inc. 

Lyons T and Carhart-Harris RL (2018a) Increased nature relatedness and decreased authoritarian 
political views after psilocybin for treatment-resistant depression. J Psychopharmacol 32(7): 
811-819. 

Lyons T and Carhart-Harris RL (2018b) More Realistic Forecasting of Future Life Events After 
Psilocybin for Treatment-Resistant Depression. Front Psychol 9(1721). 

Ma Y (2015) Neuropsychological mechanism underlying antidepressant effect: a systematic meta-
analysis. Mol Psychiatry 20(3): 311-319. 

Ma Y, Shaik MA, Kim SH, et al. (2016) Wide-field optical mapping of neural activity and brain 
haemodynamics: considerations and novel approaches. Philos Trans R Soc Lond B Biol Sci 
371(1705). 

Mabit J (2007) Ayahuasca in the treatment of addictions. In: Winkelman MJ and Roberts TB (eds) 
Psychedelic Medicine (Vol. 2): New Evidence for Hallucinogic Substances as Treatments. 
United States: ABC-CLIO. 

Macadar O, Roig JA, Monti JM, et al. (1970) The functional relationship between septal and 
hippocampal unit activity and hippocampal theta rhythm. Physiol Behav 5(12): 1443-1449. 

Machado-Vieira R, Baumann J, Wheeler-Castillo C, et al. (2010) The Timing of Antidepressant 
Effects: A Comparison of Diverse Pharmacological and Somatic Treatments. 
Pharmaceuticals (Basel, Switzerland) 3(1): 19-41. 

MacLean KA, Johnson MW and Griffiths RR (2011) Mystical experiences occasioned by the 
hallucinogen psilocybin lead to increases in the personality domain of openness. J 
Psychopharmacol 25(11): 1453-1461. 

Maclean KA, Leoutsakos JM, Johnson MW, et al. (2012) Factor Analysis of the Mystical Experience 
Questionnaire: A Study of Experiences Occasioned by the Hallucinogen Psilocybin. J Sci 
Study Relig 51(4): 721-737. 

Madsen MK, Fisher PM, Burmester D, et al. (2019) Psychedelic effects of psilocybin correlate with 
serotonin 2A receptor occupancy and plasma psilocin levels. Neuropsychopharmacol 44(7): 
1328-1334. 

Magariños AM and McEwen BS (1995) Stress-induced atrophy of apical dendrites of hippocampal 
CA3c neurons: involvement of glucocorticoid secretion and excitatory amino acid receptors. 
Neuroscience 69(1): 89-98. 



 

 218 

Majic T, Schmidt TT and Gallinat J (2015) Peak experiences and the afterglow phenomenon: when 
and how do therapeutic effects of hallucinogens depend on psychedelic experiences? J 
Psychopharmacol 29(3): 241-253. 

Mann JJ (2005) The Medical Management of Depression. N Engl J Med 353(17): 1819-1834. 
Mann JJ, Currier D, Quiroz JA, et al. (2011) Neurobiology of Severe Mood and Anxiety Disorders. In: 

Brady S, Siegel G and Albers R (eds) Basic Neurochemistry: Principles of Molecular, Cellular, 
and Medical Neurobiology. San Diego, Caifornia: Elsevier, 1021-1036. 

Mansouri FA, Koechlin E, Rosa MGP, et al. (2017) Managing competing goals - a key role for the 
frontopolar cortex. Nat Rev Neurosci 18(11): 645-657. 

Marcus M, Yasamy T, van Ommeren M, et al. (2012) Depression: A Global Public Health Concern. 
World Health Organization. Retrieved from 
http://www.who.int/mental_health/management/depression/who_paper_depression_wfmh_20
12.pdf. 

Marek GJ and Aghajanian GK (1996) LSD and the phenethylamine hallucinogen DOI are potent 
partial agonists at 5-HT2A receptors on interneurons in rat piriform cortex. J Pharmacol Exp 
Ther 278(3): 1373-1382. 

Marlan D (2019) Beyond Cannabis: Psychedelic Decriminalization and Social Justice. Lewis & Clark 
L. Rev. 23: 851. 

Martial C, Cassol H, Charland-Verville V, et al. (2019) Neurochemical models of near-death 
experiences: A large-scale study based on the semantic similarity of written reports. 
Conscious Cogn 69: 52-69. 

Martin DJ, Garske JP and Davis MK (2000) Relation of the therapeutic alliance with outcome and 
other variables: A meta-analytic review. J Consult Clin Psychol 68(3): 438-450. 

Martin W, Wikler A, Eades C, et al. (1963) Tolerance to and physical dependence on morphine in 
rats. Psychopharmacologia 4(4): 247-260. 

Mascher E (1967) Psycholytic therapy: Statistics and indications. Neuropsychopharmacol. 441-444. 
Maslow AH (1959) Cognition of Being in the Peak Experiences. J Genet Psychol 94(1): 43-66. 
Maslow AH (1964) Religions, Values and Peak-Experiences. Columbus: Ohio State University Press. 
Mason OJ, Morgan CJ, Stefanovic A, et al. (2008) The psychotomimetic states inventory (PSI): 

measuring psychotic-type experiences from ketamine and cannabis. Schizophr Res 103(1-3): 
138-142. 

Masters RE and Houston J (1966) The Varieties of Psychedelic Experience. New York: Holt, Rinehart 
and Winston. 

Matias S, Lottem E, Dugue GP, et al. (2017) Activity patterns of serotonin neurons underlying 
cognitive flexibility. Elife 6. 

Mayer FS and Frantz CM (2004) The connectedness to nature scale: A measure of individuals’ 
feeling in community with nature. J Environ Psychol 24(4): 503-515. 

Mayer FS, Frantz CM, Bruehlman-Senecal E, et al. (2008) Why Is Nature Beneficial? Environ Behav 
41(5): 607-643. 

McCabe OL (1977) Psychedelic drug crises: toxicity and therapeutics. J Psychedelic Drugs 9(2): 107-
121. 

McCall RB and Clement ME (1994) Role of serotonin1A and serotonin2 receptors in the central 
regulation of the cardiovascular system. Pharmacol Rev 46(3): 231-243. 

McCrae RR and Costa PT (1997) Conceptions and correlates of openness to experience. Handb 
Personality Psychol. Elsevier, pp.825-847. 

McCullough ME, Emmons RA and Tsang JA (2002) The grateful disposition: a conceptual and 
empirical topography. J Pers Soc Psychol 82(1): 112-127. 

McGlothlin WH and Arnold DO (1971) Lsd revisited: A ten-year follow-up of medical lsd use. Arch 
Gen Psychiatry 24(1): 35-49. 

McGuire-Snieckus R, McCabe R, Catty J, et al. (2007) A new scale to assess the therapeutic 
relationship in community mental health care: STAR. Psychol Med 37(1): 85-95. 

McIntosh AR (1999) Mapping cognition to the brain through neural interactions. Memory 7(5-6): 523-
548. 

McIntosh RC, Paul R, Ndhlovu LC, et al. (2018) Resting-state connectivity and spontaneous activity of 
ventromedial prefrontal cortex predict depressive symptomology and peripheral inflammation 
in HIV. J Neurovirol 24(5): 616-628. 

McKenna DJ, Repke DB, Lo L, et al. (1990) Differential interactions of indolealkylamines with 5-
hydroxytryptamine receptor subtypes. Neuropharmacology 29(3): 193-198. 



 

 219 

McLean TH, Parrish JC, Braden MR, et al. (2006) 1-Aminomethylbenzocycloalkanes: 
conformationally restricted hallucinogenic phenethylamine analogues as functionally selective 
5-HT2A receptor agonists. J Med Chem 49(19): 5794-5803. 

Meneses A (1999) 5-HT system and cognition. Neurosci Biobehav Rev 23(8): 1111-1125. 
Merkur D (2000) The Mystery of Manna: The Psychedelic Sacrament of the Bible. United States: 

Inner Traditions Bear and Company. 
Mertens LJ, Wall MB, Roseman L, et al. (2020) Therapeutic mechanisms of psilocybin: Changes in 

amygdala and prefrontal functional connectivity during emotional processing after psilocybin 
for treatment-resistant depression. J Psychopharmacol 34(2): 167-180. 

Metzner R (1998) Hallucinogenic drugs and plants in psychotherapy and shamanism. J Psychoactive 
Drugs 30(4): 333-341. 

Metzner R, Litwin G and Weil G (1965) The relation of expectation and mood to psilocybin reactions: 
a questionnaire study. Psychedel Rev 5: 339. 

Meyer JH, McMain S, Kennedy SH, et al. (2003) Dysfunctional attitudes and 5-HT2 receptors during 
depression and self-harm. Am J Psychiatry 160(1): 90-99. 

Milburn CM and Peroutka SJ (1989) Characterization of [3H]quipazine binding to 5-
hydroxytryptamine3 receptors in rat brain membranes. J Neurochem 52(6): 1787-1792. 

Miller EK and Cohen JD (2001) An integrative theory of prefrontal cortex function. Annu Rev Neurosci 
24: 167-202. 

Miller WR (2004) The phenomenon of quantum change. J Clin Psychol 60(5): 453-460. 
Mirjana C, Baviera M, Invernizzi RW, et al. (2004) The serotonin 5-HT2A receptors antagonist 

M100907 prevents impairment in attentional performance by NMDA receptor blockade in the 
rat prefrontal cortex. Neuropsychopharmacol 29(9): 1637-1647. 

Moll J and de Oliveira-Souza R (2007) Moral judgments, emotions and the utilitarian brain. Trends 
Cogn Sci 11(8): 319-321. 

Moll J, de Oliveira-Souza R, Bramati IE, et al. (2002) Functional networks in emotional moral and 
nonmoral social judgments. NeuroImage 16(3 Pt 1): 696-703. 

Moll J, Zahn R, de Oliveira-Souza R, et al. (2005) Opinion: the neural basis of human moral cognition. 
Nat Rev Neurosci 6(10): 799-809. 

Mollinedo-Gajate I, Song C, Sintes-Rodriguez M, et al. (2020) Psilocybin rescues sociability deficits in 
an animal model of autism. bioRxiv. DOI: 10.1101/2020.09.09.289348. 
2020.2009.2009.289348. 

Monroe RR, Heath RG, Mickle WA, et al. (1957) Correlation of rhinencephalic electrograms with 
behavior; a study on humans under the influence of LSD and mescaline. Electroencephalogr 
Clin Neurophysiol 9(4): 623-642. 

Montgomery SA and Asberg M (1979) A new depression scale designed to be sensitive to change. Br 
J Psychiatry 134: 382-389. 

Moos RH and Moos BS (2006) Rates and predictors of relapse after natural and treated remission 
from alcohol use disorders. Addiction 101(2): 212-222. 

Morgan CJ, Muetzelfeldt L, Muetzelfeldt M, et al. (2010) Harms associated with psychoactive 
substances: findings of the UK National Drug Survey. J Psychopharmacol 24(2): 147-153. 

Morris K (2008) Research on psychedelics moves into the mainstream. Lancet 371(9623): 1491-
1492. 

Morris S and Earl K (2017) Health Survey for England 2016: Well-being and mental health. Leeds, 
UK: Health and Social Care Information Centre. Retrieved from 
http://healthsurvey.hscic.gov.uk/media/63763/HSE2016-Adult-wel-bei.pdf. 

Muensterman ET, Luo Y and Parker JM (2020) Breakthrough Therapy, PRIME and Sakigake: A 
Comparison Between Neuroscience and Oncology in Obtaining Preferred Regulatory Status. 
Ther Innov Regul Sci. DOI: 10.1007/s43441-019-00100-7. 

Mulders PC, van Eijndhoven PF, Schene AH, et al. (2015) Resting-state functional connectivity in 
major depressive disorder: A review. Neurosci Biobehav Rev 56: 330-344. 

Müller F, Dolder PC, Schmidt A, et al. (2018) Altered network hub connectivity after acute LSD 
administration. NeuroImage 18: 694-701. 

Mundorf C, Shankar A, Peng T, et al. (2017) Therapeutic Relationship and Study Adherence in a 
Community Health Worker-Led Intervention. J Community Health 42(1): 21-29. 

Muthukumaraswamy SD, Carhart-Harris RL, Moran RJ, et al. (2013) Broadband cortical 
desynchronization underlies the human psychedelic state. J Neurosci 33(38): 15171-15183. 

Nagatomo T, Rashid M, Muntasir HA, et al. (2004) Functions of 5-HT2A receptor and its antagonists 
in the cardiovascular system. Pharmacol Ther 104(1): 59-81. 

Nathan PE (1986) Outcomes of treatment for alcoholism: Current data. Ann Behav Med 8(2-3): 40-46. 



 

 220 

Neff KD (2003) The development and validation of a scale to measure self-compassion. Self and 
Identity 2(3): 223-250. 

Nelson DL, Lucaites VL, Wainscott DB, et al. (1999) Comparisons of hallucinogenic 
phenylisopropylamine binding affinities at cloned human 5-HT2A, -HT(2B) and 5-HT2C 
receptors. Naunyn Schmiedebergs Arch Pharmacol 359(1): 1-6. 

Nesse RM (2000) Is depression an adaptation? Arch Gen Psychiatry 57(1): 14-20. 
Nicholas CR, Henriquez KM, Gassman MC, et al. (2018) High dose psilocybin is associated with 

positive subjective effects in healthy volunteers. J Psychopharmacol 32(7): 770-778. 
Nichols CD and Sanders-Bush E (2002) A single dose of lysergic acid diethylamide influences gene 

expression patterns within the mammalian brain. Neuropsychopharmacol 26(5): 634-642. 
Nichols DE (2004) Hallucinogens. Pharmacol Ther 101(2): 131-181. 
Nichols DE (2012) Structure–activity relationships of serotonin 5-HT2A agonists. WIREs Membr 

Transp Signal 1(5): 559-579. 
Nichols DE (2016) Psychedelics. Pharmacol Rev 68(2): 264-355. 
Nichols DE (2017) Chemistry and Structure-Activity Relationships of Psychedelics. Curr Top Behav 

Neurosci. Epub ahead of print 2017/04/13. DOI: 10.1007/7854_2017_475. 
Nichols DE, Frescas S, Marona-Lewicka D, et al. (2002) Lysergamides of isomeric 2,4-

dimethylazetidines map the binding orientation of the diethylamide moiety in the potent 
hallucinogenic agent N,N-diethyllysergamide (LSD). J Med Chem 45(19): 4344-4349. 

Nichols DE, Frescas SP, Chemel BR, et al. (2008) High specific activity tritium-labeled N-(2-
methoxybenzyl)-2,5-dimethoxy-4-iodophenethylamine (INBMeO): a high-affinity 5-HT2A 
receptor-selective agonist radioligand. Bioorg Med Chem 16(11): 6116-6123. 

Nisbet EK and Zelenski JM (2011) Underestimating nearby nature: affective forecasting errors 
obscure the happy path to sustainability. Psychol Sci 22(9): 1101-1106. 

Nisbet EK, Zelenski JM and Murphy SA (2011) Happiness is in our Nature: Exploring Nature 
Relatedness as a Contributor to Subjective Well-Being. J Happiness Stud 12(2): 303-322. 

Noorani T, Garcia-Romeu A, Swift TC, et al. (2018) Psychedelic therapy for smoking cessation: 
qualitative analysis of participant accounts. J Psychopharmacol 32(7): 756-769. 

Norem JK and Cantor N (1986) Defensive pessimism: harnessing anxiety as motivation. J Pers Soc 
Psychol 51(6): 1208-1217. 

Norton PJ and Price EC (2007) A meta-analytic review of adult cognitive-behavioral treatment 
outcome across the anxiety disorders. J Nerv Ment Dis 195(6): 521-531. 

Nour M, Evans L and Carhart-Harris RL (2017) Psychedelics, personality and political perspectives. J 
Psychoact Drugs.(In press). 

Nour MM, Evans L, Nutt D, et al. (2016) Ego-Dissolution and Psychedelics: Validation of the Ego-
Dissolution Inventory (EDI). Front Hum Neurosci 10: 269. 

Nutt DJ, King LA and Nichols DE (2013) Effects of Schedule I drug laws on neuroscience research 
and treatment innovation. Nat Rev Neurosci 14(8): 577-585. 

Nutt DJ, King LA and Phillips LD (2010) Drug harms in the UK: a multicriteria decision analysis. 
Lancet 376(9752): 1558-1565. 

O'Brien CP (2001) Drug addiction and drug abuse. In: Hardman JG, Limbird LE, Molinoff PB, et al. 
(eds) Goodman & Gilman's The Pharmacological Basis of Therapeutics. New York: McGraw-
Hill, pp.621-642. 

Offord SJ, Ordway GA and Frazer A (1988) Application of [125I]iodocyanopindolol to measure 5-
hydroxytryptamine1B receptors in the brain of the rat. J Pharmacol Exp Ther 244(1): 144-153. 

Ogawa S, Lee TM, Kay AR, et al. (1990) Brain magnetic resonance imaging with contrast dependent 
on blood oxygenation. Proc Natl Acad Sci U S A 87(24): 9868-9872. 

Olivera A, Eisner C, Kitamura Y, et al. (2010) Sphingosine kinase 1 and sphingosine-1-phosphate 
receptor 2 are vital to recovery from anaphylactic shock in mice. J Clin Invest 120(5): 1429-
1440. 

Oostenveld R, Fries P, Maris E, et al. (2011) FieldTrip: Open source software for advanced analysis 
of MEG, EEG, and invasive electrophysiological data. Comput Intell Neurosci 2011: 156869. 

Ootsuka Y, Nalivaiko E and Blessing WW (2004) Spinal 5-HT2A receptors regulate cutaneous 
sympathetic vasomotor outflow in rabbits and rats; relevance for cutaneous vasoconstriction 
elicited by MDMA (3, 4-methylenedioxymethamphetamine,“Ecstasy”) and its reversal by 
clozapine. Brain Res 1014(1-2): 34-44. 

Osorio Fde L, Sanches RF, Macedo LR, et al. (2015) Antidepressant effects of a single dose of 
ayahuasca in patients with recurrent depression: a preliminary report. Rev Bras Psiquiatr 
37(1): 13-20. 

Ost LG (1989) One-session treatment for specific phobias. Behav Res Ther 27(1): 1-7. 



 

 221 

Ota KT, Liu RJ, Voleti B, et al. (2014) REDD1 is essential for stress-induced synaptic loss and 
depressive behavior. Nat Med 20(5): 531-535. 

Ott J and Bigwood J (1978) Teonanácatl: Hallucinogenic Mushrooms of North America. Seattle: 
Madrona Publishers. 

Ott U, Reuter M, Hennig J, et al. (2005) Evidence for a common biological basis of the Absorption 
trait, hallucinogen effects, and positive symptoms: epistasis between 5-HT2a and COMT 
polymorphisms. Am J Med Genet B Neuropsychiatr Genet 137b(1): 29-32. 

Pahnke WN (1963) Drugs and Mysticism: An Analysis of the Relationship between Psychedelic Drugs 
and the Mystical Consciousness. Unpublished Ph.D. thesis. Cambridge, Harvard University. 

Pahnke WN (1969) The psychedelic mystical experience in the human encounter with death. Harv 
Theol Rev 62(1): 1-21. 

Pahnke WN, Kurland AA, Unger S, et al. (1970) The experimental use of psychedelic (LSD) 
psychotherapy. JAMA 212(11): 1856-1863. 

Pahnke WN and Richards WA (1966) Implications of LSD and experimental mysticism. J Relig Health 
5(3): 175-208. 

Palhano-Fontes F, Andrade KC, Tofoli LF, et al. (2015) The psychedelic state induced by ayahuasca 
modulates the activity and connectivity of the default mode network. PLOS ONE 10(2): 
e0118143. 

Palm KM and Follette VM (2011) The Roles of Cognitive Flexibility and Experiential Avoidance in 
Explaining Psychological Distress in Survivors of Interpersonal Victimization. J Psychopath 
Behav Assess 33(1): 79-86. 

Passie T (1997) Psycholytic and psychedelic therapy research 1931-1995: a complete international 
bibliography. United States: Laurentius Publishers. 

Passie T and Brandt SD (2018) Self-Experiments with Psychoactive Substances: A Historical 
Perspective. Handb Exp Pharmacol 252: 69-110. 

Passie T, Halpern JH, Stichtenoth DO, et al. (2008) The pharmacology of lysergic acid diethylamide: 
a review. CNS Neurosci Ther 14(4): 295-314. 

Patterson AC and Veenstra G (2010) Loneliness and risk of mortality: a longitudinal investigation in 
Alameda County, California. Soc Sci Med 71(1): 181-186. 

Patterson DR and Jensen MP (2003) Hypnosis and clinical pain. Psychol Bull 129(4): 495-521. 
Pekala RJ, Wenger CF and Levine RL (1985) Individual differences in phenomenological experience: 

states of consciousness as a function of absorption. J Pers Soc Psychol 48(1): 125-132. 
Pena CJ, Kronman HG, Walker DM, et al. (2017) Early life stress confers lifelong stress susceptibility 

in mice via ventral tegmental area OTX2. Science 356(6343): 1185-1188. 
Peroutka SJ (1985) Selective labeling of 5-HT1A and 5-HT1B binding sites in bovine brain. Brain Res 

344(1): 167-171. 
Peroutka SJ (1986) Pharmacological differentiation and characterization of 5-HT1A, 5-HT1B, and 5-

HT1C binding sites in rat frontal cortex. J Neurochem 47(2): 529-540. 
Peroutka SJ, Switzer JA and Hamik A (1989) Identification of 5-hydroxytryptamine1D binding sites in 

human brain membranes. Synapse 3(1): 61-66. 
Perrin JL and Benassi VA (2009) The connectedness to nature scale: A measure of emotional 

connection to nature? J Environ Psychol 29(4): 434-440. 
Peterson C and Seligman ME (1984) Causal explanations as a risk factor for depression: Theory and 

evidence. Psychol Rev 91(3): 347-374. 
Petri G, Expert P, Turkheimer F, et al. (2014) Homological scaffolds of brain functional networks. J R 

Soc Interface 11(101): 20140873. 
Phelps J (2017) Developing Guidelines and Competencies for the Training of Psychedelic Therapists. 

J Humanist Psychol 57(5): 450-487. 
Pierce PA and Peroutka SJ (1989) Hallucinogenic drug interactions with neurotransmitter receptor 

binding sites in human cortex. Psychopharmacology (Berl) 97(1): 118-122. 
Plassat JL, Boschert U, Amlaiky N, et al. (1992) The mouse 5HT5 receptor reveals a remarkable 

heterogeneity within the 5HT1D receptor family. Embo j 11(13): 4779-4786. 
Pokorny T, Preller KH, Kometer M, et al. (2017) Effect of psilocybin on empathy and moral decision-

making. Int J Neuropsychopharmacol 20(9): 747-757. 
Polito V and Stevenson RJ (2019) A systematic study of microdosing psychedelics. PLOS ONE 14(2): 

e0211023. 
Pollan M (2019) How to Change Your Mind: what the new science of psychedelics teaches us about 

consciousness, dying, addiction, depression, and transcendence. United States: Penguin 
Books. 



 

 222 

Power JD, Barnes KA, Snyder AZ, et al. (2012) Spurious but systematic correlations in functional 
connectivity MRI networks arise from subject motion. NeuroImage 59(3): 2142-2154. 

Praharso NF, Tear MJ and Cruwys T (2017) Stressful life transitions and wellbeing: A comparison of 
the stress buffering hypothesis and the social identity model of identity change. Psychiatry 
Res 247: 265-275. 

Pralong E, Magistretti P and Stoop R (2002) Cellular perspectives on the glutamate-monoamine 
interactions in limbic lobe structures and their relevance for some psychiatric disorders. Prog 
Neurobiol 67(3): 173-202. 

Preller KH, Herdener M, Pokorny T, et al. (2017) The Fabric of Meaning and Subjective Effects in 
LSD-Induced States Depend on Serotonin 2A Receptor Activation. Curr Biol 27(3): 451-457. 

Preller KH, Pokorny T, Hock A, et al. (2016) Effects of serotonin 2A/1A receptor stimulation on social 
exclusion processing. Proc Natl Acad Sci U S A 113(18): 5119-5124. 

Preller KH, Razi A, Zeidman P, et al. (2019a) Effective connectivity changes in LSD-induced altered 
states of consciousness in humans. Proc Natl Acad Sci U S A 116(7): 2743-2748. 

Preller KH, Schilbach L, Dürler P, et al. (2019b) LSD increases social adaptation to opinions similar to 
one’s own. Eur Neuropsychopharmacol 29: S226-227. 

Preller KH, Schilbach L, Pokorny T, et al. (2018) Role of the 5-HT2A Receptor in Self- and Other-
Initiated Social Interaction in Lysergic Acid Diethylamide-Induced States: A Pharmacological 
fMRI Study. J Neurosci 38(14): 3603-3611. 

Pressman SD, Gallagher MW and Lopez SJ (2013) Is the Emotion-Health Connection a “First-World 
Problem”? Psychol Sci 24(4): 544-549. 

Preston SD and de Waal FB (2002) Empathy: Its ultimate and proximate bases. Behav Brain Sci 
25(1): 1-20; discussion 20-71. 

Pritchard A, Richardson M, Sheffield D, et al. (2019) The Relationship Between Nature 
Connectedness and Eudaimonic Well-Being: A Meta-analysis. J Happiness Stud. DOI: 
10.1007/s10902-019-00118-6. 

Puig MV, Watakabe A, Ushimaru M, et al. (2010) Serotonin modulates fast-spiking interneuron and 
synchronous activity in the rat prefrontal cortex through 5-HT1A and 5-HT2A receptors. J 
Neurosci 30(6): 2211-2222. 

Pyszczynski T, Holt K and Greenberg J (1987) Depression, self-focused attention, and expectancies 
for positive and negative future life events for self and others. J Pers Soc Psychol 52(5): 994-
1001. 

Qin P and Northoff G (2011) How is our self related to midline regions and the default-mode network? 
NeuroImage 57(3): 1221-1233. 

Quesseveur G, Nguyen HT, Gardier AM, et al. (2012) 5-HT2 ligands in the treatment of anxiety and 
depression. Expert Opin Investig Drugs 21(11): 1701-1725. 

Raichle ME, MacLeod AM, Snyder AZ, et al. (2001) A default mode of brain function. Proc Natl Acad 
Sci U S A 98(2): 676-682. 

Rainnie DG (1999) Serotonergic modulation of neurotransmission in the rat basolateral amygdala. J 
Neurophysiol 82(1): 69-85. 

Ramage A (2001) Central cardiovascular regulation and 5-hydroxytryptamine receptors. Brain Res 
Bull 56(5): 425-439. 

Ramage AG, Shepheard SL, Jordan D, et al. (1993) Can the 5-HT2/1c agonist DOI cause differential 
sympatho-excitation in nerves supplying the heart in anaesthetized cats? J Auton Nerv Syst 
42(1): 53-62. 

Randic M and Padjen A (1971) Effect of N,N-dimethyltryptamine and D-lysergic acid diethylamide on 
the release of 5-hydroxyindoles in rat forebrain. Nature 230(5295): 532-533. 

Ray TS (2010) Psychedelics and the human receptorome. PLOS ONE 5(2): e9019. 
Regard JB, Sato IT and Coughlin SR (2008) Anatomical profiling of G protein-coupled receptor 

expression. Cell 135(3): 561-571. 
Reineberg AE, Andrews-Hanna JR, Depue BE, et al. (2015) Resting-state networks predict individual 

differences in common and specific aspects of executive function. NeuroImage 104: 69-78. 
Riba J, Anderer P, Jane F, et al. (2004) Effects of the South American psychoactive beverage 

ayahuasca on regional brain electrical activity in humans: a functional neuroimaging study 
using low-resolution electromagnetic tomography. Neuropsychobiology 50(1): 89-101. 

Riba J, Anderer P, Morte A, et al. (2002) Topographic pharmaco-EEG mapping of the effects of the 
South American psychoactive beverage ayahuasca in healthy volunteers. Br J Clin 
Pharmacol 53(6): 613-628. 

Riba J, Romero S, Grasa E, et al. (2006) Increased frontal and paralimbic activation following 
ayahuasca, the pan-Amazonian inebriant. Psychopharmacology (Berl) 186(1): 93-98. 



 

 223 

Richards WA (2016) Sacred Knowledge: Psychedelics and Religious Experiences. United States: 
Columbia University Press. 

Richards WA, Rhead JC, DiLeo FB, et al. (1977) The peak experience variable in DPT-assisted 
psychotherapy with cancer patients. J Psychedelic Drugs 9(1): 1-10. 

Rinaldi F and Himwich HE (1955) The cerebral electrographic changes induced by LSD and 
mescaline are corrected by frenquel. J Nerv Ment Dis 122(5): 424-432. 

Rinkel M, De SH, Hyde RW, et al. (1952) Experimental schizophrenia-like symptoms. Am J Psychiatry 
108(8): 572-578. 

Romano AG, Quinn JL, Li L, et al. (2010) Intrahippocampal LSD accelerates learning and 
desensitizes the 5-HT(2A) receptor in the rabbit, Romano et al. Psychopharmacology (Berl) 
212(3): 441-448. 

Rose D, Khater-Boidin J, Toussaint P, et al. (1995) Central effects of 5-HT on respiratory and 
hypoglossal activities in the adult cat. Respiration physiology 101(1): 59-69. 

Roseman L, Demetriou L, Wall MB, et al. (2018a) Increased amygdala responses to emotional faces 
after psilocybin for treatment-resistant depression. Neuropharmacology 142: 263-269. 

Roseman L, Haijen E, Idialu-Ikato K, et al. (2019) Emotional breakthrough and psychedelics: 
Validation of the Emotional Breakthrough Inventory. J Psychopharmacol 33(9): 1076-1087. 

Roseman L, Leech R, Feilding A, et al. (2014) The effects of psilocybin and MDMA on between-
network resting state functional connectivity in healthy volunteers. Front Hum Neurosci 8: 
204. 

Roseman L, Nutt DJ and Carhart-Harris RL (2017) Quality of Acute Psychedelic Experience Predicts 
Therapeutic Efficacy of Psilocybin for Treatment-Resistant Depression. Front Pharmacol 8: 
974. 

Roseman L, Nutt DJ and Carhart-Harris RL (2018b) Quality of Acute Psychedelic Experience Predicts 
Therapeutic Efficacy of Psilocybin for Treatment-Resistant Depression. Front Pharmacol 8: 
974-974. 

Roseman L, Sereno MI, Leech R, et al. (2016) LSD alters eyes-closed functional connectivity within 
the early visual cortex in a retinotopic fashion. Hum Brain Mapp 37(8): 3031-3040. 

Rosenberg M (1965) Society and the Adolescent Self-Image. Science 148(3671): 804. 
Ross S, Bossis A, Guss J, et al. (2016) Rapid and sustained symptom reduction following psilocybin 

treatment for anxiety and depression in patients with life-threatening cancer: a randomized 
controlled trial. J Psychopharmacol 30(12): 1165-1180. 

Roth BL, Lopez E, Patel S, et al. (2000) The Multiplicity of Serotonin Receptors: Uselessly Diverse 
Molecules or an Embarrassment of Riches? The Neuroscientist 6(4): 252-262. 

Roth BL, Willins DL, Kristiansen K, et al. (1998) 5-Hydroxytryptamine2-family receptors (5-
hydroxytryptamine2A, 5-hydroxytryptamine2B, 5-hydroxytryptamine2C): where structure 
meets function. Pharmacol Ther 79(3): 231-257. 

Rothlin E (1957) Lysergic acid diethylamide and related substances. Ann N Y Acad Sci 66(3): 668-
676. 

Ruberte J, Navarro M, Carretero A, et al. (2017) Circulatory system. In: Ruberte J, Carretero A and 
Navarro M (eds) Morphological Mouse Phenotyping: Anatomy, Histology and Imaging. 
Amsterdam: Elsevier, pp.269-347. 

Rucker JJH, Iliff J and Nutt DJ (2018) Psychiatry & the psychedelic drugs. Past, present & future. 
Neuropharmacology 142: 200-218. 

Russ SL, Carhart-Harris RL, Maruyama G, et al. (2019) Replication and extension of a model 
predicting response to psilocybin. Psychopharmacology (Berl) 236(11): 3221-3230. 

Sadzot B, Baraban JM, Glennon RA, et al. (1989) Hallucinogenic drug interactions at human brain 5-
HT2 receptors: implications for treating LSD-induced hallucinogenesis. Psychopharmacology 
(Berl) 98(4): 495-499. 

Saeri AK, Cruwys T, Barlow FK, et al. (2018) Social connectedness improves public mental health: 
Investigating bidirectional relationships in the New Zealand attitudes and values survey. Aust 
N Z J Psychiatry 52(4): 365-374. 

Sampedro F, de la Fuente Revenga M, Valle M, et al. (2017) Assessing the Psychedelic "After-Glow" 
in Ayahuasca Users: Post-Acute Neurometabolic and Functional Connectivity Changes Are 
Associated with Enhanced Mindfulness Capacities. Int J Neuropsychopharmacol 20(9): 698-
711. 

Sandison RA (1954) Psychological aspects of the LSD treatment of the neuroses. J Ment Sci 
100(419): 508-515. 

Sandison RA (1959) The role of psychotropic drugs in individual therapy. Bull World Health Organ 21: 
495-503. 



 

 224 

Sandison RA (1966) Lysergic acid diethylamide. Br Med J 2(5504): 48-49. 
Sandison RA, Spencer AM and Whitelaw JD (1954) The therapeutic value of lysergic acid 

diethylamide in mental illness. J Ment Sci 100(419): 491-507. 
Sandison RA and Whitelaw JD (1957) Further studies in the therapeutic value of lysergic acid 

diethylamide in mental illness. J Ment Sci 103(431): 332-343. 
Santos A, Mier D, Kirsch P, et al. (2011) Evidence for a general face salience signal in human 

amygdala. NeuroImage 54(4): 3111-3116. 
Savage C (1962) LSD, alcoholism and transcendence. J Nerv Ment Dis 135: 429-435. 
Savage C, Fadiman J, Mogar R, et al. (1966) The effects of psychedelic (LSD) therapy on values, 

personality, and behavior. Int J Neuropsychiatry 2(3): 241-254. 
Savage C, Savage E, Fadiman J, et al. (1964) LSD: Therapeutic Effects of the Psychedelic 

Experience. Psychol Rep 14(1): 111-120. 
Saxena PR and Villalón CM (1990) Cardiovascular effects of serotonin agonists and antagonists. J 

Cardiovasc Pharmacol 15: S17-34. 
Schartner M, Seth A, Noirhomme Q, et al. (2015) Complexity of Multi-Dimensional Spontaneous EEG 

Decreases during Propofol Induced General Anaesthesia. PLOS ONE 10(8): e0133532. 
Schartner MM, Carhart-Harris RL, Barrett AB, et al. (2017) Increased spontaneous MEG signal 

diversity for psychoactive doses of ketamine, LSD and psilocybin. Sci Rep 7: 46421. 
Scheidegger M, Walter M, Lehmann M, et al. (2012) Ketamine decreases resting state functional 

network connectivity in healthy subjects: implications for antidepressant drug action. PLOS 
ONE 7(9): e44799. 

Scheier MF, Carver CS and Bridges MW (1994) Distinguishing optimism from neuroticism (and trait 
anxiety, self-mastery, and self-esteem): a reevaluation of the Life Orientation Test. J Pers Soc 
Psychol 67(6): 1063-1078. 

Scheier MF, Matthews KA, Owens JF, et al. (1989) Dispositional optimism and recovery from 
coronary artery bypass surgery: the beneficial effects on physical and psychological well-
being. J Pers Soc Psychol 57(6): 1024-1040. 

Schenberg EE (2018) Psychedelic-Assisted Psychotherapy: A Paradigm Shift in Psychiatric Research 
and Development. Frontiers in pharmacology 9: 733-733. 

Schenberg EE, Alexandre JF, Filev R, et al. (2015) Acute Biphasic Effects of Ayahuasca. PLOS ONE 
10(9): e0137202. 

Schmid Y, Enzler F, Gasser P, et al. (2015) Acute Effects of Lysergic Acid Diethylamide in Healthy 
Subjects. Biol Psychiatry 78(8): 544-553. 

Schmid Y and Liechti ME (2017) Long-lasting subjective effects of LSD in normal subjects. 
Psychopharmacology (Berl). Epub ahead of print 2017/09/18. DOI: 10.1007/s00213-017-
4733-3. 

Schultes RE (1998) Antiquity of the use of New World hallucinogens. Heffter Research Institute. 
Schultes RE and Hofmann A (1979) Plants of the gods: origins of hallucinogenic use. New York: 

McGraw-Hill. 
Schultes RE and Hofmann A (1980) The botany and chemistry of hallucinogens. Charles C Thomas 

Pub Ltd. 
Schultz PW, Shriver C, Tabanico JJ, et al. (2004) Implicit connections with nature. J Environ Psychol 

24(1): 31-42. 
Scott G and Carhart-Harris RL (2019) Psychedelics as a treatment for disorders of consciousness. 

Neurosci Conscious 2019(1): niz003. 
Scruggs JL, Schmidt D and Deutch AY (2003) The hallucinogen 1-[2,5-dimethoxy-4-iodophenyl]-2-

aminopropane (DOI) increases cortical extracellular glutamate levels in rats. Neurosci Lett 
346(3): 137-140. 

Senate (1977) Project MKULTRA, The CIA's Program Of Research In Behavioral Modification. United 
States Senate Report. 95th Congress. Session 1. Washington: US Government Printing 
Office. Retrieved from 
https://www.intelligence.senate.gov/sites/default/files/hearings/95mkultra.pdf. 

Serafetinides EA (1965) The EEG effects of LSD-25 in epileptic patients before and after temporal 
lobectomy. Psychopharmacologia 7(6): 453-460. 

Serafine KM and France CP (2014) Restricted access to standard or high fat chow alters sensitivity of 
rats to the 5-HT(2A/2C) receptor agonist 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane. 
Behav Pharmacol 25(1): 44-52. 

Sessa B (2012) The psychedelic renaissance: Reassessing the role of psychedelic drugs in 21st 
century psychiatry and society. United Kingdom: Muswell Hill Press. 



 

 225 

Sessa B (2018) The 21st century psychedelic renaissance: heroic steps forward on the back of an 
elephant. Psychopharmacology (Berl) 235(2): 551-560. 

Setsompop K, Gagoski BA, Polimeni JR, et al. (2012) Blipped-controlled aliasing in parallel imaging 
for simultaneous multislice echo planar imaging with reduced g-factor penalty. Magn Reson 
Med 67(5): 1210-1224. 

Seymour B, Daw ND, Roiser JP, et al. (2012) Serotonin selectively modulates reward value in human 
decision-making. J Neurosci 32(17): 5833-5842. 

Shah P, Harris AJL, Bird G, et al. (2016) A pessimistic view of optimistic belief updating. Cogn 
Psychol 90: 71-127. 

Shamay-Tsoory SG, Aharon-Peretz J and Perry D (2009) Two systems for empathy: a double 
dissociation between emotional and cognitive empathy in inferior frontal gyrus versus 
ventromedial prefrontal lesions. Brain 132(3): 617-627. 

Sharot T, Korn CW and Dolan RJ (2011) How unrealistic optimism is maintained in the face of reality. 
Nat Neurosci 14(11): 1475-1479. 

Sharot T, Riccardi AM, Raio CM, et al. (2007) Neural mechanisms mediating optimism bias. Nature 
450(7166): 102-105. 

Shea MT, Elkin I, Imber SD, et al. (1992) Course of depressive symptoms over follow-up. Findings 
from the National Institute of Mental Health Treatment of Depression Collaborative Research 
Program. Arch Gen Psychiatry 49(10): 782-787. 

Sheehan DV, Lecrubier Y, Sheehan KH, et al. (1998) The Mini-International Neuropsychiatric 
Interview (M.I.N.I.): the development and validation of a structured diagnostic psychiatric 
interview for DSM-IV and ICD-10. J Clin Psychiatry 59 Suppl 20: 22-33;quiz 34-57. 

Sheline YI, Gado MH and Kraemer HC (2003) Untreated depression and hippocampal volume loss. 
US: American Psychiatric Assn, 1516-1518. 

Shen RY and Andrade R (1998) 5-Hydroxytryptamine2 receptor facilitates GABAergic 
neurotransmission in rat hippocampus. J Pharmacol Exp Ther 285(2): 805-812. 

Shepperd JA, Klein WM, Waters EA, et al. (2013) Taking Stock of Unrealistic Optimism. Perspect 
Psychol Sci 8(4): 395-411. 

Shepperd JA and McNulty JK (2002) The Affective Consequences of Expected and Unexpected 
Outcomes. Psychol Sci 13(1): 85-88. 

Sherwood JN, Stolaroff MJ and Harman WW (1962) The psychedelic experience--a new concept in 
psychotherapy. J Neuropsychiatr 4: 69-80. 

Shmuel A, Augath M, Oeltermann A, et al. (2006) Negative functional MRI response correlates with 
decreases in neuronal activity in monkey visual area V1. Nat Neurosci 9(4): 569-577. 

Siegel JS, Power JD, Dubis JW, et al. (2014) Statistical improvements in functional magnetic 
resonance imaging analyses produced by censoring high-motion data points. Hum Brain 
Mapp 35(5): 1981-1996. 

Sigafoos J, Green VA, Edrisinha C, et al. (2007) Flashback to the 1960s: LSD in the treatment of 
autism. Developmental Neurorehabilitation 10(1): 75-81. 

Silvia PJ and Phillips AG (2011) Evaluating self-reflection and insight as self-conscious traits. Pers 
Individ Differ 50(2): 234-237. 

Sitt JD, King JR, El Karoui I, et al. (2014) Large scale screening of neural signatures of 
consciousness in patients in a vegetative or minimally conscious state. Brain 137(Pt 8): 2258-
2270. 

Sjoberg BM, Jr. and Hollister LE (1965) The effects of psychotomimetic drugs on primary 
suggestibility. Psychopharmacologia 8(4): 251-262. 

Slade M (2010) Mental illness and well-being: the central importance of positive psychology and 
recovery approaches. BMC Health Serv Res 10: 26. 

Sloviter RS, Drust EG, Damiano BP, et al. (1980) A common mechanism for lysergic acid, 
indolealkylamine and phenethylamine hallucinogens: serotonergic medication of behavioral 
effects in rats. J Pharmacol Exp Ther 214(2): 231-238. 

Smigielski L, Kometer M, Scheidegger M, et al. (2019) Characterization and prediction of acute and 
sustained response to psychedelic psilocybin in a mindfulness group retreat. Sci Rep 9(1): 
14914. 

Smith CS (2006) Nearly 100, LSD’s Father Ponders His ‘Problem Child’. The New York Times. 
Smith RL, Barrett RJ and Sanders-Bush E (1995) Neurochemical and behavioral evidence that 

quipazine-ketanserin discrimination is mediated by serotonin2A receptor. J Pharmacol Exp 
Ther 275(2): 1050-1057. 

Smith SM, Jenkinson M, Woolrich MW, et al. (2004) Advances in functional and structural MR image 
analysis and implementation as FSL. NeuroImage 23 Suppl 1: S208-219. 



226 

Sokal DM, Giarola AS and Large CH (2005) Effects of GABA(B), 5-HT(1A), and 5-HT(2) receptor 
stimulation on activation and inhibition of the rat lateral amygdala following medial geniculate 
nucleus stimulation in vivo. Brain Res 1031(1): 141-150. 

Sonawalla SB and Rosenbaum JF (2002) Placebo response in depression. Dialogues in clinical 
neuroscience 4(1): 105-113. 

Song C, Barnes S and Knöpfel T (2017) Mammalian cortical voltage imaging using genetically 
encoded voltage indicators: a review honoring professor Amiram Grinvald. Neurophotonics 
4(3): 031214-031214. 

Song C and Knopfel T (2016) Optogenetics enlightens neuroscience drug discovery. Nat Rev Drug 
Discov 15(2): 97-109. 

Soto D, Theodoraki M and Paz-Alonso PM (2018) How the human brain introspects about one's own 
episodes of cognitive control. Cortex 107: 110-120. 

Spain A, Howarth C, Khrapitchev AA, et al. (2015) Neurovascular and neuroimaging effects of the 
hallucinogenic serotonin receptor agonist psilocin in the rat brain. Neuropharmacology 99: 
210-220. 

Speth J, Speth C, Kaelen M, et al. (2016) Decreased mental time travel to the past correlates with 
default-mode network disintegration under lysergic acid diethylamide. J Psychopharmacol 
30(4): 344-353. 

Spezio ML, Huang PY, Castelli F, et al. (2007) Amygdala damage impairs eye contact during 
conversations with real people. J Neurosci 27(15): 3994-3997. 

Spiegelhalter DJ, Best NG, Carlin BP, et al. (2002) Bayesian measures of model complexity and fit. J 
R Stat Soc B 64(4): 583-639. 

Spielberger CD, Gorsuch, R. L., Lushene, R., Vagg, P. R., & Jacobs, G. A.  (1983) Manual for the 
State-Trait Anxiety Inventory. (form Y: “self-evaluation questionnaire"). Palo Alto, CA: 
Consulting Psychologists Press. 

Sporns O (2014) Contributions and challenges for network models in cognitive neuroscience. Nat 
Neurosci 17(5): 652. 

Sporns O, Tononi G and Kötter R (2005) The human connectome: a structural description of the 
human brain. PLoS Comput Biol 1(4). 

Spreng RN (2012) The fallacy of a "task-negative" network. Front Psychol 3: 145. 
Stace WT (1960) Mysticism and philosophy. United Kingdom: Palgrave MacMillan. 
Staresina BP and Davachi L (2006) Differential encoding mechanisms for subsequent associative 

recognition and free recall. J Neurosci 26(36): 9162-9172. 
Stefanovic B, Warnking JM and Pike GB (2004) Hemodynamic and metabolic responses to neuronal 

inhibition. NeuroImage 22(2): 771-778. 
Steger MF, Frazier P, Oishi S, et al. (2006) The meaning in life questionnaire: Assessing the 

presence of and search for meaning in life. J Couns Psychol 53(1): 80. 
Stein C, Davidowa H and Albrecht D (2000) 5-HT(1A) receptor-mediated inhibition and 5-HT(2) as 

well as 5-HT(3) receptor-mediated excitation in different subdivisions of the rat amygdala. 
Synapse 38(3): 328-337. 

Stevens J (1998) Storming heaven: LSD and the American dream. United States: Grove Press. 
Strassman RJ (1984) Adverse reactions to psychedelic drugs. A review of the literature. J Nerv Ment 

Dis 172(10): 577-595. 
Strassman RJ and Qualls CR (1994) Dose-response study of N, N-dimethyltryptamine in humans: I. 

Neuroendocrine, autonomic, and cardiovascular effects. Arch Gen Psychiatry 51(2): 85-97. 
Strikwerda-Brown C, Davey CG, Whittle S, et al. (2015) Mapping the relationship between subgenual 

cingulate cortex functional connectivity and depressive symptoms across adolescence. Soc 
Cogn Affect Neurosci 10(7): 961-968. 

Strunk DR and Adler AD (2009) Cognitive biases in three prediction tasks: a test of the cognitive 
model of depression. Behav Res Ther 47(1): 34-40. 

Strunk DR, Lopez H and DeRubeis RJ (2006) Depressive symptoms are associated with unrealistic 
negative predictions of future life events. Behav Res Ther 44(6): 861-882. 

Stuart R (2002) Entheogenic sects and psychedelic religions. Sex, Spirit and Psychedelics, MAPS 
12(1): 17-24. 

Studerus E, Gamma A, Kometer M, et al. (2012) Prediction of Psilocybin Response in Healthy 
Volunteers. PLOS ONE 7(2): e30800. 

Studerus E, Gamma A and Vollenweider FX (2010) Psychometric evaluation of the altered states of 
consciousness rating scale (OAV). PLOS ONE 5(8): e12412. 



227 

Studerus E, Kometer M, Hasler F, et al. (2011) Acute, subacute and long-term subjective effects of 
psilocybin in healthy humans: a pooled analysis of experimental studies. J Psychopharmacol 
25(11): 1434-1452. 

Suzuki J, Dekker MA, Valenti ES, et al. (2015) Toxicities associated with NBOMe ingestion-a novel 
class of potent hallucinogens: a review of the literature. Psychosomatics 56(2): 129-139. 

Tadepalli AS, Friedman E and Gershon S (1975) Cardiovascular actions of 2, 5-dimethoxy-4-
methylamphetamine (DOM) in the cat. Eur J Pharmacol 31(2): 305-312. 

Tagliazucchi E, Carhart-Harris R, Leech R, et al. (2014) Enhanced repertoire of brain dynamical 
states during the psychedelic experience. Hum Brain Mapp 35(11): 5442-5456. 

Tagliazucchi E, Roseman L, Kaelen M, et al. (2016) Increased Global Functional Connectivity 
Correlates with LSD-Induced Ego Dissolution. Curr Biol 26(8): 1043-1050. 

Tambs K and Røysamb E (2014) Selection of questions to short-form versions of original 
psychometric instruments in MoBa. Norsk Epidemiologi 24(1-2). 

Taylor SE and Brown JD (1988) Illusion and well-being: a social psychological perspective on mental 
health. Psychol Bull 103(2): 193-210. 

Taylor SE, Kemeny ME, Reed GM, et al. (2000) Psychological resources, positive illusions, and 
health. Am Psychol 55(1): 99-109. 

Tchanturia K, Davies H, Roberts M, et al. (2012) Poor cognitive flexibility in eating disorders: 
examining the evidence using the Wisconsin Card Sorting Task. PLOS ONE 7(1): e28331-
e28331. 

Tennant R, Hiller L, Fishwick R, et al. (2007) The Warwick-Edinburgh Mental Well-being Scale 
(WEMWBS): development and UK validation. Health and Quality of Life Outcomes 5(1): 63. 

Terem I, Ni WW, Goubran M, et al. (2018) Revealing sub-voxel motions of brain tissue using phase-
based amplified MRI (aMRI). Magn Reson Med 80(6): 2549-2559. 

Terhune DB, Luke DP, Kaelen M, et al. (2016) A placebo-controlled investigation of synaesthesia-like 
experiences under LSD. Neuropsychologia. Epub ahead of print 2016/04/10. DOI: 
10.1016/j.neuropsychologia.2016.04.005. 

Thatcher K, Wiederholt WC and Fischer R (1971) An electroencephalographic analysis of personality-
dependent performance under psilocybin. Agents Actions 2(1): 21-26. 

Timmermann C, Roseman L, Williams L, et al. (2018) DMT Models the Near-Death Experience. Front 
Psychol 9: 1424. 

Titeler M, Lyon RA and Glennon RA (1988) Radioligand binding evidence implicates the brain 5-HT2 
receptor as a site of action for LSD and phenylisopropylamine hallucinogens. 
Psychopharmacology (Berl) 94(2): 213-216. 

Torres CM (1995) Archaeological evidence for the antiquity of psychoactive plant use in the Central 
Andes. Annuli dei Musei Civici Roverero 11: 291-326. 

Torres CM (1998) Psychoactive Substances In The Archaeology Of Northern Chile And NW 
Argentina: A Comparative Review Of The Evidence. Chungará (Arica) 30(1): 49-63. 

Trivedi MH and Rush H (1994) Does a placebo run-in or a placebo treatment cell affect the efficacy of 
antidepressant medications? Neuropsychopharmacology 11(1): 33-43. 

Tsou AP, Kosaka A, Bach C, et al. (1994) Cloning and expression of a 5-hydroxytryptamine7 receptor 
positively coupled to adenylyl cyclase. J Neurochem 63(2): 456-464. 

Turton S, Nutt DJ and Carhart-Harris RL (2014) A qualitative report on the subjective experience of 
intravenous psilocybin administered in an FMRI environment. Curr Drug Abuse Rev 7(2): 
117-127. 

Twarog BM (1954) Responses of a molluscan smooth muscle to acetylcholine and 5-
hydroxytryptamine. J Cell Comp Physiol 44(1): 141-163. 

Twarog BM and Page IH (1953) Serotonin content of some mammalian tissues and urine and a 
method for its determination. Am J Physiol 175(1): 157-161. 

Tyborowska A, Volman I, Smeekens S, et al. (2016) Testosterone during Puberty Shifts Emotional 
Control from Pulvinar to Anterior Prefrontal Cortex. J Neurosci 36(23): 6156-6164. 

U'Prichard DC, Greenberg DA and Snyder SH (1977) Binding characteristics of a radiolabeled agonist 
and antagonist at central nervous system alpha noradrenergic receptors. Mol Pharmacol 
13(3): 454-473. 

Ullmer C, Schmuck K, Kalkman HO, et al. (1995) Expression of serotonin receptor mRNAs in blood 
vessels. FEBS letters 370(3): 215-221. 

Vaitl D, Birbaumer N, Gruzelier J, et al. (2005) Psychobiology of altered states of consciousness. 
Psychol Bull 131(1): 98-127. 

Valentine D (2017) The CIA as Organized Crime: How Illegal Operations Corrupt America and the 
World. United States: Clarity Press, Inc. 



228 

van Duinkerken E, Ryan CM, Schoonheim MM, et al. (2016) Subgenual Cingulate Cortex Functional 
Connectivity in Relation to Depressive Symptoms and Cognitive Functioning in Type 1 
Diabetes Mellitus Patients. Psychosom Med 78(6): 740-749. 

Van Essen DC, Smith SM, Barch DM, et al. (2013) The WU-Minn Human Connectome Project: an 
overview. NeuroImage 80: 62-79. 

Van Gordon W, Shonin E, Dunn TJ, et al. (2018) Meditation-Induced Near-Death Experiences: a 3-
Year Longitudinal Study. Mindfulness 9(6): 1794-1806. 

Van Hoeck N, Ma N, Ampe L, et al. (2013) Counterfactual thinking: an fMRI study on changing the 
past for a better future. Soc Cogn Affect Neurosci 8(5): 556-564. 

van‘t Ent D, Den Braber A, Rotgans E, et al. (2014) The use of fMRI to detect neural responses to 
cognitive interference and planning: Evidence for a contribution of task related changes in 
heart rate? J Neurosci Methods 229: 97-107. 

Varki A (2009) Human uniqueness and the denial of death. Nature 460(7256): 684. 
Varnas K, Halldin C and Hall H (2004) Autoradiographic distribution of serotonin transporters and 

receptor subtypes in human brain. Hum Brain Mapp 22(3): 246-260. 
Vatansever D, Manktelow AE, Sahakian BJ, et al. (2015) Cognitive Flexibility: A Default Network and 

Basal Ganglia Connectivity Perspective. Brain Connect 6(3): 201-207. 
Vendetti MS and Bunge SA (2014) Evolutionary and developmental changes in the lateral 

frontoparietal network: a little goes a long way for higher-level cognition. Neuron 84(5): 906-
917. 

Viol A, Palhano-Fontes F, Onias H, et al. (2017) Shannon entropy of brain functional complex 
networks under the influence of the psychedelic Ayahuasca. Sci Rep 7(1): 7388. 

Vollenweider FX and Kometer M (2010) The neurobiology of psychedelic drugs: implications for the 
treatment of mood disorders. Nat Rev Neurosci 11(9): 642-651. 

Vollenweider FX, Leenders KL, Scharfetter C, et al. (1997a) Metabolic hyperfrontality and 
psychopathology in the ketamine model of psychosis using positron emission tomography 
(PET) and [18F]fluorodeoxyglucose (FDG). Eur Neuropsychopharmacol 7(1): 9-24. 

Vollenweider FX, Leenders KL, Scharfetter C, et al. (1997b) Positron emission tomography and 
fluorodeoxyglucose studies of metabolic hyperfrontality and psychopathology in the psilocybin 
model of psychosis. Neuropsychopharmacol 16(5): 357-372. 

Vollenweider FX, Vollenweider-Scherpenhuyzen MF, Babler A, et al. (1998) Psilocybin induces 
schizophrenia-like psychosis in humans via a serotonin-2 agonist action. Neuroreport 9(17): 
3897-3902. 

Volman I, Roelofs K, Koch S, et al. (2011) Anterior prefrontal cortex inhibition impairs control over 
social emotional actions. Curr Biol 21(20): 1766-1770. 

Volman I, Verhagen L, den Ouden HE, et al. (2013) Reduced serotonin transporter availability 
decreases prefrontal control of the amygdala. J Neurosci 33(21): 8974-8979. 

Votava Z, Podvalova I and Semonsky M (1958) Studies on the pharmacology of D-lysergic acid 
cycloalkylamides. Arch Int Pharmacodyn Ther 115(1-2): 114-130. 

Vuilleumier P, Richardson MP, Armony JL, et al. (2004) Distant influences of amygdala lesion on 
visual cortical activation during emotional face processing. Nat Neurosci 7(11): 1271-1278. 

Wacker D, Wang C, Katritch V, et al. (2013) Structural features for functional selectivity at serotonin 
receptors. Science 340(6132): 615-619. 

Wackermann J, Wittmann M, Hasler F, et al. (2008) Effects of varied doses of psilocybin on time 
interval reproduction in human subjects. Neurosci Lett 435(1): 51-55. 

Wadowski PP, Giurgea G-A, Schlager O, et al. (2019) Acute Limb Ischemia after Intake of the 
Phenylethylamine Derivate NBOMe. Int J Environ Res Public health 16(24): 5071. 

Waeber C, Dietl MM, Hoyer D, et al. (1989) 5.HT1 receptors in the vertebrate brain. Regional 
distribution examined by autoradiography. Naunyn Schmiedebergs Arch Pharmacol 340(5): 
486-494. 

Wainscott DB, Lucaites VL, Kursar JD, et al. (1996) Pharmacologic characterization of the human 5-
hydroxytryptamine2B receptor: evidence for species differences. J Pharmacol Exp Ther 
276(2): 720-727. 

Wasson RG (1971) Soma: Divine Mushroom of Immortality. United States: Houghton Mifflin Harcourt. 
Wasson RG, Hofmann A and Ruck CA (2008) The Road to Eleusis: unveiling the secret of the 

mysteries. United States: North Atlantic Books. 
Watts R, Day C, Krzanowski J, et al. (2017) Patients' accounts of increased 'connection' and 

'acceptance' after psilocybin for treatment-resistant depression. J Humanist Psychol In Press. 
Weber ET and Andrade R (2010) Htr2a Gene and 5-HT(2A) Receptor Expression in the Cerebral 

Cortex Studied Using Genetically Modified Mice. Front Neurosci 4: 36. 



 

 229 

Weinstein ND (1989) Optimistic biases about personal risks. Science 246(4935): 1232-1233. 
Weitzenhoffer AM and Hilgard ER (1962) Stanford hypnotic susceptibility scale, form C. Palo Alto, 

CA: Consulting Psychologists Press. 
Whalen PJ and Phelps EA (2009) The human amygdala. United States: Guilford Press. 
White MP, Alcock I, Grellier J, et al. (2019) Spending at least 120 minutes a week in nature is 

associated with good health and wellbeing. Sci Rep 9(1): 7730. 
WHO (1958) Ataractic and hallucinogenic drugs in psychiatry: report of a study group [meeting held in 

Geneva from 4 to 9 November 1957]. Geneva: World Health Organization technical report 
series. 

Wild TC, Kuiken D and Schopflocher D (1995) The role of absorption in experiential involvement. J 
Pers Soc Psychol 69(3): 569-579. 

Wildgruber D, Riecker A, Hertrich I, et al. (2005) Identification of emotional intonation evaluated by 
fMRI. NeuroImage 24(4): 1233-1241. 

Williams GV, Rao SG and Goldman-Rakic PS (2002) The physiological role of 5-HT2A receptors in 
working memory. J Neurosci 22(7): 2843-2854. 

Willins DL and Meltzer HY (1997) Direct injection of 5-HT2A receptor agonists into the medial 
prefrontal cortex produces a head-twitch response in rats. J Pharmacol Exp Ther 282(2): 699-
706. 

Wingen M, Kuypers KP and Ramaekers JG (2007) Selective verbal and spatial memory impairment 
after 5-HT1A and 5-HT2A receptor blockade in healthy volunteers pre-treated with an SSRI. J 
Psychopharmacol 21(5): 477-485. 

Winkelman M (2014) Psychedelics as medicines for substance abuse rehabilitation: evaluating 
treatments with LSD, Peyote, Ibogaine and Ayahuasca. Curr Drug Abuse Rev 7(2): 101-116. 

Winkelman M (2019) Introduction: Evidence for entheogen use in prehistory and world religions. J 
Psychedelic Stud 3(2): 43-62. 

Winkleman M (2010) Shamanism and the origins of spirituality and ritual healing. J Study Relig Nat 
Cult 3(4): 458. 

Wittmann M, Carter O, Hasler F, et al. (2007) Effects of psilocybin on time perception and temporal 
control of behaviour in humans. J Psychopharmacol 21(1): 50-64. 

Wolbach A, Miner E and Isbell H (1962a) Comparison of psilocin with psilocybin, mescaline and LSD-
25. Psychopharmacology (Berl) 3(3): 219-223. 

Wolbach AB, Isbell H and Miner EJ (1962b) Cross tolerance between mescaline and LSD-25, with a 
comparison of the mescaline and LSD reactions. Psychopharmacologia 3: 1-14. 

Wood AM, Joseph S and Maltby J (2009) Gratitude predicts psychological well-being above the Big 
Five facets. Pers Individ Differ 46(4): 443-447. 

Wood J, Kim Y and Moghaddam B (2012) Disruption of prefrontal cortex large scale neuronal activity 
by different classes of psychotomimetic drugs. J Neurosci 32(9): 3022-3031. 

Woolley DW and Shaw E (1954) A Biochemical And Pharmacological Suggestion About Certain 
Mental Disorders. Proc Natl Acad Sci U S A 40(4): 228-231. 

Xu J, Moeller S, Auerbach EJ, et al. (2013) Evaluation of slice accelerations using multiband echo 
planar imaging at 3 T. NeuroImage 83: 991-1001. 

Xu P, Qiu Q, Li H, et al. (2019) 25C-NBOMe, a Novel Designer Psychedelic, Induces Neurotoxicity 50 
Times More Potent Than Methamphetamine In Vitro. Neurotox Res 35(4): 993-998. 

Yaden DB and Griffiths RR (2020) The Subjective Effects of Psychedelics Are Necessary for Their 
Enduring Therapeutic Effects. ACS Pharmacology & Translational Science. DOI: 
10.1021/acsptsci.0c00194. 

Yang SH and Liu R (2017) Cerebral Autoregulation. In: Caplan LR, Biller J, Leary MC, et al. (eds) 
Primer on Cerebrovascular Diseases. San Diego: Academic Press, pp.57-60. 

Young SN and Leyton M (2002) The role of serotonin in human mood and social interaction. Insight 
from altered tryptophan levels. Pharmacol Biochem Behav 71(4): 857-865. 

Yu G, Sessions JG, Fu Y, et al. (2015) A multilevel cross-lagged structural equation analysis for 
reciprocal relationship between social capital and health. Soc Sci Med 142: 1-8. 

Zajkowski WK, Kossut M and Wilson RC (2017) A causal role for right frontopolar cortex in directed, 
but not random, exploration. Elife 6. 

Zhang C and Marek GJ (2008) AMPA receptor involvement in 5-hydroxytryptamine2A receptor-
mediated pre-frontal cortical excitatory synaptic currents and DOI-induced head shakes. Prog 
Neuropsychopharmacol Bio Psychiatry 32(1): 62-71. 

Zhang G and Stackman RW, Jr. (2015) The role of serotonin 5-HT2A receptors in memory and 
cognition. Front Pharmacol 6: 225-225. 



230 

Zhang QJ, Wang S, Liu J, et al. (2010) Unilateral lesion of the nigrostriatal pathway decreases the 
response of interneurons in medial prefrontal cortex to 5-HT 2A/2C receptor stimulation in the 
rat. Brain Res 1312: 127-137. 

Zhang TY, Labonté B, Wen XL, et al. (2013) Epigenetic mechanisms for the early environmental 
regulation of hippocampal glucocorticoid receptor gene expression in rodents and humans. 
Neuropsychopharmacology 38(1): 111-123. 

Ziv J and Lempel A (1978) Compression of individual sequences via variable-rate coding. IEEE 
Transactions on Information Theory 24(5): 530-536. 



231 

8. APPENDICES
APPENDIX A: Copyright clearance for Figure 2-3 reproduced from Nutt et al. (2010). 

ELSEVIER LICENSE
TERMS AND CONDITIONS

Feb 09, 2020

This Agreement between Ms. taylor lyons ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance
Center.

License Number 4764931103928

License date Feb 09, 2020

Licensed Content
Publisher Elsevier

Licensed Content
Publication The Lancet

Licensed Content Title Drug harms in the UK: a multicriteria decision analysis

Licensed Content Author David J Nutt,Leslie A King,Lawrence D Phillips

Licensed Content Date 6–12 November 2010

Licensed Content
Volume 376

Licensed Content Issue 9752

Licensed Content Pages 8

Start Page 1558

End Page 1565



232 

APPENDIX B: Copyright clearance for  
Figure 2-2 reproduced from (Nichols, 2012). 

From: Rights DE <RIGHTS-and-LICENCES@wiley-vch.de>
Subject: WG: unable to submit copyright clearance request
Date: 10 February 2020 at 16:17:01 GMT
To: "t.lyons15@imperial.ac.uk" <t.lyons15@imperial.ac.uk>

This email from RIGHTS-and-LICENCES@wiley-vch.de originates from 
outside Imperial. Do not click on links and attachments unless you 
recognise the sender. If you trust the sender, add them to your safe 
senders list to disable email stamping for this address. 

Dear Taylor Lyons,

We hereby grant permission for the requested 
use expected that due credit is given to the 
original source.

Any third party material is expressly excluded from this permission. If any 
of the material you wish to use appears within our work with credit to 
another source, authorization from that source must be obtained.
Credit must include the following components:

- Journals: Author(s) Name(s): Title of the Article. Name of the Journal. 
Publication  year. Volume. Page(s). Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with permission.
- Books: Author(s)/ Editor(s) Name(s): Title of the Book. Page(s). 
Publication  year. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.

This permission does not include the right to grant others permission to 
photocopy or otherwise reproduce this material except for accessible 
versions made by non-profit organizations serving the blind, visually 
impaired and other persons with print disabilities (VIPs).

Kind regards

Bettina Loycke
Senior Rights Manager



233 

APPENDIX C: (1) Certificate for completing Home Office Modules 1 – 4. Training required to apply for 
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APPENDIX D: Record of training and assessments – competent at performing intraperitoneal 
injections (IP drug administration) and transcardial perfusions in mice. 

CBSF.4.011A Version 4 Effective Date: 15/07/16 Review Date: 07/18 

TRAINING RECORD Name: Taylor Lyons 

One sheet per technique and per species / age or weight. Please ensure all details are completed. 

Procedure to be performed.       IP mouse 

COMPETENCY LEVEL Working Under Supervision Competence Assessed Competence as Trainer 

Date Trainer Name & Signature Trainer Name & Signature Trainer Name & Signature 

1. 23/09/2016 

Click here to enter name  

Savvas Piperelis DVM, PhD ,MRCVS  

Click here to enter name  

Taylor collected the mice that required an IP injection. Prepared the needle and syringe using the most refined size in accordance with recommendations (smaller than 25g) and 
suitable volume in accordance with LASA or under PPL authority is part of the project.  Collected the mouse that was to be injected and placed it on a non-slip surface to restrain. 
Once happy with the restraint collected the needle / syringe and inserted it at a good position and angle in the lower abdominal quadrant and injected it at a good speed not too 
fast or slow and once injection complete returned the mouse to the cage if empty or to a separate cage if other animals are to remain in the home cage, then disposed of the needle 
safely.            

STATUS: competent to perform this procedure in live animals 

2. Click here to enter a date. 

Click here to enter name   Click here to enter name   Click here to enter name   

Click here to enter details of training performed /what type of training, i.e.: video, live or cadaver. 

CBSF.4.001 Version 3 Effective Date: 12/07/16 Review Date: 07/18 

TRAINING RECORD Name: Taylor Lyons 

One sheet per technique and per species / age or weight. Please ensure all details are completed. 

Procedure to be performed.       Perfusion fixation in the mouse under injectable anaesthesia 

COMPETENCY LEVEL Working Under Supervision Competence Assessed Competence as Trainer 

Date Trainer Name & Signature Trainer Name & Signature Trainer Name & Signature 

1. 23/09/2016 

Click here to enter name  

Savvas Piperelis DVM, PhD ,MRCVS  

Click here to enter name  

 Today, I assessed Taylor performing this technique in the live animal.  
She induced anaesthesia with an ip injection of pentobarbital. She observed the mouse until the pedal withdrawal reflex was lost before proceeding with the 
perfusion. She accessed the heart quickly again demonstrating very good tissue handling and experience in this procedure.  
She was careful to refine the procedure as much as possible, for example ensuring animals were not kept in the same room even when work is carried out under 
the hood.  
Taylor achieved good perfusions using his technique.  
STATUS: She is competent to perform trans cardiac perfusions under injectable terminal general anaesthesia in adult mice.  

2. Click here to enter a date. 

Click here to enter name   Click here to enter name   Click here to enter name   

Click here to enter details of training performed /what type of training, i.e.: video, live or cadaver. 
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APPENDIX E: Prospective optical imaging of acute and longer-term effects of 25CN-NBOH  

 

Design of the Yellow-Red Chimeric Butterfly Voltage Sensitive Fluorescent Protein and DNA 

constructs 

 

Chimeric Butterfly Voltage Sensitive Fluorescent Protein Yellow-Red (ChiVSFP Butterfly YR) is a GEVI 

design with a fluorescence resonance energy transfer (FRET) pair of fluorescent proteins 

(mCitrine/mKate2; YR) that is based on a combination of previously published VSFPs, Chimera C5 and 

VSFP-Butterfly 1.2 (Mishina et al., 2014). To generate ChiVSFP Butterfly YR, the voltage-sensing 

domain (VSD) of Ciona intestinalis voltage-sensor-containing phosphatase sequence was replaced 

with the sequence of the S4 transmembrane segment of the Kv3.1 potassium channel VSD (Mishina et 

al., 2014). A single mutation (K234R of mKate) was also introduced by site-directed mutagenesis for 
reduced intracellular aggregation and increased brightness (Mishina et al., 2014).  

Plasmid encoding the DNA sequence for ChiVSFP Butterfly YR (pCAG Chimeric_Butterfly_YR_1.0) 

was obtained from Thomas Knöpfel (Addgene plasmid #59801; Mishina et al., 2014). The Knöpfel 

laboratory generated the tetO-ChiVSFP transgenic mice by subcloning the coding sequences for 

ChiVSFP Butterfly YR into pCAG vectors using NheI and AflII restriction endonucleases, thus placing 

ChiVSFP’s expression under the control of the tetracycline response element (TRE, tetO; Mishina et 

al., 2014). All constructs were verified by DNA sequencing analysis. 

 
Generation of the transgenic mouse line expressing the ChiVSFP Butterfly YR in GABAergic 

interneurons   

Three genetically modified mouse strains were crossed to generate triple transgenic mice expressing 

the ChiVSFP Butterfly YR in GABAergic interneurons: (i) VGAT-IRES-Cre knock-in mice (Jax Stock 

#016962) which have Cre-recombinase expression directed to inhibitory GABAergic neurons, (ii) 

ROSA26-ZtTA knock-in mice (Jax Stock #012266), which harbour a conditional mutation of the 

Gt(ROSA)26Sor locus with a loxP-flanked stop cassette preventing transcription of the downstream 
tetracycline-controlled transactivator protein (tTA), and (iii) TetO-ChiVSFP transgenic mice (generated 

and provided by Cris Niell, University of Oregon), which express the ChiVSFP Butterfly YR under the 

control of a tetracycline-responsive promoter element (TRE or tetO). The Cre-mediated recombination 

events result in the deletion of the floxed sequences and the subsequent expression of tTA in 

GABAergic interneurons. The resulting tTA protein is able to bind to TRE, which then drives the 

expression of the ChiVSFP in the plasma membrane of GABAergic interneurons (Figure 8-1). Following 

this genetic strategy, offspring that express the ChiVSFP Butterfly YR only in cortical inhibitory 

interneurons can be generated (VGAT;ZtTA;ChiVSFP). 
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Figure 8-1 Genetic strategy. | Expression cassettes of the three mouse strains that were crossed to generate of 

triple transgenic mice expressing ChiVSFP in GABAergic interneurons. Abbreviations: β-geo, beta-geo transgene; Cre, cre 

recombinase; IRES, Internal Ribosome Entry Site; mRNA, messenger ribonucleic acid; pCA, chicken beta-actin promoter with 

cytomegalovirus enhancer; Slc32, solute carrier family 32; TRE, tetracycline response element; tTA, Tetracycline-responsive 

transactivator; VGAT, Vesicular GABA transporter; WPRE, Woodchuck Posttranscriptional Regulatory Element. 
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Transcardial perfusion, brain extraction, slice preparation and confocal microscopy 

To validate the expression of ChiVSFP Butterfly YR in GABAergic interneurons, VGAT;ZtTA;ChiVSFP 

mice were terminally anaesthetised with pentobarbital sodium and transcardially perfused with ice-cold 

artificial cerebrospinal fluid (ACSF; composition in mM: NaCl 118, NaHCO3 25, NaH2PO4 1, KCl 3, 
MgCl2 1, CaCl2 2 and glucose 10) followed by 2% paraformaldehyde in 0.1 M PB (pH 8.0). Brains were 

extraction and post-fixed in the same fixative for 1 h, then transferred to 0.1 M PBS and stored at 4°C. 

The cortex was sectioned into 300 μm coronal slices with a Vibratome (VT 1000S, Leica). The native 

fluorescence expression was examined using a confocal laser-scanning microscope (TCS SP5 II, Leica 

Microsystems) and processed using Leica Application Suite Advanced Fluorescence (LAS AF) 

software.  

Development of a behavioural habituation protocol for in vivo optimal imaging experiments 

 

Prior to in vivo optical imaging in awake mice, training should be completed so that the mice become 

habituated to remaining still in the imaging setup, head-fixation, the experimenter's hands, sounds in 

the experimental room, and other factors. To this end, mice were handled prior to head-fixation 

habituation, then recovered from decreasing levels of light sedation under head-fixation for up to four 

sessions without sensory stimulation. Animals were then head-fixed awake for increasing durations for 
up to six additional habituation sessions without sensory stimulation. These procedures reduce 

experimental stress in the mice due to familairity with the prcoedures, thus promoting animal welfare 

and enabling the collection of high-quality optical imaging data via reduced motion and other artefacts.  

 

Habituation typically took place on successive days (with the exception of weekends) in mice that had 

already been fitted with a metal head-plate for head-fixation via cranial window implantation surgery. 

All mice were allowed to recover for at least 7 days after surgery prior to behavioural habituation. The 

steps outlined below should be adhered to on each habituation day. 
 

Day 1. Acclimatisation to the experimenter’s hands and experimental room. Begin by allowing the mice 

to acclimatise to the experimental room for 20 min. Following acclimatisation to the environment, gently 

handle each animal for 5 – 10 min to enable acclimatisation to the experimenter.  

 

Day 2. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room for 

20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Administer pentobarbital (40 mg/kg, i.p.) and wait for the drug 
effects to commence (~15 min). Ensure the room is dark and head-fix the mouse in the optical imaging 

setup for 40 min. During head-fixation, periodically check for the well-being of the animal and comfort 

as required. Repeat this procedure for subsequent mice if habituation is required for more than one 

animal.  
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Day 3. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room for 

20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Administer pentobarbital (35 mg/kg, i.p.) and wait for the drug 

effects to commence (~15 min). Ensure the room is dark and head-fix the mouse in the optical imaging 
setup for 45 min. During head-fixation, periodically check for the well-being of the animal and comfort 

as required. Repeat this procedure for subsequent mice if habituation is required for more than one 

animal. 

 

Day 4. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room for 

20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Administer pentobarbital (30 mg/kg, i.p.) and wait for the drug 

effects to commence (~15 min). Ensure the room is dark and head-fix the mouse in the optical imaging 
setup for 50 min. During head-fixation, periodically check for the well-being of the animal and comfort 

as required. Repeat this procedure for subsequent mice if habituation is required for more than one 

animal. 

 

Day 5. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room for 

20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Administer pentobarbital (25 mg/kg, i.p.) and wait for the drug 

effects to commence (~15 min). Ensure the room is dark and head-fix the mouse in the optical imaging 
setup for 55 min. During head-fixation, periodically check for the well-being of the animal and comfort 

as required. Repeat this procedure for subsequent mice if habituation is required for more than one 

animal. 

 

Day 6. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room for 

20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Do not administer pentobarbital. Ensure the room is dark and head-
fix the mouse in the optical imaging setup for 60 min. During head-fixation, periodically check for the 

well-being of the animal and comfort as required. Repeat this procedure for subsequent mice if 

habituation is required for more than one animal. 

 

Days 7-11. Head-fixation training. Begin by allowing the mouse to acclimatise to the experimental room 

for 20 min. Following acclimatisation to the environment, gently handle the mouse for 5 min to enable 

acclimatisation to the experimenter. Do not administer pentobarbital. Ensure the room is dark and head-

fix the mouse in the optical imaging setup for 60 min. During head-fixation, periodically check for the 
well-being of the animal and comfort as required. Repeat this procedure for subsequent mice if 

habituation is required for more than one animal. 

 

Days 9-11 (optional). If planned voltage imaging experiments involve s.c. drug application within the 

imaging set-up, implement s.c. saline injections in addition to the steps described above for days 7-11. 
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pixels at different moments in time. (D) Schematic diagram of the in vivo voltage imaging experiments. The 

electrical resting state activity will be measured in cortical pyramidal neurons before, during and after 25CN-NBOH 

in the same mice for each condition. (A-C) Copyright information: Creative Commons Attribution 4.0 International License (CC-

BY). Abbreviations: PCA, principal component analysis; sCMOS, scientific complementary metal oxide semiconductor camera

 




