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PREFACE 

 All research in this thesis is published in peer-reviewed journals and presented in the form 

of scientific papers. References for each paper are presented within each publication. The general 

reference list at the end of the thesis is covering the introduction and discussion part. All 

presented research was performed at the University Hospital Basel and the University of Basel 

and one paper in collaboration with the University of Maastricht.  
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Classic psychedelics such as the semi-synthetic ergoline and serotonin (5-HT)2A receptor 

agonist lysergic acid diethylamide (LSD) are back in research as potential treatment for various 

psychiatric and somatic disorders, e.g. depression, anxiety disorders and cluster headache.  

This thesis includes three clinical trials to add knowledge to the pharmacology of LSD. The 

first study investigated the distinction of LSD as prototypical psychedelic from the class of 

entactogens represented by 3,4-methylenedioxymethamphetamine (MDMA) and the class of 

stimulants represented by d-amphetamine. Twenty-eight healthy participants were included in a 

randomized, double-blind, placebo-controlled trial. This study was the first study that used an 

oral LSD formulation with an exactly known dose and confirmed stability. The second study 

investigated the dose-effect relationship of LSD and the role of the 5-HT2A receptor by adding the 

5-HT2A receptor antagonist ketanserin prior to the administration of a high dose of LSD (200 µg). 

Sixteen healthy participants were included in a randomized, double-blind, placebo-controlled 

trial. Treatment conditions were 25 µg, 50 µg, 100 µg, 200 µg LSD, and 200 µg LSD + ketanserin. 

The third study investigated LSD microdoses by performing a study using 5, 10, and 20 µg LSD in 

healthy subjects. Twenty-four healthy participants were included in this randomized, placebo-

controlled, double-blind trial.  

All studies investigated the pharmacokinetics and pharmacokinetic-pharmacodynamic 

relationship of LSD. Classic pharmacokinetic parameters as well as effect durations, onset, and 

offset were assessed using modern PK-PD modeling techniques. The first two studies also 

investigated subjective effects using well established methods and questionnaires such as the 5-

dimensions of altered states of consciousness (5D-ASC) scale, the mystical effects questionnaire 

(MEQ), and visual analogue scales (VASs) to measure subjective effects over time. Furthermore, 

autonomic effects were assessed including blood pressure, heart rate, body temperature, and 

pupil size. Additionally, acute levels of brain-derived neurotrophic factor (BDNF) were assessed.  

Summarized, results from the present thesis show that LSD can clearly be distinguished 

from stimulants (e.g. d-amphetamine) and entactogens (e.g. MDMA) in terms of subjective 

effects. LSD induced significantly higher changes in the acute state of consciousness and 

promoted higher mystical-type experiences compared to MDMA and d-amphetamine. But, all of 

the substances produced comparable increases in hemodynamic effects, body temperature, and 

pupil size, indicating equivalent autonomic responses at the doses used. Furthermore, LSD 

showed a dose-proportional pharmacokinetic profile for doses from 5-200 µg and effects were 

closely linked with substance-concentrations in the blood. Subjective effects started at 10 µg LSD 

suggesting this to be the cut-off for ‘microdosing’ and the maximum effect was reached at a dose 

of 100 µg LSD. In addition, ‘bad drug effects’ seem to be associated with higher doses. 

Pretreatment with ketanserin effectively prevented the response to 200 µg LSD. The full 

psychedelic effects of LSD are therefore primarily mediated by 5-HT2A receptor activation. 

Findings from this thesis are important for dose finding of LSD and the choice of substance 

in future research for substance- assisted therapy. 
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1.1. History & Classification of LSD 

Lysergic acid diethylamide (LSD) is one of the most controversial substances in modern 

history. By 1971, when most research came to halt, over 1000 scientific articles were published 

(Nichols 2016) and in 2010 an estimated 32 million US residents reported lifetime use of LSD 

(Krebs and Johansen 2013). Chemically, LSD is classified a semisynthetic ergoline derivative. It 

is a chiral compound with two stereocenters what theoretically would result in 4 stereoisomeric 

options, however only one stereoisomer, namely (+)- LSD is psychoactive. LSD is structurally 

closely related to serotonin and therefore a tryptamine which originate from the amino acid 

tryptophan. 

LSD was first synthesized in 1938 in the laboratories of Sandoz by the Swiss chemist Albert 

Hofmann during his research on the fungus ergot. The purpose of his research was to find a new 

cardiovascular stimulant that was more potent than the known coramin (nicotinic acid 

diethylamide). However, the effects observed in animal experiments lagged behind expectations, 

so for the time being, the interest in the substance was lost. On April 16th 1943, Albert Hoffmann 

decided to resynthesize the substance. Shortly after, he experienced the first LSD trip in human 

history. Three days later, he decided on a test series and ingested a dose of 250 µg LSD tartrate. 

He later describes the effects as more intense and profound than the first time (Hofmann 1979). 

This day, the 19th of April, is now famously known as the ‘Bicycle Day’. From 1949 to 1966 Sandoz 

provided LSD under the name Delysid® as a research substance to physicians and psychiatrists 

all over the world to use as adjunct to psychotherapy or to gain insight into mental processed of 

psychiatric patients. From there on LSD was used in research to model psychosis and to enhance 

psychotherapy (Passie et al. 2008; Hofmann 1979). Many of its properties were described in the 

flood of articles published on LSD during that time period. Due to political reasons LSD was 

banned by the US government in 1968 (Bonson 2018). 

In Switzerland, a small group of therapists had the privilege to conduct LSD and 3,4-

methylenedioxymethamphetamine (MDMA) -assisted therapies between 1988-1993 (Gasser 

1996). However, it took another 15 years until the first modern study took place in Switzerland. 

In 2008, the Swiss psychiatrist Peter Gasser administered LSD to 12 patients with anxiety related 

to a life-threatening disease (Gasser et al. 2014; Gasser et al. 2015). The first modern study 

administering LSD to healthy volunteers was conducted 5 years later in Basel (Schmid et al. 2015).  
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1.2. Pharmacology 

1.2.1. Mechanism of Action 

As main mechanism of action, LSD acts as highly potent partial agonist on the serotonin 

(5-HT)2A receptor. LSD also binds with high potency to 5-HT1 receptors whose role in the effects 

of psychedelics is still unclear (Liechti 2017). Furthermore, LSD binds to adrenergic and 

dopaminergic receptors at submolecular levels (Rickli et al. 2015) and is the only classic 

psychedelic that also interacts with the DA system (Rickli et al. 2015; Rickli et al. 2016). The 

importance of the 5-HT2A receptor in mediating the effects of LSD in humans has previously been 

demonstrated - in a double blind, placebo-controlled study a moderate dose (100 µg) of LSD was 

administered after pretreatment with the 5-HT2A receptor antagonist ketanserin. The subjective 

effects of LSD were fully blocked by ketanserin (Preller et al. 2017). In comparison to the direct 

agonism of LSD, MDMA as prototypical entactogen, has a more indirect mechanism of action. Its 

main mechanism of action is mediated via release of 5-HT and inversion of the corresponding 

uptake transporter. It further releases norepinephrine (NE) and dopamine (DA) via an interaction 

with the respective monoamine transporter (Rudnick and Wall 1992; Berger et al. 1992). The 

mechanism of action of LSD is also distinct from a stimulant. Stimulants, for example the 

prototypical d-amphetamine, mainly enhance DA and further NE neurotransmission by blocking 

DA and NE transporters and therefore causing an increase of neurotransmitter concentrations in 

the synaptic cleft (Simmler et al. 2014; Simmler et al. 2013; Kehr et al. 2011). 

1.2.2. Pharmacokinetics 

Table 1 Pharmacokinetic parameters for LSD based on compartmental modeling after a single oral dose of 100 and 
200 µg LSD in healthy participants. k01, first-order absorption coefficient; λz, first order elimination coefficient; Vd 
volume of distribution; Cmax, estimated maximum plasma concentration; tmax, estimated time to reach Cmax; t1/2, 
estimated plasma elimination half-life; AUC∞, area under the plasma concentration-time curve from time zero to 
infinity; CL/F, apparent total clearance. Taken from Dolder et al. 2017 (Dolder et al. 2017a). 

DOSE N 
 

K01 (1/h) λz (1/h) Vd (L) Cmax 
(ng/mL) tmax (h) t1/2 (h) AUC∞ 

(ng·h/mL) 
CL/F 
(L/h) 

100  24 
Geometric 

mean 
(95% CI) 

1.4  
(1.2-4.1) 

0.27  
(0.24-0.31) 

46  
(35-76) 

1.3  
(1.2-1.9) 

1.4  
(1.3-2.1) 

2.6  
(2.4-3.0) 

8.1  
(7.5-11.1) 

12.3  
(7.8-24) 

  Range 0.31-9.9 0.17-0.50 24-270 0.3-3.7 0.4-3.2 1.4-4.2 1-19 5.2-103 

200 16 
Geometric 

mean 
(95% CI) 

1.2  
(1.68-4.6) 

0.27  
(0.22-0.35) 

37  
(32-46) 

3.1  
(2.6-4.0) 

1.5  
(1.3-2.4) 

2.6  
(2.2-3.4) 

20.3  
(17.3-26.2) 

9.9  
(8.3-12.8) 

 
 Range 0.27-10 0.12-0.59 18-66 1.9-7.1 0.4-3.8 1.2-5.6 11-39 5.1-18.5 
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LSD is usually taken orally and is rapidly absorbed. Pharmacokinetics show a linear 

behavior with dose-proportional increases in plasma concentration and first order elimination 

kinetics (Table 1, Figure 1). Cmax values are reached approximately after 1.5 hours and the half-life 

in plasma is approximately 2.5 hours (Dolder et al. 2017a). Bioavailability is estimated to be 71% 

(Dolder et al. 2017a). An early study investigating LSD concentrations in the cerebrospinal fluid 

in monkeys found the same concentrations of LSD in the cerebrospinal fluid as in the plasma, 

suggesting that LSD easily passes the blood brain barrier (Axelrod et al. 1957). LSD is thought to 

be metabolized to 2-oxo-3-hydroxy-LSD (O-H- LSD) and nor-LSD by cytochrome P450 (CYP) 

enzymes. However, it is still not entirely clear which enzyme contributes to which metabolite by 

which mechanism. In vitro studies suggest an involvement of CYP1A2, CYP3A4, CYP2C9, 

CYP2C19, CYP2D6, and CYP2E1 enzymes (Wagmann et al. 2019; Luethi et al. 2019). 

Unmetabolized LSD and O-H-LSD can be detected in urine (Dolder et al. 2015).  

 

  

Figure 1 Pharmacokinetics and pharmacodynamics of LSD. LSD concentration-time (A) and subjective effect-time 

(B) curves. LSD was administered at a dose of 100 (light grey) and 200 µg (dark grey) p.o. to 24 and 16 healthy 

subjects, respectively, at the time-point t=0. Subjective LSD effects (‘any subjective drug effects’) were assessed 

repeatedly using visual analog scales (0-100%) along with blood samples to determine plasma concentrations of LSD 

(Dolder et al. 2016; Dolder et al. 2017a; Dolder et al. 2015). The LSD concentration curves (A) represent the mean ± 

SEM of the individual curves fitted to the observed data using a 1-compartment model. The subjective drug effect 

curves (B) represent the mean ± SEM of the individual curves fitted to the observed data using a sigmoidal Emax model 

linked to the predicted concentrations (Dolder et al. 2017a). Taken from Liechti 2017 (Liechti 2017). 
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1.2.3. Subjective effects 

Studies in healthy participants showed that the onset of acute subjective effects of LSD 

after oral administration is dose-dependent and started at 0.8 and 0.4 hours for 100 and 200 µg, 

respectively (Dolder et al. 2017a). The effects peaked at 2.8 and 2.5 hours for 100 and 200 µg, 

respectively. Effect durations which were also dose-dependent, were 8.2 and 11.2 hours for 100 

and 200 µg, respectively (Dolder et al. 2017a). The acute effects of LSD were experienced rather 

positive, and were expressed by high ratings in ‘good drug effect’ and ‘drug liking’ on the 

corresponding visual analogue scales (VASs) (Schmid et al. 2015; Dolder et al. 2017a). However, 

with increasing doses also negative effects appeared, which include ratings such as ‘bad drug 

effect’ and ‘fear’ on the corresponding VASs (Liechti 2017; Schmid et al. 2015; Dolder et al. 2017a). 

In contrast, subjective effects induced by MDMA and d-amphetamine lasted on average 4.2 hours 

and 4-6 hours, respectively (Vizeli and Liechti 2017; Rush et al. 2001; Brauer et al. 1996). 

Subjective effects induced by MDMA and d-amphetamine were almost only described as positive, 

negative subjective effects were mild and transient (Vizeli and Liechti 2017; Dolder et al. 2017b). 

LSD induces profound alterations in consciousness that include changes in perception, 

cognition, thinking, and emotion processing. Perceptual changes include illusions, pseudo-

hallucinations, intensified color perception, synesthesia, and alterations in time perception 

(Passie et al. 2008; Liechti et al. 2017; Schmid et al. 2015). Alterations of thinking may include 

imaginative thoughts, broader and unusual associations, re-experience of biographic memories, 

or mystical-type experiences (Passie et al. 2008; Liechti et al. 2017). In modern research these 

acute subjective effects are mainly assessed using the 5-dimension altered states of consciousness 

(5D-ASC) scale and the 30 item version of the mystical effects questionnaire (MEQ30). These 

questionnaires are currently the most important tool to compare altered states of consciousness 

across laboratories, studies, and substances. LSD induces changes on all scales of the 5D-ASC at 

a dose of 100 µg however, an oral dose of 200 µg induced significantly greater ratings on scales 

and dimensions that reflect bliss, changes in the meaning of perceptions and insightfulness 

compared with 100 µg (Figure 2) (Liechti et al. 2017). A study investigating 75 µg LSD i.v. showed 

comparable effects as 100 µg LSD in the above-mentioned study (Carhart-Harris et al. 2016b). 

However, a study comparing 125 mg MDMA with placebo in healthy participants also found 

marked effects on the 5D-ASC (Hysek et al. 2011). On the MEQ30, an oral dose of 200 µg LSD 

showed strong effects on all subscales (Liechti et al. 2017).  

A single oral dose of LSD was associated with positive long-term effects in healthy 

participants. Greater alterations in consciousness (reflected by ratings on the 5D-ASC) and 

mystical-type experiences (reflected by ratings on the MEQ30) were associated with greater 

ratings of well-being up to 12 months after a high dose of 200 µg LSD (Schmid and Liechti 2018). 

Furthermore, LSD did not produce relevant changes in personality measures (Schmid and Liechti 

2018). These effects are congruent with studies investigating long-term effects of the structurally 
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similar serotonergic psychedelic psilocybin (Griffiths et al. 2008; Griffiths et al. 2011; Griffiths et 

al. 2006).  

 

1.2.4. Autonomic effects 

A double-blind placebo-controlled study in healthy participants comparing the response 

of 100 µg (N=24) and 200 µg LSD (N=16) with placebo showed that a single dose (100 or 200 µg) 

moderately increased systolic (SBP) and diastolic (DBP) blood pressure, but also heart rate and 

body temperature compared to placebo. An average maximum heart rate of 79 and 87 beats/min 

(bpm) for 100 and 200 µg, respectively; an average maximum SPB of 142 and 148 mmHg for 100 

and 200 µg, respectively; an average maximum DBP of 86 and 88 mmHg for 100 and 200 µg, 

respectively; and an average maximum elevation in body temperature of 0.8 and 0.7°C for 100 

and 200 µg, respectively (Dolder et al. 2016) were observed. Another study with patients 

administering 200 µg LSD observed no effect on blood pressure and heart rate (Gasser et al. 

2014). In comparison, a study focusing on the safety of MDMA in healthy subjects revealed for a 

dose of 125 mg an average maximum SBP of 157 mmHg, a maximum DBP of 93 mmHg and a 

maximum heart rate of 95 bpm (Vizeli and Liechti 2017). Furthermore, a study investigating acute 

Figure 2 Effects of LSD on the 5 Dimensions of Altered States of Consciousness (5D-ASC) scale. LSD mainly increased 

ratings of oceanic boundlessness (OB) and visionary restructuralization (VR), with significantly higher ratings for the 

ASC total score and VR dimension at 200 µg compared with 100 µg. LSD-induced increases in anxious ego-dissolution 

(AED) and auditory alterations (AA) were relatively small. LSD also produced vigilance reduction (VIR). LSD-induced 

changes on the 5D-ASC scale were significant compared with placebo for both doses and all of the scales, with the 

exception of the effects of the 200 µg dose on anxiety. At 200 µg, LSD produced significant and relevantly higher ratings 

of blissful state, insightfulness, and changed meaning of percepts compared with 100 µg (*p < 0.05, **p < 0.01, t-tests). 

The data are expressed as the mean ± SEM in 24 subjects and 16 subjects for the 100 and 200 µg doses of LSD, 

respectively. Taken from Liechti et. al 2017 (Liechti et al. 2017). 
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autonomic effects of d-amphetamine showed a maximum SBP of 158 mmHg, a maximum DBP of 

97 mmHg, and a maximum heartrate of 94 bpm (Dolder et al. 2017b). 

A high dose of LSD (200 µg) has been shown to induce an increase in the hormone 

oxytocin (Schmid et al. 2015). Oxytocin has previously been postulated to contribute to the 

empathogenic and prosocial effects of MDMA (Ramos et al. 2013). This effect might contribute to 

some similar empathogenic effects of LSD and MDMA. 

1.2.5. Toxicity and adverse effects 

LSD shows very low toxicity. There are no documented cases of deaths from an LSD 

overdose in humans. In documented cases of people overdosing up to 550 times of a usual dose 

(55 mg), none of the reported cases ended fatal and all patients underwent full recovery (Passie et 

al. 2008; Haden and Woods 2020; Klock et al. 1975). In animals, the LD50 ranges from 0.3mg/kg 

i.v. in rabbits to 46-60 mg/kg i.v. in mice (Rothlin 1956). LSD possesses little if any abuse liability. 

Hallucinogens are not self-administered by animals and there is no human LSD dependence 

syndrome (Passie et al. 2008). 

Generally, the primary safety concerns of LSD or generally psychedelics are psychological 

rather than physiological in nature. Transient anxiety and depressive reactions are thought to be 

the most common acute adverse events (Passie et al. 2008; Schmid et al. 2015) and are expressed 

as mild or moderate anticipatory anxiety at the beginning of the onset of the drug effect, however, 

these reactions usually resolve spontaneously (Schmid et al. 2015). In addition, so called ‘bad 

trips’ may occur, which are expressed by a general negative experience. However, these general 

negative experiences are more likely to occur under uncontrolled conditions (Strassman 1984) 

and are sometimes called ‘challenging experiences’ to indicate that they may have partly personal 

or therapeutic value (Barrett et al. 2016).  

Adverse events that may occur after the acute trip include flashbacks which can be defined 

as episodic and short (seconds or minutes) replications of elements of previous substance-related 

experiences (Holland and Passie 2011; Passie and Halpern 2014). However, these experiences can 

be positive or negative. Such phenomena have been reported after the use of many substances 

and are also prevalent in non-substance using persons and are therefore not psychedelic-specific 

(Holland and Passie 2011). Clinically significant flashbacks are also defined as hallucinogen 

persisting perception disorder (HPPD). This disorder is considered very rare and occurs almost 

exclusively in patients with anxiety disorders and it typically will have a limited course of months 

to a year (Halpern and Pope 1999; Passie and Halpern 2014; Holland and Passie 2011). 
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1.2.6. Microdosing  

Recently, microdosing psychedelics has gained popularity and refers to the (repeated) 

consumption of a sub-perceptual dose of a classic psychedelic such as LSD or psilocybin (Kuypers 

et al. 2019). There are many anecdotal reports and books describing the benefits of this practice 

to improve mood and cognitive function (Anderson et al. 2019; Passie 2019; Polito and Stevenson 

2019; Prochazkova et al. 2018). However, there is only limited data from two placebo-controlled 

studies assessing the acute effects of single microdose administrations of LSD and on 

pharmacokinetics of low doses (Family et al. 2020; Yanakieva et al. 2019; Bershad et al. 2019). 

One randomized, double-blind, placebo-controlled, cross-over clinical study including 20 healthy 

subjects administering 6.5, 13, and 26 µg LSD tartrate found weak alterations of consciousness at 

26 µg LSD tartrate, suggesting a cut off for microdoses at 10 µg LSD base equivalent (Bershad et 

al. 2019). Another study investigating the pharmacokinetics of LSD only provided limited data 

due to the low sensitivity of the method used (Family et al. 2020). 
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1.3. Therapeutic use of LSD 

During the 1950s-1970s, LSD had extensively been investigated as treatment for several 

psychiatric disorders. However, there is currently only one small modern study (n=12) which 

investigated the therapeutic effects of LSD in anxiety patients associated with a life-threatening 

disease. This work shows, that LSD-assisted psychotherapy reduces symptoms of anxiety and 

depression (Gasser et al. 2014; Gasser et al. 2015). Despite the very intensive and broad previous 

research with LSD, most modern studies investigating the therapeutic effects of classic 

hallucinogens use psilocybin or ayahuasca. However, studies conducted with psilocybin or 

ayahuasca show promising results in patients with unipolar depression (Carhart-Harris et al. 

2016a; Osorio et al. 2015), anxiety and depression associated with a life-threatening disease 

(Griffiths et al. 2016; Grob et al. 2011; Ross et al. 2016), obsessive compulsive disorder (Moreno 

et al. 2006), and substance use disorder (Bogenschutz et al. 2015; Bogenschutz 2013; Johnson et 

al. 2014). Findings from these studies suggest that the acute psychedelic experience predicts the 

therapeutic outcome. In detail, one open label study in treatment-resistant depression showed 

that higher ratings in the ‘oceanic boundlessness’ dimension of the 5D-ASC are linked with a 

better therapeutic outcome (Roseman et al. 2017). Another study in depression and anxiety in 

patients with life-threatening cancer showed that high total mystical experience scores on the 

MEQ30 are associated with higher reductions in anxiety and depression (Griffiths et al. 2016).  

In addition, Switzerland is in a unique legal situation regarding the therapeutic use of 

psychedelic drugs. Specifically, it is probably the only country in the world where limited 

administration within the framework of ‘compassionate use’ of LSD and MDMA is possible 

(Schmid et al. 2020).  

  



Introduction 

25 
 

1.4. Significance 

LSD is illicitly used for recreational purposes. The lifetime prevalence of LSD 

consumption for recreational purposes among young adults (15 to 34-year-olds) varies from 0.1% 

to 5.4% in the EU (EMCDDA 2016) up to 7% in the US population (Krebs and Johansen 2013). 

But LSD is not only used recreationally, it is currently also being investigated as treatment for 

several major psychiatric disorders such as depression (NCT03866252) and anxiety 

(NCT03153579) and moreover somatic diseases such as cluster headaches (NCT0378112). So far, 

LSD was extensively tested in the 1950s-1970s but modern research is scarce (Liechti 2017). 

There is only a handful of modern studies investigating the psychological and physiological acute 

effects of LSD. Especially, the pharmacokinetics and pharmacodynamics of LSD are still poorly 

characterized and need to be tested within a reasonable sample size. Furthermore, the use of very 

small ‘microdoses’ of LSD for cognitive, mood, and creativity enhancement has recently gained 

popularity and needs investigation.  

Besides, the distinction of LSD from other psychoactive substances has not yet been 

investigated. This is important because other psychoactive substances such as d-amphetamine 

and MDMA are also used illicitly for recreational purposes and are used or investigated as 

treatment for psychiatric disorders. For example, MDMA is currently under investigation as 

medication in patients with PTSD (Mithoefer et al. 2010; Oehen et al. 2013) and d-amphetamine 

is used in the treatment of ADHD.  

This thesis shows data from three recent placebo-controlled cross-over trials investigating 

the distinction of LSD from MDMA and d-amphetamine, describing the pharmacokinetics and 

pharmacodynamic-pharmacokinetic relationship of a newly developed oral LSD solution that is 

currently used in phase II studies (NCT03153579, NCT03866252, NCT0378112), and describing 

the dose-effect relationship of LSD and of LSD microdoses. The results of these studies will have 

an impact on many areas of modern hallucinogen and psychiatric research as well as having direct 

relevance for public health by generating novel data on LSD across a representative dose range. 
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1.5. Aims & Hypotheses 

The main goal of this thesis was to add overall information to the pharmacology of LSD, a 

substance that is widely used recreationally and likely to return to psychiatry as add-on to 

psychotherapy for different indications. All studies performed were phase I studies conducted in 

healthy participants and took place in a highly controlled setting. 

A first aim was to distinguish the effects of psychedelics (LSD) from empathogens 

(MDMA) and stimulants (d-amphetamine). We hypothesized that LSD and MDMA would have 

some empathogenic subjective effects in common but not d-amphetamine, and that LSD 

stimulated more diverse psychological effects, compared to MDMA and d-amphetamine, reflected 

by ratings on the 5D-ASC, VASs, and MEQ30. All substances were hypothesized to show tolerable 

transient cardiostimulant and thermogenic reactions. 

A second aim was to comprehensively describe the pharmacokinetics and corresponding 

pharmacodynamic effects of LSD for the first time in modern research with exactly known doses. 

For this purpose, three studies were conducted, the first study described the pharmacokinetics 

and linked pharmacodynamics of a single dose of LSD. The second study was designed to establish 

a dose-effect relationship of LSD. We hypothesized increasing subjective effects with increasing 

doses reflected by ratings on the VAS, the 5D-ASC, and the MEQ30, and that higher doses of LSD 

were associated with higher plasma concentrations. A further hypothesis was that cardiostimulant 

and thermogenic reactions were also dose-dependent. The third study was conducted to complete 

the description of pharmacokinetics and linked pharmacodynamics of very low doses of LSD, so 

called ‘microdoses’.  

A further aim of this thesis was to add knowledge to the role of the 5-HT2A receptor in 

altered states of consciousness. For this purpose, we added 40 mg of the 5-HT2A receptor 

antagonist ketanserin as pretreatment to a high dose (200 µg) of LSD, and hypothesized that 

ketanserin would significantly block LSD-induced alterations in consciousness but not influence 

plasma concentrations of LSD, thereby suggesting a contributory role of the 5-HT2A receptor to 

subjective effects.  
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The scope of the present thesis describes comprehensively the acute effects and the 

pharmacokinetics of different doses of LSD in healthy participants, and shows that LSD exhibits 

clearly distinct effects compared with entactogens and stimulants. In detail, this thesis covers data 

from three clinical trials. One comparing a single dose of LSD to d-amphetamine and MDMA, one 

investigating the dose-effect relationship of LSD, and one investigating the pharmacokinetics and 

corresponding subjective effects of low to very low doses of LSD. The study findings are detailed 

in the published papers above. Here is a brief discussion of the whole work, a conclusion and an 

outlook. 

Firstly, all mentioned studies used an oral LSD formulation that was developed according 

to pharmaceutical standards and in all studies plasma LSD concentrations as measures of 

exposure were determined. The pharmacokinetic parameters and properties of the 100 µg dose 

were described in detail in the first publication. The pharmacokinetic parameters that were 

derived from the study were generally similar to those in previous studies that used 100 and 200 

µg in capsule form (Dolder et al. 2017a; Dolder et al. 2015), with the exception of higher Cmax and 

AUC values. The average AUC∞ value, reflecting total LSD exposure, was 1.6-times greater with 

the oral drinking solution compared with a previous study that used the same indicated dose of 

100 µg of LSD base formulated as a capsule (Dolder et al. 2017a). Therefore, the true LSD content 

of the LSD capsules used in previous studies may have been lower than reported. Maximum 

concentrations of LSD were reached an average of 1.5 h after administration, and first-order 

elimination kinetics of LSD were confirmed (Aghajanian and Bing 1964; Dolder et al. 2017a). This 

shows the importance of analytically confirmed and stable formulations. Many recent LSD studies 

(Gasser et al. 2015; Carhart-Harris et al. 2016c; Preller et al. 2017) have been published without 

information on the presence of LSD in the human body, and the actual exposure to LSD and 

exposure-time curves are unknown. In the LSD dose-response study and the microdosing study, 

plasma LSD concentrations of 5- 200 µg increased proportionally with increasing doses. We 

therefore provided the first comprehensive description of the pharmacokinetics of very low to low 

doses of LSD. Using a sensitive analytical method with a lower limit of quantification of 2.5 pg/ml, 

full concentration-time curves could be established for the very low single dose of 5 µg LSD base. 

Previous research used a lower limit of quantification of 200 pg/ml and was therefore not able to 

provide pharmacokinetic data for a dose as low as 5 µg LSD base (Family et al. 2020).  

In the present studies, we found the onset of subjective effects of LSD base to be dose-

dependent starting the earlier the higher the dose. That is, on average between 25 minutes and 1 

hour. Subjective effects peaked around 2.5 hours for all doses and lasted dose-dependently 

between 4 and 11 hours on average. The pharmacokinetic-pharmacodynamic modeling yielded 

lower EC50 values for overall any subjective and good subjective effects compared with bad drug 

effects and anxiety, thus indicating that bad drug effects and anxiety are associated with higher 

LSD concentrations. Additionally, the plasma concentration-time curve of all LSD doses is 

consistent with its within-subject effect-time curve as documented with the pharmacokinetic-
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pharmacodynamic modeling. Psychotropic effects of LSD are generally present as long as LSD is 

present in the body. Accordingly, no acute tolerance occurs as with other psychoactive substances 

such as MDMA, in which the drug is present in plasma in high concentrations for several hours 

beyond its acute psychoactive effects (Hysek et al. 2011). 

Regarding microdoses, we provided the first comprehensive description of the 

pharmacokinetics of a LSD dose as low as of 5 µg LSD, and in addition we confirmed the results 

of a previous study of the subjective effects of 5-20 µg LSD. Specifically, the 5 µg dose of LSD base 

in the present study had no significant acute subjective effects in healthy young subjects, 

confirming the absence of relevant effects of an equivalent of 6.5 µg dose of LSD tartrate (Bershad 

et al. 2019). The 10 µg dose of LSD base that was used in the present study induced subjective 

peak drug feelings that was seen with 13 µg LSD tartrate (Bershad et al. 2019). Interestingly, 

although having negligible subjective effects, 13 µg LSD tartrate (equivalent to 10 µg LSD base) 

has been shown to alter brain connectivity in the limbic system (Bershad et al. 2020).  

In terms of alterations in consciousness, LSD produced stronger and more distinct 

subjective effects compared with MDMA and d-amphetamine. Specifically, only LSD induced 

significant and marked alterations of consciousness compared with placebo, and responses were 

also significantly greater compared with MDMA and d-amphetamine. MDMA only moderately 

increased ‘blissful state’ on the 5D-ASC scale and ‘positive mood’ and ‘ineffability’ on the MEQ30. 

D-amphetamine only weakly increased ‘positive mood’ on the MEQ30 compared with placebo. 

Additionally, LSD produced greater overall subjective effects compared with both MDMA and d-

amphetamine. Only LSD produced significant ‘bad drug effects’ and ‘anxiety’. The present 

findings are overall consistent with previous reports on the effects of LSD (Schmid et al. 2015; 

Dolder et al. 2016; Carhart-Harris et al. 2016b; Preller et al. 2017), MDMA (Hysek et al. 2011; 

Dolder et al. 2018; Bershad et al. 2016), and d-amphetamine (Dolder et al. 2017b). Subjective 

effects of various substances can differ, depending on the comparator that is used. For example, 

marked effects of MDMA on the 5D-ASC scale compared with inactive placebo have been 

previously reported (Hysek et al. 2011). In contrast, LSD induced subjective effects that were 

largely similar to previous studies that used single dose levels (Dolder et al. 2016; Schmid et al. 

2015; Liechti et al. 2017; Carhart-Harris et al. 2016b). Furthermore, a ceiling effect was reached 

at higher doses of LSD (> 100 µg) with regard to its positive subjective effects and any drug effects, 

with no difference in any and good drug effects between the 100 and 200 µg doses. However, the 

200 µg dose of LSD produced significantly greater ego-dissolution and anxious ego-dissolution 

than the 100 µg dose. Additionally, only the 200 µg dose and not the 100 µg dose of LSD induced 

significant anxiety. LSD doses of 100 and 200 µg were both subjectively identified as high doses 

but could not be subjectively distinguished with certainty from each other. Both of these doses 

can clearly be considered full psychedelic doses and have previously been investigated in healthy 

subjects (Dolder et al. 2016; Schmid et al. 2015). No previous studies directly compared LSD doses 

of 100 and 200 µg. In contrast to the present findings, in one previous study moderately greater 
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effects of a 200 µg dose of LSD were reported (Schmid et al. 2015) compared with 100 µg in 

another study (Dolder et al. 2016). However, this was a study comparing different studies and 

subjects (Dolder et al. 2016; Liechti et al. 2017). Furthermore, the true LSD doses used in these 

studies were lower than reported, as discussed above. The first study comparing LSD, MDMA and 

d-amphetamine produced scores on the VAS and 5D-ASC scale that were nominally higher than 

those that were reported after 100 µg administration in the LSD dose response study and more 

similar to the scores that were reported herein after 200 µg administration. This available data 

supports the view that high acute mainly positive effects of LSD can be induced at a 100 µg dose 

of LSD base. 

Overall, the present dose-response studies characterized a full range of LSD doses. Based 

on the available data, the following dosing terminology may be useful for future LSD research: 

‘microdose’ (1-10 µg), ‘minidose’ (2o-30 µg), and ‘psychedelic dose’ (> 30 µg). Within the 

psychedelic LSD dose range, good effects likely predominate at doses of 30-100 µg (good-effect 

dose), whereas ego-dissolution and anxiety increase at doses above 100 µg (ego-dissolution dose). 

However, the study using very low doses the data indicates that subjects begin to subjectively 

perceive effects of LSD at a threshold dose of 10 µg LSD base. Thus, doses of 10 µg LSD base could 

be considered the cut off for perceptual changes. 

With the doses used, LSD, MDMA, and D-amphetamine produced comparable 

sympathomimetic activation, reflected by similar increases in the rate-pressure product, body 

temperature, and pupil size. These findings indicate that the doses of the drugs were similar with 

regard to sympathomimetic effects. The finding that LSD produced sympathomimetic effects 

confirmed previous studies (Dolder et al. 2016; Schmid et al. 2015) and contradicted the 

assumption that LSD does not increase blood pressure (Gasser et al. 2014). With respect to dose-

response, LSD produced elevations of arterial blood pressure and heart rate starting at the 50 µg 

dose that were largely similar to the effects of 100 and 200 µg. Similarly, previous studies that 

used pharmaceutically not well characterized doses of 100 and 200 µg LSD found no difference 

in the acute cardiostimulant effects of these doses (Dolder et al. 2016).  

In addition, administration of the 5-HT2A receptor antagonist ketanserin 1 h before LSD 

administration markedly reduced the subjective response to the 200 µg LSD dose to levels that 

were similar to the 25 µg dose. These findings support the view that LSD primarily produces its 

acute psychedelic effects in humans via 5-HT2A receptor activation (Preller et al. 2018; Barrett et 

al. 2018; Preller et al. 2017; Kraehenmann et al. 2017), which was also shown for a high and fully 

psychedelic dose of LSD. Ketanserin also prevented the acute LSD-induced heart rate response. 

However, the weak blood pressure-elevating effects of LSD were only transiently prevented by 

ketanserin and reappeared later during the LSD response. This observation is consistent with the 

relatively short half-life of ketanserin (i.e., 2 h) during the first 1-9 h following administration 

(Persson et al. 1991; Reimann et al. 1983). 
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 BDNF plasma concentration was significantly increased by 200 µg LSD compared with 

placebo with a peak at 6 h. Additionally, there were non-significant increases in plasma BDNF 

after lower doses of LSD or after ketanserin with LSD. In the LSD, MDMA, d-amphetamine 

comparison study 100 µg LSD had no effect on BDNF plasma levels, nor did MDMA and d-

amphetamine. These observations suggest a possible dose-dependent effect regarding the BDNF 

increase induced by LSD. Previous studies using the psychedelic ayahuasca showed increases in 

BDNF at two days (de Almeida et al. 2019). Overall, more research is needed to define the time 

course of the BDNF response and whether there is a link between psychedelics and BDNF, and 

the potential antidepressant response (de Almeida et al. 2019).  

As predicted, MDMA increased plasma oxytocin concentrations, which is thought to be 

attributable to the MDMA-induced release of serotonin and 5-HT1A receptor stimulation 

(Thompson et al. 2007). Interestingly, a dose of 100 µg of the potent 5-HT1A and 5-HT2A receptor 

agonist LSD (Rickli et al. 2016) did not significantly increase plasma oxytocin levels in the present 

study, in contrast to a higher dose of LSD (200 µg) and inactive placebo as the comparator in a 

previous study (Schmid et al. 2015). Taken together, this could imply a dose-dependency 

regarding the oxytocin release stimulation by LSD.   

The present findings also have clinical implications. First, acute effects of the serotonergic 

hallucinogen psilocybin on both the 5D-ASC scale and the MEQ have been shown to predict long-

term therapeutic outcomes in patients with anxiety and depression in previous studies (Griffiths 

et al. 2016; Ross et al. 2016; Roseman et al. 2017). Similarly, 5D-ASC scale and MEQ ratings 

correlated with changes in well-being and life satisfaction 1 year after LSD administration in 

healthy subjects in a previous study (Schmid and Liechti 2018). Thus, stronger acute responses to 

LSD on the 5D-ASC scale and MEQ, as documented in the present studies in healthy participants 

and previously in patients (Liechti et al. 2017), may also predict better therapeutic outcomes in 

studies that evaluate the benefits of LSD-assisted psychotherapy. However, this assumption needs 

to be verified in patients. Therefore, we speculate that a dose of 100 µg of LSD may be selected for 

the treatment of depression or anxiety where higher ‘Oceanic Boundlessness’ and lower anxiety 

ratings are acutely induced which are associated with better therapeutic outcomes in patients with 

treatment-resistant depression (Roseman et al. 2017). 

One of the present studies found that MDMA produced some qualitatively similar 

(although less pronounced) positive effects compared with LSD but with lower associated ‘bad 

drug effects’ and anxiety. Thus, MDMA may produce less untoward effects than LSD, and this 

may favor its use in patients afraid to take LSD or at risk of adverse psychological reaction (i.e., 

high neuroticism, high emotional lability, and young age (Studerus et al. 2012)). In fact, MDMA 

is often used prior to LSD in substance-assisted psychotherapy in Switzerland so that patients can 

familiarize themselves with substance-induced states (Gasser 1996; Oehen et al. 2013; Gasser et 

al. 2015; Schmid et al. 2020). The 50 µg dose that was used in one of the present studies also 
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produced substantial positive mood effects and notably only very small and nonsignificant 

anxious ego-dissolution, with no anxiety. Thus, the 50 µg dose may be useful for inducing a 

moderately intense and predominantly positive psychedelic experience. This low psychedelic dose 

would also likely be a good starting dose to be used in patients with no previous experience with 

psychedelics. 

The present thesis has numerous strengths. Overall, seven different doses of LSD were 

used and compared with placebo under double-blind conditions in a controlled laboratory setting. 

A ketanserin-LSD condition was also included to elucidate the mechanism of action of LSD. In all 

studies, equal numbers of male and female participants were included and internationally 

established standardized and validated psychometric outcome measures were used. The doses of 

LSD were pharmaceutically well-characterized, and plasma LSD concentrations and PK 

parameters were determined for all doses. Additionally, we used a very sensitive and validated 

analytical method. The studies included several assessments of the acute pharmacodynamics of 

LSD, which also allowed the pharmacokinetic-pharmacodynamic modeling of different aspects of 

the acute subjective response to LSD.  

Notwithstanding these strengths, the present thesis also has limitations. All studies used 

a highly controlled setting and included only healthy subjects. Additionally, participants willing 

to participate in LSD research are likely to have positive expectations and some participants had 

past, but limited, substance experiences. Furthermore, the studies were conducted in a one-to-

one setting, whereas therapeutic interventions may take place in group-settings (Schmid et al. 

2020). Thus, subjects in different environments and patients with psychiatric disorders may 

respond differently to LSD. 

Conclusion & Outlook 

 This thesis focused on the pharmacology of LSD in comparison to entactogens and 

stimulants. Summarized, we comprehensively described the pharmacokinetics of doses of 5-200 

µg LSD, we established pharmacokinetic-pharmacodynamic relationships for all tested doses, and 

we distinguished subjective effects of LSD from MDMA and d-amphetamine. Furthermore, a 

comprehensive dose-effect relationship of LSD was described yielding in a ceiling effect at 100 µg 

LSD for any and good drug effects, suggesting this dose to be optimal for therapeutic use. 

Regarding the pharmacokinetic properties, we suggest that researchers use LSD formulations 

with known pharmacokinetic characteristics or obtain such data during their studies when using 

novel preparations to validate the doses that are used and allow reliable comparisons with other 

studies (Bershad et al. 2019; Kuypers et al. 2019). Additionally, the possibility of different salt 

forms of LSD such as base and tartrate should be noted. One µg of LSD base corresponds therefore 

to approximately 1.46 µg LSD tartrate.  
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There are several further comparisons that also have to be investigated. For example, LSD 

and psilocybin are investigated as potential treatment for the same indications, but so far, no 

modern study directly investigated the differences and similarities of both substances using well 

validated and established tools. The same accounts for other classic psychedelics such as DMT 

and mescaline. 

In the coming years, three trials using the newly developed oral LSD solution 

(ClinicalTrials.gov no. NCT03866252 NCT03153579, NCT0378112) will end, and provide the first 

data on the effectiveness of LSD for the treatment of anxiety, depression, and cluster headache. 

This will be important milestones for LSD research. Therefore, using pharmaceutical 

formulations of LSD with confirmed content and stability and documenting consistent 

pharmacokinetic characteristics will be important for LSD research and the further development 

of LSD as a pharmaceutical product.   
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