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Abstract

Background: Lysergic acid diethylamide (LSD) is currently being investigated in psychedelic-assisted therapy. LSD has a long duration
of acute action of 8-11 hours. It produces its acute psychedelic effects via stimulation of the serotonin 5-hydroxytryptamine-2A (HT,,)
receptor. Administration of the 5-HT,, antagonist ketanserin before LSD almost fully blocks the acute subjective response to LSD.
However, unclear is whether ketanserin can also reverse the effects of LSD when administered after LSD.

Methods: We used a double-blind, randomized, placebo-controlled, crossover design in 24 healthy participants who underwent two
14-hour sessions and received ketanserin (40 mg p.o.) or placebo 1 hour after LSD (100 pg p.o.). Outcome measures included subjec-
tive effects, autonomic effects, acute adverse effects, plasma brain-derived neurotrophic factor levels, and pharmacokinetics up to
12 hours.

Results: Ketanserin reversed the acute response to LSD, thereby significantly reducing the duration of subjective effects from 8.5
hours with placebo to 3.5 hours. Ketanserin also reversed LSD-induced alterations of mind, including visual and acoustic alterations
and ego dissolution. Ketanserin reduced adverse cardiovascular effects and mydriasis that were associated with LSD but had no
effects on elevations of brain-derived neurotrophic factor levels. Ketanserin did not alter the pharmacokinetics of LSD.

Conclusions: These findings are consistent with an interaction between ketanserin and LSD and the view that LSD produces its psy-
chedelic effects only when occupying 5-HT,, receptors. Ketanserin can effectively be used as a planned or rescue option to shorten
and attenuate the LSD experience in humans in research and LSD-assisted therapy.

Trial registry: ClinicalTrials.gov (NCT04558294)
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Significance Statement

Lysergic acid diethylamide (LSD) is being investigated in psychedelic-assisted therapy. Therapy sessions with LSD are long due to
its duration of acute action of 8-11 hours. Ketanserin prevents effects of LSD when given before LSD. However, unknown is whether
LSD’s effects can also be blocked once established. Therefore, we tested whether ketanserin (40 mg) does reduce the duration of ac-
tion of LSD when given 1 hour after LSD (100 pg). In line with our hypothesis, ketanserin effectively reduced the duration of action
of LSD from 8.5 to 3.5 hours. We conclude that ketanserin can be useful in LSD-assisted therapy to shorten the acute response to
LSD as a planned or emergency treatment and therefore make this form of therapy safer and/or more flexible.

INTRODUCTION assist psychotherapy (Gasser et al., 2014; Griffiths et al., 2016;
Ross et al., 2016; Carhart-Harris et al., 2021; Davis et al., 2021). The

Psychedelic substances, including lysergic acid diethylamide v ) A : :
subjective and possible therapeutic effects of LSD and psilocybin

(LSD) and psilocybin, are investigated as possible treatments to
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may be comparable, but the duration of the acute effects of LSD
are longer than psilocybin (Holze et al., 2022). Additionally, the
acute effects of both substances are mainly positive in clini-
cal settings, but negative experiences, including anxiety, may
occur at higher doses (Schmid et al., 2015; Holze et al., 2021b)
or in susceptible people. Psilocybin and LSD produce their acute
subjective effects in humans via an interaction with the sero-
tonin 5-hydroxytryptamine-2A (5-HT,,) receptor (Vollenweider
et al,, 1998; Madsen et al., 2019; Holze et al., 2021b). Ketanserin
potently binds to the 5-HT,, receptor with a binding constant
(K) of approximately 3.5 nM (Schmid et al., 2021). Additionally,
ketanserin binds to adrenergic a,, and H, histaminergic recep-
tors. Acute side effects include dry mouth and sedation (Brogden
and Sorkin, 1990). The subjective effects of classic psychedelics,
including LSD and psilocybin, generally can be prevented by the
5-HT, receptor antagonist ketanserin prior to administration of
the psychedelic (Vollenweider et al., 1998; Valle et al., 2016; Preller
et al,, 2017; Holze et al., 2021b). For example, ketanserin (40 mg)
administration 1 hour before the administration of LSD doses of
100 pg (Preller et al., 2017) and 200 pg (Holze et al., 2021b) almost
completely prevented the acute effects of LSD. However, unclear
is whether an LSD experience can also be attenuated or short-
ened by ketanserin administration after LSD once psychedelic
effects have already been established. LSD is a very potent sub-
stance that is psychoactive at doses as low as 10 ug (Holze et
al.,, 2021a), with high binding affinity for 5-HT,, receptors (K; of
approximately 5 nM). Moreover, LSD shows similarly high affinity
for other serotonin receptors, including 5-HT,, and 5-HT, recep-
tors, as well as for adrenergic a,, and H, histaminergic receptors.
LSD also binds with lower affinity to dopamine D, , receptors
(Rickli et al., 2016). Additionally, structural biology studies have
shown a strong and unique binding pose of LSD to the 5-HT,,
receptor, and this molecular interaction at the binding site could
underlie the long duration of action of LSD in humans (Wacker et
al., 2017). LSD potentially could be trapped in the receptor pocket
in a manner that does not allow antagonism by a receptor antag-
onist, thus making its downstream effects irreversible. A cascade
of intracellular messenger system processes may continue once
the receptor is activated and thus might not be influenced by
ketanserin when administered after LSD. On the other hand, the
time course of the acute subjective action of LSD indicates that
it acts only as long as it is present in the body according to its
concentration-time curve. Therefore, no special mechanisms at
the receptor would be needed to explain its duration of action in
humans (Aghajanian and Bing, 1964; Holze et al., 2021b). Instead,
its duration of action would be well explained by its pharmacoki-
netic characteristics. The subjective effects of LSD last an aver-
age of approximately 8.5 and approximately 11 hours after the
administration of doses of 100 and 200 ug, respectively (Holze et
al., 2019; Holze et al., 2021b; Holze et al., 2022), consistent with
its plasma half-life of approximately 4 hours (Holze et al., 2021Db).
Similarly, the time curve of subjective effects of psilocybin and its
duration of action of approximately 6 hours are consistent with
the plasma concentration-time curve and half-life of its active
metabolite psilocin (t,,=approximately 2.5 hours) (Holze et al.,
2022). No 5-HT,, receptor occupancy studies are yet available for
LSD in humans, but a positron emission tomography 5-HT,, occu-
pancy study that used psilocybin as a 5-HT,, receptor agonist
showed receptor occupancies between 43% and 72%, associated
subjective effects (40%-100%), and a positive correlation between
plasma psilocin concentrations and subjective effects (Madsen et
al,, 2019; Madsen and Knudsen, 2021).

Due to LSD’s long duration of action, LSD studies require
more resources (e.g., time and personnel) than psilocybin stud-
les (Holze et al., 2022). This is one reason why psilocybin has
been used in most recent clinical trials that evaluated the effi-
cacy of psychedelics to assist psychotherapy (Grob et al., 2011,
Carhart-Harris et al., 2016; Griffiths et al., 2016; Ross et al.,
2016; Carhart-Harris et al., 2018). However, few modern studies
of psychedelic-assisted therapy have also used LSD despite its
longer duration of action (Gasser et al., 2014; Gasser et al., 2015),
and LSD was the most investigated psychedelic in the 1960s to
1970s (Krebs and Johansen, 2012). Remaining to be determined
is whether there are differences in therapeutic indications
and adverse effects between LSD and psilocybin beyond their
duration of action (Holze et al., 2022). Additionally, unknown is
whether the duration of action of LSD could potentially be short-
ened by ketanserin.

Ketanserin could also be a rescue medication in patients who
do not tolerate the effects of LSD. Although acute effects of LSD
are mostly perceived as positive, it may induce strong feelings of
anxiety in some individuals and/or at higher doses (Schmid et al.,
2015; Holze et al., 2021b). In the clinical setting, feelings of anxiety
are usually transient and can be treated with verbal support by
the session supervisor. However, pharmacological treatment may
be needed in rare cases, and ketanserin may be an ideal treat-
ment option to antagonize the subjective effects of psychedelics
if needed in emergency cases.

The present study investigated whether the acute subjective
effects of LSD (100 pg) can be shortened by ketanserin (40 mg) if
it is administered 1 hour after LSD administration. The primary
predefined hypothesis was that ketanserin would shorten the
subjective response, assessed by a visual analog scale (VAS; i.e.,
“any drug effect” duration), compared with placebo. Secondary
predefined hypotheses included overall smaller subjective effects
(parametrized as VASE___and area under the effect curve [AUEC]
values), smaller overall alterations of consciousness (total 5
Dimensions of Altered States of Consciousness [5D-ASC] score),
and mystical experiences (total Mystical-type Experiences
Questionnaire [MEQ30] score), smaller autonomic effects, and no
alteration in LSD pharmacokinetics after ketanserin compared
with placebo.

METHODS
Study Design

The study used a double-blind, placebo-controlled, crosso-
ver design with 2 experimental test sessions to investigate the
response to LSD (100 pg p.o.) with the consecutive administra-
tion of either ketanserin (40 mg p.o.) or placebo 1 hour after LSD
administration. The treatment order was random and counter-
balanced. Test days were separated by at least 10 days (mean: 23
days), since several previous studies used similar between-ses-
sion intervals and documented no carry-over or order effects
(Holze et al., 2021b; Holze et al., 2022). The study was conducted
in accordance with the Declaration of Helsinki and International
Conference on Harmonization Guidelines in Good Clinical
Practice. The study protocol (including a statistical analysis plan)
was approved by the Ethics Committee of Northwest Switzerland
(Ethikkommission Nordwest- und Zentralschweiz; Project-1D:
2020-00614) and the Swiss Federal Office for Public Health. The
study was registered at ClinicalTrials.gov (NCT04558294). All par-
ticipants provided written informed consent and were paid for
their participation.



Participants

Twenty-six participants were recruited by word of mouth or
by the ClinicalTrials.gov register. One participant dropped out
before the first study day, and 1 dropped out after completing
the first study day (supplementary Fig. 8). Thus, 24 healthy par-
ticipants completed the study (12 women, 12 men; 34+12 years
old [mean +SDJ; range, 25-64 years). Mean body weight was 71 kg.
Four women used a hormonal contraceptive. Drug administration
timing did not consider the menstrual cycle for practical reasons.
The exclusion criteria were age <25 years or >65 years, pregnancy
(urine pregnancy test at screening and before each test session),
personal history of major psychiatric disorders (assessed by the
Semi-structured Clinical Interview for Diagnostic and Statistical
Manual of Mental Disorders 4th edition, Axis I disorders), fam-
ily (first-degree relative) history of psychotic disorders, the use of
medications that may interfere with the study medications (e.g.,
antidepressants, antipsychotics, and sedatives), chronic or acute
physicalillness (e.g., abnormal physical exam, electrocardiogram,
or hematological and chemical blood analyses), tobacco smoking
>10 cigarettes/d, lifetime prevalence of hallucinogenic substance
use>20 times or illicit drug use within the last 2 months (except
A°-tetrahydrocannabinol), and during the study period (deter-
mined by urine drug tests). The participants were asked to con-
sume no more than 20 standard alcoholic drinks/week and have
no more than 1 drink on the day before the test sessions. Eleven
participants had experiences with hallucinogenic substances, 3
of whom previously had used LSD (1-2 times).

Additional information on prior substance use is described in
the Supplementary Methods online.

Study Drugs

LSD (D-lysergic acid diethylamide freebase, high-performance
liquid chromatography purity>99%; Lipomed AG, Arlesheim,
Switzerland) was administered as an oral solution that was pro-
duced according to good manufacturing practice in units that con-
tained 100 pg LSD in 1 mL of 96% ethanol (Holze et al., 2019). The
exact analytically confirmed LSD freebase content (mean+SD)
was 92.53+1.89 pg (n=10 samples), consistent with uniformity of
dosage units and the target dosage. Stability of the formulation
for longer than the study period was documented in an identi-
cally produced previous batch (Holze et al., 2019). Ketanserin was
obtained as the marketed drug Ketensin (20 mg, Janssen-Cilag,
Leiden, the Netherlands) and encapsulated with opaque capsules
to ensure blinding. Placebo consisted of identical opaque capsules
filled with mannitol. A double-dummy method was used. At the
end of each session and at the end of the study, the participants
were asked to retrospectively guess their treatment assignment.

Study Procedures

The study included a screening visit, two 14-hour test sessions,
and an end-of-study visit. The sessions were conducted in a calm
hospital room. Only 1 research participant and 1 investigator were
present during each test session. The test sessions began at 7:30
AM. A urine sample was taken to verify abstinence from drugs of
abuse, and a urine pregnancy test was performed in women. The
participants then underwent baseline measurements. LSD was
administered at 9:00 aM, and ketanserin or placebo was adminis-
tered at 10:00 aM. Outcome measures were assessed for 10 hours
after LSD administration. Standardized lunches and dinners were
served at approximately 1:30 pM and 6:00 pM, respectively. The
participants were never alone during the test sessions and were
sent home at 9:30 pm in the company of another person.
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Subjective Drug Effects

Subjective effects over time were repeatedly assessed using VASs
(Schmid et al., 2015; Holze et al., 2020, 2021b, 2022) before (0 hours)
and 0.5,1,1.5,2,2.5,3,35,4,5,6,7,8,9, 10, 11, and 12 hours after
LSD administration. The time to effect onset, time to maximal
effect, time to effect offset, and effect duration were assessed
using “any drug effect” VAS effect-time plots and an onset/offset
threshold of 10% of the maximum individual response as previ-
ously described (Holze et al., 2019, 2021b). The Adjective Mood
Rating Scale (Janke and Debus, 1978) was used before (0 hours)
and 3, 6, 9, and 12 hours after LSD administration. To retrospec-
tively rate overall psychedelic alterations, the 5D-ASC (Studerus
et al., 2010) was administered 12 hours after LSD administration.
The questionnaire contains 94 items that are rated on VASs and
grouped into 5 dimensions. The 3 main dimensions are “oce-
anic boundlessness,” “anxious ego-dissolution,” and “visionary
restructuralization,” and their total (3D-OAV score) can be used
as a measure of the overall intensity of psychedelic-specific alter-
ations of mind in addition to the 5D-ASC total score (Liechti et
al., 2017). Mystical experiences were assessed 12 hours after LSD
administration using the States of Consciousness Questionnaire
(Griffiths et al., 2006; Liechti et al., 2017) that includes the 30-item
MEQ30 (Barrett et al., 2015).

Subjective effect measurements are described in detail in the
supplementary Methods online.

Autonomic and Adverse Effects

Blood pressure, heart rate, tympanic body temperature, and pupil
size were repeatedly measured (Hysek and Liechti, 2012; Schmid
et al,, 2015). Adverse effects were assessed 1 hour before and
12 hours after LSD administration using the List of Complaints
(Zerssen, 1976). Adverse events that occurred outside the test ses-
sions were recorded at the beginning of the next test session and
at the end of the study visit.

Plasma Brain-Derived Neurotrophic Factor
(BDNF) Levels

Plasma BDNF levels were measured at baseline (0 hours) and 6,
9, and 12 hours after LSD administration as previously described
(Akimoto et al., 2019; Holze et al., 2020, 2021b; Hutten et al., 2020).

Plasma LSD Concentrations

Blood was collected into lithium heparin tubes. The blood sam-
ples were immediately centrifuged, and plasma was subsequently
stored at —80°C until analysis. Plasma concentrations of LSD were
determined by ultra-high-performance liquid chromatography
tandem mass spectrometry with a lower limit of quantification
of 10 pg/mL (Holze et al., 2019). Plasma ketanserin concentra-
tions were also determined using liquid chromatography tandem
mass spectrometry. Additional information on the bioanalysis of
ketanserin is described in the supplementary Methods online.
Pharmacokinetic parameters were estimated using non-compart-
mental methods in Phoenix WinNonlin 8.3 (Certara, Princeton, NJ,
USA) as previously described (Holze et al., 2019).

Data and Statistical Analysis

The primary study endpoint was the duration of the subjective
response as assessed with the VAS “any drug effect” The onset,
t .. offset, and effect duration were defined in the any drug
effect-time plots using a threshold of 10% of the maximum indi-
vidual response using Phoenix WinNonlin 6.4 and as previously
described (Holze et al., 2019, 2021b). Peak (E__ and/or E_ ), peak

max min)
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change from baseline (AE__ ), and AUEC values were determined
for repeated measures and were compared as additional end-
points. The values were analyzed using paired 2-sided t tests. The
data were analyzed using RStudio 1.3.1103 software (RStudio,
PBC, Boston, MA, USA). The criterion for significance was P<.05.
Sex and body weight were not taken into account because previ-
ous studies have not reported any differences (Dolder et al., 2017,
Holze et al., 2019, 2021b). No correction for multiple testing was
used based on the priori definition of a limited set of outcomes
with specific hypotheses. A priori power analysis estimated suf-
ficient power for the primary endpoint with a sample size>16.
A sample size of 24 accounted for the secondary endpoints,
although these analyses were more exploratory and/or confirma-
tory of the primary endpoint findings using alternative measures.
Additional information on sample size calculation is described in
detail in the supplementary Methods online. The data and statis-
tical analysis comply with the recommendations on experimen-
tal design and analysis in pharmacology.

RESULTS
Subjective Effects

Ketanserin significantly reduced the “any drug effect” duration
of LSD from an average of 8.5 hours with placebo to 3.5 hours
(Figure 1; Table 1). Individual data plots are shown in supple-
mentary Fig. 7. As expected, the maximal effect of LSD was not
significantly reduced by ketanserin, but significant mean reduc-
tions were observed already at 2 hours and thereafter (Figure 1;

Table 1). Ketanserin also reversed LSD-induced increases in VAS
ratings of “good drug effects,” “stimulated,” “auditory alterations,”
“visual alterations,” “synesthesia,” “alterations in time percep-
tion,” and “ego-dissolution” (Figure 1). The significance of these
effects was indicated by a lower AUEC for LSD and ketanserin
compared with LSD and placebo (Table 2). Specifically, reduc-
tions of AUEC values by 60%-70% were observed for “any drug
effects,” typical LSD effects (e.g., ego dissolution, visual, auditory,
and time perception alterations), and nausea (Figure 1; Table 2).
Ketanserin also reduced “bad drug effect” ratings after LSD, but
the moderating effect was not significant because only minimal/
few bad drug effects occurred at the dose of LSD used (Figure 2;
Table 2). Ketanserin significantly reversed LSD-typical alterations
in “introversion,” “emotional excitation,” and reductions of “con-
centration” on the Adjective Mood Rating Scale (supplementary
Fig. 2; supplementary Table 1). Moreover, it significantly reduced
LSD-typical alterations of mind on the SD-ASC questionnaire by
reducing the 3D-OAV and 5D-ASC total scores compared with pla-
cebo (Figure 2; supplementary Table 2). However, ketanserin did
not significantly alter overall mystical experiences, as indicated
by the MEQ30 total score, that were produced by LSD (supplemen-
tary Fig. 3; supplementary Table 2).

»

Autonomic and Adverse Effects

Autonomic effects over time and respective peak effects are
shown in supplementary Figure 4 and Table 3. Ketanserin signif-
icantly reversed LSD-induced elevations of blood pressure and
rate pressure product overall (i.e., reductions of AUEC) but not
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Figure 1. Acute subjective effects of lysergic acid diethylamide (LSD) over time on visual analog scales (VASs). Ketanserin reversed LSD-induced
subjective effects compared with placebo. LSD was administered at t=0 hours. Ketanserin or placebo was administered at t=1 hour. The data

are expressed as the mean+SEM in 24 participants (12 men, 12 women). Additional subjective effects are shown in supplementary Figure 1. The
corresponding maximal effect and area under the effect curve (AUEC) values and statistics are shown in Table 2.
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Table 1. Parameters Characterizing the Subjective LSD Drug Effect-Time Curve

Parameter Ketanserin Placebo t, P

Time to onset (h) 0.3+0.2 0.30.2 -0.1 955
(0.1-0.7) (0.1-0.7)

Time to offset (h) 38213 8.6+2.0 -13.4 000
(2.1-7.0) (5.0-11.5)

Time to maximal effect (h) 19407 20+09 01 922
(1.0-3.0) (0.5-4.0)

Effect duration (h) 35+1.3 85422 99 .001*
(1.6-9.6) (5.3-12.0)

Maximal effect (%) 89+13 93£12 -16 118
(52-100) (60-100)

Effectat 2h (%) 77 +25 91+15 -26 0157
(11-100) (47-100)

Effect at 4 h (%) 9+12 80+23 125 .000***
(0-34) (18-100)

Effect at 6 h (%) 345 39421 85 .000"*
(0-15) (2-69)

Effect at 8 h (%) 1492 284928 50 .000™*
(0-9) (0-86)

AUEC (h*pg/mL) 202479 513+169 -10.2 001"
(69-322) (194-958)

Abbreviations: AUEC, area under the effect curve; LSD = lysergic acid diethylamide.

*P<.05, ”P < .01, ™P < .001; n=24. Values are mean+SD (range).

peak responses. Ketanserin also reversed LSD-induced mydriasis DISCUSSION

(supplementary Fig. 5; supplementary Table 3). Ketanserin did
not significantly alter acute adverse effects of LSD on the List of
Complaints compared with placebo (supplementary Table 3). The
most commonly reported adverse effects of LSD within 12 hours
were fatigue (14 participants after ketanserin and 15 participants
after placebo), lack of concentration (13 participants after ket-
anserin and 14 after placebo), and lack of energy (13 participants
after ketanserin and 13 after placebo). However, fatigue and lack
of energy were more precisely measured by VAS ratings of “tired-
ness,” which showed a significant overall reduction in the ket-
anserin condition (Table 2).

Effects on BDNF

LSD significantly increased peak plasma BDNF levels in the
ketanserin and placebo condition compared with baseline.
Ketanserin did not influence the LSD-induced increase in BDNF
(supplementary Fig. 6; supplementary Table 4).

Pharmacokinetics

Pharmacokinetic parameters are listed in Table 3, and plas-
ma-time curves are shown in Figure 3. Plasma concentrations of
LSD and 2-oxo-3-hydroxy LSD were quantified before and up to
12 hours after administration. Ketanserin did not alter the phar-
macokinetics of LSD or 2-oxo-3-hydroxy LSD (Table 3). Maximal
plasma concentrations of LSD were reached after a mean time
of 2 hours in both conditions (Table 3). The terminal elimination
half-life of LSD was approximately 4 hours in both conditions
(Table 3). Plasma ketanserin levels reached a maximum after a
median time of 2 hours (range, 1-5 hours) and declined with a
half-life of 3.5 hours.

The present study demonstrated that the 5-HT,, receptor antago-
nist ketanserin reversed the subjective and autonomic responses
to the prototypical psychedelic LSD in humans. Importantly, this
was the case when ketanserin was administered after the effects
of LSD had already developed. Specifically, ketanserin (40 mg)
given orally 1 hour after the administration of an oral dose of
LSD (100 pg) rapidly and markedly reversed LSD’s effects within
2.5 hours of ketanserin administration. Ketanserin reduced the
effect duration of LSD from an average of 8.5 hours to 3.5 hours
(approximately 60%). The participants mostly reported a rapid
normalization of their state of mind (supplementary Fig. 7).
Ketanserin did not relevantly reduce the peak response to LSD
but had a marked effect on the duration and overall response to
LSD over time, statistically confirmed by 60%-70% reductions of
typical effects of LSD on VAS AUEC values (Table 2). Ketanserin
significantly reduced most aspects of the LSD AUEC response on
the VAS, whereas there were smaller or no effects of ketanserin
on the 5D-ASC and MEQ. In the present study, ketanserin sig-
nificantly reduced effects of LSD on the 5D-ASC but not on the
MEQ30 total score. It is possible that the 5D-ASC total score is
mainly a measure of the overall response of LSD (similar to the
AUEC in the VAS), whereas the MEQ total score mainly assesses
the peak response to LSD (similar to the E__ in the VAS). The dif-
ferences are unlikely to reflect selective effects of ketanserin on
the response to LSD. In fact, ketanserin pretreatment similarly
prevented all aspects of the LSD response in humans (Holze et
al., 2021b).

Psilocybin is the most commonly investigated psychedelic in
psychiatric research. It is currently preferred over LSD, partly
because of its shorter duration of action. The duration of action
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Table 2. Mean Values and Statistics for the Acute Effects of LSD on the VAS

Effect Ketanserin Placebo t,, P
mean+SEM mean+SEM
Any drug effect AE 89+3 9342 16 118
AUEC 202+16 513+35 -10.2 .001*
Good drug effect AE 9243 9442 ~1.0 320
AUEC 280+28 647 +54 75 .000™
Bad drug effect AE 2145 20+6 0.1 955
AUEC 41+20 67+27 -1.8 083
Stimulated AE 71+6 7746 09 356
AUEC 158+20 381+45 -5.2 000"
Fear AE__. 945 9+4 -0.0 963
AUEC 16+12 43+31 -14 175
Ego dissolution AE 67+7 81+6 28 .010*
AUEC 122+18 347+46 6.1 .000™
Nausea AE_. 22:6 286 -1.3 208
AUEC 38+18 93+39 2.3 028"
Tiredness AE_ 5246 586 ~14 175
AUEC 220+49 345465 24 027
Visual alterations AE 7845 8644 26 .016*
AUEC 143+16 407 £42 73 .000™
Auditory alterations AE 65+8 75+7 21 .051
AUEC 105+15 32750 5.3 .000™
Synesthesia AE 7447 7747 06 584
AUEC 107 +14 348+50 5.7 000"
Alteration in time perception AE 79+6 8645 19 .068
AUEC 137+16 431+46 -7.3 .000™
Insight AE_. 45+7 59+8 -2.0 059
AUEC 71+13 247 +46 48 .000™
Talkative AE 8472 9+3 _06 553
AE,_ -30+4 -3324 1.1 266
AUEC 524+14 45131 2.8 011"
Open AE__ 14+3 20+4 -1.8 087
AE, ~15+4 ~18+4 0.7 467
AUEC 608+18 587+39 0.7 486
Trust AE_. 25+4 29+4 -1.8 085
AE_ -5+3 -5+3 -0.2 873
AUEC 697 +38 738+45 -1.8 082

Abbreviations: AUEC=area under the effect curve; AE__ =maximal difference from baseline; LSD = lysergic acid diethylamide; SEM =standard error of the mean;

VAS = visual analog scale. *P<.05, *P < .01, **P < .001; n=24.

of 20-25 mg psilocybin, a dose equivalent to the 100-ug dose of
LSD used in the present study (Holze et al., 2022), is an average of
5.5-6 hours (Griffiths et al., 2016; Becker et al., 2022; Holze et al,,
2022) compared with 8.5 hours for LSD. The present data demon-
strate that acute subjective LSD effects can be shortened to 3.5
hours when ketanserin is administered 1 hour after LSD adminis-
tration. Likely, the duration of action could also be adjusted to 4.5
or 5.5 hours when ketanserin is administered 2 or 3 hours after
LSD, respectively. These and regimens including higher doses of
LSD remain to be confirmed. The present data suggest the pos-
sibility of full reversal of the response to LSD at essentially any

time and within 2.5 hours after oral ketanserin administration.
The intravenous administration of ketanserin would result in an
even faster reversal. Additionally, a recent study showed no rele-
vant differences in tolerability or quality of subjective effects of
psilocybin and LSD (Holze et al., 2022). In conjunction with the
present data, it can be assumed that the time course and effects
of psilocybin (20-25 mg) could likely be mimicked by LSD (100 pg)
combined with oral ketanserin administration (40 mg) 2-3 hours
after LSD administration. Full psychedelic effects on the 5D-ASC
and MEQ30 can likely be induced by LSD if ketanserin is admin-
istered at 2-3 hours rather than 1 hour after LSD administration.
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Figure 2. Lysergic acid diethylamide (LSD) effects on 5 Dimensions of Altered States of Consciousness (5D-ASC) scale. Ketanserin administration 1
hour after LSD significantly reduced LSD-typical alterations of mind compared with placebo, indicated mainly by significantly lower three dimension
(3D-0OAV) and five dimension (5D-ASC) total scores. Abbreviations: AA, auditory alterations; AED, anxious ego-dissolution; OB, oceanic boundlessness;
VIR, vigilance reduction; VR, visionary restructuralization. The data are expressed as the mean + SEM percentage of maximally possible scale scores
in 24 participants (12 men, 12 women). *P<.05, ™ P<.01, ** P<.001, significant difference between ketanserin and placebo. Full statistics are shown in

supplementary Table 2.

Table 3. Pharmacokinetic Parameters

Metabolite C,..x (ng/mL) t,..(h) t,, (h) AUC,, (ng-h/mL) AUC_ (ng-h/mL) CL/F (L/h) V,/F (L)
LSD and placebo
LSD 2.13+0.72 2.0£038 42416 13.8+5.9 17+9 7.2+29 39+10
(1.27-4.26) (05-35)  (2.6-8.9) (6.7-30.8) (7-43) (2.3-14.2) (20-52)
O-H-LSD 0.15+0.44 55+138 83+3.1 1.3+0.4 24208 474£209 5324219
(0.06-0.24) (2.5-9.0)  (4.1-14.9) (0.6-2.2) (0.8-3.6) (27.4-123.5) (231-1211)
LSD and ketanserin
LSD 2.18+0.63 2.0+0.8 41211 13.7+4.3 16.3+6.1 7.0%2.7 39+11
(1.17-3.19) (1.0-4.0) (2.9-7.0) (7.0-20.7) (8.1-29.5) (3.4-12.3) (24-65)
O-H-LSD 0.15+0.04 4715 9.0+35 1.3+0.3 25+08 452+168 549172
(0.08-0.23) (3.0-9.0)  (5.5-20.9) (0.7-2.1) (1.0-4.3) (23.1-101.5) (262-964)
Ketanserin = 199146 23210 35+06 442 +140 5094157 86+28 442+198
(44-203) (1.0-5.0)  (2.5-4.9) (184-753) (245-893) (45-163) (254-1145)

Abbreviations: AUC=area under the plasma concentration-time curve; AUC_=AUC from time zero to infinity; AUC ,=from time 0-12 h; CL/F =apparent total

clearance; C .
volume of distribution. n=24.
Values are mean+SD (range).

= maximum observed plasma concentration; O-H-LSD = 2-oxo-3-hydroxy LSD; T, = plasma half-life; T = time to reach C

‘max’

V,/F = apparent
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Figure 3. Pharmacokinetics of lysergic acid diethylamide (LSD) and
ketanserin. Ketanserin had no effect on the pharmacokinetics of LSD
compared with placebo. The data are expressed as the mean+SEM in 24
participants (12 men, 12 women). LSD was administered at t=0 hours.
Ketanserin or placebo was administered at t=1 hour. The corresponding
pharmacokinetic parameters are listed in Table 3.

Ketanserin has known adverse effects, including sedation,
hypotension, and nasal congestion (Koudas et al., 2009). However,
in the present study, only 2 participants reported nasal conges-
tion after ketanserin administration. Moreover, ketanserin signif-
icantly reduced tiredness (Table 2) and concentration problems
(supplementary Table 1) associated with LSD. Thus, ketanserin’s
antagonistic effects on LSD’s actions seemed to be more rele-
vant than its sedating properties. We cannot fully determine the
extent to which hypotensive effects that were observed compared
with placebo resulted from ketanserin administration alone or
resulted from its antagonism of the blood pressure elevation by
LSD. However, blood pressure 5 hours after ketanserin adminis-
tration was lower than at the start and end of the test sessions,
indicating an effect of ketanserin on blood pressure in healthy
individuals. Ketanserin also transiently lowered blood pressure
for 3 hours when given before LSD and until LSD’s effect started
in healthy individuals (Holze et al., 2021b).

Psychedelics induce neuroplastogenic effects and increase
markers of neuroregeneration, including BDNF (Ly et al., 2018;
Hutten et al., 2020; Dong et al., 2021; Holze et al., 2021b). LSD
increased BDNF levels in the present study compared with base-
line values, consistent with previous studies (Hutten et al., 2020;
Holze et al., 2021b), although the present study did not include
a placebo condition for LSD. Interestingly, ketanserin did not
reduce LSD-induced elevations of BDNF when administered after
LSD in the present study or when administered before LSD in a
previous study (Holze et al., 2021b). This finding indicates that
LSD may induce BDNF release via mechanisms independent of
5HT,, receptor stimulation and is consistent with the view that
distinct mechanisms may mediate the acute mind-altering and
neuroregenerative effects of psychedelics (Cao et al., 2022). It
remains to be investigated whether the subjective effects of LSD
or other psychedelics could be blocked by ketanserin while poten-
tially retaining long-term therapeutic effects. Supporting this
possibility, antidepressant-like behavioral and synaptic actions
of psilocybin in mice remained intact after treatment with ket-
anserin (Hesselgrave et al., 2021). However, remaining unknown
is whether LSD fully retains any therapeutic effects (if present) in
humans if the psychedelic response is blocked or shortened with
ketanserin.

The present study also described the pharmacokinetics of an
oral LSD solution in healthy individuals. The parameters were

consistent with previous studies that used the same formulation
(Holze et al., 2019, 2021b, 2022) and were not influenced by ket-
anserin. Ketanserin elimination kinetics have been described by
a 3-compartment model with sequential half-lives of 0.13 hours
(t,q), 2 hours (t,,;),and 14.3 hours (t,,) (Heykants etal,, 1986; Persson
et al,, 1991). The apparent half-life of ketanserin in the present
study is consistent with the t,;, which mainly defines elimina-
tion within 1-12 hours after administration, whereas t, reflects
the terminal half-life>24 hours after administration (Heykants et
al., 1986; Persson et al., 1991). Despite the slightly shorter half-
life of ketanserin compared with LSD and the relatively rapid
decrease in plasma ketanserin concentration, ketanserin reduced
the response to LSD until the end of the 12-hour session with no
apparent rebound. However, single-dose ketanserin administra-
tion (40 mg) in the present study may not be sufficient to fully
prevent rebound effects of LSD if a higher dose of LSD is used
(e.g., 200 pg). Thus, a higher dose of ketanserin or an add-on dose
of 20 mg 6-8 hours after the administration of higher doses of
LSD may be needed. This remains to be investigated.

The fact that ketanserin persistently blocked the LSD response
despite its shorter half-life is notable. Ketanserin is typically used
in preclinical research in competitive binding assays or to antag-
onize effects of psychedelics. Assuming that ketanserin compet-
itively displaces LSD at the receptor, similar or higher effect-site
concentrations as LSD would be needed. Plasma ketanserin con-
centrations reached a maximum of 129 ng/mL (327 nM) within
2.3 hours, consistent with its rapid absorption (Persson et al.,
1991). Ketanserin binds to plasma proteins and other tissues. The
free fraction in plasma is approximately 5% (Persson et al., 1991).
Thus, free peak plasma concentrations of ketanserin were in the
range of 16 nM, and free brain concentrations can typically be
expected to be in a comparable range. Thus, free peak concen-
trations of ketanserin at the effect site were likely approximately
fourfold higher than its K, value at the 5-HT,, receptor, consistent
with the observed complete and sustained antagonism of the LSD
response. In contrast, predicted plasma concentrations of LSD
that produced half-maximal effects (EC,, values) were approx-
imately 1 ng/mL (Dolder et al., 2017; Holze et al., 2019), which
is approximately twofold below the peak plasma concentration
of LSD that was reached in the present study. These estimations
indicate that we used a relatively high dose of ketanserin rela-
tive to LSD that was able to fully or almost fully displace LSD
from its site of action despite its continued presence in the body.
Additionally, the same dose of 40 mg ketanserin given 1 hour
before LSD effectively prevented subjective effects of a higher
200-pg dose of LSD (Holze et al., 2021b). Positron emission tomog-
raphy studies are required to better elucidate 5-HT,, receptor
occupancy by both ketanserin and LSD in humans and confirm
the above estimations.

The present study has several strengths. First, we used a
blinded, placebo-controlled, randomized, balanced design. The
crossover design allowed well-powered within-participant com-
parisons. Second, the pharmaceutical formulation of LSD was
produced according to Good Manufacturing Practices, including
content definition and stability.

The present study also has limitations. First, the study design
did not include a placebo condition for LSD. However, the study
validly tested the effects of ketanserin compared with placebo
on the non-blinded acute subjective LSD effects reflecting the
clinical situation in patients in LSD-assisted treatment where
LSD is administered open-label. The acute effects of the dose
and formulation of LSD used in the present study have repeat-
edly been described in previous placebo-controlled studies


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyac075#supplementary-data

(Holze et al., 2019; Holze et al., 2020; Holze et al., 2021b; Holze
et al., 2022). Second, the study included only healthy partic-
ipants and only 1 moderately high dose of LSD. Greater and
more negative effects may occur in patients and with higher
doses while the acute effects of LSD are generally similar in
healthy individuals and patients (Liechti et al., 2017; Schmid et
al., 2021). Lastly, ketanserin was administered 1 hour after LSD
administration to maximize its effects on the LSD response. In
practice, the need to antagonize the LSD response may occur
several hours after LSD administration, and the effects and
potential benefits of ketanserin may be smaller when used
later. However, together with findings of trials that tested ket-
anserin administration prior to LSD, including higher LSD doses
(Preller et al., 2017; Holze et al., 2021b), the results indicate
the high efficacy of ketanserin likely at any time during the
expected LSD response.

In conclusion, the present study supports the view that LSD
produces its subjective and autonomic effects in humans pre-
dominantly via a primary interaction with the 5-HT,, receptor.
Ketanserin can be useful when given after LSD to shorten the
acute response to LSD, either as a planned administration or as
a rescue treatment in patients who experience a negative acute
response. Ketanserin may also be a useful emergency treatment
option as a backup for professionals who offer psychedelic-as-
sisted therapy.
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