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Aims: To characterise the safety, tolerability, pharmacokinetics (PK) and pharmacody-

namics (PD) of single ascending doses of oxathridine, a first-in-class histamine-3

receptor partialagonist, in healthy male volunteers.

Methods: A randomised, double-blind, placebo-controlled study including the

NeuroCart, consisting of a battery of drug sensitive neurophysiological tests, was

performed. Oxathridine was administered orally as an aqueous solution. After dosing,

safety and NeuroCart tests (adaptive tracking [AT], body sway [BS], saccadic peak

velocity [SPV], smooth pursuit [SP] eye movements, VAS according to Bond and Lader,

VAS according to Bowdle [VAS B&L, Bowdle], pharmaco-electroencephalogram

[pEEG], Sustained Attention to Response Task [SART]) were performed at set times.

Results: Forty volunteers completed the study. Given doses were: 0.5, 2.5, 5, 0.25

and 1.5 mg. At 5 mg, unacceptable and unanticipated adverse events (AEs) of (ortho-

static) hypotension and pseudo-hallucinations were reported. Statistically significant

effects ([CI]; p-value) of 2.5 mg and 5 mg oxathridine were observed on AT ([�8.28,

�1.60]; p = 0.0048), ([�8.10, �1.51]; p = 0.00530), BS ([0.6, 80.2]; p = 0.0455),

([5.9, 93.1]; p = 0.0205) and SPV ([�59.0, �15.9]; p = 0.0011), ([�43.9, �1.09]; p =

0.0399), respectively. Oxathridine 5 mg significantly increased all three VAS Bowdle

subscale scores; VAS external ([0.183, 0.476]; p = <.0001), VAS internal ([0.127,

0.370]; p = 0.0001) and VAS feeling high ([0.263, 0.887]; p = 0.0006).

Conclusion: NeuroCart tests indicated central nervous system (CNS) depressant

effects. Oxathridine also unexpectedly caused pseudohallucinations. Although this

led to the decision to stop further development of oxathridine, these observations

suggest that the H3R system could be an interesting new target for the development

of novel antipsychotics.
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1 | INTRODUCTION

Since its discovery in 1983, the histamine-3 receptor (H3R), has been

a target of interest for central nervous system (CNS) drug

development.2–4 The H3R is an autoreceptor modulating histamine

synthesis and release.2,3 It also functions as a heteroreceptor regulat-

ing the release of important other neurotransmitters, such as seroto-

nin, acetylcholine, noradrenaline and dopamine.4 H3Rs are primarily

expressed in the CNS in brain regions associated with cognition, pain,

sleep and homeostatic regulation, such as the cerebral cortex, hippo-

campal formation, basal ganglia and hypothalamus.4 Although there

have been several studies with investigational compounds targeted at

the H3R, such as cipralisant, to date pitolisant, an H3R antagonist/

inverse agonist, is the only drug targeted at the H3R that the

European Medicines Agency (EMA) and Food and Drug Administra-

tion have approved.5,6 Pitolisant is registered for treating excessive

daytime sleepiness and cataplexy in adults with narcolepsy and to

improve wakefulness and reduce excessive daytime sleepiness in

adults with obstructive sleep apnoea.5,7

Oxathridine or 4-(1H-imidazol-4-ylmethyl)-pyridine sesquioxalate,

is a highly selective partial agonist of the H3R with high potency (half

maximal effective concentration = 1.5 nM) and intrinsic activity (0.7).

Oxathridine behaves as a full agonist in vivo, inhibiting brain histamin-

ergic neuron activity at low oral doses, and is therefore regarded as

first-in-class. Preclinical studies demonstrated that oxathridine easily

crosses the blood–brain barrier (data on file, Supporting Information).

In animal models of sleeping disorders, oxathridine had sleep-

promoting effects, without overt sedative reactions or anxiolytic prop-

erties as observed with GABAergic compounds. Preclinical safety

experiments demonstrated a favourable effect profile. At high dose

levels, undesired effects were observed starting with reduced arterial

blood pressure and at higher doses piloerection and increased reactivity

to touch and at the highest given doses initial decreased activity followed

by increased activity, increased reactivity to touch and stereotypies. It

was further noticed that at relatively low exposure levels monkeys

demonstrated a change in behaviour with accepting and looking for

human contact. The preclinical data supported further development of

oxathridine, and a first-in-human (FIH) study was set up (Figure S1).

The starting dose for the FIH study was set at 0.5 mg

(0.007 mg/kg for a 70 kg individual), which was >70 times lower than

the no observed adverse effect level (NOAEL) in the most sensitive

species (dogs; data on file). This NOAEL was based on a telemetry

study which demonstrated increased heart rate and decreased arterial

blood pressure at a dose of 1 mg/kg with a maximum exposure (Cmax)

of 609 ng/mL/h, corresponding to a human equivalent dose (HED) of

0.54 mg/kg. Although a minimum anticipated biological effect level or

pharmacologically active dose (PAD) was not formally established, at

HED values of 0.024 mg/kg brain histamine neuron activity in mice

was significantly reduced as measured by decreased levels of the main

metabolite of histamine, Nτ-methylhistamine (data on file). In cats,

desirable effects on sleep were observed from Cmax values of 30 ng/

mL/h and higher. Therefore, pharmacological activity could be

expected from HED values of 0.024 mg/kg (1.68 mg for a 70 kg indi-

vidual) and Cmax values of 30 ng/mL/h. A dose range was selected,

What is already known about this subject

• The histamine-3 receptor (H3R) is an interesting, but

complex target for central nervous system drug develop-

ment as it regulates several neurotransmitters such as

serotonin, acetylcholine, noradrenaline and dopamine,

and is hypothesized to play a role in the pathophysiology

of disorders involving cognition, pain and sleep.

• Oxathridine or 4-(1H-imidazol-4-ylmethyl)-pyridine ses-

quioxalate is a first-in-class H3R agonist in humans. It is a

highly selective partial agonist of the H3R with high

potency (half maximal effective concentration = 1.5 nM)

and intrinsic activity (0.7), behaving as a full agonist in vivo.

• It is important to characterize the full pharmacokinetic

and pharmacodynamic profile of compounds in the early

phases of clinical drug development, particularly for sub-

stances with new action mechanisms.

What this study adds

• This study adds to the knowledge about the functional

effects of H3R agonism. Notably, oxathridine caused

unexpected pseudo-hallucinations indicating that the

H3R system could be an interesting new target for the

development of novel antipsychotics.

• In line with recommendations by the European Medicines

Agency, this study demonstrates the importance of con-

sidering the predictions of minimum anticipated biological

effect level, pharmacologically active dose and antici-

pated therapeutic dose when designing a study, particu-

larly for compounds with a new mechanism of action.1

• This study illustrates that systematic repeated assess-

ments of central nervous system effects of new drugs in

a first-in-man study (using the NeuroCart) not only serves

to profile the functional pharmacological effects of the

compound, but also to sensitively detect and characterize

unexpected adverse central nervous system effects.
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which was expected to show significant pharmacological and func-

tional effects, and to explore the large safety window that was also

observed preclinically (Figure S2).

In addition to assessing tolerability, safety and pharmacokinetics

(PK) in this FIH study, pharmacodynamics (PD) were explored using

the NeuroCart.8 The NeuroCart consists of a battery of drug-sensitive

neurophysiological tests and has been applied to a broad spectrum of

CNS active drugs, making it possible to compare the effect profile of a

novel compound on the different NeuroCart tests, to known profiles

of other compounds.8 By doing so, the pharmacological characteristics

of a novel compound can be mapped and held against predictions

based on preclinical data in an early phase of clinical drug develop-

ment.8 Oxathridine was the first partial H3R agonist to be tested on

the NeuroCart, so it was not yet known which NeuroCart test would

be sensitive to oxathridine. Therefore NeuroCart tests sensitive to the

sedative effects of GABAergic agonists were selected, such as visual

analogue scales (VASs), saccadic eye movement measurements and

adaptive tracking.9–11

Overall, this FIH study aimed to assess the PK, safety, tolerability

and PD effects of single ascending doses of oxathridine in healthy

male volunteers.

2 | METHODS

2.1 | General

The study was performed according to ICH GCP guidelines as laid

down in the Declaration of Helsinki and its latest amendments. The

Stichting Beoordeling Ethiek Biomedisch Onderzoek (BEBO), Assen,

the Netherlands approved the study, and the study was registered at

ToetsingOnline under number NL44541.056.13. Bioprojet Pharma

sponsored the study, and the study was conducted at the Centre for

Human Drug Research (CHDR), Leiden, the Netherlands. All volun-

teers gave written informed consent prior to the study start.

2.2 | Study population

Healthy male volunteers aged between 18 and 45 years at screening

were included. Health status was assessed by medical history, labora-

tory assessments and physical examination. Volunteers with a history

or clinical evidence of alcohol or drug abuse within the 3 years prior

to screening were excluded. Volunteers were not allowed to use any

prescribed medications or over-the-counter medications within

2 weeks prior to the first study drug administration except for para-

cetamol (maximum 1 g/day; Figure S3).

2.3 | Study design

This was a randomized, double-blind, placebo-controlled, single

ascending dose study. The study consisted of 5 cohorts of

8 volunteers each (active/placebo ratio: 6:2). Before escalating to

the next dose level, a blinded interim safety review, consisting of

safety data (adverse events [AEs], echocardiograms [ECGs],

laboratory tests, vital signs), PD data and PK data of the first 24 h

after dosing was performed. In the first group, a sentinel scheme

was used: 2 volunteers were dosed on the first day (active/placebo

ratio: 1:1) and on the second day, the remaining 6 volunteers were

dosed.

The study consisted of an inpatient study visit, a medical screen-

ing within 3 weeks prior to admission and a follow-up visit a week

after discharge from the clinical unit. At check-in of the study visit an

eligibility check consisting of concomitant medication use and AE

review, body weight and height measurement, urine drug screening,

alcohol breath test, 12-lead ECG, vital signs and body temperature

measurement was performed. During the dosing day (Day 1), volun-

teers were dosed in the morning, and throughout the day, safety, PK

and PD measurements were performed at set times. Volunteers were

discharged about 24–27 h after dosing (Day 2).

2.4 | Treatments

Treatments consisted of 25 mL oxathridine solution or a matching pla-

cebo for oral administration. The solution was administered with puri-

fied water and blackcurrant syrup to a volume of 100 mL for masking

purposes. Planned dose levels were 0.5, 2.5, 10, 25, 40, 60, 80 and

100 mg. Volunteers were in a fasted state from 10 h prior to dosing

and were allowed to eat from 3 h after dosing. Volunteers were

allowed to drink water ad libitum, except for 1 h before and 2 h after

dosing when drinking water was not allowed.

2.5 | PK assessments

Blood samples for PK measurements were collected prior to dosing

(1 sample) and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 6, 8,

12 and 24 h after dosing. Serum oxathridine concentrations were

measured using the validated analytical ultraperformance liquid

chromatography–tandem mass spectrometry method in the Biopro-

jet Biotech Laboratory in accordance with the guideline EMEA/

CMPH/EWP/192217/2009 Rev. 1 and the rules of Good Labora-

tory Practice. The lower limit of quantification was 0.1 ng/mL. At

the lower limit of quantification, the intra-assay coefficient of

variation was 10.8% and the interassay coefficient of variation was

12.4%, respectively.

2.6 | Tolerability and safety assessments

After dosing, the following safety assessments were performed at

set times throughout the study day: vital signs, physical examination,

laboratory tests consisting of biochemistry, haematology, urinalysis

and 12-lead ECG measurements.

DIJKSTRA ET AL. 323
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2.7 | PD assessments

NeuroCart measurements consisted of adaptive tracking, body sway,

saccadic eye movements, smooth pursuit eye movements, VAS

according to Bond and Lader, VAS according to Bowdle and

pharmaco-electroencephalogram (EEG) and the Sustained Attention

to Response Task (SART). The measurements were performed twice

prior to dosing and were then repeated at 0.5, 1, 1.5, 2, 3, 4, 6,

8, 12 and 22 h after dosing. In addition, the Visual Verbal Learning

Test (VVLT) was performed 3 h after dosing (immediate recall) and 6 h

after dosing (recognition and delayed recall).

As part of the screening visit, volunteers underwent a NeuroCart

test training to prevent learning effects during study conduct. During

all test sessions, there was only 1 volunteer in each room, illumina-

tion settings were standardized between the rooms. When perform-

ing the tests, volunteers were comfortably seated behind a computer

screen, except during body sway measurements, when they were

standing.

2.8 | Adaptive tracking

The adaptive tracking test was performed as described initially by

Borland and Nicholson,12 using customized equipment and software

(based on TrackerUSB hard-/software [Hobbs, 2004, Hertfordshire,

UK]). During the test, a dot inside a circle is randomly moving on a

screen. Volunteers are instructed to try to keep the dot inside the cir-

cle by operating a joystick. If the volunteer succeeds in this task, the

speed of the moving circle increases; conversely, the speed of the cir-

cle decreases if the volunteer fails at the task. The outcome of the test

is the average speed of the moving circle as a percentage of the maxi-

mum speed of the circle over a 3.5-min period.

2.9 | Body sway

Body sway is a measure of postural stability, during measurements,

volunteers are instructed to stand as still as possible with closed eyes.

Body sway was performed as previously described by others.13,14 The

anteroposterior body sway was measured using a body sway meter

based on the Wright ataxiameter.15 All body movements over a 2-min

period were integrated and expressed as millimetres of sway and

recorded.

2.10 | Saccadic eye movements

The primary outcome of saccadic eye movement measurements was

saccadic peak velocity (SPV) in degrees per second (�/s). During the

test, volunteers were instructed to follow a dot jumping approxi-

mately 15� to either side on a computer screen with their eyes, while

head movements were restrained using a fixed head support at 58 cm

from the computer screen. Fifteen saccades were recorded with

interstimulus intervals varying randomly between 3 and 6 s. Saccadic

eye movements were recorded using a computer-based system, cus-

tomized Cambridge Electronics Design software for data sampling and

analysis (Cambridge Electronics Design, Cambridge, UK), and dispos-

able surface electrodes for registration of the electro-oculographic

signals (Medicotest N-OO-S, Olstykke, Denmark).

2.11 | Smooth pursuit eye movements

For smooth pursuit eye movements, the target moves sinusoidally at

frequencies ranging from 0.3 to 1.1 Hz, by steps of 0.1 Hz. The ampli-

tude of target displacement corresponds to 22.5� eyeball rotation to

both sides. Four cycles for each stimulus frequency were recorded.

The time during which the eyes are in smooth pursuit of the target

was calculated for each frequency and expressed as a percentage of

stimulus duration. The average percentage of smooth pursuit for all

stimulus frequencies was used as a parameter.

2.12 | Pharmaco-electroencephalogram

Each EEG measurement duration was 2 min. EEG recordings were

made using 4 gold electrodes, fixed with EC2 paste at Fz, Cz, Pz

and Oz, with the common ground electrode for the eye movement

registration (international 10/20 system). The electrode resistance

was kept below 5 kΩ. EEG signals were obtained from leads Fz-Cz

and Pz-Oz and a separate channel to record eye movements. The

signals were amplified with a time constant of 0.3 s and a low pass

filter at 100 Hz. Data collection and analysis were performed using

customized CED and Spike2 for Windows software (Cambridge

Electronics Design, Cambridge, UK). Per session, 8 consecutive

blocks of 8 s were recorded. The signal was AD-converted using a

CED 1401 Power (Cambridge Electronics Design, Cambridge, UK)

and stored on hard disc for subsequent analysis. Data blocks con-

taining artefacts were identified by visual inspection and excluded

from the analysis. For each lead, a fast Fourier transform analysis

was performed to obtain the sum of the amplitudes in the very

low (0.5–2 Hz), delta (2–4 Hz), theta (4–7.5 Hz), alpha (7.5–

13.5 Hz), beta (13.5–35 Hz) and gamma (35–48.9 Hz) frequency

ranges.

2.13 | VAS according to Bond and Lader and VAS
Bowdle

VAS in this study were used as originally described by Norris.16 We

used Dutch versions of the scales that have been frequently used at

our research institute.8 For VAS Bond and Lader, volunteers, indicate

(with vertical marks) on 16 horizontal 100-mm VAS how they feel.

From these measurements, 3 main factors were calculated; subjective

alertness (from 9 scores), contentedness or mood (from 5 scores) and

calmness (from 2 scores).17
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VAS Bowdle evaluates psychedelic effects with 13 10-cm VAS

lines ranging from 0 (Not at all) to 100 mm (Extremely).18 From these

scores, 3 sum scores were calculated; internal perception (reflects inner

feelings that do not correspond with reality, including mistrustful feel-

ings), external perception (reflects a misperception of an external stim-

ulus or a change in the awareness of the volunteer's surroundings)

and feeling high.18

2.14 | VVLT

The VVLT tests the whole scope of learning behaviour,

i.e. acquisition, consolidation, storage and retrieval.19 Volunteers

were presented with 30 words in 3 consecutive word trials. At each

of these trials, an immediate recall was performed. Delayed recall

was assessed 6 h after dosing. Immediately after delayed recall, a rec-

ognition test was performed, consisting of 15 previously presented

words and 15 new words in which the volunteer had to verbally

indicate recognition of the word as quickly as possible. An operator

behind a computer screen recorded the volunteer's response by

clicking on the named word in a list with all 30 presented words and

clicking on a bar stating different word if an unlisted word was

mentioned. Words mentioned twice or more were recorded as

duplications. After 3 trials, a script automatically counted the scores

per trial as: number correct, number incorrect, number double. If a

correct word was mentioned twice, the overall score included 1,

Correct response and 1, Double response. Similarly, an incorrect word,

which was mentioned twice, was scored as 1, Incorrect response and

1, Double response.

2.15 | SART

This test was performed as a measurement of improved cognitive

functioning, as H3R antagonists are hypothesized to have beneficial

effects on cognition.4 The SART is similar in many respects to a stan-

dard vigilance task, in that a single infrequent target is presented

among a background of frequent nontargets. Unlike a traditional vigi-

lance task, however, the volunteer is required to push the space bar

to the nontarget and inhibit their response to the target. To perform

this task correctly, the volunteer must remain sufficiently attentive to

their responses, such that at the appearance of a target they can sub-

stitute the directly antagonistic response.20

2.16 | Statistical analysis

Statistical analyses were performed using the SAS Version 9.4 (SAS

Institute Inc., Cary, NC, USA). The repeatedly measured PD endpoints

were analysed separately by mixed model analyses of covariance

(ANCOVA) with treatment-and-dose, time, and treatment-and-dose

by time as fixed effects, subject as random effect, and with the (aver-

age) baseline value as covariate. Baseline was defined as the average

of the 2 measurements performed prior to dosing. Measurements of

VAS Bowdle, all EEG parameters, body sway and SART total omission

errors were logarithmically transformed (after 0 was changed to 0.01).

Log-transformed parameters were back-transformed after analysis

where the results may be interpreted as percentage change.

Contrasts for all dose levels of oxathridine vs. placebo were calcu-

lated within the model up to the 3-h measurement after dosing. This

TABLE 1 Demographics.

Demographic variables Placebo n = 10 Oxa 0.25 mg n = 6 Oxa 0.5 mg n = 6 Oxa 1.5 mg n = 6 Oxa 2.5 mg n = 6 Oxa 5 mg n = 6

Age, years

Mean 23.7 21.0 22.5 24.0 23.3 22.8

SD 3.9 3.1 2.6 4.6 3.9 2.4

Range 20–32 18–25 18–26 19–31 19–28 20–26

Height (cm)

Mean 183.6 181.1 182.7 183.8 186.0 186.8

SD 5.0 9.2 6.7 8.7 11.2 4.0

Range 175.8–192.3 171.8–195.0 175.9–191.4 170.0–191.7 174.4–204.2 181.6–191.1

Weight (kg)

Mean 77.7 73.1 79.4 71.9 73.8 76.8

SD 8.4 10.9 11.3 9.0 11.1 5.6

Range 67.7–94.9 61.7–84.9 68.4–96.5 61.2–86.2 60.2–85.8 68.5–82.8

Body mass index (kg/m2)

Mean 23.1 22.4 23.7 21.3 21.2 22.0

SD 1.9 3.7 2.3 1.6 1.3 1.0

Range 19.9–26.8 18.3–27.2 21.5–26.8 19.6–24.1 19.8–22.9 20.8–23.0

Abbreviations: Oxa, oxathridine; SD, standard deviation.

DIJKSTRA ET AL. 325

 13652125, 2024, 1, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15910 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [05/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



timepoint was based on posthoc inspection of the time profiles of the

concentrations in this clinical study, showing that for all doses a 3-h

period covered most of the exposure. Assuming that the PD effects

would be closely related to the PK profile, this analysis was consid-

ered most relevant.

The VVLT endpoints were analysed separately by mixed model

analyses of variance (ANOVA) with treatment-and-dose as fixed

effect. Treatment effects are reported as the contrasts specified

below where the average of the measurements up to last time point

will be calculated within the statistical model.

Contrasts are reported for all NeuroCart tests along with 95%

confidence intervals and analyses are 2-sided with a significance level

of 0.05.

PK calculations were performed using R (V2. 12.0, R Core Team).

Standard noncompartmental methods were used in the calculations.

Data below the limit of quantification before tmax was replaced with

zero. Data below the limit of quantification after tmax was replaced

with not applicable, i.e., excluded from analysis.

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20.21,22

3 | RESULTS

3.1 | Subject disposition

In total 40 healthy male volunteers participated; all completed the

study. The cohorts were comparable with regards to age, weight,

height and body mass index (Table 1).

3.2 | PK

Maximum median serum concentrations were reached at about 1.00–

1.26 h after dosing across the dose levels (Table 2, Figure 1). The

median half-life of oxathridine varied between 1.20 and 1.45 h across

the dose levels. Exposure to oxathridine increased more than dose

proportionally in the higher dose range.

3.3 | Tolerability and safety

An overview of AEs by dose group is provided in Table 3. All

observed AEs were self-limiting. There were no serious AEs in the

study. Doses could not be escalated as planned due to safety

concerns about subjective effects. In cohort 1 (0.5 mg), 1 AE of

somnolence was reported and classified as mild. As this dose was well T
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tolerated and the next planned dose of 2.5 mg was still <10 times

lower than the HED of the NOAEL and had a predicted Cmax that

was far below the exposure observed at the NOAEL in the most sen-

sitive species, it was decided to escalate the dose to 2.5 mg as initially

planned. In cohort 2 (2.5 mg), all volunteers who received oxathridine

reported 1 or more AEs. The most frequently reported AEs were

nausea, fatigue, somnolence, blurred vision, dizziness and orthostatic

hypotension. All these AEs were mild, whereas 2 AEs of balance

disorder and dizziness, were reported as moderate. Because of these

observations, the dose for the next cohort was escalated to 5 mg

instead of the planned 10 mg.

At a dose of 5 mg, all volunteers who received oxathridine

reported 1 or more adverse events. The most frequent events were

dizziness and visual (pseudo)-hallucinations. For this study, it was

chosen to use the term pseudo-hallucination to describe the AEs

experienced by the volunteers, as in contrast to typical hallucinations

the volunteers reported that they were aware that the perceived

images were not real and that they could change the content of the

visual phenomena.23 The pseudo-hallucinations started on average

40 min after dosing and lasted 50 min up to 2 h, in all volunteers, the

effects disappeared completely without treatment and did not

reoccur. One volunteer had orthostatic hypotension and fainted about

30 min after dosing and felt light-headed for the following 3 h. Three

single AEs of nausea, dizziness and syncope were reported as moder-

ate, and the others were reported as mild.

The occurrence of these AEs led to the decision to halt further

dose escalation. Two additional cohorts with low dose levels of 0.25

and 1.5 mg to better characterize the PD and PK of oxathridine were

performed instead.

At a dose level of 0.25 mg, 2 of the volunteers receiving oxathri-

dine reported AEs. AEs consisted of dizziness, somnolence, feeling of

relaxation and paraesthesia, which all were of mild severity.

All volunteers receiving a dose of 1.5 mg oxathridine

reported 1 or more AEs. The most frequent reported AEs were

nausea, vision blurred, dizziness and hypotension. Four events of

dizziness, 2 events of hypotension and 1 of orthostatic hypotension

were reported as moderate, and the others were reported as mild.

No pseudo-hallucinations were reported with these additional low

doses.

As expected with AEs of dizziness, hypotension and orthostatic

hypotension, decreases in supine and standing blood pressure, mostly

diastolic, were observed with dose levels of 1.5 mg oxathridine or

higher (Supporting Information). A compensatory increase in standing

heart rate was observed.

There were no clinically relevant changes in laboratory assess-

ments (clinical chemistry, haematology and urinalysis). Also, there

were no clinically relevant observations on any ECG parameters.

3.4 | PD

A dose-dependent decrease in performance on adaptive tracking

was observed, which was statistically significant for the 2 highest

dose levels (Table 4). At these dose levels, a statistically significant

increase in body sway was observed as well (Table 4). Additionally, a

decrease in SPV and increased saccadic inaccuracy were observed

with these dose levels (Table 4). In the highest dose group of 5 mg

oxathridine, statistically significant effects were observed on all

3 VAS Bowdle subscales (VAS external, VAS internal and VAS feeling

high; Table 5, Figure 2). In the lowest dose levels (0.25 and 0.5 mg),

oxathridine decreased the reaction time of correct responses of

the delayed word recognition task of the VVLT (Table 5). No statisti-

cally significant effects were observed on the other NeuroCart

measurements.

F IGURE 1 Pharmacokinetics (serum
concentrations) of oxathridine (BP1.5375).
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4 | DISCUSSION

This FIH, randomized, double-blind, placebo-controlled study investi-

gated the safety, PK and PD of the first-in-class H3 agonist oxathri-

dine. As expected, the effects of 2.5 and 5 mg oxathridine on the

NeuroCart tests of adaptive tracking, body sway and saccadic eye

movements were indicative of CNS-depressant effects. However, the

safety profile of oxathridine in healthy volunteers was different than

expected based on the preclinical data, with mild to moderate

orthostatic hypotension and pseudo-hallucinations at the 2 highest

administered dose levels. This led to the decision to halt further dose

escalation at 5 mg and to expand the dose range with 0.25 and

1.5 mg of oxathridine to characterize its safety, PK and PD profile

more thoroughly.

In retrospect, the planned dose range of 0.5–100 mg was too

large, especially when taking into account the PAD and anticipated

therapeutic doses as recommended by current EMA guidelines.1 Pre-

clinical experiments demonstrated pharmacological effects from HED

TABLE 3 Adverse events per dose group.

System organ class/preferred term

Number (%) of subjects

Placebo
Cohort 4 Cohort 1 Cohort 5 Cohort 2 Cohort 3
Oxa 0.25 Oxa 0.5 Oxa 1.5 Oxa 2.5 Oxa 5.0

n = 10 n = 6 n = 6 n = 6 n = 6 n = 6

Any event 2 (20) 2 (33) 1 (16.7) 6 (100) 6 (100) 6 (100)

Ear and labyrinth disorders

Tinnitus 1 (16.7)

Eye disorders

Asthenopia 1 (16.7) 1 (16.7)

Gastrointestinal disorders

Nausea 1 (10.0) 3 (50.0) 2 (33.3) 2 (33.3)

Vomiting 1 (16.7)

General disorders and administration site conditions

Asthenia 1 (16.7)

Fatigue 1 (10.0) 3 (50.0) 1 (16.7)

Feeling abnormal 1 (16.7) 1 (16.7)

Feeling of relaxation 1 (16.7)

Nervous systems disorders

Balance disorder 1 (16.7)

Disturbance in attention 1 (16.7)

Dizziness 1 (16.7) 1 (16.7)

Dysarthria 1 (16.7)

Headache 1 (10.0) 1 (16.7) 1 (16.7)

Paraesthesia 1 (16.7)

Somnolence 2 (20.0) 1 (16.7) 1 (16.7) 1 (16.7) 2 (33.3) 1 (16.7)

Tremor 1 (16.7)

Vision blurred 2 (33.3) 2 (33.3) 2 (33.3)

Psychiatric disorders

Disturbance in attention 1 (16.7)

Euphoric mood 1 (16.7) 2 (33.3)

Hallucination, visual 4 (66.7)

Vascular disorders

Dizziness 1 (16.7) 4 (66.7) 3 (50.0) 6 (100.0)

Flushing 1 (16.7)

Hypotension 3 (50.0)

Orthostatic hypotension 1 (16.7) 2 (33.3)

Pallor 1 (16.7)

Syncope 1 (16.7)
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levels of 1.68 mg and Cmax values of 30 ng/mL and higher. However,

predictions of sleep-inducing doses were mainly based on cats, which

is an unusual species in preclinical research. Moreover, the NOAEL

was about 20-fold higher, and determined by cardiovascular effects in

dogs, which can be adequately monitored in humans. Since CNS-

depression can also be measured accurately in healthy volunteers, a

large dose range was selected for the FIH study.

The occurrence of pseudo-hallucinations was entirely unex-

pected. The time courses of the occurrence and resolving of pseudo-

hallucinations and the increased scores on all 3 subscales of the VAS

Bowdle (VAS internal, VAS external, VAS feeling high; Figure 2)

closely followed the PK profile (Figure 1), providing a strong argument

that pseudo-hallucinations are a pharmacological effect of oxathridine.

In view of the high selectivity of oxathridine, this effect is likely

related to stimulation of H3R. However, to our knowledge there are

no other reports of clinical studies with H3R agonists, so without

replication we cannot be absolutely certain that the pseudo-

hallucinations are a class effect. Due to their nature, pseudo-

hallucinations could not be observed preclinically, although some non-

specific behavioural symptoms such as increased reactivity to touch

and monkeys accepting and looking for human contact, were

observed in the animal studies, which retrospectively could have been

indicative of cognitive, behavioural or perceptive dysregulations.

These behavioural effects were observed at considerably higher expo-

sure levels than for pseudo-hallucinations in humans. This could be

due to different sensitivities, to detect spontaneous behavioural

observations in animals, compared to subjective VAS-scores in

humans. It could also be that humans are more sensitive to H3R-agon-

ism, since cardiovascular effects of (orthostatic) hypotension also

occurred at lower exposure levels in healthy volunteers than observed

preclinically, indicating that humans are more sensitive to the effects

of H3R agonists than animals.

The mechanism of action underlying pseudohallucinatory effects

is uncertain. A stage of dreaming without being asleep might be an

explanation. Pseudo-hallucinations have also been reported after use

of drugs targeted at the GABA-ergic system, the main inhibitory neu-

rotransmitter system in the brain.24,25 In some healthy volunteers, but

not all, zolpidem (a GABAA-agonist with high α1 subtype selectivity)

caused concentration-related pseudo-hallucinations.26,27 In the cur-

rent study, all volunteers reported being able to change their visual

pseudo-hallucinations intentionally. This is reminiscent of that

hypnagogic hallucinations that occur in narcolepsy.28 This condition is

characterized by a deficiency of orexin (hypocretin), an important neu-

ropeptide for—among others—the regulation of the sleep–wake cycle,

in which histamine plays a prominent role.28 Within this system, H3R

pharmacology is complex and involved in the regulation of many other

neurotransmitter systems such as serotoninergic (5HT), dopaminergic

and cholinergic systems.4 Several CNS-penetrating compounds affect-

ing these systems, like antimuscarinics and 5HT2a- or D2-agonists,

are well-known psychomimetics, suggesting that the pseudo-

hallucinations may have been caused by dysregulation of these sys-

tems by oxathridine. Abnormal H3R expression is observed in the

brain of patients with schizophrenia, which further points in the direc-

tion of a role for the H3R in the occurrence of hallucinations.29 It

therefore seems that pharmacological interference on homeostatic

brain processes of sleep can lead to a disruption of different aspects

of sleep onset, leading to phenomena of pseudo-hallucinations.

From dose levels of 2.5 mg and higher, oxathridine demonstrated

CNS-depressant effects on the NeuroCart. In Table 6 the

NeuroCart effects of oxathridine are compared with several other

sleep-promoting and (anti)histaminergic compounds: lorazepam

(GABA-A-agonist), diphenhydramine (H1-R antagonist and some anti-

muscarinic/anticholinergic action) and CEP-26401 (investigational

H3R antagonist/inverse agonist).9,30–32 The effect size of oxathridine

on adaptive tracking was approximately half the effect size of 2-mg

lorazepam, and twice as large as the effect of diphenhydramine. On

body sway oxathridine's effect was approximately half the effect size

of 2-mg lorazepam and 4 times larger than the effect size of 50-mg

diphenhydramine. The effect size of oxathridine on SPV was approxi-

mately 3 times smaller than the effect size of 2-mg lorazepam, but

larger than the effect size of diphenhydramine. Comparable to

diphenhydramine, oxathridine did not affect smooth pursuit, while lor-

azepam did. Overall, the NeuroCart profile of oxathridine is indicative

of a CNS-depressant compound with less sedative capacity than 2-mg

lorazepam, but more than 50-mg diphenhydramine. Furthermore, in

line with their mechanisms of action, the effects of oxathridine on the

NeuroCart tests are opposite to the effects observed with the H3R-

inverse agonist CEP-26401.32 Compared with placebo, the groups

with the 2 lowest doses of oxathridine showed lower reaction times

in the delayed word recognition task of the VVLT. This might be indic-

ative of improved cognitive functioning. However, no CNS stimulating

effects were observed on the other NeuroCart tests, which in contrast

F IGURE 2 Visual analogue scale Bowdle sum scores (internal, external, feeling high). Oxa, oxathridine.
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to the VVLT are baseline corrected. Therefore, these effects may well

have been false positive findings.

Although further development of oxathridine was ceased based

on the findings of this study, important lessons can be learned from

it. This study demonstrates how the NeuroCart can be used in early

phase clinical trials to measure important pharmacological characteris-

tics of novel CNS compounds and compare these to existing

compounds.8 In line with recommendations by the EMA this study

demonstrates the importance of considering the predictions of mini-

mum anticipated biological effect level, PAD and anticipated thera-

peutic dose when designing a study, particularly for compounds with

a new mechanism of action.1 This study also shows that there is

inherent uncertainty in the translation from preclinical to human stud-

ies. Although the preclinical data of oxathridine indicates an appropri-

ate therapeutic window with desired effects at lower dose levels than

undesired effects, in humans there was no therapeutic window as

dose levels with desired effects were associated with unacceptable

AEs. This study emphasizes that not all AEs are translatable between

animals and humans, as some psychiatric AEs, such as hallucinations,

cannot be observed in animals. However, nonspecific changes in

behaviour observed preclinically might indicate that animals experi-

ence disruptive cognitive or perceptive symptoms and, therefore,

should make investigators aware of potential psychiatric symptoms in

humans. A final intriguing lesson of the clearly drug-related and fully

TABLE 6 Summary NeuroCart effects for different central nervous system active compounds.

Lorazepam 2 mg
(GABAA-agonist)

9,30

Diphenhydramine 50 mg

(H1R antagonist, with some
antimuscarinic/anticholinergic
action)31

CEP-26401 125 ug
(H3R antagonist/inverse
agonist)32

Oxathridine 5 mg
(H3R partial agonist)

Adaptive tracking (%) �9.53

(�11.9; �7.21)

P < .0001

�2.64

(�3.92; �1.13)

P = .0001

1.20

(0.42; 1.98)

P = .0029

�4.81

(�8.10, �1.51)

P = .0053

Body sway (%) 89.0

(62.8; 119.6)

P < .0001

12.25

(�2.35; 29.03)

.1021

�28.72

(�61.94; 4.51)

P = .0895

43.0

(5.9; 93.1)

P = .0205

Saccadic peak velocity

(�/s)
�59.23

(�46.05; �72.41)

P < .001

�13.8

(�21.7; �5.9)

.0010

16.99

(9.73; 24.24)

P < .0001

�22.5

(�43.9; �1.09)

P = .0399

Smooth pursuit (%) �10.8

(�14.2; �7.3)

P < .0001

�0.5

(�3.1; 2.1)

P = .7149

�0.31

(�2.10; 1.48)

P = .7310

�0.77

(�4.99; 3.45)

P = .7135

pEEG All frequencies of EEG

bands were statistically

significantly affected

Not reported No effect No effect

VAS Bond & Lader

alertness (mm)

�1.80

(�3.52; �0.08)

P = .041

�1.0

(�4.4; 2,3)

P = .5377

No effect �5.83

(�13.2; 1.50)

P = .1167

VAS Bond & Lader

calmness (mm)

�0.10

(�0.41; 0.22)

P = .529

1.1

(�1.0; 3.2)

P = .3066

No effect 4.82

(�2.56; 12.19)

P = .1944

VAS Bond & Lader

mood (mm)

�0.24

(�0.96; 0.49)

P = .510

0.4

(�0.8; 1.7)

P = .5059

No effect 4.51

(�1.53; 10.55)

P = .1394

VAS Bowdle

internal

0.07

(0.03; 0.11)

P = .0007

Not reported No effect 0.249

(0.127; 0.370)

P = .0001

VAS Bowdle

external

0.10

(0.05; 0.16)

P = .0004

Not reported No effect 0.330

(0.183; 0.476)

P < .0001

VAS Bowdle

Feeling high

0.12

(0.02; 0.22)

P = .0168

Not reported No effect 0.575

(0.263; 0.887)

P = .0006

Visual Verbal Learning

Test

Not reported Not reported No effect Effect on word recall correct 1

�3.40

(�6.83; 0.03)

P = .0520

Abbreviations: pEEG, pharmaco-electroencephalogram; VAS, visual analogue scale.
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reversible pseudo-hallucinations in this study was, that the H3R sys-

tem could be an interesting new target for the development of novel

antipsychotics. Moreover, there is an increasing interest in the thera-

peutic effect of psychomimetic agents targeted at other receptor sys-

tems, such as psilocybin (5HT2a-partial agonist) and esketamine

(NMDA-antagonist).33,34 It could be speculated that H3R-antagonists

could serve a similar role in psychomimetic assisted psychotherapies.

In conclusion, this study demonstrates how the PD of a novel

compound can be investigated in early phase clinical trials. The find-

ings of this study contribute to the field of knowledge about H3R

pharmacology and delineate its complexity as already described by

others.35 This knowledge can be used for the future development of

compounds targeted at the H3R, including potential antipsychotics or

therapeutic psychomimetics.
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