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Abstract

Background: In humans, the effect of cannabis on ventilatory control is poorly studied, and consequently, the effect of
A®-tetrahydrocannabinol (THC) remains unknown, particularly when THC is combined with an opioid. We studied the
effect of THC on breathing without and with oxycodone pretreatment. We hypothesised that THC causes respiratory
depression, which is amplified when THC and oxycodone are combined.

Methods: In this randomised controlled crossover trial, healthy volunteers were administered inhaled Bedrocan® 100 mg
(Bedrocan International B.V., Veendam, The Netherlands), a pharmaceutical-grade high-THC cannabis variant (21.8%
THC; 0.1% cannabidiol), after placebo or oral oxycodone 20 mg pretreatment; THC was inhaled 1.5 and 4.5 h after placebo
or oxycodone intake. The primary endpoint was isohypercapnic ventilation at an end-tidal Pco, of 55 mm Hg or 7.3 kPa
(Vg55), measured at 1-h intervals for 7 h after placebo/oxycodone intake.

Results: In 18 volunteers (age 22 yr [3]; 9 [50%] female), oxycodone produced a 30% decrease in V55, whereas placebo was
without effect on Vg55. The first cannabis inhalation resulted in Vg55 changing from 20.3 (3.1) to 23.8 (2.4) L min~? (P=0.06)
after placebo, and from 11.8 (2.8) to 13.0 (3.9) L min~? (P=0.83) after oxycodone. The second cannabis inhalation also had
no effect on Vg55, but slightly increased sedation.

Conclusions: In humans, THC has no effect on ventilatory control after placebo or oxycodone pretreatment.

Clinical trial registration: 2021-000083-29 (EU Clinical Trials Register.)

Keywords: cannabinoid receptor; hypercapnic ventilatory response; opioid-induced respiratory depression; opioid re-
ceptor; ventilatory control; A9-tetrahydrocannabinol

Editor’s key points which is amplified when THC and oxycodone are
combined.

e Healthy volunteers received a pharmaceutical-grade
high-THC cannabis variant, after randomisation to
placebo or oral oxycodone pretreatment.

e THC has no effect on ventilatory control after placebo
or oxycodone pretreatment.

e Despite being commonly used as both a medical and
recreational drug, the effect of cannabis on opioid-
induced respiratory depression is unknown.

e The authors hypothesised that A°-tetrahydrocan-
nabinol (THC) causes respiratory depression,
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Opioids and cannabis are widely used, both recreationally and
in medical practice.>? Although there is substantial evidence
that opioids suppress respiration,’ the effect of cannabis on
respiration, particularly in humans, is sparsely inves-
tigated.* '°> Cannabinoid type 1 (CB1) and cannabinoid type 2
(CB2) receptors are found in brainstem respiratory networks,
including the preBotzinger complex, the respiratory rhythm
generator.”'° 8 Several, but certainly not all,**’ studies sug-
gest that CB1 activation is related to respiratory
depression.®®~'3 In contrast, CB2 receptor activation has an
excitatory effect on breathing, at least during opioid expo-
sure.”"'® The main component of cannabis, A%-tetrahydro-
cannabinol (THC), is a partial agonist at CB1 and CB2 receptors.
In tissues with low cannabinoid receptor density, THC can
either inhibit or activate the receptors,'® which may cause a
mixed inhibitory—excitatory effect on ventilatory control, as is
observed in other behavioural assays.*’

In pain management, the use of THC or its combination
with an opioid can be advantageous, as the combination has
an opioid-sparing effect.?>"?> However, this is only of advan-
tage provided the combination of these two drug classes does
not exacerbate opioid-induced respiratory depression (OIRD).
Because respiratory depression is potentially life-threatening,
enhancement of the probability of OIRD by a CB1 agonist is
unwanted.? Previously, we showed that combining oxycodone
with alcohol or with an antidepressant (paroxetine or tia-
neptine) augments OIRD.?* %® Deaths associated with opioid
misuse are frequently linked with co-medication or abuse of
other centrally acting depressants.?’*?®

In this study, we examined the effect of inhaled medicinal-
grade cannabis, containing a high THC dose, on ventilatory
control in healthy human volunteers with placebo or oxyco-
done pretreatment. We aimed to answer two questions: (i)
does inhaled THC induce respiratory depression? (i) Will
combining oxycodone and THC exacerbate respiratory
depression? We hypothesised that inhaled THC causes respi-
ratory depression, an effect that is amplified when THC and
oxycodone are co-administered.

Methods
Study design

This study was a single-centre double-blind, randomised,
placebo-controlled crossover trial, approved by the Leiden
University Medical Research Ethics Committee (METC Leiden
Den Haag Delft) in Leiden, The Netherlands and conducted
from December 1, 2021 to August 1, 2022. Before enrolment, all
subjects gave written informed consent after which their
medical histories were taken and a physical examination was
performed. The study was registered in the EU Clinical Trials
Register (https://www.clinicaltrialsregister.eu; identifier 2021-
000083-29; March 31, 2021).

Inclusion criteria

Healthy volunteers of either sex were recruited with the
following inclusion criteria: age 18—45 yr, BMI <30 kg m 2, and
ability to give written consent form.

Exclusion criteria

Exclusion criteria were presence or history of any medical or
psychiatric disease, including substance use disorder; pres-
ence of any chronic pain syndrome; use of >21 alcohol units

per week; use of cannabis in the 4 weeks before the study; a
positive urine drug test at screening or on the morning of the
experiment; and pregnancy, lactation, or a positive pregnancy
test on the morning of the experiment. All participants in the
study had prior experience with the use of cannabis in a rec-
reational setting but were opioid-naive.

Measurements
THC metabolites

At regular intervals, 5 ml blood was drawn from the arterial
line for measurement of oxycodone, THC, the THC metabolite
11-OH-THC, and cannabidiol (CBD). Blood was collected in
ethylenediaminetetraacetic acid (EDTA) tubes, centrifuged at
2000 g (4°C), and the separated plasma was stored at —80°C
until analyses. The pharmacokinetic analyses, performed by
Ardena Bioanalysis (Assen, The Netherlands), were performed
using validated liquid chromatography with tandem mass
spectrometer detection (LC-MS/MS) methods.?’ The analysis
methods and acceptance criteria are available from ABL (ABL
Standard Operating Procedure 0251).

Hypercapnic ventilatory response

The hypercapnic ventilatory response (HCVR) was measured
30—45 min before taking placebo or oxycodone, and at 1-h
intervals after oxycodone/placebo administration (last mea-
surement 7 h after oxycodone/placebo intake). The HCVR was
measured using a modified Read rebreathing method.? Dur-
ing the respiratory tests, the subjects breathed into a face
mask that was attached to a pneumotachograph and pressure
transducer system (Hans Rudolph Inc., Kansas City, MO, USA)
and a three-way valve that linked to a 6 L rebreathing bag. Gas
was sampled from the face mask to measure inspired and
expired oxygen and CO, concentrations (Datex Capnomac,
Helsinki, Finland). Breath-to-breath respiratory data were
collected using the custom-made ACQ/RESREG software
package (Leiden University, Leiden, the Netherlands).?*?°

Protocol

Subjects were studied twice with 2 weeks between visits,
randomised to assess the effect of THC inhalation, which was
examined after oral oxycodone or after a placebo tablet. THC
was inhaled 1.5 and 4.5 h after the intake of the tablets. Upon
arrival in the research unit and after passing urine drug and
pregnancy tests, the subjects received an i.v. line for fluid
administration (NaCl/glucose 50—100 ml h™!) and a 20-G
arterial line in the left or right radial artery for blood sam-
pling. A pulse oximeter (Masimo Corporation, Irvine, CA, USA)
and ECG electrodes were placed on the subject to monitor
oxygen saturation (SpO,) and heart activity.

We administered one oral oxycodone 20 mg tablet (Mun-
dipharma  Pharmaceuticals B.V, Hoevelaken, The
Netherlands) or a placebo tablet that was identical to the
oxycodone tablet in form and taste (Leiden University Medical
Center pharmacy). The pharmaceutical-grade high-THC
cannabis was the Bedrocan® cannabis cultivar (Bedrocan In-
ternational B.V., Veendam, The Netherlands), which con-
tained 21.8% THC and 0.1% GBD.? It is made from the dried
flowers of the plant Cannabis sativa L.,%° cultivated under Good
Manufacturing Practices. Each subject inhaled 100 mg of the
grinded flower material after it was vapourised using a
vapouriser (Volcano Medic 2; Storz & Bickel GmbH & Co.,
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Tuttlingen, Germany).’’ In the vapouriser, cannabis flower
100 mg was heated to 210°C, allowing the THC acid to be
converted into the active THC. The vapour was collected in an
8 L bag, and the subject inhaled the complete content of the
bag through a mouthpiece in 3—7 min; after each inhalation,
the subject was instructed to hold the breath for 5 s.

When the test started, the subjects first inhaled room air for
4—5 min, after which they were coached to hyperventilate for
2—3 min while breathing 100% oxygen, followed by relaxed
breathing for 20—30 s (still inhaling oxygen).?® Next, they were
connected to the rebreathing bag that initially contained 7%
CO, and 93% oxygen. Rebreathing of the gas content in the
balloon continued for 3—4 min. Throughout the test, we
collected the following variables: minute ventilation, end-tidal
Pcoy, and oxygen saturation. The HCVR was calculated in R by
fitting the ventilation and end-tidal CO, data points of the
linear increasing part of the response curve to the following
equation?* %%

Vg =S x [end-tidal Pgo, — B] (1)

where Vg is minute ventilation, S is the slope of the HCVR, and
B is the extrapolated Pco, at zero ventilation (i.e. the apnoeic
threshold).?*~?° The HCVR has a so-called ‘dog leg’ shape with
an initial horizontal part, where ventilation is unaffected by

CO,, and a part in which ventilation increases.*' The analysis
of our current study focuses on the linear increasing part of
the study. The main endpoint of the study, V55 or ventilation
at an extrapolated end-tidal Pco, of 55 mm Hg or 7.3 kPa (unit L
min~?), was calculated from the slope and apnoeic threshold
of the HCVR as follows:?* 2°

VE55=S x [55 — B )

Assessment of sedation and alertness

The subjects were queried at regular intervals for various
subjective experiences before and after drug administration.
The following two endpoints were obtained using a 10-cm
VAS: sedation and drug high. The scale ranged from 0 (no
experience of sedation or drug high) to 10 (greatest experience
imaginable). For sedation, this meant that the subject was
unable to stay awake. Additionally, the subjects filled out the
Bond and Lader®” questionnaire. The questionnaire contains
16 scales (10 cm) for several subjective domains with the left
and right anchors set at antonymous word pairs, such as
‘alert—drowsy’, ‘well coordinated—clumsy’, ‘mentally
slow—quick witted’, and ‘incompetent—proficient’ (i.e. the two
anchors reflect the greatest extent of subjective experience of
that domain). The study participant’s task was to place a mark

Assessed for eligibility (n=32)

Excluded (n=7)
* Not meeting inclusion criteria (n=7)

Randomised (n=25)

Allocation

Allocated to oxycodone/THC (n=25)

* Received allocated intervention (n=22)

* Did not receive allocated intervention (n=3)
because of logistic reasons

Allocated to placebo/THC (n=25)

* Received allocated intervention (n=22)

* Did not receive allocated intervention (n=3)
because of logistic reasons

Follow-up

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (n=4) because of
side-effects

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (n=4) because of
side-effects

Analysis

Analysed (n=18); excluded from analysis
(give reasons) (n=0)

Analysed (n=18); excluded from analysis
(give reasons) (n=0)

Fig 1. Consolidated Standards of Reporting Trials (Consort) flow diagram. THC, A°-tetrahydrocannabinol.
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on each scale at the point that best described how they felt at
that time. In the current study, we report on two domains:
energetic (10=lethargic — O=energetic) and coordinated/alert
(O=alert — 10=drowsy). The queries were obtained 5 min
before blood sampling and 10 min before THC inhalation.

Primary outcome

The primary endpoint of the study was the effect of cannabis
inhalation on Vg55 after oxycodone 20 mg or placebo intake.

Secondary outcomes

The secondary outcomes of the study were resting Vg, resting
end-tidal Pco, and SpO, (measured before hyperventilation
while breathing room air), and sedation/alertness.

Statistical analysis

Data analysis was performed in R (version 4.1.2; R Foundation
for Statistical Computing, Vienna, Austria). A linear mixed
model analysis was performed using the Ime4 package (Bates
and colleagues®). The main endpoint Vg55 was included as a
dependent variable, and fixed effects time, treatment, session,
and treatment x time as fixed effects were added; subject was
included as random effect. In case of significant main effects
contrast between oxycodone us placebo treatment arms, post-
us pre-cannabis inhalation was examined. P-values <0.01 were
considered significant. Secondary ventilatory parameters
were analysed in a similar manner. However, these analyses
should be considered exploratory.

For the subjective secondary endpoints, sedation, outcome of
the Bond and Lader®? questionnaire, and drug high, we calcu-
lated the mean differences (95% confidence intervals) between
the two treatment arms to detect whether the effect size after the
combination of oxycodone and THC would differ from just THC.
These analyses should be considered exploratory.

Sample size

Because there are no prior data on the interactive effect of
cannabis and oxycodone on isohypercapnic ventilation (Vg55),
we extrapolated the results of an earlier study from our labo-
ratory on the interactive effect of ethanol and oxycodone on
VE55.2° We hypothesised that THC reduces ventilation by 5 (6)
Lmin~! (mean [standard deviation]) post- versus pretreatment
in the two treatment arms. We estimated an effect size of 18
with @=0.05 and 1-p=0.90. To consider any uncertainties
regarding effect size or possible dropouts, we increased the
group size to 20 individuals of either sex.

Results
Study characteristics

After screening 32 volunteers, 25 (mean age: 22 yr [3]; 9 [50%)]
female) were randomised (Fig 1). Inhalation of the cannabis
vapour from the balloon occurred within 5 min (~20 in-
halations), without any adverse events. There was no effect of
oxycodone on plasma concentrations of THC, 11-OH-THC, and
CBD (Fig 2).

Primary outcome

Oxycodone reduced V55 by 30% from baseline (pre-drug) tot=1
h, whereas placebo had no effect on Vg55 (Fig 3a). Based on the
likelihood ratio test (that compares the models with and

without treatment effect), there was a significant difference in
the mean profiles between the two treatment groups (main
effect: P<0.001; Fig 3). No carry-over effect between visits (visit
by treatment interaction) was detected. In both treatment
arms, THC had no effect on Vg55 after the first inhalation (Fig
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Fig 2. Plasma concentrations of (a) THC, (b) 11-OH-THC, (c) CBD,
and (d) oxycodone. In purple, plasma concentrations observed
after oxycodone; in blue, after placebo pretreatment. CBD,
cannabidiol; THC, Ag-tetrahydrocannabinol.
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3a). The first THC inhalation did not increase ventilation after
placebo (from 20.3 [3.1] to 23.8 [2.4] L min~'; P=0.06) or oxyco-
done pretreatment (from 11.8 [2.8] to 13.0 [3.9] L min~}; P=0.83).
After the second THC inhalation (t=4.5 h; Fig 2), no effect of THC
was observed in either treatment group (placebo/THC P=0.94;
oxycodone/THC P=0.99).

Secondary outcomes
Ventilation, gas exchange, and oxygenation

The main effects of oxycodone/THC vs placebo/THC on Vg,
end-tidal Pcoy, and SpO, were consistent with the primary

outcome (Fig. 3b—d). Only oxycodone reduced resting
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ventilation and SpO,, accompanied by an increase in end-tidal
Pcoy (from 4.2 [0.2] to 4.5 [0.2] kPa). The small declines in SpO,
in both groups were deemed clinically insignificant in this
group of healthy, young volunteers.

Sedation

Significant subjective symptoms were observed after placebo/
THC (Fig 4), an effect that was amplified when THC and oxy-
codone were combined. Compared with placebo/THC, the
degree of sedation increased by 30% (from t=1 to t=8 h) and
drug high by 10% (from t=2 to t=4 h) in the oxycodone/THC
treatment arm. Compared with placebo/THC, the energy state
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Fig 3. Influence of two inhalations of THC 22.4 mg at t=1.5 and 4.5 h after ingestion of 20 mg oral oxycodone or placebo at t=0 h on
respiratory variables. Blue symbols depict mean placebo data (sp); purple symbols depict mean oxycodone data (sp). Green symbols depict
the mean differences in the data (oxycodone — placebo) (95% confidence interval; blue shaded area). Arrows indicate the timing of the THC
inhalation. P-values indicate the level of significance of the difference between treatment arms. (a) Vg55, (b) resting ventilation, (c) resting
end-tidal Pco,, and (d) oxygen saturation. sp, standard deviation; THC, A°-tetrahydrocannabinol.
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(energetic vus lethargic) and the state of alertness (alert vs
drowsy) were further reduced in the oxycodone/THC treat-
ment arm by, respectively, 30% (from t=2 to t=6 h) and 40%
(from t=1 to t=8 h). Spontaneously observed or reported
adverse events are given in Table 1.

Discussion

In this randomised crossover study, we found that THC did not
reduce ventilation in healthy volunteers after pretreatment
with placebo or oral oxycodone 20 mg, using HCVR as a sen-
sitive biomarker of drug effect.?* %° The excitatory THC effect
was small, short-lived, variable, and not consistent.

2 10- 3 -
[
S
®
T
]
(]
2
>
012 3 456 7 8
Time (h)
C

VAS alert — drowsy
N

04
+2
+4
012345678
Time (h)

THC is a partial agonist at the CB1 and CB2 receptors, and
both receptors are expressed within brainstem respiratory
pathways, with opposing effects on ventilatory control.>'¢1°
Because THC is the primary component of the Bedrocan vari-
ety, the lack of (consistent) respiratory effects of THC may be
attributable to THC activation of both cannabinoid receptor
systems, whereby the respiratory depressant effect from CB1
receptor activation was counteracted by stimulation from CB2
receptor activation (i.e. a mixed stimulatory—inhibitory THC
effect).’® Another possibility is that the expression of CB re-
ceptors within the human brainstem respiratory circuits is
low, and consequently, their activation was insufficient to
interact with ventilatory control. Our protocol, however, was

VAS drug high
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VAS lethargic — energetic

Fig 4. Influence of two inhalations of 22.4 mg THC at t=1.5 and 4.5 h after ingestion of 20 mg oral oxycodone or placebo at t=0 h on
subjective effects. Blue symbols depict mean placebo data (sp); purple symbols depict mean oxycodone data (sb). Green symbols depict the
mean differences in the data (oxycodone — placebo) (95% confidence interval; blue shaded area). (a) Sedation, (b) drug high, (c) transition
from alert to drowsy, and (d) transition from energetic to lethargic. sp, standard deviation; THC, A°-tetrahydrocannabinol.
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Table 1 Spontaneously reported or observed adverse events.
THC, A°-tetrahydrocannabinol.

Adverse event Placebo/THC, n  Oxycodone/THC, n

Nausea 4 10
Vomiting 1 1
Dizziness 12 15
Lightheadedness 17 17
Vertigo 4 5
Headache 8 4
Somnolence 17 17
Pruritis 1 4
Flushing 2 1
Dry mouth 17 17
Apnoea 1 3
Total 84 94

not designed to explore the underlying mechanism of THC
effect on ventilatory control; hence, we are unable to confirm
these hypothesised mechanisms. Further research, using
specific CB1 and CB2 antagonists, is required to comprehend
our findings and additionally establish the role of partial ago-
nism of THC at the cannabinoid receptor systems.

The human literature is equivocal regarding the effect of
THC on ventilatory control. THC at escalating doses of 5—10
mg produced dose-dependent moderate respiratory depres-
sion with a maximum AVg55 of —6 L min~1.> However, some
subjects also experienced periods of respiratory stimulation.
In another study, 35 mg THC administered by smoking, caused
mild but consistent respiratory depression in experienced
marijuana consumers; the effect declined with continued
marijuana administrations.® In a third study,” 10 mg inhaled
THC increased hypercapnic and hypoxic ventilatory responses
in experienced marijuana smokers. Despite differences in
study protocol, population, dose, administration mode, and
experimental setup, we argue that the differences in outcome
amongst these studies, and our study, are small. We, there-
fore, conclude that the effect of THC on ventilatory control in
healthy humans is limited, and serious respiratory depression
does not occur. However, these experimental data contrast
real-world evidence on synthetic CB1 cannabinoids, which are
widely available and a cheap alternative to natural THC.'*'?
Two reports mention that, after synthetic cannabinoid use,
some individuals needed medical attention because of severe
respiratory depression. Evidently, differences in potency be-
tween natural THC and these synthetic CB1 agonists, under-
lying disease, and simultaneous abuse of other illicit
substances or alcohol are accountable for these exacerbated
effects. A meaningful comparison with the experimental
studies is therefore not realistic.

Animal studies are similarly unclear. In the non-human
primate, THC had a variable effect on resting ventilation
with a modest respiratory depressant effect in non-human
primates.’ In contrast, in spontaneously breathing anaes-
thetised rats, THC produced marked respiratory depression.’
Most other studies used synthetic cannabinoids. Although CB1
agonists were consistently inhibitory,”'"'> CB2 agonists were
without effect.’''® These later findings suggest that THC
might be without effect at the CB2 receptor or only becomes
active when the system is exposed to an opioid.”’"*® Such a
particular effect has also been observed for ketamine and
ampakines.?® These drugs stimulate breathing only when

there is noticeable OIRD. This is possibly related to the fact
that these stimulants act on brain areas that control CO,-
dependent ventilation, the major site of action of opioids, and
not on areas that regulate COj-independent resting
ventilation.**

We found that THC did not further enhance oxycodone-
induced depression of Vg55, neither after the first nor after
the second inhalation. The small excitatory effect present in
the data was again short-lived, variable, inconsistent, and not
significant in the post versus pre comparison pre-test. For
example, THC was unable to improve SpO; levels that were
modestly reduced by oxycodone. Because oxygen saturation is
a measure of gas exchange in the lungs and not of ventilation,
other mechanisms related to ventilatory control may be
involved, such as opioid-induced atelectasis. Our data do
imply that oxycodone was solely responsible for the respira-
tion depression in the oxycodone/THC arm of the study.

In a previous study in healthy male volunteers, who were
all experienced cannabis consumers, Johnstone and col-
leagues® combined increasing i.v. THC doses (2.2—10.7 mg)
with oxymorphone 1 mg kg™! and measured the HCVR. Oxy-
morphone reduced Vg55 by about 10 L min~?, with a further
decrease of 9 L min~?! after adding THC. In contrast, in non-
human primates, THC did not further impair respiratory
depression induced by morphine or fentanyl.’* Although they
did not study THGC, the study from Wiese and colleagues®” is of
interest, as they show that while a brain-penetrant CB1
agonist enhanced OIRD, a peripherally restricted CB1 agonist
attenuated morphine-induced respiratory depression. This
was possibly attributable to an effect at CB1 receptors outside
the CNS, such as in lung tissue and in vagal or glossophar-
yngeal nerves.'® An effect at the carotid bodies, an important
target for reversal of OIRD,*” seems unlikely, as CB1 expression
within the carotid body is low.>® Further studies are needed to
determine whether the results from Wiese and colleagues®®
apply to humans. Possibly receptor-specific differences may
exist between non-human primates and humans. Finally, two
animal studies addressed the effect of synthetic CB2 agonists
on OIRD. The first study'’ showed that a biased CB2 agonist
reduced fentanyl-induced respiratory depression, whereas the
second independent study'® showed that a selective CB2
agonist reversed morphine-induced respiratory depression.
These animal data suggest that our inability to show
enhancement of oxycodone-induced respiratory depression
by THC may be related to a central CB2 effect or a peripheral
CB1 effect, or both (but see also above, where we suggest
absence of involvement of CB receptors in ventilatory control
in humans).”"'® These assumptions are presently purely hy-
pothetical and need further proof. The discrepancy between
our findings and those of Johnstone and colleagues* remains
unexplained but may relate to differences in THC dose, study
population, opioids studied, THC origin, presence of terpenes
in our preparation (i.e. the entire cannabis ‘cocktail’), admin-
istration mode (i.v. vs inhalation), or to other unreported
methodological issues.

THC produced several subjective experiences (Fig 3),
including sedation, reduced alertness and energy state, and
the sensation of drug high. These are well-known effects of
THC and were earlier reported also in pain patients.?’ Of in-
terest is the observation that oxycodone pretreatment had just
arelatively small additive effect on these symptoms; drug high
was least affected by oxycodone (Fig 3b). Our findings show
that subjective effects and changes in ventilatory control are
differentially affected by THC and oxycodone. Although
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oxycodone had an exclusive effect on ventilation, THC had a
dominant (but not exclusive) effect on subjective experiences.
We relate this to the differences in activated brain sites by THC
and oxycodone. It is somewhat unexpected that the increase
in sedation by THC had no effect on ventilation. This may
possibly be related to the excitatory effect of THC at CB2
receptors.

A limitation of our study was that there was no study arm
examining the effect of oxycodone/placebo. The design avoi-
ded exposing our subjects to multiple oxycodone administra-
tions and reduced the likelihood of addictive behaviour.
Although the subjects were screened for illicit opioid abuse
and all stated that they were opioid-naive, some of them were
recreational cannabis users. We and the ethics committee
argued that in such a relatively young adult population, the
restrictive use of potent agents that may induce addictive
behaviour is warranted. Additionally, the oxycodone/THC
group and the post-us pre-test analysis gave sufficient infor-
mation to detect an effect of THC on OIRD.

Another important limitation of the study was that we did
not investigate the addictive properties of the opioid—THC
combination. Because both agents have strong addictive ten-
dencies, it is possible that problems might arise from this
specific combination in terms of abuse, diversion, depen-
dence, and problems with withdrawal. In a recently completed
study, we compared the effect of long-term treatment with
cannabis vs oxycodone vs cannabis combined with oxycodone
on adverse effects, including drug craving, likability, and
withdrawal (unpublished data; ClinicalTrials.gov ID:
NCTO05235503). The first results suggest that, at least in our
well-chosen study population of patients with chronic pain,
no serious adverse effects occurred and abuse or addiction did
not occur. However, in real life where no inclusion or exclu-
sion criteria apply, such problems may indeed arise. Hence,
caution is warranted with the current combination.

In summary, in human volunteers, THC has no significant
effect on ventilatory control after placebo or oxycodone
pretreatment. This suggests that cannabinoid receptors do not
interact with respiratory pathways in the brainstem, or that
CB1 receptor activation is offset by an opposing effect at CB2
receptors.
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