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Abbreviations

AUC, area under the curve; BBB, blood-brain barrier; Bma, radioligand-targetd receptor regional
density; BPnp, non displaceable binding potential;  C-buprenorphine, carbon-11-radiolabeled
buprenorphine; CYP, cytochrome P450; f, respiratory frequency; GABA-R, y-aminobutyric acid-
receptor; Kp, radioligand equilibrium dissociation constant; NOP, nociception opioid receptor; OR,
opioid receptor; PET, positron emission tomography; P-gp, P-glycoprotein; SRTM, simplified reference
tissue model; SUV, standard uptake value; Tg, expiratory time; T, inspiratory time; Tro, total time; VE,

minute ventilation; Vr, tidal volume.
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Editor’s key points

Use of buprenorphine as an analgesic is widely considered to have reduced respiratory depression due

to its ceiling effect on opioid receptors, but fatalites occur when combined with benzodiazepines.

The pharmacological mechanisms involved in the interaction between buprenorhine and diazepam on
respiratory depression in a rat model using arterial blood gas ananlysis, plethysmography, diaphragm

electromyography and buprenorphine binding in brain.

Co-administration of diazepam and buprenorphine induced early-onset sedation and respiratory
depression, while diazepam did not alter buprenorphine binding in brain or its interaction with opioid

receptors.

This in vivo study supports a pharmacodynamic mechanism for the diazepam-buprenorphine interaction

on respiratory depression involving their actions their target receptors.
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Abstract

Background: The safety profile of buprenorphine has encouraged its widespread use. However,
fatalities have been attributed to benzodiazepine/buprenorphine combinations, by poorly understood
mechanisms of toxicity. Mechanistic hypotheses include i) benzodiazepine-mediated increase in brain
buprenorphine  (pharmacokinetic hypothesis); ii) benzodiazepine-mediated potentiation of
buprenorphine interaction with opioid receptors (receptor hypothesis); and iii) combined effects of

buprenorphine and benzodiazepine on respiratory parameters (pharmacodynamic hypothesis).

Methods: We studied the neuro-respiratory effects of buprenorphine (30 mg.kg?, i.p.), diazepam (20
mg.kg?, s.c.) and diazepam/buprenorphine combination in rats using arterial blood gas analysis,
plethysmography and diaphragm electromyography. Pretreatments with various opioid and gamma-
aminobutyric acid-receptor antagonists were tested. Diazepam impact on brain !C-buprenorphine
kinetics and binding to opioid receptors was studied using PET-imaging.

Results: In contrast to diazepam and buprenorphine alone, diazepam/buprenorphine induced early-onset
sedation (P<0.05) and respiratory depression (P<0.01). Diazepam did not alter 1*C-buprenorphine brain
kinetics or binding to opioid receptors. Diazepam/buprenorphine-induced effects on inspiratory time
were additive, driven by buprenorphine (P<0.0001) and were blocked by naloxonazine (P<0.01).
Diazepam/buprenorphine-induced effects on expiratory time were non-additive (P<0.01), different from
buprenorphine-induced effects (P<0.05) and were blocked by flumazenil (P<0.01).
Diazepam/buprenorphine-induced effects on tidal volume were non-additive (P<0.01), different from
diazepam- (P<0.05) and buprenorphine-induced effects (P<0.0001) and were blocked by naloxonazine
(P<0.05) and flumazenil (P<0.05). Compared to buprenorphine, diazepam/buprenorphine decreased

diaphragm contraction amplitude (P<0.05).

Conclusions:  Pharmacodynamic parameters and antagonist pretreatments indicate that
diazepam/buprenorphine-induced respiratory depression results from a pharmacodynamic interaction

between both drugs on ventilatory parameters.

Keywords: benzodiazepine; buprenophine; diazepam; PET imaging; rat; respiratory depression
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Opioid overdose is a major public health concern worldwide representing the first cause of drug-related
death in the US.* Buprenorphine is considered as a partial u-opioid receptor (MOR) agonist with a well-
established safety profile due to ceiling respiratory effects.? High-dose buprenorphine is increasingly
prescribed for maintenance therapy in patients with opioid use disorder to limit the societal impact of
the opioid overdose crisis.> However, fatalities and ventilatory depression episodes have been reported,
especially with benzodiazepine/buprenorphine combination,* > >* suggesting a deleterious drug-drug

interaction of toxicological relevance.

Preclinical studies have confirmed the deleterious role of the benzodiazepine/buprenorphine
combination on ventilation. In rats, neither buprenorphine alone (up to 80% of its lethal dose-50%) nor
benzodiazepines alone induced significant respiratory depression, while their combination did.
However, the underlying toxicodynamic mechanisms remain to be elucidated. Buprenorphine is
extensively metabolized to norbuprenorphine by cytochrome P450 (CYP)3A4. In vivo and in vitro
studies show that benzodiazepines are unlikely to alter the metabolism and plasma disposition of
buprenorphine.* Moreover, brain distribution of norbuprenorphine (but not buprenorphine) is restricted
by P-glycoprotein (P-gp) efflux at the blood-brain barrier (BBB).> ” Norbuprenorphine induced
respiratory depression only in P-gp-deficient mice and did not account for buprenorphine-induced

toxicity when P-gp was fully functional.®

Several hypotheses could explain benzodiazepine/buprenorphine-induced respiratory depression.
These include increased brain distribution of buprenorphine induced by benzodiazepines
(pharmacokinetic hypothesis); benzodiazepine-mediated potentiation of buprenorphine interaction with
MORs (receptor hypothesis); and additive versus non-additive interactions of buprenorphine and

benzodiazepine effects on ventilatory parameters (pharmacodynamic hypothesis).

The following study was designed to investigate the neuropharmacokinetic, receptor binding and
pharmacodynamic components of the diazepam/buprenorphine interaction in vivo. A rat model
mimicking respiratory depression observed after diazepam/buprenorphine co-administration was first
validated. A multimodal in vivo approach including plethysmography, arterial blood gas (ABG)
analysis, diaphragm electromyography and *C-radiolabeled-buprenorphine (*:C-buprenorphine) brain
positron emission tomography (PET)-imaging was performed. Selective y-aminobutyric acid-receptor
(GABA-R) and opioid receptor antagonists were tested to determine the contribution of each receptor

system to the diazepam/buprenorphine interaction leading to respiratory depression.
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Methods
Animals

The study was conducted in accordance with the French legislation and European directives on animal
use in research. Animal data are reported according to ARRIVE guidelines. The protocol was approved
by the local animal ethics committee (P2.BM.128.10 and APAFIS#7466-20-1611-04-1-7049220v2).
We used male Sprague-Dawley rats (Janvier, France) weighing 250-350 g on the experiment day. Rats
were housed in a temperature- and humidity-controlled facility, with 12 h dark-light cycles and free
access to food and water. Surgical procedures were performed using 70 mg.kg* ketamine i.p. and 10
mg.kg* xylazine i.p. PET-imaging experiments were performed under isoflurane anaesthesia (induction,
3% followed by 1.5-2.5% isoflurane in Oz). At the end of the experiment, rats were killed by

asphyxiation in a CO2 chamber. A total of 171 rats was used.
Drug preparation and dosing

Neuro-respiratory effect study: Buprenorphine hydrochloride (Schering-Plough, city, France) and
diazepam (Sigma-Aldrich, city, France) were diluted in Tween®10% (Sigma—Aldrich) to obtain 30 and
20 mg.mltsolutions, respectively. Buprenorphine (30 mg.kg™ i.p.) and diazepam (20 mg.kg* s.c.) were
administered at doses and routes previously shown not to alter ventilation (ABG and plethysmography

parameters) or the level of consciousness in rats if administered separately.®

Imaging experiments: Buprenorphine (Buprecare®, Animalcare, city, UK) was diluted in saline to a 0.15
mg.mltand administered i.v. by the tail vein at a 0.15 mg.kg™. **C-buprenorphine (CEA, city, France)
was synthesized inhouse as described and diluted in saline to obtain 42.7+1.6 MBq in 1 ml volume
(specific radioactivity 76.2+8.2 GBg.umol™).*

Antagonists: Naloxonazine dihydrochloride (u-OR antagonist), nor-binaltorphimine dihydrochloride
(x-OR antagonist), naltrindole dihydrochloride (3-OR antagonist), flumazenil (GABAAa-R antagonist),
and saclofen (GABAG&-R antagonist) were purchased from Sigma—Aldrich. All except flumazenil were
diluted in distilled water to 5 mg.ml* naloxonazine, 3 mg.ml* nor-binaltorphimine, 2.5 mg.ml*
naltrindole and 10 mg.ml* saclofen solutions. Flumazenil was diluted in Tween®10% to obtain a 10
mg.ml solution. Antagonists were administered before diazepam/buprenorphine combinations at times
and doses known to ensure complete antagonism of various opioids and benzodiazepines in the rat, i.e.
10 mg.kg™ naloxonazine i.v. 5 min before, 5 mg.kg* nor-binaltorphimine s.c. 45 min before, 3 mg.kg*
naltrindole s.c. 6 h before, 10 mg.kg™ flumazenil i.p. 20 min before and 11.2 mg.kg* saclofen i.p. 15

min before diazepam/buprenorphine administration.* **-°
Study design

Randomisation was carried out by drawing lots. The experimenters were not blind to the treatments.
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Study 1: Neuro-respiratory effects of diazepam/buprenorphine combination (n=72 rats): For each sub-
study, rats were randomised into four groups (n=6 per group) to receive diazepam or its vehicle
immediately followed by buprenorphine or its vehicle, defining the vehicle/vehicle (control),
diazepam/vehicle (diazepam), vehicle/buprenorphine (buprenorphine) and diazepam/buprenorphine
(treatment) groups. Thereafter, the neurological, ABG (Studyla), plethysmography (Studylb) and
electromyography (Studylc) parameters were studied.

Study 2: Effects of diazepam on **C-buprenorphine brain distribution and receptor binding (n=14 rats):
To validate the cerebellum as reference region, rats were randomised into two groups (n=2 per group)
to receive buprenorphine i.v. (displacement) or saline (control group) 30 min after **C-buprenorphine
administration (study2a). To assess the impact of diazepam on the regional C-buprenorphine
distribution and receptor binding, rats were randomised into two groups (n=5 per group) to receive
diazepam (diazepam/*C-buprenorphine) or its vehicle (control group-vehicle/**C-buprenorphine group)

15 min (peak of respiratory effects) before *C-buprenorphine administration (study2b).

Study 3: Effects of GABA-R and opioid receptor antagonists (n=60 rats): For each antagonist, rats were
randomised into 10 groups (n=6 per group) to receive the antagonist or its vehicle (control groups;
distilled water or Tween®10%, as appropriate) followed by the diazepam/buprenorphine combination.

Thereafter, the neurological, ABG and plethysmography parameters were studied.
Outcome parameters

Neurological parameters: Drug-induced effects on temperature were continuously measured during
plethysmography. Sedation, ataxia and tonus were assessed in four levels (0-3; supplemental material-
1A).'° Neurological parameters were obtained 30, 15 and 5 min before and 5, 10, 15, 30, 60, 120, 180
and 240 min after drug injection.

Arterial blood gas analysis: Arterial catheterization of rats is described in supplemental material-1B.
On the experiment day, the rat was placed in a horizontal Plexiglas cylinder (6.5 cm-internal diameter,
up to 20 cm-adjustable length) (Harvard Apparatus, Inc. Holliston, MA, USA), modified by the addition
of holes at the cephalic end to prevent CO; rebreathing. After a 60 min-period of acclimatization, the
catheter was exteriorized, flushed, and its patency verified. Arterial blood samples (100 ul) were
immediately analysed using Rapidlab®248 (Bayer Diagnostics, city, Germany) 5 min before and, 5, 10,
15, 30, 60, 120, 180 and 240 min after drug injection. Hourly, 200 pL heparinized saline were

administered to avoid catheter clotting and compensate for volume loss.

Plethysmography parameters: Respiratory parameters were recorded in a whole-body plethysmograph
by a barometric method (supplemental material-1C).*" Implantation of transmitters to measure rat body
temperature, measurement modalities and validation procedures are described.'’ Treatment was
administered after a 60 min period of acclimatization. The rat was gently removed for injection and

replaced in the chamber. Respiratory parameters were recorded at 30, 15 and 5 min before and 5, 10,

6
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15, 30, 60, 120, 180 and 240 min after drug injection, each recording lasting ~60 s. Tidal volume (V7),
inspiratory time (T\) and expiratory time (Te) were measured. Total time (Tro=Ti+Tg), respiratory
frequency (f=1/T+o) and minute ventilation (Ve=V1*f) were calculated.

Diaphragm electromyography: Electromyography signals represent electrical expression of
neuromuscular stimulation resulting in muscle contraction. Electromyography measures the
spontaneous electrical potential difference between two sites in a muscle, corresponding to a single
motor unit action potential.*® Five days before the experiment, the rat peritoneal cavity was surgically
opened under ketamine/xylazine (?) anaesthesia and two insulated multi-stranded stainless-steel wires
were fixed on the costal diaphragm using biological glue (3M®).* Wires were connected to a telemetry
transmitter (DSI, city, France) implanted in the peritoneal cavity (as described above). On the
experiment day, the rat was placed in a cage upon the telemetry platform (DSI). Signals were recorded
continuously during a 60 min acclimatization period. The rat was gently removed for injection and
replaced in the chamber. Signals were then recorded for 240 min. The demodulated electrical signal was
high-pass filtered at 100 Hz to eliminate electrocardiogram interferences, rectified to get only positive
values (half-wave rectification), smoothed using a low-pass filter to obtain an envelope equivalent to
the modulating signal (Dataquest-A.R.T.4.3™, DSI), and converted into digital data. We analysed 6 s
segments at 30, 15 and 5 min before and 5, 10, 15, 30, 60, 120, 180 and 240 min after drug injection.
To calculate the amplitude of diaphragm contraction, we calculated for each respiratory cycle the
difference in amplitude between the highest value at the peak of the curve and the lowest value preceding
this peak (Excel®, Microsoft, Redmond, WA, USA).

11C-buprenorphine PET-imaging: PET-imaging was conducted using an Inveon® microPET-scanner
(Siemens, city, Germany). After catheterizing the tail caudal vein, the rat was placed into the scanner
with its head in the center of the field of view. Dynamic PET acquisition started at the time of i.v. 1!C-
buprenorphine injection. First, displacement experiments were performed to characterize 'C-
buprenorphine specific (displaceable) binding to brain regions and assess the reliability of the
cerebellum as a reference region (devoid of specific binding) in rats.”> Then, impact of diazepam
exposure on brain distribution and receptor binding of !C-buprenorphine was investigated in vivo (90
min-PET acquisition). PET data reconstruction is described in supplemental material-1D. Time activity
curves were generated from dynamic PET images in selected brain regions predefined in the template.
Radioactivity concentration in each region was normalised by the injected dose and animal weight and
expressed as standard uptake value (SUV, unitless). Brain exposure to 1*C-buprenorphine was estimated
using the area under the curve (AUC) of the time-activity curve from 0 to 90 min. Pharmacokinetic
modelling using the simplified reference tissue model (SRTM) with the cerebellum as a reference region
was performed to estimate C-buprenorphine binding potential to selected brain regions
(BPno=Bmax/Kp, Where Bmax represents the regional receptor density and Kp, the radioligand equilibrium

dissociation constant).
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Statistical Analysis

Sample size was set based on previous studies using similar methodology and outcome.** ** The analysis
was not blind to treatments and measurements. No animal having fully completed the experiments was
excluded. Results were expressed as mean (SEM). For all parameters, TO was the mean of the baseline
measurements (30, 15 and 5 min before drug administration) collected during the acclimatization period
when animals were awake and at rest. For each parameter and at each time, the measured value was
corrected with its corresponding baseline value. To analyse the effects of time (up to 240 min) and
treatments on each parameter and for each animal, we performed a two-way analysis of variance
(ANOVA) followed by multiple comparison tests with Bonferroni's correction. AUCs were calculated
using the trapezoid method to analyse the global effect of each drug on each parameter and in each
animal during the first 60 min after administration. The distribution normality was tested using Shapiro-
Wilk tests. AUCs were compared using Student t-tests, Mann-Whitney tests, one-way ANOVA
followed by multiple comparison tests with Bonferroni's correction or Kruskal-Wallis tests followed by
multiple comparison tests with Dunn’s tests, as appropriate. In the PET-imaging study, we compared
the BPnp using Student t-tests. To study diazepam/buprenorphine interaction on each parameter, we
built a 2x2 (diazepam or not x buprenorphine or not) table of AUCs and performed a two-way
ANOVA ?? Tests were performed using Prism-v9.0 (GraphPad Software, Inc., San Diego, CA, USA).

P <0.05 was deemed statistcally significant.

Results

Studyl: Neuro-respiratory effects of diazepam/buprenorphine combination

Neurological temperature findings. The diazepam/buprenorphine combination deepened sedation
(P<0.05), decreased tonus (P<0.001) and increased ataxia compared with other groups (P<0.001;
Tablel). Effects of diazepam/buprenorphine started from 5 min after injection and peaked at 30 min for
hypotonia and at 60 min for sedation and ataxia (Supplemental material-2). Diazepam/buprenorphine
interaction was additive for tonus (related to both diazepam and buprenorphine, P<0.0001) but not for
sedation or ataxia (P<0.01). Diazepam/buprenorphine decreased body temperature compared with
buprenorphine (P<0.01). In all groups, decreased in temperature was observed over the 240 min, starting
from 5, 10, 15 and 180 min for the diazepam/buprenorphine, diazepam, control and buprenorphine

groups, respectively. Diazepam/buprenorphine interaction on temperature was not additive (P<0.05).

ABG analysis. Diazepam/buprenorphine decreased arterial pH (P<0.001) and increased PaCO;
compared with other groups (P<0.05; Table 1). Diazepam/buprenorphine decreased PaO, compared
with the control (P<0.05) and diazepam groups (P<0.01). An increase in PaO, was observed in the
diazepam versus buprenorphine group (P<0.05). Effects of diazepam/buprenorphine started 5 min after

injection, peaked at 15 min but were no longer significant after 30 min (Figl). Diazepam/buprenorphine
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interaction was additive for PaO. (mostly related to buprenorphine, P<0.001) but not for pH (P<0.001)
or PaCO; (P<0.05). No significant difference in bicarbonate concentrations was observed.

Plethysmography. Increases in T, were observed in the buprenorphine and diazepam/buprenorphine
groups compared with the control or diazepam groups (P<0.01 and P<0.0001, respectively; Tablel).
Decreases in Te was observed in all groups compared to the control group (P<0.05), with more marked
decreases in the buprenorphine versus diazepam (P<0.01) and diazepam/buprenorphine groups
(P<0.05). Diazepam/buprenorphine decreased f (P<0.05), Trot (P<0.05), V1 (P<0.05), and Ve (P<0.01)
compared with other groups (Table 1). An increase in f and Ti: Was observed in the diazepam/vehicle
versus control group (P<0.05). Effects of diazepam/buprenorphine on Ve started 5 min after injection,
peaked at 15 min and was no longer significant after 30 min (Supplemental material-4). The
diazepam/buprenorphine interaction was additive for T, (mostly related to buprenorphine, P<0.0001)
but not for Te (P<0.001), f (P<0.0001), Vi (P<0.01) and Ve (P<0.001).

Diaphragm electromyographyDiaphragm contraction amplitude was increased in the buprenorphine
versus diazepam (P<0.05) and diazepam/buprenorphine groups (P<0.01; Fig 2; Supplemental material-

5). The diazepam/buprenorphine interaction was additive (mostly related to diazepam, P<0.001).
Study 2: Effects of diazepam on *C-buprenorphine brain exposure and receptor binding

Compared with baseline C-buprenorphine brain kinetics, injection of unlabelled buprenorphine
induced a pronounced displacement of radioactivity from opioid receptor-rich regions such as the
striatum (Fig 3A-C). This unveiled the specific binding of *'C-buprenorphine to receptors in this region
(Fig 3B). Such displacement was not observed in the cerebellum, devoid of p-opioid receptor in rats.
Diazepam pretreatment did not increase !C-buprenorphine delivery to any tested brain region including
the cerebellum and striatum (Fig 3C). Diazepam did not induce changes in *:C-BUP BPyp in any brain
region (Fig 3C).

Study 3: Effects of GABA receptor and opioid receptor antagonists

Flumazenil reduced diazepam/buprenorphine-induced sedation (P<0.05) and hypotonia (P<0.01, Table
2). Flumazenil and nor-binaltorphimine reduced diazepam/buprenorphine-induced hypothermia
(P<0.05). Flumazenil and naloxonazine limited diazepam/buprenorphine-related effects on pH (P<0.05)
and PaCO, (P<0.05). Naltrindole, nor-binaltorphimine and saclofen did not impact
diazepam/buprenorphine-related effects on ABG parameters. Flumazenil and naloxonazine reduced
diazepam/buprenorphine-related effects on Ve (P<0.01). Flumazenil reduced diazepam/buprenorphine-
related effects of on Te (P<0.01), f (P<0.01) and Vr (P<0.05). Naloxonazine reduced
diazepam/buprenorphine-related effects on T, (P<0.01), f (P<0.01) and Vr (P<0.05). Saclofen,
naltrindole and nor-binaltorphimine did not reduce diazepam/buprenorphine-related effects on

plethysmography parameters.
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Discussion

Compared with each drug administered alone, the diazepam/buprenorphine combination caused marked
respiratory depression in the rat, which results from a pharmacodynamic interaction and involves both
p-opioid receptors and GABAAa-receptors. Our in vivo PET data do not support diazepam-mediated
impact on brain exposure (pharmacokinetic hypothesis) or binding of buprenorphine to p-opioid

receptorss (receptor hypothesis).

Compared to humans, higher doses of diazepam and buprenorphine are needed to exert CNS and
respiratory effects in rodents.? The selected doses of buprenorphine and diazepam we used were shown
not to induce repiratory depression or affect consciousness when separately administered in rats, thus
mimicking nontoxic conditions in humans.® *° Our results show that both the increase in T, induced by
buprenorphine alone and the limited decrease in Vy induced by diazepam alone were counteracted by a
decrease in Te. Consequently, we observed no change in f with buprenorphine and an increase in f with
diazepam compared to the control. Ve and arterial blood gas homeostasis were preserved when
administrating each individual drug. Conversely, the diazepam/buprenorphine combination decreased
Vr and f, resulting in a decrease in Vg, respiratory acidosis and hypoxaemia. Compared with previous
studies, differences in intensity and duration of the observed respiratory effects could be attributed to

differences in drug regimens, administration routes and specific benzodiazepines.® ** 162428

Clarification of the mechanisms involved in the interaction between diazepam and buprenorphine is
needed. A previous microdialysis study showed that the highly potent benzodiazepine flunitrazepam did
not increase buprenorphine concentrations in the rat striatum, although this region is not directly
involved in the control of ventilatory function.?® Our !C-buprenorphine PET imaging showed that
diazepam, administered at the dose used to study ventilation, did not alter exposure to buprenorphine in
whole brain including regions directly involved in ventilatory control. Brain penetration of the
radiometabolite *C-desmethyl-buprenorphine (*}C-norbuprenorphine) is negligible compared with its
parent (unmetabolised) compound.® Moreover, benzodiazepines such as diazepam are unlikely to inhibit
P-gp function at the BBB.? Thus, brain PET signals associated with *C-buprenorphine injection
reflected buprenorphine concentrations in brain, suggesting that high-dose diazepam unlikely alters
buprenorphine transport across the BBB (pharmacokinetic hypothesis).

11C-Buprenorphine binding to brain regions was shown to predominantly reflect its interaction with
p-opioid receptors rather than other opioid receptor subtypes.’® We showed the lack of specific
(displaceable) binding of !C-buprenorphine in the rat cerebellum. Pharmacokinetic modeling using the
cerebellum as reference region showed that diazepam did not alter specific binding of *'C-buprenorphine
to p-opioid receptors. Previous ex vivo studies reported that various benzodiazepines and analogues are
able to modulate down-regulation of p-opioid receptors, observed 24 h after buprenorphine
administration in rats.>® ** Our in vivo PET-study directly estimated **C-buprenorphine binding (BPnp)

15 min after diazepam administration (i.e. at the peak diazepam/buprenorphine-induced respiratory

10



g A W N -

© 0 N o

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36

effects), thus mimicking what occurs in poisoning. Isoflurane anaesthesia might have impacted the
neuropharmacokinetics and binding parameters of *'C-buprenorphine. However, experimental
conditions were the same in diazepam- and vehicle-treated rats, and our results do not support the
hypothesis of diazepam-induced changes in buprenorphine binding at opioid receptors in vivo (receptor
hypothesis).

We also addressed the hypothesis suggesting that respiratory depression might result from the
combination of the pharmacodynamic effects of diazepam and buprenorphine on ventilation
(pharmacodynamic hypothesis). The diazepam/buprenorphine combination decreased f, in relation to
the combination of buprenorphine-related effects on T, and diazepam-related effects on Te. Diazepam
alone showed no significant effects on T, while the specific p-opioid receptor antagonist naloxonazine
prevented diazepam/buprenorphine-induced increase in T,. Diazepam, buprenorphine and their
combination decreased Te but to a greater extent than buprenorphine, while the decrease in Te observed
with diazepam/buprenorphine did not differ from that observed with diazepam alone. Our results suggest
that the ceiling effect of buprenorphine alone on f is due to a compensatory decrease in Te, Diazepam
appears to block this compensatory mechanism, thus precipitating respiratory depression. The GABAa-
R antagonist flumazenil consistently prevented the diazepam/buprenorphine-induced decrease in Te.
Interestingly, mechanisms of diazepam/buprenorphine toxicity differ from the toxicodynamic profiles

of other p-opioid receptor agonists, which typically involve an increase in both T, and Te .*

Both f and T\/Te partition are generated by anatomical structures located in the brainstem.*? This
includes a coupling of inspiration/expiration oscillators (the pre-Botzinger complex and retro-
trapezoid/parafacial respiratory groups, respectively) modulated by pons structures (the Kolliker-Fuse
nucleus, parabrachial complex and locus coeruleus which control the inspiration/expiration transition or
post-inspiratory phase), and peripheral/central chemoreceptors.® Opioid receptor and GABAa-R
systems are co-expressed in these structures.*®* Opioids and benzodiazepines suppress baseline
inspiratory neuronal activity and alter the central inspiratory off-switch mechanism, which controls the
duration of inspiration and transition to expiration, respectively.’” 3 Moreover, they reduce the
chemoreceptor response to hypoxia and hypercapnia.®*® It may therefore be hypothesized that
simultaneous binding of diazepam and buprenorphine to their respective CNS targets alters respiratory
times and triggers the deleterious benzodiazepine/buprenorphine interaction. However, it cannot be
excluded that other effects such as changes in body temperature or sedation, which are not directly
related to respiratory centres, may also account for the respiratory depression induced by the

diazepam/buprenorphine combination.

Diazepam/buprenorphine-induced respiratory depression might also result from the combined effects
of each individual drug on respiratory muscle activity. Both opioids and benzodiazepines induce upper-
airway obstruction by oropharyngeal muscle relaxation.* Opioids also increase intercostal muscle

rigidity, decreasing chest compliance.*® In response to upper-airway obstruction and opioid-induced
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decrease in chest compliance, diaphragm contraction amplitude is not altered.*® This is consistent with
our results showing that buprenorphine increases diaphragm contraction with no impact on Vr.
Conversely, benzodiazepines-elicited upper-airway compensatory mechanisms are characterized by an
increase in inspiratory intercostal and expiratory abdominal muscle activities whereas diaphragmatic
contribution is reduced.*” We show that diazepam induced a slight decrease in diaphragm contraction
but did not decrease V1. The decrease in V1 observed with the diazepam/buprenorphine combination
may thus result from worsening upper-airway obstruction in the presence of both drugs associated with
a loss of the respective compensatory mechanisms involved when buprenorphine and diazepam are
administered alone. In our study, diazepam/buprenorphine decreased diaphragm contraction amplitude
in comparison to buprenorphine or diazepam alone. Buprenorphine possibly induced chest rigidity and
altered the compensatory activity of accessory respiratory muscles required to counteract the diazepam-
induced decrease in diaphragm contraction amplitude. These hypotheses are supported by the reversion

of diazepam/buprenorphine-induced decrease in V1 using flumazenil or naloxonazine.

We assessed the impact of different pre-treatments on diazepam/buprenorphine-induced respiratory
depression. Naloxonazine and flumazenil prevented the decrease in Vg, while saclofen did not, although
GABAG&-R expression on human airway smooth muscle cells and contributions to central control of
ventilation have been reported.*® Our previous work using PET imaging in rats showed that the selected
dose of the irreversible and pi-opioid receptor-specific antagonist naloxonazine® blocked binding of *'C-
buprenorphine to neuroreceptors, while the 6-opioid receptor antagonist naltrindole and the «-opioid
receptor antagonist nor-binaltorphimine did not.*®> Naltrindole had no effects on arterial blood gas and
respiratory parameters, although the contribution of p/d-opioid receptor heterodimerization remains to
be investigated.*® The role of «-opioid receptors in ventilation is also limited and complex. Nevertheless,
our study confirms the absense of antagonism of buprenorphine-attributed effects by the «- pioid
receptor antagonist nor-binaltorphimine.** Altogether, our approach using selected receptor-specific
antagonists suggests that diazepam/buprenorphine-induced toxicity predominantly depends on p-opioid
receptors and GABAa-receptors, rather than of &/kx-opioid or GABAg-receptors. Buprenorphine is also
an agonist of nociception-related opioid (NOP) receptors, but their contribution to the respiratory
depression induced by the diazepam/buprenorphine combination remains to be investigated. NOP
receptor agonists were shown to protect against repiratory depression induced by stimulation of p-opioid
receptors using full agonists.** However, to the best of our knowledge, benzodiazepines have not been
reported as NOP receptor antagonists. Moreover, the change in respiratory times observed with the
diazepam/buprenophine combination did not ressemble that of p-opioid receptor agonists. Altogether,
these data do not support a role for NOP receptors in mediating the deleterious diazepam/buprenorphine

interaction.

Naloxone is poorly effective at reversing buprenorphine overdose.” This was assumed to result from

the slow dissociation rate of buprenorphine from opioid receptors, as confirmed using !C-
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buprenorphine binding in monkeys, together with the fast plasma clearance of naloxone.'>
Surprisingly, flumazenil was shown to improve consciousness and bradypnea in most buprenorphine-
poisoned patients when benzodiazepines were known as co-ingestants.® This observation is consistent
with our findings supporting flumazenil use as second-line antidote in patients presenting with opioid-
like overdose not reversed by naloxone, in the absence of contra-indications.

Conclusions

Our multimodal in vivo study supports a pharmacodynamic hypothesis that diazepam/buprenorphine-
induced respiratory depression results from their combined effects on ventilation related to actions on
GABAA and p-opioid receptors.
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Figure legends

Fig 1. Effects of vehicle/vehicle (white), diazepam/vehicle (green), vehicle/buprenorphine (blue) or
diazepam/buprenorphine (red) on the time-course of arterial pH (1A), PaO- (1B), PaCO; (1C) and
bicarbonate (1D). Each group consisted of 6 rats. Values represent mean (SEM). Comparisons were
performed using two-way ANOVA followed by multiple comparison tests using Bonferroni's
correction. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.001.

Fig 2. Typical diaphragm electromyogram obtained at 15 min post-injection (2A) and effects of
vehicle/vehicle  (white), diazepam/vehicle (green), vehicle/buprenorphine (blue) or
diazepam/buprenorphine (red) on diaphragmatic amplitude contraction (2B). Each group
consisted of 6 rats. Values represent mean (SEM) of the area under the curve (AUC) of each parameter
between the time of injection and 60 min post-injection. Comparisons were performed using one-way
ANOVA followed by multiple tests using Bonferroni’s correction. *P<0.05, **P<0.01,***P<0.001 and
****P<(0.0001.

Fig 3. 1C-buprenorphine PET images obtained without (left) or with (right) pre-treatment with
diazepam 15 min before (3A). *C- buprenorphine time activity curves in cerebellum and striatum
obtained without (control group, white circles) or with buprenorphine (displacement group, black
squares) administered 20 min after the beginning of PET acquisition (3B). Each group consisted of
2 rats. Results are expressed as mean (SEM). Effects of diazepam on C-buprenorphine binding in
selected brain regions in rats receiving baseline *C-buprenorphine followed 15 min later by Tween®
10% (vehicle/**C-buprenorphine, blue) or diazepam (diazepam/**C-buprenorphine group, red) (3C).
Each group consisted of 5 rats. Results are expressed as mean (SEM). (SUV, standard uptake value).
Comparisons were performed using Student t-tests.

Fig 4. Hypotheses of pharmacodynamic interaction between diazepam and buprenorphine
causing respiratory depression. (4A) Diazepam induces a decrease in Te resulting in an increase in f;
this observation probably corresponds to a deleterious mechanism on respiration rather than a protective
adaptation mechanism.®* Diazepam induces a limited but not significant decrease in Vr possibly related
to the trend toward decreased diaphragmatic contraction observed with diazepam (but not significant
compared to control) and to possible diazepam-induced upper airway obstruction.® These deleterious
effects of diazepam are possibly counteracted in part by an increase in the contractility of accessory
respiratory muscles.®” Taken together, no change in Ve is observed. (4B) Buprenorphine induces a
significant increase in T, counteracted by a decrease in Te resulting in no change in f. Although not
significant in comparison to control, buprenorphine tends to increase diaphragm contraction without
change in Vr, possibly to counteract buprenorphine-induced upper airway obstruction and rib cage
rigidity.*>=¢ (4C) When diazepam and buprenorphine are co-administered, the effects of diazepam and
buprenorphine are dominant on Teand T,, respectively, resulting in a decrease in f. When diazepam and
buprenorphine are co-administered, each drug prevents the respective mechanisms of adaptation to the
deleterious effects of each drug on Vr: the effect of diazepam on diaphragmatic contractility overrides
the diaphragmatic adaptation observed with buprenorphine; the effect of buprenorphine on accessory
respiratory muscle tone possibly prevents their contraction reported after benzodiazepine exposure.® To
these phenomena may be added a summation or synergy of the effects of the two drugs on the patency
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1  of the upper airways. Taken together, all these mechanisms result in a decrease of Ve and thus to the
2  onset of respiratory depression.
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Table

Table 1 Effects of vehicle/vehicle, diazepam/vehicle, vehicle/buprenorphine and
diazepam/buprenorphine on clinical findings, arterial blood gases and plethysmography
parameters.

Each group consisted of 6 rats. We compared the area under the curve (AUC) of each parameter between
the time of injection and 60 min post-injection. Comparisons were performed using one-way ANOVA
followed by multiple tests using Bonferroni’s correction with the exception of temperature and sedation
that were compared using Kruskal-Wallis tests followed by multiple comparison tests with Dunn’s test.
Tord P<0.05 TTordd P<0.01, 177 or LI P <0.001, « not significant. The direction of the arrow
corresponds to the trend of the observed difference: increase T, decrease . Graphical representations
of these comparisons can be found in supplemental material-3.

PaCO., arterial partial pressure of CO,; PaO, arterial partial pressure of Oy; T, inspiratory time; Tg,
expiratory time; Tro, total time; f, respiratory rate; Vr, tidal volume; Ve, minute volume

Table 2 Effects of y-aminobutyric acid (GABA) receptor antagonists (flumazenil and saclofen) and
opioid receptor antagonists (naloxonazine, naltrindole and nor-binaltorphimine) on
diazepam/buprenorphine combination-induced neuro-respiratory effects in the rat.

Each group consisted of 6 rats. We compared the area under the curve (AUC) of each parameter between
the time of injection and 60min post-injection. Each pre-treatment was compared to its respective control
using Student t-tests or Mann-Withney tests as appropriate. T or { P <0.05, 71 or {4 P <0.01, 71
or 44 P < 0.001, « not significant. The direction of the arrow corresponds to the trend of the observed
difference: increase T, decrease .

FMZ, flumazenil; SAC, saclofen; NLZ, naloxonazine; NTI, naltrindole; NBNI, nor-binaltorphimine;
PaCO., arterial partial pressure of CO,; PaO, arterial partial pressure of Oy; T, inspiratory time; Tg,
expiratory time; Tro, total time; f, respiratory rate; Vr, tidal volume; Vg, minute volume
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Raw EMG (mV) trace EMG trace after highpass filtering (100 Hz),
highpass filtered at 100 Hz half-wave rectification, lowpass filtering (3Hz)

to remove the cardiac signal and normalisation to the baseline
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tP<0.05,11P<0.01,111P<0.001,P>0.05

ABG, arterial blood gas; FMZ, flumazenil; SAC, saclofen; NLZ, naloxonazine; NTI, naltrindole; NBNI, nor-binaltorphimine; PaCO,, arterial partial pressure
of CO»; Pa0O,, arterial partial pressure of Oo; 71, inspiratory time; T, expiratory time; 77y, total time; f, respiratory rate; Vr, tidal volume; Ve, minute volume.



Table 2:

GABA receptor Opioid receptor
antagonists antagonists
FMZ SAC NLZ NTI NBNI
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TP <0.05,11P<0.01,111P<0.001,P>0.05

ABG, arterial blood gas; FMZ, flumazenil; SAC, saclofen; NLZ, naloxonazine; NTI, naltrindole; NBNI,
nor-binaltorphimine; PaCO», arterial partial pressure of CO,; PaO,, arterial partial pressure of O»; Tj,
inspiratory time; Tg, expiratory time; 7., total time; f, respiratory rate; Vr, tidal volume; Vi, minute
volume.





