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Abstract

Background: We hypothesised that Calabadion 1, an acyclic cucurbit[n]uril molecular container, reverses fentanyl-

induced respiratory depression and dysfunction of the CNS.

Methods: Experiments were conducted in male Sprague-Dawley rats. A constant-rate i.v. infusion of fentanyl (12.5 or 25

mg kg�1 over 15 min) was administered followed by an i.v. bolus of Calabadion 1 (0.5e200 mg kg�1) or placebo. The pri-

mary outcome was reversal of ventilatory and respiratory depression, assessed by pneumotachography and arterial

blood gas analysis, respectively. Key secondary outcomes were effects on fentanyl-induced central nervous dysfunction

quantified by righting reflex, balance beam test, and electromyography (EMG).

Results: Calabadion 1 reversed fentanyl-induced respiratory depression across the endpoints minute ventilation, pH, and

PaCO2 (P¼0.001). Compared with placebo, Calabadion 1 dose dependently (P for trend <0.001) reversed fentanyl-induced

hypoventilation {81.9 [5.1] (mean [standard error of the mean]) vs 45.5 [12.4] ml min�1; P<0.001}, acidosis (pH 7.43 [0.01] vs

7.28 [0.04]; P¼0.005), and hypercarbia (PaCO2 43.4 [1.6] vs 63.4 [8.1] mm Hg; P¼0.018). The effective Calabadion 1 doses

required to reverse respiratory depression by 50% and 90% (ED50Res and ED90Res) were 1.7 and 15.6 mg kg�1, respectively.

Higher effective doses were needed for recovery of righting reflex (ED50CNS: 9.6 mg kg�1; ED90CNS: 86.1 mg kg�1), which

was accelerated by Calabadion 1 (4.6 [0.3] vs 9.0 [0.7] min; P<0.001). Calabadion 1 also significantly accelerated recovery of

full functional mobility and reversal of muscle rigidity.

Conclusions: Calabadion1 selectivelyanddosedependently reversed the respiratory systemandCNSside-effects of fentanyl.
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Editor’s key points

� Fentanyl increases the risk of postoperative respi-

ratory depression, sedation, and muscle rigidity,

adverse effects that can increase postoperative

morbidity.

� In a rat model, Calabadion 1 reversed ventilatory and

respiratory depression and central nervous dysfunc-

tion in a selective and dose-dependent manner.

� Clinical studies are required to evaluate Calabadion 1

as a potential reversal agent in the perioperative

setting to enhance anaesthesia recovery and patient

safety.

� Lower effective doses of calabadion 1 were required for

recovery of breathing compared with functional

mobility.

� Calabadion 1 binds and inactivates fentanyl, and in-

creases its renal elimination.
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Fentanyl is one of the most frequently administered intra-

operative opioids. High intraoperative doses of fentanyl in-

crease the risk of postoperative respiratory depression,

sedation, and muscle rigidity.1e4 These adverse effects of

fentanyl on the respiratory system and CNS can, in part,

explain the increased vulnerability for unplanned hospital

admission associated with high doses of fentanyl, particularly

after ambulatory surgery.5,6 Synthetic opioids, including fen-

tanyl, are also now the most common drugs involved in drug

overdose deaths in the USA.7

Whilst opioid receptor antagonists, such as naloxone, are

available clinically, they lack specificity for fentanyl and may

interfere with postoperative analgesic therapy. Calabadion 1,

an acyclic cucurbit[n]uril, binds strongly and selectively to a

variety of hydrophobic ammonium cations, including

fentanyl,8e10 thereby providing an opportunity to overcome

disadvantages of the current clinical practice of opioid

reversal by eliminating bioactive fentanyl from the plasma

as opposed to pharmacological antagonism. Other members

of this molecular container family have shown effectiveness

in reversing the effects of neuromuscular blocking agents,

methamphetamine, and i.v. anaesthetics.11e13

We hypothesised that Calabadion 1 specifically reverses

the respiratory system and CNS side-effects of fentanyl. We

tested whether Calabadion 1 reverses fentanyl-induced res-

piratory depression (primary outcome) and central nervous

effects, such as impairment of CNS function (key secondary

outcome) and muscle rigidity, in a rat model.
Methods

Drugs

Calabadion 1 was synthesised in LI’s laboratory (University

of Maryland, College Park, MD, USA), as described.9 Fen-

tanyl (Hospira, Inc., Lake Forest, IL, USA), sufentanil (Hos-

pira, Inc.), morphine (McKesson Medical-Surgical, San

Francisco, CA, USA), hydromorphone (Fresenius Kabi USA,

Lake Zurich, IL, USA), pethidine (Hospira, Inc.), isoflurane

(Patterson McKesson Medical-Surgical, San Francisco, CA,

USA), and naloxone (Hospira, Inc.) were obtained from

clinical suppliers.
Animals

All experiments were performed in male Sprague-Dawley rats

with an initial weight of approximately 300 g in accordance

with the Institutional Animal Care and Use Committee, Sub-

committee on Research Animal Care atMassachusetts General

Hospital (Boston, MA, USA) (study protocol: 2011N00181; see

Supplementary Tables S1 and S2 for an overview of all per-

formed experiments and full specification of utilised in-

struments). All experiments were performed in a randomised,

placebo-controlled setting.
General experimental setup

After induction of general anaesthesia with 5 vol% iso-

flurane, an i.v. line was placed as described.12e14 Body tem-

perature was maintained between 36.8 and 37�C using a

rectal thermistor and a heat lamp. In experiments with

anaesthetised rats, isoflurane anaesthesia (1.5 vol%) was

maintained throughout experiments whilst animals were

breathing spontaneously on room air. In experiments with

conscious animals, rats were allowed sufficient time to

recover from isoflurane anaesthesia before experiments

(Supplementary section 1 and Table S1).
Primary outcome: reversal of fentanyl-induced
respiratory depression

Effects on minute ventilation

The effects of Calabadion 1 on reversal of fentanyl-induced

hypopnoea were measured using pneumotachography in six

isoflurane-anaesthetised rats in a randomised crossover

setting.15,16 The dead space of the respiratory circuit was

equivalent to the anatomical dead space (0.3 ml). After baseline

measurements, fentanyl was infused i.v. at a constant rate of

0.83 mg kg�1 min�1. After 15 min of fentanyl infusion, a bolus of

Calabadion 1 (0.5, 1, 10, or 50mg kg�1 dissolved in saline 1ml) or

placebo (saline 1ml)was administered i.v.whilst the infusion of

fentanyl was continued for 5 min (Supplementary section 2.1).
Effects on pH and PaCO2

Arterial blood gas analyses were performed in isoflurane-

anaesthetised (n¼6) and conscious (n¼6) rats in a rando-

mised crossover setting. After baseline measurements, fen-

tanyl was infused i.v. at a constant rate of 0.83 mg kg�1 min�1

(anaesthetised rats) or 1.67 mg kg�1 min�1 (conscious rats). A

bolus of Calabadion 1 (anaesthetised rats: 50 mg kg�1;

conscious rats: 100 or 200 mg kg�1) or placebo was adminis-

tered 15 min after initiation of the fentanyl infusion. The ef-

fects of Calabadion 1 on arterial pH and arterial partial

pressure of carbon dioxide (PaCO2) were measured before fen-

tanyl infusion, 15 min after the start of the infusion, and 5 and

15 min after Calabadion 1 or placebo administration. Fentanyl

infusions were continued for the duration of the experiment

(Supplementary section 2.2).
Secondary outcomes: effects on fentanyl-induced CNS
dysfunction

Acceleration of post-anaesthesia motor recovery and
recovery of functional mobility (key secondary outcome)

We examined the effects of Calabadion 1 on motor recovery

and recovery of full functional mobility after isoflurane/
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fentanyl anaesthesia by means of righting reflex and balance

beam tests, respectively.12,17 For righting reflex assessment,

fentanyl was infused for 15 min (0.83 mg kg�1 min�1) under

isoflurane anaesthesia. In a randomised crossover setting, six

rats subsequently received either an i.v. bolus of Calabadion 1

(5, 10, or 50 mg kg�1) or placebo, followed by extubation in

supine position and termination of isoflurane delivery and

fentanyl infusion. Time to recovery of righting reflex was

defined as the time between extubation and recovery to

standing or sternal recumbent position. Additionally, we

examined the effect of Calabadion 1 (50 mg kg�1) or placebo on

recovery from isoflurane-only anaesthesia without fentanyl in

six rats to examine potential reversal effects of the study drug

on isoflurane (Supplementary section 3.1). To assess the time

to complete recovery of motor performance by the balance

beam test, fentanyl was infused for 15min (0.83 mg kg�1 min�1)

followed by a Calabadion 1 (50 mg kg�1; n¼6) or placebo (n¼6)

bolus. After recovery of righting reflex, rats were placed on a

balance beam every 1.5 min to evaluate functional mobility

using a score ranging from 0 (none) to 3 (best).17 We repeated

the experiment after isoflurane-only anaesthesia (n¼6)

without administration of fentanyl or study drug

(Supplementary section 3.2).
Reversal of muscle rigidity

The effects of Calabadion 1 on fentanyl-induced muscle rigid-

ity were evaluated using EMG measurements of the gastroc-

nemius muscle, as described.18 Fentanyl was infused i.v. at a

constant rate of 1.67 mg kg�1 min�1 in conscious rats. After 15

min of fentanyl infusion, a bolus of Calabadion 1 (100 mg kg�1;

n¼6) or placebo (n¼6) was administered i.v. whilst fentanyl

infusionwas continued for 5min at the same infusion rate. The

magnitude of EMG activity was quantified by calculating the

root mean square (RMS) value, a marker of the number of

recruited active motor units (Supplementary section 3.3).19
Exploratory analyses

In exploratory analyses, we assessed the effects of Calabadion

1 on respiratory depression induced by other opioids used for

postoperative pain management (Supplementary section 4.1),

and depth of sedation (Supplementary section 4.2). Addition-

ally, we report the preliminary findings of the effect of Cala-

badion 1 on the renal excretion of fentanyl (Supplementary

section 4.3).
Statistical analyses

Descriptive data are reported as mean (standard error of the

mean); change rates are reportedwith 95% confidence intervals.

Using a two-tailed paired t-test, we estimated that a sample size

of six animals is necessary to detect a difference (mean [stan-

dard deviation]) inminute ventilation of 15 (10)mlmin�1 with a

power of 80% and a significance level of 0.05. A two-tailed P-

value of <0.05 was considered statistically significant.

To assess the effects of Calabadion 1 on outcomes (i.e.

minute ventilation, arterial pH and PaCO2, EMG activity, time

to recovery of righting reflex, and functional mobility), we

used linear mixed-effect models with an identity link func-

tion for normally distributed probability, as described.12e14

We analysed the effect of Calabadion 1 across interrelated

variables of respiratory depression (i.e. changes in minute

ventilation, pH, and PaCO2), as measured in percentage
change from baseline. Each mixed model included the main

effect of the reversal agent (Calabadion 1 vs placebo) as

categorical variable, time as continuous variable, and the

interaction term of reversal agent and time as fixed effects,

whilst allowing intercepts to vary (random-intercept model).

Dose dependency was assessed by including dose as a

continuous variable in the analyses. EEG frequencies and

power spectra were analysed using the median multi-taper

spectral estimates between Calabadion 1 and placebo group

(Supplementary section 4.2).20 Data analyses were performed

using IBM SPSS 23.0 (IBM Corp., Armonk, NY, USA), Stata 13.2

(StataCorp, College Station, TX, USA), LabChart 7 (ADInstru-

ments, Colorado Springs, CO, USA), LabVIEW 2013 (National

Instruments, Austin, TX, USA), Prism version 8 (GraphPad

Software, La Jolla, CA, USA), and MATLAB 2018 (MathWorks,

Inc., Natick, MA, USA).
Results

Primary outcome: reversal of fentanyl-induced
respiratory depression

Calabadion 1 reversed fentanyl-induced respiratory depres-

sion compared with placebo across the endpoints minute

ventilation, pH, and PaCO2 (P for interaction¼0.001).

Minute ventilation decreased from 101.5 (0.2) ml min�1 at

baseline to 49.6 (2.9) mlmin�1 after 15min of fentanyl infusion

(P<0.001). At doses greater or equal to 1 mg kg�1, Calabadion 1

dose dependently (P for trend <0.001) enhanced recovery from

fentanyl-induced hypopnoea comparedwith placebo. At doses

of 10 mg kg�1 and higher, Calabadion 1 induced an immediate

increase in minute ventilation, reaching its peak effect in 3e4

min. By contrast, with placebo, minute ventilation further

decreased slightly during ongoing fentanyl infusion. At a dose

of 50 mg kg�1, Calabadion 1 increased minute ventilation to

values comparable with pre-fentanyl baseline within 5 min of

administering the study drug (Fig. 1a and Supplementary

section 2.1). The effective doses required to reverse fentanyl-

induced respiratory depression by 50% and 90% within 5 min

of administering Calabadion 1 were 1.7 and 15.6 mg kg�1,

respectively. Calabadion 1 dose dependently (P for trend

<0.001) reversed fentanyl-induced reductions in ventilatory

frequency (Fig. 1b), whilst no effects on tidal volume were

observed (Supplementary Fig. S1and section 2.1).

Fentanyl-induced acidosis and hypercarbia were reversed in

conscious rats by Calabadion 1 (100 or 200 mg kg�1), but not by

placebo (pH: P¼0.006 and P¼0.005, respectively; PaCO2: P¼0.012

and P¼0.018, respectively; Fig. 2). The effects of Calabadion 1 in

conscious ratsweredosedependent (pH: P for trend 0.012; PaCO2:

P for trend¼0.023). Whilst improvements in fentanyl-induced

acidosis and hypercarbia were also observed in isoflurane-

anaesthetised rats after administration of Calabadion 1 (50 mg

kg�1) (Fig. 2 andSupplementary section 2.2), these changeswere

not statistically different from placebo over time (pH: P¼0.075;

PaCO2: P¼0.137). In post hoc comparisons between groups at sin-

gle time points, PaCO2 was lower and pH higher 5 min after

Calabadion 1 administration (pH: P¼0.033; PaCO2: P¼0.030).
Secondary outcomes: effects of Calabadion 1 on
fentanyl-induced CNS dysfunction

Calabadion 1 reversed fentanyl-induced CNS dysfunction

compared with placebo across the endpoints time to recovery

of righting reflex, functional mobility, and muscle rigidity.



Fig 1. Reversal of fentanyl-induced hypopnoea by Calabadion 1. (a) Minute ventilation and (b) ventilatory frequency were measured after

increasing bolus dose of i.v. Calabadion 1 compared with placebo during a constant-rate fentanyl infusion in orotracheally intubated rats,

spontaneously breathing 1.5 vol% isoflurane in air in a randomised crossover model (n¼6). Data points represent mean (standard error of

the mean) in percent of pre-fentanyl baseline. Across all experiments, minute ventilation and ventilatory frequency significantly

decreased after 15 min of fentanyl infusion (P<0.001). Calabadion 1 dose dependently (P for trend <0.001) enhanced recovery from fentanyl-

induced hypopnoea at doses greater or equal to 1 mg kg�1 compared with placebo. Asterisks indicate statistical significance compared

with placebo (*P<0.05).

Selective reversal of fentanyl - e143
Postanaesthesia recovery of motor activity (key secondary
outcome)

Calabadion 1 dose dependently accelerated recovery of motor

function from isoflurane/fentanyl anaesthesia (P for trend

<0.001): times to recovery of righting reflex after administra-

tion of Calabadion 1 (5, 10, or 50mg kg�1) were 7.1 (0.7), 6.3 (0.4),

and 4.6 (0.3) min, respectively, compared with 9.0 (0.7) min in

the placebo group. Calabadion 1 doses of 10 or 50 mg kg�1

accelerated time to recovery of righting reflex compared with

placebo (P¼0.002 and <0.001, respectively) (Fig. 3 and

Supplementary section 3.1). The effective doses for recovery of

righting reflex to 50% and 90% were 9.6 and 86.1 mg kg�1,

respectively. Time to full recovery of functional mobility after

isoflurane/fentanyl anaesthesia was lower after administra-

tion of 50 mg kg�1 of Calabadion 1 (2.0 [0.3] min) compared

with placebo (4.3 [0.5] min; P¼0.002). The effect of Calabadion 1

was comparable with recovery times after fentanyl-free iso-

flurane-only anaesthesia (1.5 [0.0] min; P¼0.175) (Fig. 4 and

Supplementary section 3.2).17
Effects of Calabadion 1 on muscle rigidity

The average EMG-RMS value of 91 (14) mV across all animals at

baseline increased to 260 (42) mV after 15 min of fentanyl infu-

sion (P<0.001), indicating muscle rigidity. After administration

of Calabadion 1, muscle rigidity rapidly decreased, such that

after 3 min the RMS values had dropped to 117 (31) mV in Cala-

badion 1-treated animals, whereas they remained elevated at

228 (60) mV in placebo-treated animals (P¼0.002 for interaction

between time and group [placebo vs Calabadion 1]) (Fig. 5).
Exploratory analyses

Results from exploratory analyses are reported in the online

supplement, including the effects of Calabadion 1 on
respiratory depression induced by other opioids

(Supplementary section 4.1), depth of sedation

(Supplementary section 4.2), and renal excretion of fentanyl

(Supplementary section 4.3).
Discussion

This study shows that the acyclic cucurbit[n]uril Calabadion 1

reverses fentanyl-induced respiratory depression and CNS

dysfunction in rats. Calabadion 1 did not reverse respiratory

depression induced by the long-acting opioids morphine,

hydromorphone, or pethidine.

We showed that fentanyl infusion induces progressive

respiratory depression characterised by decreased minute

ventilation and respiratory acidosis, which corresponds to

previous findings in rodents.21 Calabadion 1 dose depen-

dently reversed fentanyl-induced respiratory depression

both in conscious and isoflurane-anaesthetised rats, even at

doses as low as 1 mg kg�1. We did not observe signs of

reoccurrence of fentanyl-induced respiratory depression af-

ter Calabadion 1 administration. The main component of

Calabadion 1-induced reversal of respiratory depression was

driven by recovery of ventilatory frequency, whilst changes

in tidal volumes from baseline were minimal. This is in line

with the clinically observed respiratory depression induced

by i.v. opioids, which is primarily mediated by a decrease in

ventilatory frequency. These findings further suggest that

alveolar ventilation was maintained, which may, in part,

explain the observed discrepancies between large changes in

ventilation and relatively minimal changes in respiratory

parameters.

Fentanyl has sedative properties that impair motor func-

tion.3 We assessed recovery of CNS function using recovery

of righting reflex as a marker of arousal from anaesthesia,12

and recovery of motor performance as a marker of functional

mobility.17 After administration of Calabadion 1, time to



Fig 2. Reversal of fentanyl-induced acidosis and hypercarbia by Calabadion 1 in conscious and anaesthetised rats. Arterial blood gas

analysis was performed at baseline, 15 min after the start of fentanyl infusion, and at 5 and 15 min after Calabadion 1 or placebo bolus

administration. Fentanyl administration resulted in decreased pH and increased arterial partial pressure of carbon dioxide (PaCO2) in (a and

b) conscious and (c and d) anaesthetised rats (all P<0.001). (a and b) Conscious rats were randomised to either Calabadion 1 (100 or 200 mg

kg�1) or placebo bolus in a crossover model (n¼6 in each group). Both doses of Calabadion 1 reversed fentanyl-induced acidosis (**P<0.01)
and hypercarbia (*P<0.05). In (c and d) isoflurane-anaesthetised rats, fentanyl and Calabadion 1 doses were halved. Fentanyl-induced

acidosis and hypercarbia recovered slightly, but this change was not significantly different from the placebo group over time. Data are

reported as mean (standard error of the mean).
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arousal from anaesthesia and motor function recovery were

accelerated by about 50%. In contrast, times to recovery of

righting reflex after placebo and Calabadion 1 administration

were identical in rats exposed to isoflurane-only anaes-

thesia, as shown previously.12 These findings confirm that

the effects of Calabadion 1 are mediated by fentanyl encap-

sulation rather than an effect on the complex interaction of

isoflurane and fentanyl on respiration. The accelerated re-

covery of motor function may be explained by a reversal of

the effects of fentanyl on the cerebral cortex.3 Fentanyl-

induced sedation is characterised by an increase in EEG

delta slow-wave activity.22e24 In our study, the EEG power

spectrum decreased across the delta, theta, and low gamma

sub-bands after Calabadion 1, indicating a transition to a

more desynchronised state of cortical oscillations. This is

consistent with a lighter state of fentanyl-induced depth of

sedation.

In line with other literature,2,18 we observed a more than

two-fold increase in compound muscle action potential in the
gastrocnemius muscles during opioid infusion resembling

fentanyl-induced muscle rigidity, which was completely

reversed by Calabadion 1 in all animals. Fentanyl-induced

muscle rigidity of the laryngeal, thoracic, and abdominal

muscles can adversely affect breathing, mask ventilation, and

tracheal intubation.25e27 If fentanyl-induced muscle rigidity

impairs ventilation in the operating theatre, reversal with

Calabadion 1 might be desirable, especially when other treat-

ments, such as neuromuscular blocking agents, are not op-

tions, for instance, during monitored anaesthesia care or

moderate sedation.

Another clinically meaningful advantage of Calabadion 1

reversal relates to its selectivity towards fentanyl. Calabadion

1 has 100-fold higher binding affinity for fentanyl (1.1�107M�1)

compared with morphine (5.3�105 M�1) or hydromorphone

(1.8�105 M�1).11 These results reflect the structural differences

between morphine and its derivatives, which are based on a

morphinan ring, and the phenethyl piperidine fentanyl.28

Although the cavity of Calabadion 1 is able to flex like a hand



Fig 4. Acceleration of postanaesthesia recovery of functional mobility

assessed by the balance beam test. After recovery of righting reflex, the

balance and body strength on a scale of 0 (inability to maintain grip or b

Animals were randomised to receive either i.v. Calabadion 1 (50 mg

assessed after isoflurane-only anaesthesia (n¼6). Time to full recovery o

after administration of Calabadion 1 (50 mg kg�1) compared with pla

recovery times after fentanyl-free isoflurane-only anaesthesia. Data are

Fig 3. Acceleration of postanaesthesia motor recovery time by

Calabadion 1. Time to recovery of righting reflex was assessed

after administration of a bolus of either Calabadion 1 (5, 10, or 50

mg kg�1) or placebo in isoflurane/fentanyl-anaesthetised rats

(filled circles; n¼6). Calabadion 1 dose dependently accelerated

time to recovery of righting reflex after isoflurane/fentanyl

anaesthesia (P for trend <0.001). Time to recovery of righting

reflex was faster in Calabadion 1 (10 mg kg�1 series) compared

with placebo (**P¼0.002), and in Calabadion 1 (50 mg kg�1 series)

(***P<0.001). Calabadion 1 did not accelerate recovery of righting

reflex after isoflurane-only anaesthesia (open circles; n¼6). Data

are reported as mean (standard error of the mean).
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when binding larger compounds, it is narrow in the absence of

target compound. The empty cavity is complementary in

terms of size and shape to a single aromatic ring (e.g. the

phenylammonium ion moiety of fentanyl) resulting in high

binding affinity. Conversely, Calabadion 1 is able to expand its

cavity by flexing its methylene bridged glycoluril tetramer

backbone to accommodate the wider and bulkier morphinan

ring system, but this conformational change is energetically

costly and reduces the binding affinity of Calabadion 1 towards

these compounds. We found that Calabadion 1, even at the

highest dose of 500 mg kg�1, did not affect long-acting opioids

(morphine, hydromorphone, and pethidine) that are

frequently used for postoperative analgesia.

In observational studies, high doses of opioids, including

fentanyl, were associated with postoperative respiratory

complications6 and 30 day readmission, particularly after

ambulatory surgery.5 Further studies are required to test

whether Calabadion 1 may reduce the increased risk of hos-

pital readmission attributed to high-dose fentanyl

administration.

As the elimination half-time of fentanyl is context sen-

sitive, encapsulation (by Calabadion 1) compared with

competitive antagonism (by naloxone) may enhance patient

safety, particularly after administration of high fentanyl

doses. For opioids with longer half-lives, reversal with

naloxone carries the risk re-narcotisation after a single dose

of naloxone.29 In contrast, we have shown that

Calabadionedrug complexes are rapidly eliminated by renal

excretion, thereby avoiding this risk of rebound effects.12 Our

preliminary analyses confirmed the renal elimination of

Calabadion 1efentanyl complexes, which decreases the

amount of circulating fentanyl.
by Calabadion 1. Time to recovery of full functional mobility was

time rats remained on the balance beamwas measured to evaluate

alance) to 3 (ability to reach support at the other end of the beam).

kg�1; n¼6) or placebo (n¼6). Additionally, functional mobility was

f functional mobility after isoflurane/fentanyl anaesthesia was less

cebo (**P<0.01). The effect of Calabadion 1 was comparable with

reported as mean (standard error of the mean). NS, not significant.



Fig 5. Reversal of fentanyl-induced muscle rigidity by Calaba-

dion 1. The EMG activity of the gastrocnemius muscle was

quantified by the root mean square (RMS) value after an i.v.

bolus of Calabadion 1 (100 mg kg�1; n¼6) or placebo (n¼6).

Across all experiments, EMG-RMS increased after 15 min of

fentanyl infusion, indicating muscle rigidity (P<0.001). Calaba-
dion 1 enhanced recovery from fentanyl-induced muscle rigid-

ity compared with placebo (*P¼0.002). Data are reported as

mean (standard error of the mean).
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In summary, this study provides proof of principle for dose-

dependent reversal of adverse respiratory system and CNS

effects of fentanyl by Calabadion 1 in a rat model. Clinical

studies are required before Calabadion 1 can be considered as

a potential reversal agent in the perioperative setting to

enhance anaesthesia recovery and ensure patient safety.
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