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Abstract 

Background  Dexmedetomidine (DEX) is increasingly used in the intensive care unit for sedation and also serves 
as an adjuvant in general anesthesia and in procedural sedations. We tested whether dexmedetomidine at dif-
ferent concentrations influences the activity of the neuromuscular junction at the diaphragm and whether DEX 
has an impact on the action of rocuronium at the diaphragm as well as the reversal of the neuromuscular block 
by sugammadex.

Methods  20 male Wistar rat phrenic nerve–hemidiaphragm system was used for our experiments. The concentra-
tion–response characteristics of DEX and rocuronium were quantified as the depression of the force amplitude 
of single twitches (ST) in response to electrical stimulation of the phrenic nerve. Rocuronium concentration–response 
curves were obtained with 0, 1, and 2.67 μg/ml DEX concentration. After a single dose of rocuronium, sugammadex 
doses were given until additional doses of sugammadex were not accompanied by a further increase in ST force 
amplitude. The concentration–response curve of sugammadex was also measured in the presence of 1 μg/ml DEX 
concentration.

Results  DEX at different doses negligibly reduces the force of the contractions and the contractility of the dia-
phragm. The EC50 of rocuronium [7.74 µM (6.99–8.57)] did not change significantly [7.18 µM (6.58–7.84); p = 0.27] 
with the addition of DEX 1 µg/ml. At 2.67 µg/ml DEX concentration, the ED50 of rocuronium was significantly reduced 
[6.37 µM (5.69–7.13); p = 0.015]. With 1 µg/ml DEX concentration, the EC50 of the sugammadex [2.04 µM (1.94–2.14)] 
needed for the reversal of rocuronium-induced neuromuscular blockade was significantly increased [2.45 µM (2.39–
2.51); p < 0.01].

Conclusions  DEX at clinically administered doses does not significantly influence the function of the neuromuscu-
lar junction at the diaphragm. Under routine dosing conditions, the action of the neuromuscular blocking agents 
and their reversal by sugammadex are also not modified by DEX.

Keywords  Dexmedetomidine, Phrenic nerve–diaphragm preparation, Neuromuscular block, Rocuronium, 
Sugammadex

Introduction
The alpha-2 receptor agonist dexmedetomidine (DEX) 
is increasingly used in the intensive care unit (ICU) 
for sedation to reduce patient–ventilator asynchrony 
and minimize delirium and agitation [1]. It inhibits the 
release of norepinephrine from the nucleus coeruleus 
and in the posterior horn of the spinal cord, which 
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facilitates a calm, anxiolytic, and mild analgesic seda-
tion. Recent international guidelines and meta-analyses 
proposed a conditional recommendation favoring the 
use of dexmedetomidine over benzodiazepines [2]. 
Dexmedetomidine, when used for light sedation in the 
intensive care unit, ensures shorter invasive ventilation 
and ICU stay over propofol sedation [3]. In the past 
decade, dexmedetomidine also served as an adjuvant in 
general anesthesia and in procedural sedations [4–7].

Besides the known and frequently observed side 
effects of dexmedetomidine (hypotension and brady-
cardia), animal reports suggest that it may cause muscle 
flaccidity and decrease electromyographic activity [8]. 
It has been shown that alpha-adrenoceptors are also 
located at the neuromuscular junction and may play 
a role in neuromuscular transmission [9, 10], indicat-
ing that dexmedetomidine may influence muscle func-
tion through a peripheral, rather than a central effect. 
Whether DEX influences the function of the neuromus-
cular junction is important to know because this may 
influence the function of the diaphragm during long-
term sedation for mechanical ventilation in the ICU, 
and it may also influence the action and reversal of neu-
romuscular blocking agents in the anesthesiology set-
ting. Data on the effect of DEX on the neuromuscular 
junction are scarce. An experimental study using vecu-
ronium could not prove an effect of dexmedetomidine 
on the function of the neuromuscular junction [11]. In 
a clinical study in humans, the plasma rocuronium con-
centration increased and the T1 time in the train-of-
four (TOF) sequence decreased during administration 
of DEX, but not in a clinically significant manner [12].

In the present animal study, we aimed to assess 
whether dexmedetomidine at different concentrations 
influences the activity of the neuromuscular junction at 
the diaphragm. In a further part, we also tested whether 
DEX has an impact on the action of rocuronium at the 
diaphragm and the reversal of the neuromuscular block 
by sugammadex.

Methods
Animals
Ethics approval for this study (1/2013/DE MÁB) was 
provided by the University of Debrecen Committee 
of Animal Research, Debrecen, Hungary (Chairper-
son Prof I. Furka) on 15 April 2013. A total of 20 male 
Wistar rats, ranging in weight from 250 to 563 g, were 
used. Institutional guidelines for animal care and usage 
for research principles were strictly followed. Animals 
were chosen randomly on the morning of the experi-
ment and killed before harvesting tissue specimens.

Materials
Rocuronium (Esmeron; MSD Pharma Hungary, Buda-
pest, Hungary), sugammadex (Bridion; MSD Pharma 
Hungary, Budapest, Hungary), and dexmedetomidine 
(Dexdor, Orion Corporation, Espoo, Finland) were pur-
chased from commercial vendors and diluted in Krebs 
buffer as needed to achieve a dosing volume of 10–100 µl.

Experimental procedures
The rat phrenic nerve–hemidiaphragm system was used 
for our experiments. Rats were killed with an intraperi-
toneal overdose of sodium thiopental (60  mg/kg) and 
exsanguinated through the incision of the dorsal vena 
cava. Hemidiaphragm preparation was performed by 
using a modified version of the technique originally 
described by Bülbring. Briefly, bilateral thoracotomy and 
removal of the sternum were performed, after which 
both phrenic nerves were dissected from cranial to ros-
tral direction to the diaphragmatic insertion. Then both 
hemidiaphragms were excised with the corresponding 
phrenic nerve intact. The hemidiaphragms were then 
secured in a phrenic nerve–diaphragm tissue holder 
(ISO-07-TSZ2D, Experimetria Ltd., Budapest, Hun-
gary) in 75  mL of Krebs buffer (110  mM NaCl, 5  mM 
KCl, 1.25  mM CaCl2, 1  mM MgSO4, 1  mM KH2PO4, 
5  mM glucose, 20  mM NaHCO3) aerated by bubbling 
95% O2 + 5% CO2 (Vol%) through the solution. The solu-
tion was maintained at a temperature of 37 °C (AMP-09 
Temperature controller, Experimetria Ltd., Budapest, 
Hungary).

The hemidiaphragms were attached to an isomet-
ric force–displacement transducer (FSG-01/200 Force 
Transducer, Experimetria Ltd., Budapest, Hungary) at the 
diaphragmatic centrum tendineum using a commercially 
available 5/0 diameter surgical suture. Measurements 
were amplified by an AMP-01-SG Classic bridge ampli-
fier and recorded with a 16-channel professional software 
package (S.P.E.L. Advanced Isosys software, Experimetria 
Ltd., Budapest, Hungary). The phrenic nerve was stimu-
lated either with a single twitch every 5  s (rectangular 
pulses of 0.3 ms pulse width and supramaximal voltage) 
or a 2-Hz train-of-four (TOF) stimulus every 15  s (rec-
tangular pulses of 0.2  ms duration with a supramaxi-
mal voltage) using a square wave stimulator (ST-03-O4, 
Experimetria Ltd., Budapest, Hungary).

After submersion in the buffer solution, the tis-
sue preparations were given a 10-min acclimatization 
period without stimulation at an applied resting tension 
of 20–30  mN. Then, stimulation was initiated, followed 
by an additional 1–1.5 h without treatment (with buffer 
changes as needed) until a stable baseline tension was 
reached. Dex, rocuronium, and sugammadex dosing were 
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only started after this stabilization period. After meas-
uring a given concentration–response curve, the buffer 
solution was exchanged five times in a 30-min timespan 
to ensure the complete washout of any agents before 
measuring a new concentration–response curve.

Multiple measurements were performed on any given 
specimen; however, one specimen contributed only one 
data set to any given concentration–response curve. To 
mitigate the effects of degradation of the tissue speci-
men over time, the order of concentration–response 
curve experiments was permuted between specimens. A 
specimen was discarded if a stable baseline tension was 
no longer attainable. Each concentration–response rela-
tionship shown in the figures is based on concentration–
response curves from 5 specimens.

The concentration–response characteristics of DEX 
and rocuronium were quantified as the depression of 
the force amplitude of single twitches (ST) in response 
to electrical stimulation of the phrenic nerve (from here 
on referred to as ST force amplitude). Drug doses were 
given in 15-min intervals. The ST force amplitude at a 
given drug concentration consisted of the mean value of 
five consecutive contractions corrected with the baseline 
tension measured between contractions, measured once 
the contraction amplitude had stabilized and did not vis-
ibly change over time. The ST force amplitude was nor-
malized to the maximum contraction amplitude of the 
untreated sample to construct cumulative concentra-
tion–response curves. Each specimen contributed 5–8 
measurement points to the curve.

Each hemidiaphragm preparation was typically used 
for 2–3 concentration–response curves over a total 
experimental duration of up to 6  h. Baseline tension 
between contractions served as a continuous indicator 
of tissue viability and was numerically recorded. Prepa-
rations were discarded when a stable baseline tension 
could no longer be maintained, based on clear visual 
evidence of sustained baseline drift and/or a progressive 
decline in twitch force that did not recover after washout. 
These changes were verified by post hoc inspection of 
the numerically recorded data. To assess intrinsic time-
dependent drift, a separate time-control experiment was 
performed in which a preparation was monitored for 2 h 
without solution change or drug exposure, and no sig-
nificant change in contraction force was observed. All 
concentration–response curves were normalized to the 
initial stable supramaximal twitch amplitude recorded at 
the beginning of each individual curve. This curve-spe-
cific normalization minimized the influence of slow time-
dependent drift across the experimental day.

Treatment sequence was assigned in an informal rand-
omized manner prior to experimentation for each prepa-
ration. Because not all preparations remained viable for 

the full experimental duration, not all specimens contrib-
uted data to all three treatment conditions. Full blinding 
was not feasible, as the same investigator performed tis-
sue preparation, stimulation, solution preparation, and 
data acquisition. Treatment times and drug additions 
were automatically logged by the electronic recording 
system. Objective numerical criteria (baseline tension 
stability, twitch amplitude preservation, and normali-
zation to the start–of–curve baseline) governed data 
inclusion.

Dosing interval and quasi‑steady state
Drug concentrations were applied at 15-min intervals. 
This timing was based on pilot experiments performed in 
the same preparation. Following single large doses, maxi-
mal effects were typically reached within approximately 
20–25 min. During incremental concentration–response 
experiments, twitch amplitude exhibited an initial faster 
change followed by gradual stabilization, reaching a visu-
ally stable plateau within approximately 15  min. Con-
tinuous twitch recording was performed throughout the 
experiments. If a visually stable plateau was not achieved 
at 15 min, the subsequent dose was delayed until stability 
was observed. These conditions support the attainment 
of a quasi-steady pharmacodynamic state at each concen-
tration step.

Washout procedure
Washout was performed by repeated complete exchange 
of the bathing solution. Typically, 3–4 full solution 
changes were carried out over approximately 20  min to 
ensure effective drug removal from the bath and tissue. 
A transient increase in twitch amplitude was consist-
ently observed immediately after fresh solution exchange, 
followed by stabilization. After washout, contraction 
amplitude reliably returned toward baseline, indicating 
reversibility of drug effects.

To assess DEX interaction with rocuronium, rocuro-
nium concentration–response curves were obtained as 
described above with 0, 1, and 2.67 μg/mL DEX concen-
tration in the buffer solution. In isolated organ bath prep-
arations, nominal drug concentrations cannot be directly 
equated to in  vivo plasma levels due to the absence of 
circulation, tissue distribution gradients, plasma protein 
binding, and metabolic clearance. Consequently, higher 
bath concentrations are commonly required to ensure 
effective tissue-level receptor exposure. The applied 
dexmedetomidine concentrations therefore represent 
supraclinical in  vitro exposure levels selected to ensure 
adequate tissue penetration and to explore the maximal 
potential peripheral effects of α2-adrenoceptor activation 
at the neuromuscular junction.
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To measure the concentration–response curve of sug-
ammadex, a single dose of rocuronium was given to 
achieve a 90–95% depression of ST force amplitude. Then 
sugammadex doses were given in 15-min intervals until 
additional doses of sugammadex were not accompanied 
by a further increase in ST force amplitude. A success-
ful reversal (antagonism) was verified by measuring a 
TOF ratio [defined as the ratio between the fourth twitch 
response, T4, and the first twitch response, T1 (T4/T1) 
of the four stimuli] > 90%. The concentration–response 
curve of sugammadex was also measured in the presence 
of 1  μg/ml DEX concentration in the buffer solution to 
elucidate the potential effect of DEX on the reversal of 
neuromuscular block with sugammadex.

Statistics
GraphPad Prism 6 for Windows (GraphPad Software, 
Inc., La Jolla, CA, USA) was used to fit concentration–
response curves. Curve fitting was done by nonlinear 
regression with either the “log(agonist) vs. normalized 
response–variablef slope” or the “log(inhibitor) vs. nor-
malized response–variable slope” method. The fitting 
equation was: y = 100/(1 + 10^((logEC50-X)*HillSlope)), 
where X is the log10 value of concentration, and y is 
the normalized and baseline corrected contraction 
amplitude.

Because multiple concentration–response points 
originated from each preparation, datapoints within a 
preparation are not statistically independent. Data were 
therefore pooled within each treatment condition and 
analyzed at the level of the fitted curves using the extra 
sum-of-squares F-test to compare shared versus separate 
curve models, with logEC50 specified as the parameter 
accounting for the extra sum of squares. This approach 
evaluates curve-level differences and does not explicitly 
model inter-preparation variability.

Group size (n = 5 hemidiaphragm preparations per 
concentration–response relationship) was chosen a pri-
ori based on preliminary data from our laboratory and on 
previous studies using similar rat phrenic nerve–hemidi-
aphragm preparations, as a compromise between statisti-
cal sensitivity and limitation of animal use in accordance 
with the 3R principles. These preliminary data indicated 
that this sample size would allow detection of moder-
ate-to-large shifts in EC50 between treatments, while 
smaller differences cannot be definitively excluded. Sta-
tistical comparison of concentration–response curves 
was done with GraphPad Prism 6 for Windows using 
the extra sum-of-squares F-test, with logEC50 specified 
as the model parameter accounting for the extra sum of 
squares. Results are presented as mean and 95% confi-
dence interval (CI) unless otherwise specified.

Because multiple concentration–response points 
were obtained from each preparation, these points are 
not statistically independent. Concentration–response 
data were therefore pooled within each treatment 
group and analyzed at the level of the fitted curves 
using the extra sum-of-squares F-test. This approach 
compares the goodness-of-fit of shared versus separate 
curve models but does not explicitly model inter-prep-
aration variability.

Results
The first step of our measurement was recording the 
changes in the force of the diaphragmatic contraction 
at increasing dexmedetomidine concentrations. We 
observed that dexmedetomidine negligibly reduces the 
force of the contractions and the contractility of the 
diaphragm (Fig. 1).

At the concentrations we used, dexmedetomidine did 
not significantly enhance the neuromuscular depres-
sion caused by rocuronium. The EC50 of rocuronium 
[7.74  μM (6.99–8.57)] did not change significantly 
[7.18 μM (6.58–7.84); p = 0.27] with the addition of dex-
medetomidine 1 μg/ml. We noticed that in the case of 
2.67  μg/ml dexmedetomidine concentration, the ED50 
of rocuronium was significantly reduced [6.37  μM 
(5.69–7.13); p = 0.015] (Fig. 2).

With 1  µg/ml dexmedetomidine concentration, the 
EC50 of the sugammadex [2.04 μM (1.94–2.14)] needed 
for the reversal of rocuronium-induced neuromuscular 
blockade was significantly increased [2.45  μM (2.39–
2.51); p < 0.01] (Fig. 3).

Fig. 1  Contraction force after phrenic nerve stimulation at different 
concentrations of dexmedetomidine
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Discussion
In the present study, we found that even at a thousand 
times the clinically required dose [13], dexmedetomi-
dine does not have an impact on neuromuscular trans-
mission at the diaphragm. A further observation of the 
present study is that only supranormal concentrations 
of the drug result in prolongation of the neuromuscu-
lar blocking effect of rocuronium. Co-administration 
of dexmedetomidine necessitated the administration of 
higher doses of the reversal agent sugammadex.

Adrenoceptors play an important role in the regula-
tion of the acetylcholine release at the neuromuscular 
junction. It has been shown that the facilitatory effect 
of adrenoceptors is manifested in the acetylcholine 
(ACh) quantal content, quantal size, and the sensitiv-
ity of the postsynaptic membrane to ACh [14]. This 

facilitating effect is linked to the alpha-1 adrenocep-
tors, and this is an important pathomechanism under 
stress situations when the speed and the force of the 
skeletal muscles’ contraction have to be increased. It is 
important to emphasize that the effect of sympathetic 
activation is different in fast-acting skeletal muscles 
and at the diaphragm, and this is due to the different 
fiber composition. The diaphragm contains slow, low-
fatigue type I, fast oxygenation type II.a, and fast glyco-
lytic type II.b fibers. In these muscles, the sympathetic 
activation occurs dominantly through alpha-2 adreno-
ceptors. In the skeletal muscles of the extremities, the 
regulation of the acetylcholine release is dominantly 
regulated through alpha-1 adrenoceptors. Stimulation 
of the alpha-2 receptors in this type of muscle does not 
result in any effect on postsynaptic membrane potential 
and end plate potential [15]. In contrast to this, in the 
diaphragm, activation of the alpha-2 receptors results 
in suppression of the quantal release of acetylcho-
line both at rest and after stimulation [16]. It has been 
shown that this effect is linked to the G-protein-gated 
inwardly rectifying potassium channel (GILK) activa-
tion, leading to inhibition of the voltage-gated Ca-chan-
nels and resulting in decreased acetylcholine release 
[17, 18]. Under normal dosing conditions, the admin-
istration of the alpha-2 adrenergic agonist dexmedeto-
midine may not affect the neuromuscular transmission 
at the diaphragm, as demonstrated in the present study. 
Although the quantal content of ACh was not meas-
ured in the present study, in previous experiments it 
has been demonstrated that dexmedetomidine is a 
potent stimulator of the ACh release and the exocytosis 
of the ACh vesicles at the presynaptic end plate [15]. It 
is conceivable that in clinical doses, stimulation of the 
alpha-2 receptors, although they decrease the quantal 
content of the released acetylcholine, is not sufficient to 
override the safety margin of the neuromuscular trans-
mission [19]. This may explain why in the present study, 
lower doses of dexmedetomidine did not cause a signif-
icant decrease of the diaphragmatic contractions. After 
increasing the dose of DEX to a supraclinical level, a 
slight, but not significant, depression of the diaphrag-
matic contractions could be observed.

During the administration of a non-depolarizing neu-
romuscular blocking agent, there is an ongoing com-
petition between the drug and acetylcholine at the 
postsynaptic endplate. If an alpha-2 agonist (such as dex-
medetomidine) is administered during this competition, 
the release of acetylcholine decreases, which favors the 
action of the NMB agent at the postjunctional receptors. 
This may explain why neuromuscular function was not 
affected by dexmedetomidine during the administration 
of vecuronium in an animal experiment of Weinger and 

Fig. 2  The impact of two different doses of dexmedetomidine 
on the neuromuscular blocking effect of rocuronium

Fig. 3  The effect of 1 μg/ml dexmedetomidine on the sugammadex 
concentration needed to completely reverse rocuronium-induced 
neuromuscular block
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colleagues [11] and in human volunteers using rocuro-
nium as an NMB agent [12]. In this human study, Talke 
and co-workers also observed an increased plasma con-
centration of rocuronium after the administration of dex-
medetomidine, indicating that lower concentrations of 
rocuronium were sufficient to exert the same neuromus-
cular blocking effect. Similar to these observations, we 
also found that dexmedetomidine did not influence the 
neuromuscular blocking effect of rocuronium. At higher 
supraclinical doses of DEX, the ED50 dose of rocuronium 
significantly decreased, suggesting a further decrease in 
acetylcholine quantal content release.

A further finding of the present study is that dexme-
detomidine in supraclinical doses significantly increases 
the ED50 dose of sugammadex during the reversal of 
neuromuscular block. The explanation for this observa-
tion may be again the decreased acetylcholine release 
caused by the alpha-2 agonist agent [15]. As the sponta-
neous release of acetylcholine at the presynaptic terminal 
is decreased, the competition between the acetylcholine 
and the muscle relaxant is shifted toward the neuromus-
cular blocking agent. Therefore, higher doses of sugam-
madex are needed to achieve the complete reversal of the 
neuromuscular block. However, because this occurs after 
administration of supraclinical doses of dexmedetomi-
dine, this observation may not have implications in daily 
practice and is mainly of pathophysiological and pharma-
cokinetic value.

A limitation of the present study is that the nominal 
dexmedetomidine concentrations applied in the iso-
lated hemidiaphragm preparation exceed plasma con-
centrations typically achieved during routine clinical 
administration. However, due to the absence of circu-
lation, tissue distribution gradients, plasma protein 
binding, and metabolic clearance in the organ bath sys-
tem, nominal bath concentrations cannot be directly 
translated to plasma exposure. Higher concentrations 
are therefore commonly required to achieve effective 
receptor engagement at the tissue level under static 
in vitro conditions. The supraclinical concentration was 
intentionally selected to define the upper mechanistic 
boundary of α2-adrenoceptor–mediated modulation at 
the neuromuscular junction. Importantly, even under 
these extreme exposure conditions, only modest effects 
on the pharmacodynamics of rocuronium and sugam-
madex were observed. Accordingly, these findings pri-
marily provide mechanistic insight and should not be 
directly extrapolated to routine clinical dosing condi-
tions. Given the group size and the observed variability 
of the concentration–response relationships, the study 
was primarily powered to detect moderate-to-large 
dexmedetomidine-induced changes in neuromuscular 
function, and the presence of smaller effects cannot be 

entirely excluded. A further limitation of the present 
study is that concentration–response curves were con-
structed from pooled data obtained from five independ-
ent preparations per condition. While this approach is 
appropriate for mechanistic curve-level comparisons, 
it does not explicitly quantify inter-preparation vari-
ability and therefore does not provide full population-
level inference. Accordingly, the results should be 
interpreted primarily in terms of pooled pharmacody-
namic behavior rather than preparation-specific effect 
size estimates. Although preparations were used for 
several hours, normalization to curve-specific baseline 
and continuous baseline tension monitoring limited the 
influence of slow time-dependent drift.

With respect to translational interpretation, even at 
exposure levels far exceeding those encountered clini-
cally, dexmedetomidine did not meaningfully impair 
baseline neuromuscular transmission. Only supraclini-
cal concentrations produced modest interactions with 
the pharmacodynamics of rocuronium and sugam-
madex. These effects therefore represent mechanis-
tic upper-limit observations rather than direct clinical 
dose–effect relationships.

In conclusion, dexmedetomidine at concentrations 
exceeding those encountered under clinical condi-
tions does not significantly impair neuromuscular 
transmission at the diaphragm. Only supraclinical 
exposure levels produced measurable modulation of 
the pharmacodynamic effects of rocuronium and its 
reversal by sugammadex. These findings suggest that 
dexmedetomidine is unlikely to exert clinically rel-
evant peripheral neuromuscular effects under routine 
dosing conditions, while the observed interactions at 
extreme concentrations provide mechanistic insight 
into α2-adrenoceptor-mediated modulation of neuro-
muscular transmission.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40635-​025-​00850-9.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Not applicable.

Author contributions
Conceptualization: ÁF and BF; methodology: ÁF, MF, NS; investigation: ÁF, 
MF, NS; writing—original draft preparation, MF, SN, BF, ÁF; writing—BF, ÁF; 
visualization, ÁF. All authors have read and agreed to the published version of 
the manuscript.

Funding
This research received no external funding.

https://doi.org/10.1186/s40635-025-00850-9
https://doi.org/10.1186/s40635-025-00850-9


Page 7 of 7Fedor et al. Intensive Care Medicine Experimental            (2026) 14:2 	

Data availability
The raw contraction force recordings, normalized concentration–response 
data, fitted curve parameters (logEC50, EC50, Hill slope), and statistical analysis 
files are available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Institutional Review Board Statement: The animal study protocol was 
approved by the University of Debrecen Committee of Animal Research, 
Debrecen, Hungary (Chairperson Prof I. Furka) (1/2013/DE MÁB 15 April 2013).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Received: 14 July 2025   Accepted: 19 December 2025

References
	1.	 Devlin JW, Skrobik Y, Gélinas C, Needham DM, Slooter AJC, Pandhari-

pande PP, Watson PL, Weinhouse GL, Nunnally ME, Rochwerg B, Balas 
MC, van den Boogaard M, Bosma KJ, Brummel NE, Chanques G, Denehy 
L, Drouot X, Fraser GL, Harris JE, Joffe AM, Kho ME, Kress JP, Lanphere JA, 
McKinley S, Neufeld KJ, Pisani MA, Payen JF, Pun BT, Puntillo KA, Riker RR, 
Robinson BRH, Shehabi Y, Szumita PM, Winkelman C, Centofanti JE, Price 
C, Nikayin S, Misak CJ, Flood PD, Kiedrowski K, Alhazzani W (2018) Clinical 
practice guidelines for the prevention and management of pain, agita-
tion/sedation, delirium, immobility, and sleep disruption in adult patients 
in the ICU. Crit Care Med 46(9):e825–e873. https://​doi.​org/​10.​1097/​CCM.​
00000​00000​003299

	2.	 Wen J, Ding X, Liu C, Jiang W, Xu Y, Wei X, Liu X (2023) A comparation of 
dexmedetomidine and midazolam for sedation in patients with mechani-
cal ventilation in ICU: a systematic review and meta-analysis. PLoS ONE 
18:e0294292. https://​doi.​org/​10.​1371/​journ​al.​pone.​02942​92

	3.	 Wang HC, Huang CJ, Liao SF, Lee RP (2024) Effects of dexmedetomidine 
versus propofol on outcomes in critically ill patients with different seda-
tion depths: a propensity score-weighted cohort study. Anaesth Crit Care 
Pain Med 43:101425. https://​doi.​org/​10.​1016/j.​accpm.​2024.​101425

	4.	 Carron M, Tamburini E, Linassi F, Pettenuzzo T, Boscolo A, Navalesi P (2024) 
Efficacy of nonopioid analgesics and adjuvants in multimodal analgesia 
for reducing postoperative opioid consumption and complications in 
obesity: a systematic review and network meta-analysis. Br J Anaesth 
133:1234–1249. https://​doi.​org/​10.​1016/j.​bja.​2024.​08.​009

	5.	 Goudra B, Sundararaman L, Chandar P, Green M (2024) Anesthesia for 
bronchoscopy-an update. J Clin Med 13:6471. https://​doi.​org/​10.​3390/​
jcm13​216471

	6.	 Melita G, Tripodi VF, Pallio S, Shahini E, Vitello A, Sinagra E, Facciorusso A, 
Mazzeo AT, Choudhury A, Dhar J, Samanta J, Maida MF (2024) Moder-
ate sedation or deep sedation for ERCP: what are the preferences in the 
literature? Life 14(10):1306. https://​doi.​org/​10.​3390/​life1​41013​06

	7.	 Mantz J, Josserand J, Hamada S (2011) Dexmedetomidine: new insights. 
Eur J Anaesthesiol 28(1):3–6. https://​doi.​org/​10.​1097/​EJA.​0b013​e3283​
3e266d

	8.	 Weinger MB, Segal IS, Maze M (1989) Dexmedetomidine, acting through 
central alpha-2 adrenoceptors, prevents opiate-induced muscle rigidity 
in the rat. Anesthesiology 71:242–249. https://​doi.​org/​10.​1097/​00000​542-​
19890​8000-​00013

	9.	 Vizi ES, Nitahara K, Sato K, Sperlágh B (2000) Stimulation-dependent 
release, breakdown, and action of endogenous ATP in mouse hemidi-
aphragm preparation: the possible role of ATP in neuromuscular 
transmission. J Auton Nerv Syst 81:278–284. https://​doi.​org/​10.​1016/​
s0165-​1838(00)​00129-6

	10.	 Bukharaeva EA, Skorinkin AI, Samigullin DV, Petrov AM (2022) Presyn-
aptic acetylcholine receptors modulate the time course of action 

potential-evoked acetylcholine quanta secretion at neuromuscular junc-
tions. Biomedicines 10:1771. https://​doi.​org/​10.​3390/​biome​dicin​es100​
81771

	11.	 Weinger MB, Partridge BL, Henry AF (1995) Dexmedetomidine does not 
modify the neuromuscular blocking action of vecuronium in the anaes-
thetized rat. Br J Anaesth 74:455–457. https://​doi.​org/​10.​1093/​bja/​74.4.​
455

	12.	 Talke PO, Caldwell JE, Richardson CA, Kirkegaard-Nielsen H, Stafford M 
(1999) The effects of dexmedetomidine on neuromuscular blockade in 
human volunteers. Anesth Analg 88:633–639. https://​doi.​org/​10.​1097/​
00000​539-​19990​3000-​00031

	13.	 Weerink MAS, Struys MMRF, Hannivoort LN, Barends CRM, Absalom AR, 
Colin P (2017) Clinical pharmacokinetics and pharmacodynamics of 
dexmedetomidine. Clin Pharmacokinet 56:893–913. https://​doi.​org/​10.​
1007/​s40262-​017-​0507-7

	14.	 Tsentsevitsky A, Nurullin L, Tyapkina O, Bukharaeva E (2020) Sympathomi-
metics regulate quantal acetylcholine release at neuromuscular junctions 
through various types of adrenoreceptors. Mol Cell Neurosci 108:103550. 
https://​doi.​org/​10.​1016/j.​mcn.​2020.​103550

	15.	 Arkhipov A, Zhilyakov N, Sibgatullina G, Nevsky E, Bukharaeva EA, Petrov 
AM (2025) Adrenergic modulation of acetylcholine release at the mouse 
neuromuscular junctions of fast-twitch skeletal muscle. Neurochem Res 
50:162. https://​doi.​org/​10.​1007/​s11064-​025-​04415-w

	16.	 Tsentsevitsky AN, Kovyazina IV, Bukharaeva EA (2019) Diverse effects of 
noradrenaline and adrenaline on the quantal secretion of acetylcholine 
at the mouse neuromuscular junction. Neuroscience 423:162–171. 
https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2019.​10.​049

	17.	 Bukharaeva E, Khuzakhmetova V, Dmitrieva S, Tsentsevitsky A (2021) 
Adrenoceptors modulate cholinergic synaptic transmission at the neuro-
muscular junction. Int J Mol Sci 22(9):4611. https://​doi.​org/​10.​3390/​ijms2​
20946​11

	18.	 Wang ZM, Messi ML, Rodrigues ACZ, Delbono O (2022) Skeletal muscle 
sympathetic denervation disrupts the neuromuscular junction postter-
minal organization: a single-cell quantitative approach. Mol Cell Neurosci 
120:103730

	19.	 Wood SJ, Slater CR (2001) Safety factor at the neuromuscular junction. 
Prog Neurobiol 64(4):393–429. https://​doi.​org/​10.​1016/​s0301-​0082(00)​
00055-1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1097/CCM.0000000000003299
https://doi.org/10.1097/CCM.0000000000003299
https://doi.org/10.1371/journal.pone.0294292
https://doi.org/10.1016/j.accpm.2024.101425
https://doi.org/10.1016/j.bja.2024.08.009
https://doi.org/10.3390/jcm13216471
https://doi.org/10.3390/jcm13216471
https://doi.org/10.3390/life14101306
https://doi.org/10.1097/EJA.0b013e32833e266d
https://doi.org/10.1097/EJA.0b013e32833e266d
https://doi.org/10.1097/00000542-198908000-00013
https://doi.org/10.1097/00000542-198908000-00013
https://doi.org/10.1016/s0165-1838(00)00129-6
https://doi.org/10.1016/s0165-1838(00)00129-6
https://doi.org/10.3390/biomedicines10081771
https://doi.org/10.3390/biomedicines10081771
https://doi.org/10.1093/bja/74.4.455
https://doi.org/10.1093/bja/74.4.455
https://doi.org/10.1097/00000539-199903000-00031
https://doi.org/10.1097/00000539-199903000-00031
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.1016/j.mcn.2020.103550
https://doi.org/10.1007/s11064-025-04415-w
https://doi.org/10.1016/j.neuroscience.2019.10.049
https://doi.org/10.3390/ijms22094611
https://doi.org/10.3390/ijms22094611
https://doi.org/10.1016/s0301-0082(00)00055-1
https://doi.org/10.1016/s0301-0082(00)00055-1

	The effect of dexmedetomidine on rocuronium-induced neuromuscular blockade and its reversal by sugammadex
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Animals
	Materials
	Experimental procedures
	Dosing interval and quasi-steady state
	Washout procedure
	Statistics

	Results
	Discussion
	Acknowledgements
	References


