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EXPERIMENTAL VALIDATION OF APPROACHES TO PANCURONIUM M) Check for updates
BROMIDE USE FOR CORRECTION OF MYASTHENIC SYNDROME
IN ANTICHOLINESTERASE POISONING

Mikhail A. Tyunin, Nikita S. llinskii®?, Sergey V. Chepur, Vladimir A. Matseychik, Elizaveta Yu. Izhorskaya

State Research and Testing Institute of Military Medicine, St. Petersburg, Russia

Introduction. The problem of intermediate syndrome following anticholinesterase poisoning remains poorly studied. This syndrome is clini-
cally manifested as a myasthenic condition developing after the cholinergic crisis, affecting the muscles of the face, neck, proximal limbs, and
respiratory muscles. The current literature describes limited attempts to use non-depolarizing muscle relaxants for the prevention and treat-
ment of this condition. However, given the diversity of mechanisms underlying toxic myasthenia in anticholinesterase poisoning and the low
safety profile of non-depolarizing muscle relaxants, research into the effective and toxic doses of these drugs is highly relevant for establishing
the principles of their use in correcting neuromuscular transmission disorders.

Objective. To experimentally evaluate the efficacy of pancuronium bromide, a non-depolarizing muscle relaxant, in correcting neuromuscular
transmission impairments in cases of anticholinesterase poisoning.

Materials and methods. Experimental, two-stage studies were conducted using male outbred white rats weighing 220-250 g (n = 78). Ini-
tially, pancuronium bromide was administered subcutaneously to intact animals to determine effective doses. The severity and duration of the
muscle relaxant effect were assessed using clinical and functional tests (hanging on a horizontal bar, assessment of movement impairments
according to the De Bleecker scale), and electromyography (single and rhythmic stimulation at 30 Hz). Subsequently, therapeutic doses of the
drug were determined in a rat model of fenthion poisoning (12 h after its single subcutaneous administration at an LD, dose of 479.4 mg/kg)
based on data from the aforementioned methods and evaluation of changes in animal mortality rates. Statistical analysis of the results was
performed using non-parametric statistical methods in the Prism GraphPad 9.0 software environment.

Results. Based on the assessment of neurological status and electromyography results, the median effective dose (ED,,) of pancuronium
upon subcutaneous administration in intact rats was found to be 238.0 [95% CI: 219.8; 257.7] ug/kg. In contrast, against the background of
severe fenthion poisoning, its therapeutic dose was statistically significantly lower (p < 0.05, Student’s t-test), amounting to 90.1 [95% Cl: 77.3;
105.1] ug/kg. Similar trends were observed for the median lethal doses (LD,) of pancuronium bromide: 321.1 [95% CI: 305.8; 337.1] pg/kg and
1562.3 [130.6; 177.6] ug/kg, respectively. Administration of pancuronium at the median therapeutic dose reduced the severity of the myasthenic
syndrome induced by fenthion poisoning, manifesting as restored muscle strength and normalized electrophysiological characteristics of
neuromuscular transmission.

Conclusions. The experiment demonstrated that pancuronium bromide can be used to correct neuromuscular transmission disorders un-
derlying the intermediate syndrome emerging as a result of anticholinesterase poisoning. The effective dose for this correction is 90.1 ug/kg,
which is 2.6-fold lower than the effective dose for healthy animals (238.0 ug/kg). The main electrophysiological criteria for the regression of
the neuromuscular block should include a reduction in the number of repeated M-responses and the restoration of the decrement-increment
pattern of the M-response series, which persist for 1 h after pancuronium bromide administration.
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AKCMNEPUMEHTAJIbHOE OBOCHOBAHUE NMOoaAXoao0B K NPUMEHEHUIO NMAHKYPOHUA
BPOMUAA AN KOPPEKUMN MUACTEHUHECKOIO CUHOPOMA MNP OTPABJIEHUAX
AHTUXONIMHI3CTEPA3HbIMU AO0AMA

M.A. TionnH, H.C. UnbuHckmin™, C.B. Yenyp, B.A. Maueiynk, E.FO. xopckas

[ocynapCTBEHHbIN HAay4YHO-MCCNeaoBaTeNbCKUN CMbITATENBHbBIN MHCTUTYT BOEHHOW MeauumHbl MrHUCTepcTBa 060pOoHbI Poccuinckon
®epepauumn, CaHkT-NeTepbypr, Poccus

BeepeHune. [1o HaCTOSILLIErO BPEMEHN Malon3y4eHHOM ocTaeTcs npobnema NPpoMeEXyTOYHOro CUHAPOMA MPpY OTPaBEHNSX aHTUXONNH-
3CTepasHbIMU BELLIECTBaMU, KOTOPbIM KINMHUYECKM MPeacTaBnseT cobon pas3BMBaOLLIMACA MOCHE XOMHIPIUYECKOro Kpuda MnmacTeHu-
YECKUIA CUHAPOM, 3aTparvBaroLLmii MbllLbl LA, Wen, NPOKCUMAaNbHbIX OTAENOB KOHEYHOCTEN 1 AblxaTefbHble Mbilllpl. B nutepatype
OnncaHbl HEMHOMOYNCTIEHHbIE MOMbITKM MPUMEHEHWS HeAeNONAPUSYIOLLMX MNOPENAKCaHTOB C LENbio MPOMPUNAKTUKK 1 NEYEHNS MPOMEXY-
TOYHOrO CcUMHAPOMa. BmecTe ¢ TeM, yunTbiBas MHOroobpasne MexaHM3MOB TOKCUHECKOM MUACTEHM MPW OTPaBAEHNUSX aHTUXONMHICTEPa3-
HbIMW SAAMU 1 HASKYIO 6€30MaCHOCTb HEAENONAPUIYIOLLMX MUOPENAKCaHTOB, NPEACTABAATCS akTyalbHbIMU NCCNe0BaHNSA No onpeae-
NeHnto 3P HEKTUBHBIX 1 TOKCUHECKMX 103 paccMaTpUBaEMbIX JIEKAPCTBEHHbBIX CPEACTB B LieNsiX 0O0CHOBaHWS MPUHLMMOB UX MPUMEHEHNS
07151 KOPPEKLMN HapyLIEHWUI HEPBHO-MbILLEYHOW nepeaadn.

Llenb. SkcnepumMeHTanbHO OLeHNTb 3PEHEKTUBHOCTb HEAEMONAPUIYIOLLLErO MMOpenaKkcaHTa NaHKypoHnsa Bpommnaa B OTHOLLEHUM KOPPEK-
LN HapyLLIEHWI HePBHO-MbILLEYHON Nepefa4n Npu OTPaBIeHNAX aHTUXONMHICTEPA3HbIMU A4aMN.

MaTepuanbl 1 MeToAbl. SKCNepUMeHTaNbHbIE MCCNeAoBaHMs NPOBeAEeHbl Ha camuax 6enbix 6ecnopofdHbiX KpbiC mMaccon 220-250 r
(n = 78) B gBa aTana. lNepBoHa4anbHO HEAEMONSAPUIYIOLLIA MUOPENAKCaHT NaHKYPOHMS BPOMUT BBOANIV MOOKOMHO NHTAKTHBIM >XXMBOTHbIM
ONs onpeneneHns ero apdeKTVBHbIX 403 MO PasBUTUIO MUOpeiakcaumn. BbipaXeHHOCTb 1 ANTENbHOCTb MUOPENakCaHTHOro addek-
Ta oueHMBav NP1 NOMOLLM KIMHNKO-(YHKLMOHAbHBIX TECTOB (MOATANMBaHWE Ha FOPU30OHTaNbHOW NepeknagnHe, HapyLLeHNsl ABUXKEHWI
no wkane J. De Bleecker) 1 anekTpommorpadum (OAMHOYHAA 1 pUTMUYeckas ctumynaums ¢ vyactoton 30 ). 3atem onpegenann Tepa-
neBTUYECKME 003bl Mpenapara Ha MOLENM OTPaBEHNS KPbIC (DEHTUOHOM (Hepes 12 4 nocne 04HOKPaTHOrO NOAKOXHOIO BBEAEHVSA B 003€
N0, = 479,4 Mr/Kr) o AaHHbIM yKasaHHbIX METOOB VCCNeA0BaHNIA 1 OLEHKN N3MEHEHUS YaCTOTbl TNGesv XKNBOTHbIX. CTaTUCTUYECKUI aHa-
M3 pesynsTaTtoB NPOBOAWAN METOAAMU HEMAPAMETPUHECKON CTAaTUCTUKM NPY MOMOLLM NPOrpaMMHOro obecneverus Prism GraphPad 9.0.
PesynbraTthl. Ha OCHOBaHWM faHHbIX OLEHKW HEBPOOrMHYECKOro craTyca M pesynsTaToB afiekTpomuorpaduy Obino yCTaHOBEHO,
4YTO 3HaveHune cpedHen aPEKTUBHON O03bl MAHKYPOHUS MPU MOOKOXXHOM BBEAEHWUM Y MHTAKTHbIX KpbiC cocTaBuno 238,0 [95% AW
219,8; 257,7] MKI/Kr, B TO BPeMs Kak Ha hOHe TSXKENOoro oTpaBfeHns (EeHTUOHOM 3Ha4YEHME ero TepaneBTUHECKOM 003bl CTATUCTUHECKN
3Ha4MMO Huxe (p < 0,05, t-kputepuin CTetogeHTa) 1 pasHo 90,1 [95% [W: 77,3; 105,1] MKr/Kr. AHanoru4Hble 3aKOHOMEPHOCTH NPOCexe-
Hbl 1 ANS CPEAHUX CMEPTENbHbIX 403 NaHKypoHus bpomuga: 321,1 [95% [OW: 305,8; 337,1] n 152,3 [130,6; 177,6] MKI/KIr COOTBETCTBEHHO.
BBeneHve naHKypoHNs B CpedHen TepaneBTUHeCKON A03€ CHMKAI0 BbIPAXXEHHOCTb MUACTEHNHYECKOrO CMHAPOMA, BbI3BAHHOIO OTpaB-
NeHneM (PeHTUOHOM, B BUAE BOCCTAHOBNEHNSA MbILLEYHON CUJbl U HOPMann3aunm aneKTPoMU3N0I0rnYecKmX XapakTepUCTUK HEPBHO-
MbILLEYHO Nepegaqn.

BbiBOAbI. SKCNEpUMEHTaIbHO MOKa3aHO, YTO C LESbo KOPPEKLMM PACCTPOVCTB HEPBHO-MbILLEYHOW Nepefaqn, Nexkallyx B OCHOBE Mpo-
MEXYTOYHOIO CUHAPOMA MPY OTPaBEHUSIX aHTUXONMHACTEPA3HbIMU SAAMU, MOXET ObITb MCMONb30BaH NaHKYPOHKS BPOMUL, B CHVXXEHHOW
B 2,6 pasa (90,1 MKrI/Kr) OTHOCUTENBHO 3(DMPEKTUBHON ANS 3A0POBbLIX XMNBOTHBIX (238,0 MKI/Kr) o3e. K 0OCHOBHbIM 31eKTpOdM3MoNornde-
CKUM KPUTEPUSAM perpecca HepBHO-MbILLEYHOrO B10Ka cnegyeT OTHOCUTb COKpaLLEeHe Yncna NOBTOPHbIX M-OTBETOB 1 BOCCTAHOBMEHNE
LEeKpeMeHT-VHKpeMeHTa cepum M-0TBETOB, COXpaHsitoLLecs B TedeHne 1 4 nocne BBeAeHWs NaHKypoHKs bpomuaa.

KntoyeBble cnoBa: naHKypoHust Bpomna; hochopopraHnieckoe coeamHeHne; NPOMEXYTOUHbIA CUHOPOM; dNeKTpoHepoMmorpadus;
KIIMHWKO-(YHKLMOHANBbHbIE TECTbI; TOKCUYECKas MUACTEHUS

Ons yntuposanus: TioHH M.A., VnbuHckuin H.C., Yenyp C.B., Mauenynk B.A., Vixkopckas E.KO. OkcneprMmeHTansHoe 060CcHOBaHMe Noaxo-
[IOB K NMPUMEHEHWIO NaHKYPOHWS BpoMmnaa Ast KOPPEKLMN MUACTEHNHECKOro CUHAPOMA NP OTPaBIEHNSX aHTUXOMHICTEPa3HbLIMU SAamu.
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INTRODUCTION

For decades, research conducted by the Russian school
of toxicology has been focused on the development of
approaches to preventing and treating cases of anticho-
linesterase poisoning. These efforts have resulted in the
appearance of effective antidotes and agents for patho-
genetic therapy [1, 2]. However, these antidotal drugs fail
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to counteract the entire spectrum of toxic effects pro-
duced by anticholinesterase compounds (AChEs), which
are associated with severe delayed effects (intermediate
syndrome, delayed polyneuropathies) [1-3].

To date, the intermediate syndrome (IS) emerging
during poisoning with AChEs remains poorly studied [4].
Clinically, IS presents as a myasthenic syndrome devel-
oping after the cholinergic crisis, affecting the muscles of
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the face, neck, proximal limbs, and respiratory muscles
[5]. According to clinical studies, IS develops 24-98 h
after the poison enters the body. The duration of IS var-
ies from 5 to 30 days. The most severe IS manifestation
involves the paralysis of the respiratory muscles, lead-
ing to progressive respiratory failure. The incidence of IS
ranges 10.0-68.0%, depending on the type of toxicant,
with the mortality rate reaching 25.0-40.0% [7].

The Russian toxicology school regards IS as Phase |l
of toxic myopathy or as Type 2 paralysis [8]. Toxic myo-
pathy is understood as a unified pathological process at
the level of the neuromuscular synapse, characterized
by the development of a neuromuscular block (NMB).
Clinically, the course of toxic myopathy is conventionally
divided into two phases. Phase | involves manifestations
of a spastic neuromuscular block (Type 1), presenting as
widespread myofibrillations and muscle rigidity. Phase |l
corresponds to the onset of a paralytic NMB, manifest-
ing as progressive weakness of the skeletal musculature
(5, 8, 9.

Although the neuromuscular transmission impair-
ments underlying IS have been studied [3, 5], a unified
consensus on its pathogenesis and treatment has yet
to be established. In particular, no effective methods for
treating IS have been developed to date. It is believed
that the main therapeutic measures are based on con-
ventional approaches for etiotropic and detoxification
therapy recommended for AChE poisonings. The cor-
nerstone of IS management remains the timely detection
of respiratory muscle paralysis; upon its onset, immedi-
ate initiation of artificial ventilation (AV) with prophylactic
administration of antibacterial agents is indicated [6, 9.

Given the key role of NMB in the pathogenesis of IS
[10], a limited number of studies have reported data on
the successful use of non-depolarizing muscle relaxants
(NDMRs) in the integrated therapy of AChEs poisoning
[11]. Experimental and clinical studies have demonstrat-
ed the positive effects of rocuronium and atracurium [11,
12], leading the authors to recommend further investiga-
tion into the efficacy and safety of NDMRs. Therefore,
the development of dosing strategies and optimal ad-
ministration protocols for their use in AChE poisonings is
a relevant research direction [3, 4].

In this work, we experimentally evaluate the efficacy
of pancuronium bromide, a non-depolarizing muscle re-
laxant, in correcting neuromuscular transmission impair-
ments in cases of anticholinesterase poisoning.

MATERIALS AND METHODS

The study was performed using male outbred white
rats weighing 220-250 g (Rappolovo Breeding Nursery,
Leningrad Oblast). The animals were housed in a vivar-
ium under standard zoohygienic conditions and regula-
tions. The experimental procedures were conducted in
accordance with the requirements of the Order of the
Ministry of Health of Russia.’

The study was conducted in two stages. During the
first stage, the duration of muscle relaxation, effective
doses, and toxic doses of the long-acting aminosteroid
non-depolarizing muscle relaxant (NDMR) pancuronium
bromide (Sigma-Aldrich, USA) were determined in intact
rats following a single subcutaneous (s.c.) administra-
tion at doses ranging 200-350 ug/kg. Using a block
randomization method, seven experimental groups
were formed, each consisting of six rats: Group 1 —
200 pg/kg; Group 2 — 225 ug/kg; Group 3 — 250 pg/kg;
Group 4 — 280 pg/kg; Group 5 — 300 pg/kg; Group 6 —
320 pg/kg; Group 7 — 350 pg/kg.

Electroneuromyography (ENMG) was performed us-
ing a Neuro-MVP-4 electromyograph (Neurosoft, Russia)
and the Neuro-MVP-Omega software in accordance
with a previously described methodology without the
use of anesthetics [13]. To record the muscle relaxant ef-
fect of pancuronium bromide, ENMG was conducted in
rhythmic stimulation (RS) mode at a frequency of 30 Hz,
since high-frequency RS has been established as the
most informative test for diagnosing neuromuscular
transmission (NMT) impairments. The electrophysiologi-
cal criteria for achieving the target effect of the muscle
relaxant were defined as minimally evident signs of NMT
block on ENMG, specifically a 10.0% decrease in the
M-response amplitude (area) from baseline values upon
single stimulation and/or the appearance of a decrement
in amplitude (area) exceeding 10.0% during rhythmic
stimulation. Neurological deficit and ENMG were moni-
tored at two-minute intervals for 2 h after administration
of the muscle relaxant.

During the second stage of the study, using the afore-
mentioned diagnostic methods, the effect of pancuroni-
um bromide administered subcutaneously across a dose
range on the dynamics of NMT impairments in a toxic
rat model was evaluated. This evaluation was conducted
12 h after the application of fenthion (IUPAC: dimethoxy-
(8-methyl-4-methylsulfanylphenoxy)-sulfanylidene-A5-
phosphane, Adamanth, Russia) at the median lethal
dose (LD,/1 day = 479.4 mg/kg bw subcutaneously).
The selection of fenthion as a model toxicant was based
on the high frequency of IS manifestation in poisoning
events [5, 7]. Using the block randomization method, six
experimental groups were formed, each consisting of six
rats: Group 1 — fenthion 479.4 mg/kg + pancuronium
bromide 64.1 pg/kg; Group 2 — fenthion 479.4 mg/kg +
pancuronium bromide 83.3 pg/kg; Group 3 — fenthi-
on 479.4 mg/kg + pancuronium bromide 108.3 pg/kg;
Group 4 — fenthion 479.4 mg/kg + pancuronium bro-
mide 140.8 pg/kg; Group 5 — fenthion 479.4 mg/kg +
pancuronium bromide 183.0 ug/kg; Group 6 — fenthion
479.4 mg/kg + pancuronium bromide 238.0 pg/kg.

Statistical analysis of the data was performed using
the Prism GraphPad 9.0 software (GraphPad Software,
USA) in the Windows 10 operating system. Multiple com-
parisons of unpaired samples were conducted using the
Kruskal-Wallis test. Comparison of binary qualitative

" Order of the Ministry of Health of the Russian Federation Ne 199n «On Approval of the Rules of Good Laboratory Practice» dated 01.04.2016.
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Table 1. Results of the 30 Hz rhythmic stimulation test in rats after single subcutaneous administration of

pancuronium bromide

Dose, g/kg bw _ De_:crement Decrement Onset time_: of Duration _of Mortality
incidence, % value, % effect, min effect, min rate, %
200 0.0 4.5[2.1; 6.3] - - 0.0
225 33.3 10.5 [8.4; 12.5] 8.0[8.5;9.5] 42.0 [41.0; 43.0] 0.0
250 66.7 26.0 [15.5; 36.4] 8.0 [7.5; 8.5] 41.0 [40.0; 42.5] 0.0
280 83.3 68.1 [48.6; 83.1] 6.0 [4.0; 6.0] 60.0 [58.0; 62.0] 0.0
300 100.0 79.7 [58.5; 87.9] 4.0[2.5; 4.0] 70.0 [64.0; 74.0] 16.7
320 100.0 97.3[96.0; 98.7] 2.0 [2.0; 3.5] 66.0 [62.0; 68.0] 50.0
350 100.0 98.2 [96.5; 99.5] 2.0[2.0; 2.0] 8.5[6.0; 9.5] 100.0

Table compiled by the authors based on original data

Note: quantitative values of the recorded parameters are presented as the median, first, and third quartiles — M, [Q,; Q.

data was performed using Fisher’s exact test. Effective
and lethal doses were calculated using Finney’s probit
analysis in the Statistics 2005+ software (Russia). Doses
are presented as the mean value and 95% confidence
interval. Differences between groups were considered
statistically significant at p < 0.05.

RESULTS

Determination of effective and toxic doses of
pancuronium bromide in intact rats

During the first stage of the study, the effective and
toxic doses of pancuronium bromide administered to
intact animals were determined. Based on the as-
sessment of the neurological status of rats using

A'ms 25 mV

16.0 mA

3Hz
18:20:34
Pretetanic train

4'ms  25mV

.
4.0mA
3Hz
16:36:47 *

Figure prepared by the authors

CFTs, a single subcutaneous administration of pan-
curonium bromide in the dose range of 200-225 ug/
kg led to the development of myasthenic syndrome in
33.3-66.7% of cases, while administration of doses
ranging 250-350 pg/kg resulted in its manifestation
in 100% of cases. The speed of onset and severity
of the myasthenic syndrome in intact rats exhibited a
dose-dependent relationship. On average, the initial
signs of the muscle relaxant effect were observed
5-7 min after administration, manifesting as reduced
spontaneous motor activity, bilateral ptosis, and the
inability to perform or maintain the position during
the horizontal bar hanging test. The severity of pa-
ralysis then progressed: postural changes were de-
tected, including loss of support on the distal limbs,
inability to hold the head up, ataxia, and adynamia.

4'ms  25mV

4ms 25mV

16:09:40

Fig. 1. Typical M-response series of the gastrocnemius muscles in intact rats during the rhythmic stimulation
test following a single subcutaneous administration of pancuronium bromide: A — no decrement observed during
baseline assessment; B — 15 min after administration of a 280 pg/kg bw dose (decrement 50.6%); C — 20 min after ad-
ministration of a 280 pg/kg bw dose (decrement 79.9%); D — 10 min after administration of a 300 pg/kg bw dose (decre-
ment 96.7%); X-axis: M-response duration, ms; Y-axis: M-response amplitude, mV
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Administration of pancuronium bromide at doses of
300-350 pg/kg bw resulted in animal death due to
the neuromuscular form of acute respiratory failure
within 5-10 min. The mortality rate in each group is
presented in Table 1.

The dynamics of the NMB induced by the admin-
istration of various pancuronium doses were recorded
using ENMG in rhythmic stimulation mode (Table 1).
Figure 1 clearly illustrates characteristic changes in the
M-response series, showing decrements in amplitude
and area depending on the dose and time after mus-
cle relaxant administration. The criteria for the NMB
effect were defined as external signs of peripheral pa-
resis combined with the illustrated electrophysiological
changes.

The obtained data allowed us to establish that the
median effective dose (ED,,) of pancuronium bromide
following a single subcutaneous administration to intact
rats was 238.0 [219.8; 257.7] ug/kg (ED,, = 211.4 pg/kg,
ED,, = 274.4 pg/kg). The median duration of muscle re-
laxation was 60.0 [44.7; 64.0] min. Furthermore, the me-
dian lethal dose (LD, ) of pancuronium bromide following
a single subcutaneous administration to intact animals
was 3211 [305.8; 3371] pg/kg (LD,, = 2981 pg/kg,
LD,, = 339.1 ug/kg), and the median time to death was
26.0 [24.5; 27.5] min.

Thus, the therapeutic index, calculated as the ratio of
LD, /ED,,, for subcutaneously administered pancuroni-
um bromide was 1.35. The ratio of LD, (255.0 pg/kg)
to ED,, (292.0 ug/kg), referred to as the certain safety
factor (CSF), equaled 0.87. These parameters indicate
a narrow therapeutic range for pancuronium and dic-
tate stringent requirements for dosing accuracy and
the necessity for meticulous monitoring of its effects.
The relationships between the ranges of effective and
lethal doses of pancuronium are presented graphically
in Figure 2.

2 2ms 25mV

13.0 mA”
1Hz
18:02:29

. :

Figure prepared by the authors

—@— Muscle relaxation

100
M- Lethality

75

Effect, %

50

25

150 200 250 300 350

Pancuronium bromide dose, pg/kg b.w.
Figure prepared by the authors

Fig. 2. Dose-effect and dose-lethality relationships
following single subcutaneous administration of
pancuronium bromide to intact rats

Determination of effective and toxic doses of
pancuronium bromide in a rat model of fenthion
poisoning

According to preliminary toxicometric studies, the LD,
value of fenthion following a single subcutaneous admin-
istration in rats was 479.4 [465.3; 493.9] mg/kg. Animal
deaths were recorded within the range of 6-24 h, with a
median value of 11 h. The external signs of intoxication
were represented by a set of cholinergic crisis symptoms
(chromodacryorrhea, hypersalivation, incontinence, di-
arrhea, trismus, myofibrillations) and myasthenic syn-
drome, which appeared 15-30 min after administration
and persisted for at least seven days. The residual activ-
ity of blood plasma acetylcholinesterase (AChE) in rats
12 h after pathology induction ranged 45.0-55.0% of the
baseline level.

25 mv

4 ms

4 ms

18:10:32
+ +

Fig. 3. Changes in M-responses of the rat gastrocnemius muscle 12 h after fenthion administration: single stimu-
lation (A) and rhythmic stimulation (B); reduction in the number and duration of repeated M-responses (C); restoration
of the decrement-increment pattern to a normal M-response series (D): X-axis — M-response duration, ms; Y-axis —

M-response amplitude, mV
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Table 2. Results of assessing the effects of single subcutaneous administration of pancuronium bromide in rats
during the acute phase of fenthion poisoning

Pancuronium _Reduction Normalization Decren'_nent Increase in Mortality rate,
dose, pg/kg bw in repeated c_>f decrement- detection muscle strength, %
M-responses, % | increment, % frequency, % %

64.1 0.0 0.0 0.0 0.0 0.0
83.3 16.7 66.7 0.0 33.3 0.0
108.3 83.3 100.0 0.0 100.0 0.0
140.8 100.0 66.7 33.3 66.7 33.3
183.0 100.0 0.0 100.0 16.7 83.3
238.0 100.0 0.0 100.0 0.0 100.0

Table compiled by the authors based on original data

The neurophysiological profile of fenthion poisoning
corresponded to the pattern previously described in a
rat model of dimethoate poisoning [14]. In total, 12 h af-
ter fenthion administration, all animals exhibited numer-
ous repeated M-responses to single stimulation, and
in 80.0% of cases, a pronounced decrement-increment
pattern was observed based on rhythmic stimulation
data (Fig. 3A, B).

Administration of pancuronium bromide during
the acute phase of poisoning at doses of 83.3 and
108.3 pg/kg bw contributed to the improvement of NMT,
manifesting as restored muscle strength according to
CFTs, a reduced number of repeated M-responses,
and normalization of the response to rhythmic stimu-
lation. From a neurophysiological perspective, the re-
corded changes should be interpreted as a reduction
in muscle hyperexcitability, restoration of nerve impulse
discreteness, and, ultimately, an increase in the reliabil-
ity of NMT. It was established that after administration

100 - —@— NMT restoration I u
M- Lethality
¢.‘

®

B8

3 :
i

-.
T T '
0 50 100 150 200 250

Pancuronium bromide dose, pg/kg b.w.
Figure prepared by the authors

Fig. 4. Dose-effect and dose-lethality curves obtained
after subcutaneous administration of pancuronium
bromide to rats 12 h after fenthion poisoning

of pancuronium bromide at a dose of 108.3 pg/kg bw,
ENMG data indicated a decrease in the number of re-
peated M-responses, as well as restoration of the decre-
ment-increment pattern to a normal M-response series
(Fig. 3C, D).

Based on CFT data and neurophysiological moni-
toring, the range of effective doses of pancuronium for
correcting NMT impairments in the acute phase of fen-
thion poisoning in rats was determined (Table 2). The
efficacy criteria were the electrophysiological signs of
NMT normalization described above and the restoration
of muscle strength within 1 h after pancuronium bromide
administration. Administration of pancuronium at doses
exceeding 140.8 pg/kg bw resulted in an increased se-
verity of NMB, manifesting as a decremental response
instead of a decrement-increment pattern and progres-
sion of the myasthenic syndrome up to respiratory mus-
cle paralysis.

The calculated ED,, value of pancuronium bro-
mide, when administered during the acute phase of
severe fenthion poisoning, was significantly lower than
that in intact rats, amounting to 90.1 [77.3; 105.1] pg/kg
(ED,, = 73.4 pg/kg, ED,, = 113.4 ug/kg). A leftward shift
of the lethality curve was also observed against the
background of fenthion poisoning: LD, = 152.3 [130.6;
177.6] pg/kg (LD,, = 124.0 pg/kg, LD,, = 191.6 pg/kg).
Graphs illustrating these relationships are presented
in Figure 4. The therapeutic index of subcutaneously
administered pancuronium bromide against the back-
ground of fenthion poisoning was 1.69, and the value of
the certain safety factor was 0.59.

Thus, the necessity of reducing the effective dose
by 2.64 times to correct the myasthenic syndrome, as
well as maintaining a narrow therapeutic range of this
medication, has been established. Moreover, the cal-
culated ED,, value of pancuronium bromide for intact
animals exceeds its LD, value for rats under severe fen-
thion poisoning conditions.

2 Kryukova EV, editor. Military Field Therapy: National Guide. 2nd ed., revised and expanded. Moscow: GEOTAR-Media; 2023.
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DISCUSSION

Modern approaches to the treatment of anticholinester-
ase poisoning involve the use of atropine, oximes, and
anticonvulsant drugs? [1, 3, 9]. Despite a long history of
investigating the pharmacological potential of muscle re-
laxants in anticholinesterase poisoning, no validated ap-
proaches for their use as part of antidotal therapy have
been established to date. This is due to a number of
reasons, which, in our opinion, are related to specific
features of the design of the conducted studies.

The scientific literature presents isolated clinical
studies describing the experience of administering tu-
bocurarine, pancuronium, and pipecuronium in organo-
phosphorus (OP) poisoning [11, 12, 15, 17]. In particular,
the successful use of pancuronium bromide adminis-
tered intravenously at doses of 0.5 mg [16] and 1.0 mg
[15] was reported, which is 5-10 times lower than the
recommended doses for achieving muscle relaxation.
However, the data provided in these studies are not
analytical in nature, preventing the determination of
fundamental principles for dosing and assessing drug
effects, considering their low safety margin. Our study
is among those few performed using an in vivo model,
which enabled the evaluation of complex interactions
between OPs and muscle relaxants at the organismal
level through clinical and instrumental monitoring of
NMT impairments and provided a detailed rationale for
the effective doses of the drug.

According to Besser et al. [15], the phenomena of
decrement-increment and repeated M-responses re-
flect different degrees of AChE inhibition severity, which
was also confirmed by our studies [14]. These phenom-
ena are caused by two main electrophysiological mech-
anisms mediated by nicotinic acetylcholine receptors
(nNAChRs). In contrast, complete suppression of NMT,
manifested as a decremental response, is caused by
desensitization of postsynaptic nAChRs due to a depo-
larizing block [18]. Stimulus-induced antidromic backfir-
ing (SIAB) is attributed to excessive stimulation of axonal
presynaptic nNAChRs, which mediate autofacilitation of
neurotransmitter release, under conditions of incom-
plete AChE inhibition and the absence of a desensitiza-
tion block in postsynaptic NnAChRs.

Studies suggest that precisely this mechanism, which
underlies the decrement-increment response to rhyth-
mic stimulation and spontaneous myofibrillations, can
be blocked by low concentrations of D-tubocurarine or
pancuronium, insufficient to block postsynaptic NAChRs
[18, 19]. Repeated M-responses (repetitive compound
muscle action potentials) following a single supramaxi-
mal stimulus are caused by an increased duration of
interactions between acetylcholine and postsynaptic
NAChRs, as well as lateral diffusion of an excess amount
of the neurotransmitter, leading to the activation of sev-
eral adjacent receptors. Collectively, this results in pro-
longed end-plate potentials and impaired discreteness
of the nerve impulse [14, 15, 20]. The differing sensitivity
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of pre- and postsynaptic NAChRs to the action of muscle
relaxants, described in [15], was confirmed in our stud-
ies. For instance, restoration of the decrement-increment
pattern to a normal M-response series was observed
upon administration of lower pancuronium doses than
those required to suppress repeated M-responses.

Pre- and postsynaptic NAChRs remain potential ther-
apeutic targets at the neuromuscular junction (NMJ) for
their competitive antagonists in OP intoxication. In this
context, attempts to restore NMB through the applica-
tion of muscle relaxants appear logical and justified. The
concept behind their use in this situation is straightfor-
ward: it is necessary to administer a dose of a muscle
relaxant that is sufficient to counteract the effects of ex-
cessive acetylcholine stimulation of NnAChRs and leads
to the normalization of NMJ function. Our studies have
confirmed the hypothesis of Sheridan et al. that the dose
of a muscle relaxant should not be sufficiently high to
independently induce a non-depolarizing NMB in the
“normalized” NMJ due to excessive antagonism [21].

According to Karalliedde, a marked increase in sen-
sitivity to muscle relaxants should be anticipated in IS
[22], analogous to cases of reduced vecuronium doses
during the recovery phase from a depolarizing block in-
duced by suxamethonium [23]. The results of our study
support these hypotheses, demonstrating that the me-
dian effective dose of pancuronium in OP poisonings
must be reduced by at least a factor of 2.6 compared
to the median muscle-relaxing dose in intact animals.
Furthermore, we observed a leftward shift in the dose-
effect and dose-lethality curves while the narrow thera-
peutic range of the drug was maintained within the same
limits.

Further research on extrapolating the obtained data
on therapeutic doses of pancuronium bromide to hu-
mans in cases of OP poisoning is of significant interest.
The recommended median effective doses for clinical
use are 60.0-100.0 pg/kg upon intravenous administra-
tion [24], which is 2.4-4.0 times lower than the estab-
lished analogous dose for rats (238.0 pg/kg). This fact
indicates a comparable sensitivity to pancuronium be-
tween rats and humans, considering the traditionally ac-
cepted dose conversion based on body weight and sur-
face area, thereby confirming the external validity of the
selected experimental model. A more detailed analysis
of preclinical data for their translation into clinical prac-
tice constitutes an independent task and represents a
future direction of this scientific work.

It is widely acknowledged that administering muscle
relaxants to patients who already require mechanical
ventilation due to the acute respiratory failure typical of
a cholinergic crisis (primarily of central origin) would help
prevent subsequent excessive NAChR stimulation and
NMJ dysfunction, without significantly altering the treat-
ment strategy [11, 17, 21]. On the basis of this rationale, the
authors conducted what they claimed to be the first pilot
randomized clinical trial assessing the impact of mus-
cle relaxants on the duration of the intubation period in
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patients with OP poisonings [12]. During prolonged intra-
venous infusion of high-dose rocuronium (1.5 mg/kg/h),
the researchers observed a predictable increase in the
intubation period compared to the control group. The
study design and its results are debatable due to the
insufficiently justified selection of rocuronium doses, the
lack of dynamic neurological examination, and the failure
to assess expected endpoints such as the development
of IS, critical illness polyneuropathy/myopathy, or de-
layed organophosphate-induced polyneuropathy, since
the anticipated effects of muscle relaxants are precisely
the prevention of these pathological conditions.

It should be mentioned that priority in this direc-
tion belongs to Russian researchers who published a
similar study over 20 years ago [11]. That study demon-
strated that the use of relaxant doses of pipecuronium
(0.01-0.015 mg/kg intravenously, drip infusion) as part of
a comprehensive therapy for karbofos (malathion) poi-
soning, which significantly reduced the severity of toxic
neuromyopathy. This was evidenced by a faster recov-
ery of muscle strength, a lower frequency and duration
of peripheral respiratory paralysis, and a lower average
number of hospital bed-days and mortality rates. The
authors emphasized the importance of prolonged ad-
ministration of muscle relaxants, selecting their optimal
doses and administration regimens, considering the
possibility of early administration at the prehospital stage
in cases of OP poisoning.

The potential for prolonging the action of muscle re-
laxants was demonstrated by Ilwasaki et al. in a small-
size clinical study investigating the characteristics of
the muscle relaxant effect of pancuronium following
subcutaneous administration in patients [25]. It was es-
tablished that subcutaneous administration in the upper
limb region did not differ from intravenous administra-
tion in terms of the intensity and speed of the onset of
the effect, as measured by acceleromyography in the
“train-of-four” (TOF) mode. However, injection in the
ankle region resulted in a significantly slower onset and
prolonged duration of the muscle relaxant effect, the in-
tensity of which was lower than with intravenous admin-
istration at an equal dose. On this basis, we specifically
selected subcutaneous administration of pancuronium
in rats to achieve an increased duration of effect without
the need to induce deep NMB.

The obtained results underscore the necessity for
precise calculation of muscle relaxant doses in cases
of OP poisoning and the simultaneous monitoring of
NMT status. The use of ENMG for this purpose is rec-
ognized as the most accurate and should be consid-
ered the “gold standard” [26, 27]. However, several
publications have reported data indicating a good cor-
relation between “train-of-four” (TOF) stimulation val-
ues determined by acceleromyography (AMG), mech-
anomyography (MMG), and ENMG. Although AMG is
less accurate in assessing the depth of NMB com-
pared to ENMG and MMG, it is the most widely used
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method in routine clinical practice due to its ease of
use and applicability across various muscles [28]. The
authors of these studies are unanimous in concluding
that the choice of a specific monitoring method is less
critical than the very fact of its presence and proper
execution, since any of these methods allows for an
objective assessment of NMT status. Furthermore,
NMB monitoring is essential in cases of OP poisoning
for the timely diagnosis of peripheral nervous system
impairments.

CONCLUSION

In this study, we have determined experimentally elec-
trophysiological criteria for correcting NMT impair-
ments — underlying IS in AChE poisonings — using pan-
curonium bromide. These criteria specifically include a
reduction in the number of repeated M-responses and
a change in the pattern of the M-response series dur-
ing high-frequency rhythmic stimulation from a decre-
mental to a decrement-increment pattern. The regres-
sion of the NMB, as evidenced by this dynamic change
in the ENMG profile, was further supported by an in-
crease in muscle strength according to two CFTs and a
reduction in the mortality rate among the experimental
groups.

An experimental rationale for the range of effective
(therapeutic) doses of pancuronium bromide in cases
of OP poisoning has been provided, and the persis-
tence of its narrow therapeutic range under conditions
of pronounced AChE inhibition has been determined.
Subcutaneous administration of pancuronium bromide
at low doses (2.6 times lower than the median effec-
tive dose for intact animals) was found to alleviate se-
vere NMT impairments in cases of severe OP poisoning
through partial blockade of both pre- and postsynaptic
nAChRs.

The presented data support the hypothesis that the
use of muscle relaxants effectively mitigates the mani-
festations of OP-induced myasthenic syndrome. Given
that virtually all patients with severe OP poisoning require
mechanical ventilation as part of the standard treatment
protocol, the early and prolonged administration of pan-
curonium bromide, a long-acting muscle relaxant, at low
doses appears justified and promising for the prevention
of intermediate syndrome. It is important to note that the
dosing of muscle relaxants can be controlled in real-time
using MMG or AMG modules to assess neuromuscu-
lar transmission and perform tests in the following se-
quence: single stimulation — train-of-four (TOF) — post-
tetanic count (PTC). However, in order to develop robust
clinical recommendations, further studies are needed to
evaluate the efficacy of different muscle relaxants within
antidotal therapy regimens, especially in combination
with cholinesterase reactivators and atropine, under the
condition of administering these drugs during different
periods of intoxication.
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