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History of Muscle Relaxants

The introduction of NMBAs into anesthesiology in 1942 is a rel-
atively recent event in medical practice. Indigenous South
Americans had been using a paralyzing poison for centuries on
the heads of their hunting arrows. This lethal compound was de-
rived from the tropical plant Chondodendron tomentosum and
caused paralysis and death to quarry that had been impaled by a
coated arrow. Such a poison was an advantage because animals
suffering a normally nonlethal wound would succumb and could
be harvested by the hunter. The existence of this poison, known
as curare, was recognized outside of South America, but its med-
ical uses were not realized. The link was made when an explorer,
Richard Gill, returned from the jungles of South Amlerica and
was diagnosed 2.._.% multiple sclerosis. The m:mmmm:o: that the
spastic paralysis might be relieved by administration of the arrow
poison led Gill to overcome his disability and return to the South
Amerfcan jungle. He returned to the United States in the late
1930s having obtained a quantity of curare, which he sold to a
pharmaceutical company that then purified the raw curare and
marketed it under the trade name of Intocostrin. Initially, Into-
costrin was used only in psychiatric medicine to control seizures
that were associated with treatments of psychotic states. A physi-
cian in the company realized the potential the drug might have in
the field of anesthesiology and convinced an anesthesiologist to
undertake studies in humans. This was to be a monumental un-
dertaking because the anesthesia community of the day was un-
derstandably not receptive to administration of a paralytic arrow
poison to surgical patients. Indeed, the mere suggestion that one
would administer a drug that would intentionally cause respira-
tory arrest was unthinkable to a generation of physicians who had
grown up with the motto “Where there is breath, there is hope.”
Studies which suggested that d-tubocurarine, a quaternary alka-
loid isolated from raw curare, was safe and useful for relaxing
abdominal muscles during general anesthesia began to emerge,
and use of the drug spread to Great Britain by 1945.1 Another
drug with paralytic properties similar to d-tubocurarine, but hav-
ing the advantage of rapid onset and offset (succinylcholine), was
introduced into human practice in the early 1950s.> Reports of
the use of NMBA in dogs also began to appear in the early 1950s,
and administration of succinylcholine to horses was described in
the 1960s.3* Both d-tubocurarine and succinylcholine have a
number of undesirable cardiovascular effects. These agents can
affect autonomic ganglia and cardiac muscarinic receptors, as
well as induce histamine release. Although succinylcholine
has the advantage of rapid onset and offset compared with d-
tubocurarine, the additional disadvantages of hyperkalemia, ar-
rhythmias, postanesthetic myalgia, and the changing nature of its
block dictated that other NMBAs be developed.

Synthetic relaxants developed during the ensuing years in-
cluded gallamine, decamethonium, alcuronium and, finally,
steroid-based pancuronium. Most are now only of historical in-
terest, although alcuronium is still frequently used in many parts
of the world, and pancuronium serves as a parent molecule of
several contemporary NMBAs. Atracurium and vecuronium, in-
troduced in the 1980s, have the advantage of minimal to no car-

diovascular effects, minimal histamine release, and a controllable
and predictable duration of action. Both are widely used in
human anesthesia practice. Mivicurium, an analogue of
atracurium with a rapid onset and brief action, was developed to
take advantage of rapid onset of action in facilitating tracheal in-
tubation after induction of anesthesia. It is essentially devoid of
the problems of hyperkalemia, arrhythmia, and myalgia.
Recently developed NMBAs include doxacurium, pipecuronium,
and rocuronium, which represent an effort to produce an NMBA
that has a precise, predictable duration of action and minimal un-
toward cardiovascular side effects.

Physiology of the Neuromuscular
Junction .

All muscle relaxants exert their effects at the neuromuscular
junction, which forms the interface between the large myelinated
motor nerve and the muscle that is supplied by that nerve. The
neuromuscular junction itself may be divided into the prejunc-
tional motor nerve ending, the synaptic cleft, and the postjunc-
tional membrane of the skeletal muscle fiber. Present on the pre-
junctional and postjunctional areas of the neuromuscular
junction are nicotinic receptors, which bind and respond to
acetylcholine (ACh) or another suitable ligand. The prejunctional
receptor is thought to be important in the synthesis and mobiliza-
tion of ACh stores, but not for its release.’ There appear to be two
types of postjunctional receptors: junctional and extrajunctional.®
The junctional receptors are found on the motor end plates of
normal adult animals and are responsible for interacting with the
released ACh, initiating muscle contraction. Antagonism of ACh
at the junctional receptors is responsible for the relaxant effect
seen when an NMBA is administered. The extrajunctional recep-
tors are not present in high numbers on the skeletal muscle mem-
branes of adult mammals, but are important because they are syn-
thesized by muscles that are receiving a less than normal degree
of motor nerve stimulation.” Thus, their number may be in-
creased following spinal cord injury or after a period of muscle
disuse, such as when a limb is cast. They are also present in
neonates. The location of extrajunctional receptors is not re-
stricted to the motor end plate and they may be located over the
entire muscle cell surface.®? Extrajunctional receptors appear to
be more responsive to depolarizing NMBAs such as succinyl-
choline and less responsive to nondepolarizing NMBAs such as
atracurium. 0 If the degree of neuromuscular deficit is severe, ex-
trajunctional receptors may be more numerous and widely dis-
tributed over the muscle membrane. Such patients may have a
more intense response to the actions of a depolarizing NMBA
and a more profound release of intracellular potassium ions (K*)
with its concomitant adverse cardiac effects.!'

The prejunctional nerve endings synthesize and store a quan-
tity of ACh in synaptic vesicles. During normal neuromuscular
transmission, an action potential arrives at the prejunctional
motor nerve ending, causing depolarization of the nerve terminal.
The depolarization of the nerve membrane activates adenylate
cyclase, which converts adenosine triphosphate to cyclic adeno-
sine monophosphate. The resultant conversion results in calcium-
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tential. There are at least two other less well understood mecha-
nisms: desensitization and channel blockade.

Earlier it was stated that the cholinergic receptor is inactive
with its potential ion channel collapsed when two molecules of
ACh are not attached to the alpha subunits of the receptor.
Binding of ACh to each of the two alpha subunits of the receptor
causes the conformational change to the active state and enables
the ion channel to open. However, the channel does not have to
exist only in the open or collapsed state. A third possible confor-
mation is the desensitized state, in which receptors bind ACh to
the alpha subunits, but a conformational change and channel
opening do not occur. A number of drugs, including agonists, an-
tagonists, and inhalant anesthetics, appear to be able to switch the
cholinergic receptgg.to the desensitized state. The desénsitized-
state hypothesis explains the synergistic action. that inhalant
anesthetics have with NMBAs because it is known clipically that
much lower doses of NMBAs achieve an acceptable degree of re-
Exmﬁoﬁd when a patient is anesthetized with a volatile anesthetic.
A large number of drugs may cause or promote desensitization,
such as succinylcholine, thiopental, Ca?*-channel blockers, local
anesthetics, phenothiazines, cyclohexamines, inhalant anesthet-
ics, and some antibiotics.!%-2?

Channel blockade occurs when a molecule becomes stuck
within the channel, obstructing normal ion flux. This is possible
because the mouth of the ion channel is much wider than the
transmembrane portion, which enables molecules to enter the
channel but not necessarily pass completely through it. Therefore,
channel blockade blocks normal neuromuscular transmission not
by competing for binding sites on the nicotinic receptor, but by in-
terfering with the depolarization process in response to binding of
an agonist.2324 This is an important distinction because the paral-
ysis induced by channel blockade may not be antagonized by ad-
ministration of an anticholinesterase. In fact, inhibition of
cholinesterase enzyme may intensify the block because the open-
ing of more ion channels in response to a greater concentration of
ACh may provide a greater opportunity for the offending mole-
cules to become trapped within the channel. It is known that many
drugs can cause channel blockade, but the fact that NMBAs them-
selves can block the neuromuscular receptor channels may par-
tially explain why administration of an anticholinesterase drug in
an effort to antagonize neuromuscular blockade may sometimes
intensify rather than lessen the paralysis 2326

Depolarizing and Nondepolarizing Drugs

Depolarizing and nondepolarizing neuromuscular junction—
blocking drugs both have am affinity for, and bind to, nicotinic
ACh receptors at the neuromuscular junction; however, their in-
trinsic activity at the receptor is very different. Nondepolarizing
drugs bind to the receptor but do not activate it (Fig. 15.2). Their
onset of action is characterized by a progressive weakening of
muscle contraction and, ultimately, flaccid paralysis. Depolari-
zing drugs also bind to the receptor and, similar to ACh, the re-
ceptor is stimulated, causing depolarization of the postjunctional
membrane. Unlike ACh, succinylcholine and other depolariz-
ing NMBAs are not susceptible to breakdown by acetyl-
cholinesterase and thus the ion channel remains open and repo-

larization does not occur. The persistent state of depolarization
associated with administration of depolarizing NMBAs causes
inexcitability of the motor end plate and, as with nondepolariz-
ing NMBA, a flaccid paralysis resuits. In addition to the differ-
ing mechanism of action of depolarizing drugs, several other dif-
ferences are clinically apparent when comparing depolarizing
and nondepolarizing NMBAs. Succinylcholine administration
can cause muscle fasciculations immediately prior to the devel-
opment of flaccid paralysis. Large doses, repeated administra-
tion, or administration of succinylcholine as an infusion causes
the character of the block to change from the aforementioned
classic depolarizing action (i.c., phase I block) to a phase II
block which resembles that of nondepolarizing drugs such as
d-tubocurarine. Despite years of investigation into the genesis of
phase 1T block, its mechanism is still not clearly understood.
Prolonged exposure of the cholinergic receptors to the agonist
succinylcholine likely causes receptor desensitization, channel
blockade, or a combination of both. Both receptor desensitization
and channel blockade have properties that would mimic those of
the nondepolarizing NMBAs and thus would change the mecha-
nism and nature of the succinylcholine-induced block.

Individual Neuromuscular Blocking
Drugs

The NMBAs are quaternary ammonium compounds that mimic
the quaternary nitrogen atom of ACh. They are attracted to the
nicotinic receptors at the motor end plate, as well gs to nicotinic re-
ceptors located in autonomic ganglia. Most NMBAs are positively
charged, water-soluble compounds that have a limited volume of
distribution and, in many cases, limited hepatic biotransforma-
tion.2” The water-soluble nature of these compounds suggests their
pharmacokinetics differ markedly from those of most anesthetic
drugs, such as thiopental and propofol. A hallmark of lipid-soluble
anesthetic agents is their rapid onset of action and their rapid ter-
mination of effect after intravenous administration.

In contrast, the low lipid solubility exhibited by the NMBAs
limits drug transfer across membrane structures, including the
placenta and blood-brain barrier. Hepatic metabolism and redis-
tribution to sites other than the skeletal muscles are not major
mechanisms in the termination of NMBA effects. An exception
is vecuronium, where biliary excretion is important in its elimi-
nation from the vo&\.nw Because of their water solubility, most
NMBAs are excreted by glomerular filtration and are generally
not reabsorbed by the renal tubules. The water-soluble nature of
these drugs may also contribute to the observation that neonates
may require relatively higher doses of NMBASs because neonates
have a higher percentage of body water than do adults and typi-
cally higher apparent volumes of distribution for water-soluble
drugs. Recommended doses of muscle relaxants used in common
domesticated species are listed in Table 15.1.

Succinylcholine

This is currently the only depolarizing NMBA used in veterinary
medicine. Structurally, the succinylcholine molecule is two ACh
molecules joined end to end. This drug is rapidly hydrolyzed in




Y, "ouLrRINOOqN}-p JO JEyl 0) Je[IUIls 2Imonns surjournbosijAz
-uaq ® Suiaey VAN Surzuejodepuou unoe-poys e ST S
wnunoedly

"$109]J3 IB[NOSBAOIPIED
2501 JO PIOASP ST UOIYA “WNIUOINIIA SIIBIID “a8reyo sanisod oy
jo ‘snyy ‘pue dnoid [Ayrour J[SUIS © JO [RAOWIY *Surn1 pro1als oY)
01 poyoene a31eyd aanrsod puodas e £q pasned aq 0 Ieadde el
JIPAY UL 9SBAIOUT PIIRIDOSSE PUB JO3JJd Sunyooq—101dadar owuLed
-snw oy], ‘so10ads Suowre Area 03 sreadde 1oop50 syl ‘siuened
Swos ur 2Jel 1eay Juisearout A[jeIspou o Ajprrw snyy ‘s101dao
-2 SIULEOSTIW JBIPIRD JIGIYUI OS[e Ued winrwornoued ‘wonoun( xe|
-nosnwoInau Ay 18 $101dadar OTUNodMu 3y 10} Auyye Suraey 0
uonIppe U] "Aousiggnsul [RUSl iim syuonjed ur 108u07 sISe] U0
-oe 21y ‘paroadxa aq Aewl SV “I9AI] AU} £Qq pazIjoqeipW S1 I9puret
-o1 1) pue ‘Adupry o) Aq PAAIdX3 Sl Sn1p oy jo uoTPelf 9318 V
‘sgop Jrum g9 01 oy woij Suruel UONOE PUE UTUI G Aporeurrxoxd
-de Jo 19su0 Juspuadop-9s0op B SBY Snup oy, ‘snafonu proidls ®
Juraey SYGINN Sutzireodspuou Jo SOLIAS B UL ISIY ) SeM STy L

wniuoinaued

e 109H2 SUIOYI[AUIIONS JO UOTRIND PIsSBAILd
-ur ou pey IR[OO B[} SOAIO[YIp ® Surreom sjeo ‘A[9SI2AU0D)
¢g OPB0[q Te[nosnwoInSu POONPUI-AUI[OYI[AUIOINS JO UOTRIND
ayy Suojoid pue Ajapoe aseIdsaurjoyoopnasd 9onpar 0} UMOYS
122q sey $3SI0Y 01 ‘UOHO[YILI PUB SOAIO[YIIP SB Yons ‘SapIONIDas
-ur sjeydsoydouedio Jo UOTIENSUNUPY “3UI[OYDJAUTIIINS JO UON
-oe atp Suojoid 03 paroadxa aq U ANATIOR ISBINSAUTIOYD eurse]d
UT UONONPAI v "ISTXa ABWl AJIALIOE aseraysaurfoyoopnasd ul sa0UD
-1opytp serdads ‘A[jeuonIppy z6-6¢ STOUP I0NQIYUI-ISLIANSU[OYD
pue ‘oprurexdofoorow ‘s3nIp orx010140 “fourudord ‘sung ‘uon
-INNUPW ‘BIUIAUR JIUOIYD ‘ISBISIP ISAY £Q PasBaIOap ST HondNp
-01d pue ‘ISAT[ 9Y) UI PIZISIYIUAS ST OSBINSIUIOYIOPNISJ "Uoh

wnunoeny @
uv @

-eqnjul [eaYDEN) 0] yuounpaduit ue A[o1e1 S1 UONOENUOD [BIBuAIe|
‘s31d pue s1e0 Jo uondooxa d[qensIe A} YL OSIBIIq sonoeld
ATeunjoA Ul UOWIWIOD JOU ST Juauade[d 2qn) [eaydenOpUa 31E}
-1roey 03 SYGIAN JO 9S[] "UOHEQMIUT [BIYILNOPUD UBUINY pider
QJRIIOR} 03 2DTOYD JO JUBXE[AI ) U0 ST QUITOYOTAUTIONS ‘UOTIOE
JaLIq pue 10312 JO 195U PIdel st JO 9sneddq -523eSOp PIseaIour
AO[[O] [[1A UOTIOE JO UOTIBIND 3Y) UL ISeIIOUT jueoTuSIs B SIayMm
‘SygNN Suizue[odapuou Juisn usym £1dde jou seop A3ajens
sty L, -oq ([ sisArered jo jasuo sy prdex o1ouI 9y ‘9SOP UIOYD
-[Kutoons a3 JoySiy 9y ], "3094J3 JO UOHRINP PasLaIoul ue Jo A110m
JNOYIM PIISISIUTWIPE 3 Kew SuI[oyo[AUIOONS JO SasOp A3Ie|
Appaneredwos ‘gseraysaurjoyoopnasd ewseld £q uonepeidap
pidex oy jo osnedog “3nIp SU) Aq PIAdIYIE 1I9J9 JO JOSUO pides
oy 10J aqqisuodsar Aem SWIOS UL S gwserd 2y} Ul SUIOYI[AUID
-ons jo uonepeidop pider ay) ‘A[[goIXOpRIEd "PINYY IB[N{[IENXD
o ojul pue uonoun( LE[rOSNUWOINAU Y} WO Keme Smip ay) Jo
uotsnyTp Aq pajeuruiid) st sisAjered paOnpUI-aUI[OYO[AULINS OS
301> ondeuks o) ur Juasaxd st asesasaurjoydopnasd oy A19A
‘gonoun{ IBIOSNWIOINST Y J& UOTIOB JO IS J) YI'SL 0 euused
ur uonepeISsp SAAIAINS IsOp PAjodlul Ayl Jo UOLORY JIEUWS E
£quo os “(asesa)saurjoyd pwse|d) aserarsaurjoyoopnasd £q ewsed

£00°0 S0°0 wnuoindadid

10 G0°0-G20'0 20-L0 WINIUOINJdA
G1°0-L00 G2g'0-S1'0 20-SL0 wnunoeay
AN 90°0 100 wnjuoinoued
G1°0-2l0 A $'0-€0 ' 5UIOYDJAUIOONG
9SIOH 1o 6oQ (B>/6w) Bnug

*58108ds D11SOWIOP BWOS Ul syusebe
Buiyo0|q JBINOSNWOINSU Pasn AlUOWIWOD 0 sesod  “1'GH 3iqelL

‘SUo|
wnipos ‘,BN PUE Suol WnIojed ‘LBD "pesold
SU/EWSJ [SUUBYD UOl 8U} PUB ‘UONEANDE
Joydeoas sjusraid winundele Aq seus Joydeo
-a1 OM} 8} JO 8UO 1sB9| JB JO UoNEednodo ay|
-jojdaoas ondeudsisod sauy e (yoy) suloyo
-/f19oe UM sejedwod Wnundelly Wonog
‘1’51 B4 ul pequosep se speaooid uolssiw
-sueJy JeNosNWIoINaU [BuLloN doL  "Z'S1 Bi4

sisAleled

uonaenuod

apeyoo|g Je|nasnwolnaN

czb e 8pe¥o0lg JejNISNWOINSN PUe SjueXe(ay 8[osniy




424 e Pharmacology

drug has a dose-dependent onset of action of approximately 5
min, and its action lasts approximately 30 min in dogs. Repeated
doses do not tend to be cumulative, so neuromuscular blockade
is sometimes maintained via continuous intravenous infusion.
Atracurium is unique in that almost half of it is degraded by
Hofmann elimination and nonspecific ester hydrolysis. The re-
maining fraction is degraded by as yet undefined routes, although
evidence exists that its action is not prolonged in people in he-
patic or renal failure.3%-3 Hepatic metabolism and renal excre-
tion are not necessary for termination of effect. Consequently,
atracurium may be administered to patients with hepatic or renal
insufficiency without significantly increasing its duration of
action. -

Hofmann elimim#ifion is a process of spontaneous molecular
decomposition and appears to be pH and temperaturt dependent.
It does not require enzymatic activity. Because Hofmann elimi-
nation may occur ex vivo, atracurium should be kept refrigerated
and is supplied at a pH of 3.25 to 3.65. When injected intra-
venously, it spontaneously decomposes into laudanosine and a
quaternary monoacrylate at physiological pH and temperature.
The laudanosine metabolite is a known CNS stimulant and can
induce seizures. Unlike atracurium, laudanosine is almost totally
dependent on hepatic biotransformation for elimination; thus,
laudanosine plasma concentrations may be elevated in patients
who have hepatic insufficiency and are given atracurium for
longer surgical procedures. Laudanosine-induced CNS stimula-
tion and seizures are unlikely unless atracurium is administered
for prolonged periods, as might occur in intensive care settings.
Since Hofmann elimination is pH and temperature dependent,
hypothermia may increase the duration of atracurium neuromus-
cular blockade and require a decrease in the infusion rate neces-
sary to maintain neuromuscular blockade.” Ester hydrolysis of
atracurium is accomplished by several plasma esterases unrelated
to plasma cholinesterase. In contrast to succinylcholine metabo-
lism, the duration of action of atracurium is not prolonged in the
presence of cholinesterase inhibitors.

Many NMBAs having the benzylisoquinoline structure are as-
sociated with histamine release and a varying degree of hypoten-
sion. d-Tubocurarine, the prototypical benzylisoquinoline
NMBA, is among the most potent at releasing histamine, but
newer drugs having the benzylisoquinoline structure, such as
atracurium and mivacurium, require several times the effective
dose for neuromuscular blockade before appreciable amounts of
histamine are released.’®3% Although signs of histamine release,
such as hypotension and tachycardia, are not usually observed
when atracurium is administered, slow intravenous administra-
tion is always preferred. ’

Cisatracurium

Atracurium is a racemic mixture of ten optical isomers. The 1R-
cis, 1R’-cis isomer, or cisatracurium, comprises approximately
15% of racemic atracurium, is approximately four times more
potent, and has much less potential for histamine release. For ex-
ample, in cats, plasma histamine concentrations were unchanged
when up to 60 times the effective dose of cisatracurium was ad-
ministered.*° Cisatracurium has a similar onset time and duration

of action to atracurium. Hofmann elimination metabolizes more
than half the administered dose of cisatracurium, but, unlike with
the racemic compound, ester hydrolysis does not occur. As with
atracurium, Hofmann elimination causes laudanosine produc-
tion. Since cisatracurium is approximately fourfold as potent as
atracurium, the administered dose is correspondingly less, as is
production of laudanosine.*!

Vecuronium

Introduced in the 1980s, this was one of the first NMBAs free of
cardiovascular effects. The discovery that the vagolytic proper-
ties and associated tachycardia seen with pancuronium adminis-
tration were caused by two positive charges within the steroid
molecule led investigators to remove a single methyl group from
the parent pancuronium molecule. Vecuronium, the resultant
drug, has remarkable cardiovascular stability and does not induce
tachycardia nor release histamine.*? This drug has a dose-
dependent onset of action of approximately 5 min and an inter-
mediate duration of action similar to that of atracurium: 30 min.
As with atracurium, a cumulative effect with subsequent doses is
not a prominent feature of this drug. Vecuronium is unstable
when prepared in solution and is supplied as a lyophilized pow-
der that is reconstituted with sterile water prior to injection. The
powder does not need refrigeration, and, once reconstituted, the
solution is stable for 24 h. Slightly more than half of the drug is
metabolized by hepatic microsomal enzymes and excreted in the
bile while a significant fraction undergoes renal o.zﬁazmaos.& In
humans, the action of vecuronium is either slightly prolonged or
unchanged in patients who exhibit renal insufficiency but not in
patients who suffer hepatic failure unless increased doses are
administered.**

Rocuronium

This is a derivative of vecuronium, having approximately one-
eighth the potency of the parent compound. Since vecuronium
and rocuronium have similar molecular weights and rocuronium
has lower potency, a higher injected dose of rocuronium places
a greater number of molecules near the neuromuscular junction
translating into a more rapid onset of neuromuscular blockade.
The rapid onset of effect of rocuronium makes the drug an at-
tractive nondepolarizing alternative to succinylcholine for tra-
cheal intubation. Its duration of action in dogs is similar to that
of vecuronium and atracurium.*3 Similar to vecuronium, rocuro-
nium seems to be without cardiovascular effects and does not
release histamine.*0 The primary route of elimination is via the
hepatic system while a small fraction is eliminated via the
kidney.*?

Doxacurium

This is a very potent benzylisoquinoline NMBA with a long du-
ration of action.’ Similar to other benzylisoquinoline NMBAs,
such as atracurium, doxacurium does not have vagolytic proper-
ties or cause ganglion blockade. Similar to cisatracurium, admin-
istration of clinical doses does not cause appreciable histamine
release. Doxacurium appears to be minimally metabolized and is
excreted unchanged into the bile and urine.
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Placental Transfer

All clinically used NMBAs are large, hydrophilic, polar mole-
cules. As a consequence, their transfer across cell membranes, in-
cluding the placenta, is limited. At clinical doses, placental trans-
fer of relaxants is minimal and effects on the neonate are
unlikely. There is widespread use of NMBAs during human ce-
sarean operations, and atracurium and succinylcholine have been
used clinically in small and large domestic animals without con-
sequence to neonates. Administration of NMBAs—such as pan-
curonium, succinylcholine, gallamine, and d-tubocurarine—to
pregnant ferrets and cats does not impair muscle-twitch strength
in neonates.%

Central Nerveus System Effects

Being large, polar, hydrophilic molecules, the NMBAs do not
cross cell membranes readily, but evidence exists thiat most of
these qrugs do gain limited entrance into the cerebrospinal fluid
and may be associated with CNS effects. Pancuronium adminis-
tration reportedly reduced the minimum alveolar concentration
of halothane in humans.®” However, a subsequent study in hu-
mans found that pancuronium, atracurium, or vecuronium ad-
ministration had no effect on the minimum alveolar concentra-
tion (MAC) of halothane.%® Accidental administration of
NMBAs into the cerebrospinal fluid has caused myotonia, auto-
nomic effects, and seizures.®”7° Laudanosine, a metabolite of
atracurium, easily crosses the blood-brain barrier in dogs, and
high concentrations may stimulate the CNS.”! Clinically useful
dosages of atracurium, however, are unlikely to result in the for-
mation of a sufficient quantity of laudanosine to alter the CNS.

Protein Binding

All nondepolarizing NMBAs are protein bound, but the clinical
significance of such binding is unclear. Presumably, only the un-
bound fraction of drug is available to interact at ACh receptors
and induce paralysis. In studies of people who had hepatic cir-
rhosis with decreased plasma protein concentrations, the propor-
tion of d-tubocurarine, wmznﬁosEB,,mza vecuronium bound to
plasma protein was not different compared with healthy patients
who had normal plasma protein concentrations.”>”> Thus, de-
spite the theoretical concerns of low plasma protein increasing
the proportion of free, active drug, the amount of NMBA that is
protein bound in hypoproteinemic patients appears to remain un-
changed.

Nonneuromuscular Effects of Succinylcholine
Several, often undesirable, nonneuromuscular side effects are as-
sociated with the administration of succinylcholine. These seque-
lae include hyperkalemia; increased intraocular, intracranial, and
intragastric pressure; and muscle soreness.

Hyperkalemia

Succinylcholine administration is associated with a transient in-
crease in serum potassium levels. Succinylcholine activates the
nicotinic motor end-plate receptors but, unlike ACh, is not imme-
diately degraded by acetylcholinesterase. This produces depolar-
ization characterized by open ion channels that enable potassium

ions to egress from the muscle fiber into the extracellular space.
As a result, serum potassium concentrations can rise transiently
after drug administration. In healthy patients, this increase is usu-
ally without adverse effects, provided that cardiovascular disease
is not present and preadministration serum potassium levels are
normal. In patients with burns, severe muscle trauma, muscular
denervation, nerve damage, or neuromuscular disease, extrajunc-
tional ACh receptors proliferate over the surface of the muscle
fiber. This increase in receptor density is accompanied by an in-
crease in sensitivity to the depolarizing muscle relaxants and an
increase in the amount of intracellular potassium released in re-
sponse to succinylcholine administration. The increase in exira-
junctional ACh receptor density begins to occur within 2 days
after the injury and can persist for m to 3 months.”*

Intraocular Pressure

Succinylcholine administration increases intraocular pressure. In
humans, intraocular pressure usually peaks within 2 to 4 min and
remains increased for at least 6 min after administration.”> The
mechanism responsible for the increase in intraocular pressure is
presently unknown but likely involves altered circulation to the
eye. The administration of the calcium-channel blocker nifedip-
ine attenuates this increase.’® Administration of succinylcholine
to patients who have penetrating eye injuries should be avoided
because it can cause ocular evisceration. Controversy exists as to
whether administration of a nondepolarizing NMBA prior to
succinylcholine prevents increases in intraocular pressure. It is
important to realize that the use of any induction technique that
might cause gagging or forceful coughing will raise intraocular
and intracranial pressure and thus must be avoided in patients
who have an open globe. Induction with a rapid-acting injectable
anesthetic and being certain that adequate anesthetic depth has
been achieved prior to attempting tracheal intubation are critical
in preventing intraocular pressure increases.

Intragastric Pressure

Because succinylcholine administration causes muscle con-
traction that manifests clinically as fasciculations of the skele-
tal muscles, abdominal constriction and increases in intra-
abdominal and intragastric pressure can occur, increasing the
potential for regurgitation.

Intracranial Pressure

Muscle fasciculations induced by succinylcholine may also in-
crease intracranial pressure. In humans, prior administration of a
nondepolarizing NMBA prevents the increase in intracranial
pressure. Since most domestic animals can be easily intubated
without use of an NMBA, it is recommended that succinyl-
choline be avoided in patients with intracranial hypertension. As
with penetrating eye injuries, a rapid, smooth induction of anes-
thesia is a more desirable strategy in preventing unnecessary in-
creases in intracranial pressure.

Muscle Responses
Succinylcholine administration is often associated with muscle
soreness. Myalgia results from muscle fasciculations that occur
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428 e Pharmacology

the use of high doses, repeated doses, or continuous infusions of
muscle relaxants that primarily depend on renal elimination in
patients with significant renal disease.

Anesthetic Drugs
Inhalant anesthetic agents cause a time and dose-dependent en-
hancement of the intensity and duration of block produced by
muscle relaxants.!%0 The explanation for this interaction is com-
plex, with inhalational agents suppressing motor evoked poten-
tials in response to spinal cord and transcranial stimulation.
Muscle contractility is altered, and variation in regional muscle
blood flow causes a greater fraction of the relaxant to reach the
site of action. 0! The effects arc greatest after administration of a
long-acting relaxa#ft or during a continuous infusion. The order
of potency of some of the inhalational anesthetics*in enhancing
muscle relaxant effects is as follows: diethyl ether > énflurane >
isoflurene > desflurane > halothane.!?! Also, antagonism of the
block may be delayed, especially if inhalant anesthesia is contin-
ued after administration of the reversal agent. Monitoring of neu-
romuscular function helps to facilitate the appropriate dosing of
muscle relaxants during inhalational anesthesia.

Most injectable anesthetic agents have only minor effects on
the neuromuscular blocking properties of muscle relaxants.
Induction agents, such as thiopental, ketamine and propofol, may

minimally enhance neuromuscular blockade.!0!

Acid-Base Disturbances

Generally, respiratory acidosis increases the intensity of muscle
blockade, whereas respiratory alkalosis decreases the ef-
fect.102-105 Both metabolic acidosis and alkalosis may potentiate
the effects of muscle relaxants and make it more difficult to an-
tagonize relaxant-induced muscle paralysis, '0%103,105,106

Electrolyte Disturbances

Alterations in serum concentration of potassium, magnesium,
and calcium influence neuromuscular blockade. Decreases in ex-
tracellular potassium result in hyperpolarization of the end plate
and resistance to ACh-induced depolarization.!®” A relative in-
crease in extracellular potassium lowers the resting membrane
potential, opposing the effect of the muscle relaxant.!%7 In-
creased serum magnesium concentrations compete with ionized
calcium, decreasing ACh release. Accordingly, in patients given
magnesium sulfate, the duration of action of muscle relaxants
may increase.'® Hypocalcemia decreases ACh release, muscle
action potential, and muscle contraction strength, thus increasing
the effect of the neuromuscular block.!97-1% Typically, hypercal-
cemia decreases the effect of d-tubocurarine, pancuronium, and
possibly other NMBAs, resulting in a higher dose requirement to
achieve paralysis.?

Hypothermia

This generally slows drug elimination and decreases nerve con-
duction and muscle contraction. The overall clinical effect will
vary with the degree of hypothermia. Care is required when ad-
ministering muscle relaxants in cold environments. Doses may
need to be reduced to prevent prolonged paralysis.

Age
Youth is associated with altered dose requirements of muscle re-
laxants. Receptor immaturity and decreased clearance appears to
increase the potency of muscle relaxants in the young.'1%-112 On
the other hand, very young animals may require higher doses of
muscle relaxants because of increased extracellular fluid and a
larger volume of distribution when compared with adults. In ad-
dition, in younger animals, muscle relaxants usually have a faster
onset of action while neuromuscular function recovers more
quickly, so a lower dose of antagonist is usually required at the
termination of the procedure.'!3

Although the data from published studies are not always
clear-cut, old age may be associated with an increase in the ef-
fect of muscle relaxants, perhaps because of a lower volume of
distribution and decreased rate of clearance. In elderly human
patients, a delay in reversal and the need for higher doses of re-
versal agents are common, and likely attributable to slower

mUODHNSOOc.m recovery. 114,115

Neuromuscular Disorders

Animals with neuromuscular disorders may exhibit unpre-
dictable responses to both depolarizing and nondepolarizing
muscle relaxants. Care should be taken when administering mus-
cle relaxants to patients with neuromuscular disorders or a his-
tory of muscle weakness or wasting.

Peripheral neuropathies may be classified as idiopathic, famil-
ial, metabolic, or immune mediated. In human patients, periph-
eral neuropathy may increase the effect of nondépolarizing mus-
cle relaxants because of neural damage and the possibility of
denervation-induced upregulation.!16 These patients may also be
predisposed to succinylcholine-induced hyperkalemia.'!”

Diseases such as tick paralysis and botulism impair presynap-
tic release of ACh. Patients with presynaptic neuromuscular dis-
orders show an increased sensitivity to nondepolarizing muscle
relaxants. Myasthenia gravis is an autoimmune disease that
causes generalized muscle weakness from a decrease in the
number of ACh receptors on the motor end-plate muscle mem-
brane. ACh is released normally, but its effect on the postsynap-
tic membrane is reduced. Patients with myasthenia gravis may
be resistant o succinylcholine-induced paralysis, but are ex-
tremely sensitive to nondepolarizing relaxants and have an in-
creased sensitivity toward succinylcholine-induced phase II
block.118:119 Pagients with myasthenia gravis do not appear to be
more sensitive to succinylcholine-induced hyperkalemia or ma-
lignant hyperthermia.'?’ From published reports of dogs with
myasthenia gravis, the initial dose recommendations of
atracurium and vecuronium are 0.1 mg/kg and 0.02 mg/kg, re-
spectively. 121122

Antimicrobial and Other Drug Interactions

The most notable effects on neuromuscular blockade occur with
the administration of polymyxin and aminoglycoside antimicro-
bials, but can also occur with tetracycline, lincomycin, and clin-
damycin. Polymyxins may depress postsypaptic sensitivity to
ACh and enhance channel block.!?312% Antagonism with either
neostigmine or calcium may be difficult and unreliable.'* Ami-
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”
Fig. 15.5. Ulnar nerve stimulation in a dog.

Fig. 15.6. Facial nerve stimulation in a horse.

Pattern of Stimulation

Ideally, the peripheral nerve stimulator should have a variable
output and be capable of providing single-twitch, train-of-four,
tetanic, and double-burst patterns of stimulation. Examples of the
evoked muscle response to supramaximal stimulation before and
after administration of a muscle relaxant are presented in Fig.
15.8. Partial neuromuscular block with depolarizing and nonde-
polarizing relaxants modifies the recorded responses to these
stimulation patterns. These modified responses are summarized
in Table 15.2.

Single Twitch .

When using the single twitch, the simplest form of nerve stimu-
lation, the degree of relaxation is assessed by dividing the elicited
response by the prerelaxant response. The prerelaxant response
is the twitch response measured immediately prior to the admin-
istration of the muscle relaxant. Since ACh release is decreased
by the prejunctional effects of the relaxant, the frequency of sin-
gle-twitch stimulation should be no greater than approximately
one twitch every 7 to 10 s.12% If the stimulus is applied too fre-
quently, the resultant twitch response will be artificially low,

Fig. 15.7. Peroneal nerve stimulatiom in a horse.

causing inaccuracy in determination of the degree of relaxation.
Twitch response is not depressed until 75% to 80% of receptors
are blocked and will be abolished when approximately 90% to
95% of receptors are blocked.!3¢

Train of Four
The train-of-four (TOF) pattern of stimulation is the delivery of
four supramaximal impulses over 2 s (2 Hz). The TOF can be re-
peated every 10 to 20 s without significant temporal effects. The
relaxation level is determined by comparing the ratio of the in-
tensity of the fourth twitch to the first twitch (T4T| ratio). Since
the TOF serves as its own control, it is not necessary to determine
baseline values prior to relaxant administration, although proper
stimulator function should be verified before paralysis. In the ab-
sence of neuromuscular blockade, the T,/T ratio will be 1.0.
After a nondepolarizing muscle relaxant is administered, when
approximately 70% of receptors are occupied the twitches will
fade, beginning with the fourth, followed by the third, second,
and first twitches.!3! The dose of relaxant given will determine
the degree of fade, the strength of any remaining twitches, and
how long the twitches are absent. During recovery, the twitches
will reappear in reverse order. A T/T, ratio of 0.7 or greater is
associated with adequate clinical signs of recovery from the mus-
cle relaxant.!32

During the phase I block from a depolarizing relaxant, the
TOF fade will be absent. However, repeat administration or con-
tinuous infusion of the depolarizing drug can cause a phase II
block. When this occurs, fade will be seen following a TOF stim-
ulus (Table 15.2).'33

Tetanic Stimulation

Sustained muscle contraction is achieved by continuously deliv-
ering a high-frequency (50 Hz) supramaximal stimulus for 5 5.3
Partial neuromuscular blockade from nondepolarizing relaxant
administration will reduce tetanic height and cause fade.!34 Al-
though this pattern of stimulation is helpful for detecting residual
neuromuscular blockade during the anesthetic recovery period, it
is important to remember that tetanic stimulation can be painful

for lightly anesthetized or conscious patients.!33
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432 e Pharmacology

of DBS is that D is detectable at a deeper level of neuromuscu-
lar blockade than is T;.13

Quantifying Evoked Responses

Whenever a muscle relaxant is administered, neuromuscular
function must be monitored until normal neuromuscular function
is restored. Residual blockade during the recovery period can
cause serious complications. Proper monitoring provides infor-
mation about the degree and duration of neuromuscular block-
ade, and assures the observer that no residual blockade is present
prior to recovery from anesthesia. In veterinary patients, the most
common method used for assessing the degree of neuromuscular
blockade is visual observation of the evoked response from pe-
ripheral nerve mﬁwuimmos. With experienced observers, visual
observation is adequate in most clinical situatigns. However,
more accurate evaluation of the depth and duration, of block is
best achieved when the muscle response is recorded and meas-
ared. The two methods for accurately quantifying the evoked re-
sponse are mechanically recorded, where the twitch tension by
the muscle is measured using a force displacement transducer,
and electromyographically recorded, where the muscle action
potential is measured.

Mechanomyography

Mechanomyography (MMG) measures the evoked response of
the stimulated muscle by force translation. The use of this
method has been described in cats, dogs, horses, ponies, COws,
and Tamas.45:125:126,139-141 With the limb immobilized, stimulat-
ing electrodes are placed over a peripheral nerve (peroneal or
ulnar). The force transducer is attached to a paw or hoof at a right
angle to the direction of muscle contraction. For maximum
evoked muscle-twitch tension, a resting tension of 100 to 300 g
should be applied. A supramaximal stimulus is applied to the
nerve by using a single-twitch, TOF, or double-burst stimulation
pattern. The resultant twitch tension can then be quantified. By
using MMG, the depth and duration of neuromuscular blockade
can be determined accurately. However, limitations make its use
in many clinical situations impractical. To prevent changes in
resting tension and twitch angle, the limb must be immobilized
and 1o movement should occur during the recording period.!4?

Electromyography

Electromyography (EMG) measures the compound action poten-
tial of muscle fibers contracting during a supramaximal stimulus
of a peripheral motor nerve. With the stimulating electrodes
placed over a peripheral neeve, the recording electrode is placed
over the innervation zone of the muscle, midway between its ori-
gin and insertion. Also required are a reference electrode, placed
over the insertion site, and a ground electrode, placed between
the other two electrodes. EMG has the advantage of requiring
less or no limb immobilization and no resting tension, and there
are more choices as to which muscles may be used.!42 In a study
in dogs given atracurium, there was no statistical difference be-
tween MMG and EMG during TOF stimulation for either Ty or
T4/T,.14? The disadvantage of EMG is that it may be difficult to
obtain proper electrode placement for accurate results, particu-

larly in smaller patients. Until a standard method is developed
and validated for various species and sites of monitoring, MMG
will remain the gold standard for quantifying evoked responses.

Reversal of Neuromuscular Blockade

Nondepolarizing Blockade

As previously reviewed, acetylcholinesterase is present in high
concentrations at the neuromuscular junction. It hydrolyzes ACh
into choline and acetic acid, terminating the effects of ACh. The
effects of nondepolarizing muscle relaxants are antagonized by
administering an anticholinesterase (also known as an acetyl-
cholinesterase inhibitor). This class of drugs inhibits the enzyme
acetylcholinesterase, increasing the concentration of ACh mole-
cules at the neuromuscular junctiop. Since nondepolarizing mus-
cle relaxants and ACh compete for the same postsynaptic bind-
ing sites, the ACh increase can tip the balance of competition in
favor of ACh, and neuromuscular transmission is restored.

The anticholinesterase drugs used to antagonize neuromus-
cular blockade include edrophonium, neostigmine, and pyri-
dostigmine. They differ in how they inhibit acetylcholinesterase
activity. Edrophonium produces a reversible inhibition by elec-
trostatic attachment to the anionic site and by hydrogen bonding
at the esteratic site on acetylcholinesterase. The action of edro-
phonium is relatively brief because a covalent bond is not formed
and ACh can easily compete with edrophonium for access to the
enzyme. Neostigmine and pyridostigmine inhibit acetylcholine-
sterase by forming a carbamyl-ester complex af the esteratic site
of acetylcholinesterase. This bond lasts longer when compared
with the bond of the enzyme with ACh, thereby preventing
acetylcholinesterase from accessing ACh.

The reversal agents vary in their onset of action. In order from
the shortest to the longest onset is edrophonium < neostigmine <
pyridostigmine. In human patients, neostigmine is 4.4 times
more potent than pyridostigmine and 5.7 times more potent than
edrophonium for reversal of nondepolarizing neuromuscular
blockade. 14 The duration of action is similar for both neostig-
mine and edrophonium, whereas that of pyridostigmine is ap-
proximately 40% longer.!4+145 In cats, neostigmine is 12 times
more potent than edrophonium. 46

Antiacetylcholinesterase agents are primarily metabolized by
the liver, with hepatic biotransformation eliminating 50% of a
neostigmine dose, 30% of an edrophonium dose, and 25% of a
pyridostigmine dose. Renal excretion eliminates the remainder of
the drug. Patients with renal failure will have prolonged elimina-
tion of an anticholinesterase drug.

The ACh accumulation following the administration of an anti-
cholinesterase drug is not specific to the neuromuscular junction.
While nicotinic effects occur at the neuromuscular junction and
autonomic ganglia, muscarinic cholinergic effects occur because
of inhibition of acetylcholinesterase at the sinus node, smooth
muscle, and glands. Clinical effects of increased ACh concentra-
tions at these sites include bradycardia, sinus arrest, bron-
chospasm, miosis, intestinal hyperperistalsis, and salivation. For
this reason, it is advised that an anticholinergic drug, either at-
ropine or glycopyrrolate, be administered immediately prior to re-
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after chronic treatment with dantrolene.!62 Severe myocardial
depression has been reported when dantrolene is administered
concurrently with verapamil or other calcium channel block-
ers. 163164 Synergism, resulting in a delayed recovery of neuro-
muscular function, has been observed with dantrolene and ve-

curonium coadministration.

165
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