The Response of Denervated Skeletal
Muscle to Succinylcholine

Gerald A. Gronert, M.D.* Edward H. Lambert, M.D.,¥ Richard A. Theye, M.D.t

The responses of denervated and normal canine
gastrocnemius muscle to succinylcholine (SCh)
were compared and contrasted in regard to potas-
sium (K*) flux Vo, muscle tension, and electrical
activity. K* efflux and Vo. of denervated muscle
increased 20-fold and fourfold after SCh, respec-
tively, while K* efflux and Vo, of normal muscle
did not change and initially doubled, respectively.
Denervated muscle responded to SCh with a con-
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tracture, as d by ap in
muscle tension and by prolonged electrical silence
and i itability. Prior t with gallami;

in paralyzing doses prevented increases in K* fux
and Vo-; small doses of gallamine attenuated these
increases but did not block them. These effects
are probably related to an increase in sensitivity
of the muscle b that develops following
denervation such that SCh produces a mass de-
polarization of the muscle, diffusely increasing
membrane permeability to Na* and K*, and thereby
stimulating the Na*/K* pump. (Key words: Con-
tracture; Denervation; Hyperkalemia; Skeletal
Muscle; Succinylcholine.)

HypeRxaLEMTa following intravenous adminis-
tration of succinylcholine (SCh) has been
demonstrated in patients with extensive burns,
massive trauma,® and neuromuscular disorders
involving loss of motor function with resultant
atrophy.® Al evidence indicates that in each
of these situations the hyperkalemia results
from release of unusual amounts of potassium
(X*) from abnormal skeletal muscle,** but
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previous reports have provided only qualitative
information.* %7 The present study provideg
quantitative information about the release of
K* from denervated dog gastrocnemius muscle S
demonstrates a concomitant increase in oxygeng
consumption (Vy,) in muscle, and comparess.
the blocking effects of partially and totallyg

o - (=}
paralyzing doses of gallamine,
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Material and Methods
[v3

Unilateral sciatic nerve section, right or left,d
was performed at the inferior margin of theS
gluteus maximus muscle in 20 mongrel dogsS
(weights, 17 to 33 kg) during anesthesia withg\’
pentobarbital sodium (25 mg/kg, intmvesg
nously). Postoperatively, the dogs were cared-}
for in individual pens by experienced handlers.%
Then, 24 to 42 days later, the dogs were anes- ©
thetized with thiopental sodium (15 to 20>
mg/kg, intravenously), the tracheas were in-
tubated, and the lungs were ventilated by a
Harvard pump with a2 mixture of halothane, 2
O, and Na. Ventilation and gas concentrations g
were adjusted to maintain Pagg, at 38 to 42 S
torr, Pag, at 100 to 120 torr, and mean expired @
halothane concentration at 1.0 = 0.2 per cent
(infrared analyzer). Catheters were placed §
in a carotid artery for sampling and pressure
measurements (strain gauge) and in two pe-
ripheral veins for infusion of fluids and drugs
and for retumn of externally collected blood.
The venous drainages of both the normal and
denervated gastrocnemius muscles were iso-
lated and collected with suitable precautions.®
Muscle and body temperatures were main-
tajned at 37.0 = 0.2 C.

Net fluxes of muscle K* and muscle Vo,
were calculated by means of the Fick formula,
from direct measurements of muscle blood flow
and the differences between muscle venous and
arterial whole-blood K* and O, contents. For
example:

K* effflux = MBF X (K*y. — K*,)
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where MBF represents muscle blood flow;
K*y, K* in muscle venous whole blood; K+,
K* in arterial whole blood. A negative value
indicates influx. K¢+ flux and Vg, were cal-
culated from average values of multiple deter-
minations of each entity for each 10-minute
period of observation. Serum K* and whole-
blood K* were determined by a flame photom-
eter (Instrumentation Lab, Lexington, Mass.).
Blood O. content was calculated from deter-
minations of Pg, and HbO., as previously de-
seribed®  When all observations had been com-
pleted, both muscles were removed, weighed,
and biopsied, and the tissue samples were
assayed for K*.2

The response to a single intravenous injec-
tion of SCh (0.25 mg/kg) was determined for
the following circumstances: without prior
drugs (five dogs); with total paralysis initiated
30 minutes previously and maintained by con-
tinuous infusion of gallamine (3 mg/kg initially
and 4 mg/kg/hour, five dogs); after ouabain
(0.05 or 0.1 mg/kg given one hour before, one
dog being used for the study of each dose).
Control observations in each case were made in
triplicate simultancously for both normal and
denervated muscle.  SCh then was given, and
the measurements were repeated ten times dur-
ing the next hour. Significance of differences
was tested between and within groups using
the unpaired or paired t test, P < 0.05 being
considered significant.

The same basic protocol was followed for
the study of a smaller (0.025 mg/kg) and a
larger (2.5 mg/kg) dose of SCh without prior
drugs, one dog being used for the study of
each dose. Additionally, the response to the
original dose of SCh (0.25 mg/kg) was deter-
mined when the administration of SCh was pre-
ceded (5 minutes) by a partially paralyzing
dose of gallamine (0.5 mg/kg; five dogs).
Control observations in this group were made
immediately before injection of gallamine.

In one additional dog, the preparation was
used exclusively to observe (oscillographic dis-
play) denervated muscle action potentials
(concentric needle electrode) and denervated
muscle tension changes (strain gauge, 100 g
tension initially) after SCh (0.25 mg/kg).
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Results
EFFECT OF GALLAMINE

In the absence of gallamine, SCh producedd
a massive efflux of K* from denervated musc]e‘1
(fig. 1, table 1). This response was preventedm
by the prior injection of paralyzing doses ofg
gallamine. The Vo, of denervated muscle in->
creased fourfold with SCh, and this increaseS
also was blocked by the prior injection ofs
paralyzing doses of gallamine (fig. 2, table 1).8,
These increases in K* efflux and Vo, were max-2,
imal 1 to 3 minutes after SCh administmtionm
and they then steadily lessened, in a pattemj
similar to that for plasma K* (fig. 3, table 2).%
Muscle blood flow initially increased threefold®
and remained above control values for 30 min-3-
utes (table 1). :‘

For normal muscle, control K* efflux and»
V. were similar to and less than control k’“’
efflux and Vo, of denervated muscle, respec-&
tively (table 1). Neither control relahons}uﬂﬁ
was altered by prior administration of gal-§ o)
lamine. After SCh alone, K* efflux did nota'
change and Vg, increased; after the combmn-c
tion of gallamine and SCh, neither K* effluxs
nor Vo, changed (table 1).

jumoq

ErrFeCTs OF DIFFERENT DOSES OF
SUCCINYLCHOLINE

8/E62/CL/1/I6E/HP

K* effluxes of denervated muscle with threeoo
doses of SCh—0.025 mg/kg, 0.25 mg/kg, :mdo
2.5 mg/kg—are illustrated in figure 4. Ing
denervated muscle, K* effluxes of about cqua]*‘
magnitude were noted after the two larger doses—*
of SCh. In normal muscle, no change of I\“‘
efflux was evident at these doses, but fnsc.lcula-o
tions and relaxation of normal muscle wereS
observed. The smallest dose of SCh producedo
neither a change of K* efflux nor fnscnculatlonso
and relaxation of normal muscle. Yet in dener-£)
vated muscle the smallest dose produced :1n9;
increase in K* efflux that was nearly half thatZ
produced by the higher doses of SCh. Theseg
findings indicate supersensitivity in the dener-&
vated muscle. The Vo, of denervated muscleQ
responded to the three doses in a manner paral-g
lel to the changes in K* efflux (not tabulated).>

Increases in K* efflux were followed by X2
influx in all situations (figs. 1 and 4), but dur—o
ing the 60 minutes of observation, K* influx®
never completely balanced the prior efflux.
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Fic. 1. K* flux of denervated muscé

istration of gallamine, Efflix

md.xmtcd by positive values, influx
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Fig. 3. Changes in plasma K* L
concentrations of arterial and mus- <
cle venous blood (denervated and =
normal) following injection of SCh &
{0.25 mg/kg). (0 time values are < 4
~
Q

SsCh minutes
0.25 mg/kg
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Prior administration of ouabain—either 0.05 lower than that of normal muscle (table 3, lineg
or 0.1 mg/kg—did not alter the response to 2). After SCh-induced efflux with minimals

SCh of either K* flux or V. influx (fig. 1, gallamine = “none”), the K* con—§
tent of denervated muscle tended to decreased

ELECTROMYOGRAPHY further, but not quite enough to be significantS

The control electromyogram of denervated (table 3, line 1, D/N ratio). §

s Changes in mean arterial pressure and arte- £

muscle showed frequent spontaneous action po~ 8 P R
tentials (fibrillation potentials 1°), which be- “_‘11 _P 02> Pgo:v pH, and buffer base were b
came more frequent with needle movement significant in all groups (not tabulated). o
(insertion activity, fig. 3). After injection of Di . g
SCh (fig. 5), there was a 15-second explosive iseussion g
burst of action potentials, followed by a 30- The response of denervated gastrocnemlus S

minute period of electrical silence, during muscle to SCh clearly differed from that ofo
which the muscle was not excitable by ncedle normal muscle: efflux of K* from denervated
movement. Spontaneous activity and excitabil- muscle increased 20-fold, while efflux from S
ity to needle movement then slowly returned, normal muscle did not change; the Vo, of de-Z
but at 60 minutes were still diminished. De- nervated muscle increased fourfold, while the € =
nervated muscle tension after injection of SCh Vo. of normal muscle only doubled; dener- &
increased rapidly to a tension exceeding 225 g vated muscle developed a persistent contrac- S
(off scale) and slowly decreased, but at 60 min  ture, while normal muscle fasciculated and re- g
it still amounted to 155 g. Fasciculations were laxed. We believe that these findings reflect >

not observed in the denervated muscle after the change in receptor properties of the mem- 2
SCh injection. brane of denervated muscle. P
Denervated muscle weighed less than normal The receptor area of denervated muscle is N

muscle (table 3). In the absence of prior K* known to enlarge progressively until virtually
efflux, the K* content of denervated muscle was  the entire surface membrane of the muscle
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TasLe 2. K+ Concentrations (mlq/liter) in Arterial, Denervated Muscle Venousg

SCh (0.25 mg/kgg

K* Concentrations

Gallamine Source of Sample &
Control 1 3 6 =

)

Plasma 3
None Arterial 34202 3801 44* 302 4502 =
Denervated muscle venous [ 3.6 = 0.2 79* =04 82* 0.5 71* =04 2

Normal muscle venous 3.6 =02 3.9* =01 4.5* = 0.1 4.6* %= 0.1 §

4 mg/kg/hour| Arterial 3501 35 =01 3601 3601 .ﬂ’\}’
Denervated muscle venous | 3.9 %= 0.1 4001 4.2* 2 0.1 42* £ 0.1 %

Normal muscle venous 3.8 +0.1 3901 4.0* = 0.1 40* =01 o

—=

Whole bload D
None Arterial 48202 53 =04 5.6* = 0.4 56* =04 o
Denervated musele venous| 5.1 %= 0.3 78 =03 7.7 =03 T2* 203 g

Normal muscle venous 3.1 =03 54 =03 5.7* =03 58* 03 &

5

4 mg kg hour; Arterial 4.7 202 46 =01 47 £0.1 47201 §
Denervated muscle venous| 4.8 = 0.1 49 =01 50201 .0 = 0.2 ;3;

Normal muscle venous 48 =01 4801 48 =01 4.9 =02 g_

* Significantly different from control; P < 0.03, ¢ test for paired data.

fiber develops the greater sensitivity to chem-
ical depolarization that is peculiar to end-
plates.> SCh, acting as does acetylcholine on
denervated muscle,®® then depolarizes the en-
tire (supersensitive) membrane at one time,
and produces a burst of action potentials fol-
lowed by a contracture. By definition, a con-
tracture is a nonpropagated prolonged revers-
ible activation of the contractile mechanism,
usually associated with sustained depolariza-
tion.1t The large area of supersensitive mem-
brane continuously loses intracellular K* as
Tong as it is depolarized *?; the extracellular
concentration of K* thus is increased and some
of this is lost to the venous circulation. The
increased extracellular K* stimulates the Na*/K*
pump,®® and thus increases the Vo,, which is
additionally increased because of the contrac-
ture. The increase in muscle blood flow may
be due to a mechanism similar to that reported
for vasodilation in exercising skeletal muscle,
namely, release of ATP from the contracting
muscle.’

The long duration of the response to SCh
in denervated muscle is probably related to
supersensitivity. The usual paralyzing dose of
SCh in normal muscle is excessive for the
supersensitive membrane of denervated muscle.
The supersensitive membrane also may be un-

o1 E//(ﬁJ

usually responsive to metabolites of SCh. Furg
thermore, both SCh and its metabolites mas
be bound by receptor sites in the membrane.’®

The supersensitivity phenomenon may béx
modified in several ways. The effect of gal
lamine is consistent with the assumption that;
depending on dose, it occupies some or all of
the receptor sites, thus limiting or preventing
the action of SCh. A similar effect has beerg
reported to occur with curare.’®®  Othefl
agents that modify the phenomenon includ&’
those antibiotics that may prevent the proteir§
synthesis necessary for development of extrad
junctional receptors,’* those antibiotics thap
may greatly stimulate the Na*/K* pump 8 (thus
increasing its effectiveness), and intermittent
electrical stimulation following denervationg
which may prevent atrophy and supersensig
tivity.}? o

Ouabain, which inhibits the Na*/K* pump,’é
should block that part of the increase in Voé
caused by stimulation of the pump, and if
should also prolong the efflux of K*. Yet doseg,
of 0.05 mg/kg and 0.1 mg/kg neither aﬂ'ectcdﬁ
the magnitude or duration of the increase i
Vo, nor prolonged the efifux of K+~—even,
though a dose of 0.1 mg/kg is 80 per cent o§
the canine fatal dose.? While increased ex-
tracellular X* opposes this inhibition, data from

00/88LE62/E
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and Normal Muscle Venous Plasma and Whole Blood in Relation to Gallamine and
Five Dogs Each, Mean = SE)

—
A=l

(mEq/l} at Various Times (Minutes) after SCh Injection

9 15 20 30 40 50 60
4.5* 0.2 4.6* = 0.1 44* = 0.1 4.3% =02 4.1* = 0.2 41* =02
6.4* 2 0.2 =+ 0.2 4.8* =02 4.5* 202 4.0 =02 3.8 £ 0.2 37202
4.6* = 0.1 4.7* 301 47201 4.6% = 0.1 44 = 0.1 4.2* 0.2 4.0 =202
3601 3.8* 2= 0.1 3.8* =01 3.8* = 0.1 3.8* =0.1 3.7 x£02 3.8* 0.1
4.1* 0.1 4.1* 0.1 4.0 0.1 4.0 =0.1 3.9 =01 3.9 £ 0.1 4.0 = 0.1

4.1* = 0.1 4.1* = 0.1 4.2* = 0.1 4.1* 201 4.1* 2 0.1 1.0* = 0.1 4.0* = 0.1

5.7* £0.3 * 03 5.6% %= 0.3

6.7* 203 * 044
5.8* =03 3.8* =03
47201 1802 4.9 £ 0.1 5.0* 2= 0.1
4.9 2 0.1 1.9 =01 50=x=01 50 £ 0.1
19201 50 %02 50 =02 5.1* = 0.1
100 -
80 |- SUCCINYLCHOLINE
—— 0.25 mg/kg
L ———2.5 mg/ kg
R I R N P 0.025 mg/k
o mg/ kg
O 6o
N
£
3
Fic. 4. K* flux of denervated ™\
muscle after injection of SCh ,E’ sol- |-
(0.025 mg/kg, one dog; 0.25 mg/
kg, mean, five dogs; 2.5 mg/kg, L
one dog). Efflux indicated by = L
positive values, influx by negative >
values. Y
20 |-
x
O ___ 13
-10 -
-20 ! 1 L] Il ! : —1
Conl’al,r 20 40 60

Sch minutes
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Insertion 5
Activity: 3 0o 0 O o 0 12 g
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Fibrillation 3

Potentials: 3 5 0 0 O [ [¢] 12 3

3
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Fic. 5. Electrical acS
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(gl text for details.) g
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<

Q

only two animals are insufficient to enable one
to speculate on the significance of the lack of
effect of ouabain.

Although the K* content of denervated mus-
cle was less than that of normal muscle, the
concentrations of intracellular K* in these two
muscle states reportedly are the same, when
expressed as concentration in moncollagenous
protein nitrogen.®* Cellular mass evidently de-
creases following denervation, while the mass
of connective tissue, which contains much less
K+, increases.**

Increased K* efflux from normal muscle was
not observed after injection of SCh. A small
change was anticipated, and it is possible that
this may have been within the range of control
flux or might have been detectable at sampling

T

intervals other than those used. This aspect
has been studied in normal cats 2% high valueg
were reported for both control K* efflux and
the post-SCh increment, but the experimentald
technique involved perfusion of the animal'sS
entire hind portion, which was isolated from
the cephalad portion by a pressure clamp. Theg
authors of this report acknowledged that theig
perfusion techniques produced a loss of K2
They did not report measurements of pH, Peo.D
or muscle or blood perfusate temperatures. Al
though they sampled venous drainage every?
30 to 60 seconds, they sampled arterial inpufg
only every 3 minutes. They then calculateds
K* efflux from the Fick formula for each 303
second interval, even though there was somq%
disparity in the times of sampling and an un§

oSl

Tanik 3. K* Contents of Denervated and Normal Muscle One Hour after SCh

(Five Dogs Each, Mean == SE)

AMuscle K+ Content. mEq/100 g Wet Weight, g
G
Denervated Normal Denervated Normal
None 5.1 =07 7.8 =02 49* =5 =4
. 4.0 mg/kg 7.1* =06 8803 58* =8 Tx=6

* Siznificantly different from normal, P < 0.05, t test for paired data.
+ Ratio of K* in denervated muscle to ratio in normal muscle (D,

szz I1dy'60 Uo 3586 Aq pd g0l

/N) not significantly different from
D/N at a gallamine dose of 4 mg/kg/hour, 0.05 < P < 0.1, t test for unpaired data.
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steady state ** was present. Further studies of
SCh-induced K+ efflux in normal cats are
desirable.

The Vo, of denervated muscle was greater
than that of normal muscle throughout the pe-
riod of observation. The difference during the
control period is part of an overall increase in
metabolism in denervated muscle,?> and prob-
ably is related in part to contractile activation
due to fibrillation,® with a resultant stimula-
tion of the Na*/K* pump. In support of this
assumption is the finding that resting dener-
vated muscle ¢ has a greater turnover of K*
than does resting normal muscle. The modest
increase jn Vo, of normal muscle after injec-
tion of SCh seems to be related to the con-
tractile activation of fasciculations and thus
represents the energy necessary to restore the
contractile mechanism.

The clinical implications of these studies
deserve further comment.® Supersensitivity to
chemical depolarization develops to varying de-
grees within 10 to 14 days after denervation,®
the onset of disuse leading to atrophy ** or
direct trauma to muscle.* The associated hy-
perkalemic response to SCh is well established
14 days after denervation or cord section, and
it persists for about 3 months.” The hyper-
kalemic response to SCh after thermal trauma
may be due not to the burn itself but to related
complications. In swine, in the absence of
associated dircct muscle trauma or disuse
atrophy, thermal trauma does not cause a hy-
perkalemic response to SCh % in man this re-
sponse frequently develops more gradually and
may not be established until 21 to 23 days
after the bum.r Therefore, hyperkalemia is
more likely to be the result of atrophy second-
ary to prolonged bed rest and weight loss than
to result from thermal trauma.

Although the degree of supersensitivity may
vary with the type of neuromuscular disability,
the response to SCh is such that one would
expect the dose of SCh needed to paralyze
normal muscles to exceed greatly that needed
to depolarize the supersensitive membrane of
the affected muscles, hence releasing large
amounts of K*. Gallamine and curare both
attenuate the hyperkalemic response, but par-
alyzing doses may be necessary to block it
completely. The use of SCh, therefore, prob-
ably should be avoided in patients with thermal

DENERVATED SKELETAL MUSCLE AND SUCCINYLCHOLINE
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injury, massive trauma, or lesions in the cery
tral nervous system with motor m\olvemexﬁ
resulting in atrophy.
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equalled or exceeded the pulmonary arteriadl
pressure, the total shunt decreased toward ﬂl&
control value. Cardiac output decreased apo
preciably in one of these two patients \\])618
airway pressure exceeded pulmonary arteriak
pressure. (Rogers, R. M., and others: Hemoss
dynamic Response of tlzc Pulmonary Circula
tion to Bronchopulmonary Lacage in Man, )
Engl ] Med 286: 1230-1233, 1972.) Emrong
conMENT: Although the number of patients “b
whom the studies were made is small indeedd
this is a beautiful physiologic demonstmtioxg
of the relationship between lung volume an@_
distribution of blood flow. As the liquid ]na-
drostatic pressure exceeded pulmonary nrten.zg
pressure (or lung volume was increased frons’,
FRC to TLC}, flow was diverted to the contno
lateral lung. This exemplifies the clinical precJ
dicament when overdistention of a small grou[ﬁ>
of ventilated terminal air units may result iig,
areater flow to nonventilated, perfused areas
thus magnifying the inefficiency of oxygenation®
with a simultaneous small increase in lung
volume.



