Succinylcholine and Decamethonium:

Comparison of Depolarization and Desensitization

Acron 1. Gissen, M.D.,* and William L. Nastuk, Ph.D.}

Both succinylcholine (SCh) and decamethonium
(C10) cause depolarization, or phase I block, and
desensitization, or phase II block. Using a frog
nerve-muscle preparation in citro, the authors
evaluated the relative capabilities of SCh and C10
to cause the two types of block. Indirectly stimu-
lated muscle mounted on a myograph can pro-
duce similar records of tension output rs. time
following bath application of both SCh and CI0.
Curves obtained with SCh at 3.75 pm, 125 pM,
and 25 M, and with C10 at 25 pM, 75 #M, and
150 aM rations were able. Using
this 1:6 concentration ratio of SCh to C10 in
studies of transmembrane potential in single cells,
it was found that SCh caused greater and more
sustained depolarization than C10. Even when
SCh jons were i d so as to be
equimolar with C10, SCh caused greater depo-
larization and less desensitization. Compared
with SCh, CI10 has a limited depolarization ca-
pability which cannot be overcome by increasing
its concentration. Finally, the desensitization
caused by CI10 is more difficult to reverse than
that caused by SCh. (Key words: Depolarizing
drugs; Succinylcholi D honi Depo-
larization; Desensitization.)

Two of the neuromuscular blockers in clinical
use, succinylcholine (SCh) and decamethonium
(C10), are of the “depolarizing” type. These
drugs first stimulate muscle, then cause neuro-
muscular blockade. With time the quality of
the neuromuscular blockade produced by these
agents changes. The sequence has been de-
scribed as “phase 17 block and “phase II”
block, or “depolarization” block and “desen-
sitization” block.

The muscle paralysis produced by depolari-
zation block occurs promptly following ad-
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ministration of either agent. The paralysis can
be short-lived but profound, and recovery can
oceur quickly. Desensitization block develops
relatively more slowly. Although many of the
characteristics of desensitization block, which
appear later, seem curare-like, the muscle pa-
ralysis produced by desensitization block is not
easily antagonized. In fact, there are no re-
liable methods for accelerating recovery from
desensitization block, because the mechanisms
of desensitization block are poorly understood.
Therefore, it is reasonable to suppose that the
relative clinical safety of SCh and that of C10
depend upon the intensity and duration of the
depolarization blocks which they produce rela-
tive to their capacities to produce desensitiza-
tion block. In this study we have attempted
to make a quantitative comparison of the de-
polarization and desensitization blocks pro-
duced by SCh and C10.

Methods

The frog sartorius muscle-sciatic nerve prepa-
ration was used throughout. The myographic
techniques,! impalement of single cells by mi-
croelectrodes to study transmembrane poten-
tial changes,? and methods of microperfusion?
have been described.

A Tektronix storage oscilloscope (#564B)
with dual differential amplifier (#3A3) and
time base (#2B67) was used, with photo-
graphic recording. Stock solutions of C10 (2.5
mM) were prepared weekly from purified
powder supplied by Davis and Geck, Inc.
These were stored at 4 C and portions used
for daily experiments. There was no loss of
potency after a month of storage. SCh solu-
tions were prepared daily immediately prior to
use from powder supplied by Squibb and Co.
(Anectine).

Standard frog Ringer’s solution, containing
NaCl 111.0 mM, KCI 2.5 mM, CaCl, 1.8 mM,
NaH.PO, 0.45 mM, Na.HPO, 2.55 mM, and
dextrose 5.1 mM, was used. In experiments in
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which we wished to stop muscle contraction
either sucrose, 300.0 mM, or tetrodotoxin, 0.1
#M, was added. Bathing solutions were
changed every 20 minutes. Temperature was
maintained at 18-20 C.

Statistical significance was evaluated by
Student’s t test applied to the means of non-
paired data. Results were considered signifi-
cant when P was 0.01 or less as derived from
tables for N, 4+ Na— 2 where N, is the num-
ber of observations in the first group and Na
is the number of observations in the second

group.

12.5 pM

MUSCLE TENSION OUTPUT

25 M
-—A—- o

20 40 60 min. o 20

Results

Muscles were mounted on 2 myograph and
stimulated via the motor nerve by supramaxi-
mal pulses 0.1 msec in duration delivered once
per minute. The preparations were bathed in
Ringer’s solution cc various « tra-
tions of SCh or C10.

Figure 1 shows the mean tension outputs
from two to six preparations at intervals fol-
lowing drug application in the indicated con-
centrations. Although three typical curves for
each agent are shown, additional data (mot
shown) indicate that a continuous spectrum
of curves is obtained by varying the concen-
trations of SCh or C10.

At low concentrations of the drugs (upper
curves in figure 1) tension output of muscle
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Fic. 1. Plot of tension
output (per cent of con-
25uM trol) vs. time. Concen-
trations of SCh and C10
as indical The inset
is a schematic diagram
of the experiment. Plot-
75 M ted points represent av-
eraged results of two to
six experiments. Note the
similarity of tension out-
puts resulting from ap-
plication of SCh and ap-
plication of C10.

150uM

40 60 mun.

is increased without any evidence of block.
Next, with increases in drug concentrations
(middle curves), the periods of potentiation
are markedly abbreviated, followed by reduced
tension output. Thereafter, partial recovery
occurs, followed spontaneously by another pe-
riod of decrease in tension output. In this di-
phasic response, the early decrease in tension
output depends considerably on postjunctional
membrane (pjm) depolarization, and the later
decrease in tension output depends largely on
pjm desensitization.* Finally, with still higher
concentrations of either SCh or C10 (lower
curves in both panels of figure 1) the periods
of potentiation are further shortened and
rapidly become a decpening, uninterrupted
monophasic muscle block. It is noteworthy
that the curves of tension output obtained
with C10 and SCh are closely similar in form,
but to achieve this parallel behavior, C10 must
be applied at a sixfold greater concentration
than SCh.

The three patterns of responses to SCh and
C10 shown in figure 1 are not unique. They
have been demonstrated for many depolariz-
ing drugs, in many species, jncluding man, in
many fast-acting twitch muscles both in vitro
and in vico* However, even though the ex-
periments on whole-muscle preparations shown
in figure 1 produce similar tension output
enrves for C10 and SCh, the mechanisms un-
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derlying the parallel responses are not identi-
cal. Quantitative differences between SCh and
C10 were found in studies of transmembrane
potential changes produced by these agents.
We used for these further studies bathing
media containing intermediate and high con-
centrations of SCh and C10, as indicated in
the myograph experiments (fig. 1).

Figure 2 shows the results of transmembrane
potential recordings following bath application
of SCh, 30.0 ;M and 12.5 pM, and CI0, 150
#M and 75 uM. Plotted points represent
mean values obtained from 2-13 cells during
successive 15-minute periods. Each cell was
impaled only once at the junctional area. The
junctional site was identified visually and im-
palement verified by the appearance of an
endplate potential (EPP) following nerve
stimulation. In figure 2, during the initial pe-
riod, the depolarization produced following
SCh application exceeded that produced by
C10. In figure 1 we have shown that SCh and
C10 produce “similar tension output curves.”
The values (table 1) recorded for membrane
potential during the intervals following appli-
cation of SCh at 30 M are significantly dif-
ferent (P < 0.005 or better) from the results
of C10 application at 150 M concentration.
Similarly, there were significant differences be-
tween fibers treated with 12.5 pM SCh and
those treated with 75 xM C10.

Returning to figure 2, we see that the rate
of repolarization of SCh-treated fibers was less
than that of fibers treated with C10. Average
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repolarization rates were: SCh, 30 pM, 0.21
mV/min; SCh, 12.5 M, 0.12 mV/min; C10,
150 xM, 0.33 mV/min; Cl0, 75 xM, 025
mV/min. The rate of membrane repolariza-
tion following exposure to Cl0 always ex-
ceeded that for SCh in these experiments. The
repolarization of the pjm during continuous
exposure to depolarizing quaternary ammo-
nium compounds has been interpreted as in-
dicating the occurrence of inactivation or de-
sensitization of pjm receptors.> On this basis,
the relatively more rapid pjm repolarization
obtained in Cl0-treated fibers may be taken
to indicate that C10 causes more rapid re-
ceptor inactivation (desensitization) than SCh.

Immediately following bath application of
either SCh or C10, repetitive muscle activity
occurs. Early in the experiments, for a few
minutes following application of the drug it
was not possible to place an electrode inside
a cell. To overcome this difficulty, in the next
experiments the contractile responses were
blocked by placing the muscle in hyperosmotic
modified Ringer’s solution (sucrose added).
Under these conditions, the muscle fiber can
be electrically stimulated without subsequent
contraction,® and thus we can follow changes
in membrane potential from the instant of ap-
plication of the drug. The junctional area was
impaled and a continuous intracellular record-
ing made during microperfusion of the region
with hypertonic modified Ringer’s solution
containing SCh or C10. Figure 3 shows mem-
brane depolarization vs. time during the sec-
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Fic. 2. Plot of transmembrane resting potentials at pjm averaged for 15-minute intervals
from two to 13 single fiber impalements.  The inset is a schematic diagram of the experiment.
SCh produces more profound depolarization than C10 but repolarization occurs more slowly.
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Tasee 1. Comparison of Postjunctional Membrane Potentials* at Various Times
after Application of SCh and C10
0-14 Min 15-29 Min 3044 Min 45-59 Min
SCh 30 M () 31,015 (12) 36.3 = 0.6 (10) 404 2.1 (13) 43.8 = 1.8
C10 150 p) (0) 47.9 = 3.5 ) 5.9 =19 (6) 57.0 3.6 (2) GS.0 £ 3.0
P < 0.005 P < 0.001 P <0001 P <0.001

SCh 125 pM
C10 75 pM

(S) 43.0 % 14
6) 612 =46
P <0.002

(12) 46.1 £ 3.5
(G) GS.0 == 2.7
P <0001

(10) 462 = 1.0
(3) 674 == 6.3
P < 0.001

(10) 50.6 == 1.6
(2) 76.5 £ 3.5
P < 0.001

* Trausmembrane potentials in mV = SE. The number in parenthesis is the number of recordings from
individual neuromuseular junctions. P values were determined by Student’s ¢ test for the significance of

the difference between the means of non-paired data.

onds immediately following perfusion with the
drug. It is evident that SCh caused greater
depolarization than C10. These results parallel
those obtained in the bath application experi-
ments (fig. 2), but the intensity of the depo-
larization was less. With the microperfusion
technique some drug dilution occurred, and
probably fewer receptors were activated. This
probably accounts for the difference in levels
of depolarization reached by the two methods.
The attempt to increase depolarization by in-
creasing C10 concentration to 625 ;M was un-
successful (fig. 3, right panel). Instead, re-
polarization (or desensitization) rapidly devel-
oped. A parallel sixfold increase in SCh con-
centration (to 150 pM) caused increased pjm

depolarization without showing desensitization
during perfusion. In these experiments SCh
depolarization approached a limiting value of
—30 mV transmembrane potential; the limit
of C10 depolarization approximated —60 mV.

It might be supposed that the differences
between SCh and C10 in causing depolariza-
tion and desensitization arose because the
drugs were applied in diflerent concentrations
(previous work of our laboratory * has shown
that drug concentration is an important factor
in desensitization). To test this point, indi-
vidual junctions of a single muscle preparation
were perfused (using identical perfusion pi-
pettes) with modified Ringer’s solution con-
taining either SCh, 625 M, or C10, 625 pM.

mv SCH mv cl0
or 0
( M
-201 s \X
/RECORD
150m —f
25 -
125 150 um
625
75
2.5 25
100 ' P 3 o 100 t—t 2 N —_
(o] [lo] 20 30 40 sec [o] 10 20 30 40 sec
Fic. 3. Plot of b resting p jals during microperfusion at indicated SCh or
C10 concentrations. The inset is a tic di iment. A sixfold increase

did not i

in C10
of desensitization.

of the exp
the degree of depolarization but did increase the rapidity

20z Iudy 60 uo 3sanb Aq ypd°20000-0002 0.6 1-Z2¥S0000/2L0 162/ 1 L9/9/€E/HPd-01o1n1e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



\\',ﬂlﬂlne 563 SCH AND C10-DEPOLARIZATION AND DESENSITIZATION 613
Nier
N
mv \X
°r +RECORD
—d
M
20}
SCH
40 625 um
60
sol C 10
625 um
100 A . X . . . . . . .
0O 10 2 30 4 50 60 70 80 90 100
sec

Fic. 4. Plot of transmembrane resting Solenﬁals during microperfusion at 625 xM SCh and

625 uM C10. The inset is a schematic

iagram of the experiment. Under identical experi-

mental conditions SCh produces greater and more prolonged depolarization than C10.

A typical result is shown in figure 4. In all
trials depolarization caused by SCh was more
intense and was better maintained far longer
than that caused by equimolar concentrations
of C10.

Receptor desensitization (which conceivably
begins at the moment of application of the
drug and in parallel with depolarization) be-
comes apparent later in time because it has a
slow rate of development. In the next experi-
ments we examined the onset and offset of de-
sensitization caused by SCh and C10. Follow-
ing prolonged pjm exposure to SCh or C10,
receptor activity was reduced (desensitized).
In the next experiment we tested the residual
capability for activation that remained in pjm
receptors following such prolonged drug ap-
plication. Acetylcholine (ACh) was used as
the receptor activator to test for residual avail-
able receptors.

Figure 5 presents the results of such an ex-
periment. Transmembrane potential was re-
corded during perfusion of the junction with
either SCh, 25 pM, or C10, 150 M. After 10,
23, or 90 seconds the perfusion was stopped
and immediately switched to a solution con-
taining ACh, 55 uM, plus the previously used
concentration of ecither SCh or C10 (fig. 5,
inset). The upper panel in figure 5 shows that

even after 90 seconds of SCh perfusion, ACh
caused an additional rapid intense depolariza-
tion. In contrast, perfusion with CI10 caused
a progressive loss of receptor response to ACh
application (lower panel). These results indi-
cate that Cl10 is more effective than SCh in
causing receptor desensitization.

The diphasic block in neuromuscular trans-
mission produced by prolonged application of
2 depolarizing drug depends critically upon
the concentration of drug applied (fig. 1).
The neuromuscular block produced under these
circumstances can be reversed by washing the
preparation in drug-free modified Ringer’s solu-
tion. One can suppose that complete recovery
has occurred if reapplication of the depolarizer
in the same concentration produces a similar
diphasic resp in tension output. We used
this approach to test the recovery of the nerve—
muscle preparation from SCh and C10. Fig-
ure 6 presents the results. The mean tension
output is plotted in the upper panel for six
muscles during an hour of bath exposure to
SCh, 12.5 uM. Thereafter, all the muscle
preparations were washed vigorously in modi-
fied Ringer’s solution free of SCh. After 45

i of hing, two les were again
immersed in modified Ringer’s solution con-
taining SCh, 12.5 xM. Tension output showed
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a diphasic response like that obtained initially.
The same result was obtained from two mus-
cles washed 75 minutes, and from two muscles
washed 90 minutes. In a similar experiment
with CI10, 75 pM, 150 minutes of vigorous
washing with modified Ringer’s solution free
of C10 were needed to restore a diphasic re-
sponse to C10 like that produced initially. It
appears that it is more difficult to reverse the
effects of C10 than to reverse those of SCh.
It should be emphasized that during most of
the period of washing with modified Ringer’s
solution the muscle contractile responses to
neural stimulation were normal in amplitude,
that is, there was no apparent impairment of
tension output. However, a long-lasting re-

L. NASTUK nﬁ'ﬁﬁ« losy
sidual effect of C10 which modifies the muscle
response became apparent only when the mus-
cle was challenged by reapplication of the de-
polarizing drug.

Discussion
In clinical situations, muscle relaxation can
be produced reasonably well with SCh or C10.
Our results, as might be expected show that

both are effective neurorm
What is of concemn in clinical apphmhons is
that it is sometimes difficult to reverse the
blocks produced. These prolonged blocks are
difficult to treat and potentially dangerous to
the patient. One might argue that the most
desirable neuromuscular blocking agent is one
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20 30 80 90 sec
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Fic. 5. Plot of tr t al

ded during mi fusion with two succes-

sive soluhons The upper panel rep: rse.nts results of petfus:on with SCh, 25 zM, followed in
10, 25 or 90 sec by perfusion wn!h SCh, 25 M. plus ACh, 55 M. The lower pancl repre-
sents results of Fcrfumon with C10, 150 xM, followed in 10, 25 or 90 sec by perfusion with

C10, 150 pM, pl
pmlonged

us ACb, 55 p.M. The inset is a schematic dmgram of
b still can be activated by ACh to produce large

permeability F )
to ACh ( desenmmhon).

the experiment. After

d exp to C10 results in a rapid decrease in the response
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Fic. 6. Recovery of the diphasic response.

120 150 180 210 240 270 min
Plot of tension output (per cent of contml)

vs. time. The upper p:mel represents results for six muscles initially bathed in SCI 5 M,

for an hour. After the i

in frog Ringer's solution free of SCh two

of K
muscles each were again treated thh SCh 12.5 #M.  The lower - panel shows the results when
six muscles were similarly treated with C10, 75 uM. The inset is a schematic diagram of the
ex]ienment. The effects of n(x)l hour of exposure to SCh on tension output can be washed away
g 1 ’

to return to the initial state.

that produces maximal postjunctional mem-
brane depolarization and little receptor desen-
sitization. On this basis, our data indicate that
SCh is superior to Cl0 for clinical applica-
tions. Thus, although there is a wide gap be-
tween our experiments and clinical situations,
we might conclude from our results that SCh
rather than C10 is the relaxant drug of choice.

Because SCh is hydrolvzed rapidly in vivo by

plasma cholinesterase {(pseudocholinesterase), its
activity following injection is extremely short,
and this also favors the clinical use of SCh
rather than C10. However, in interpreting our
experimental results, we should point out that
SCh is not hydrolyzed appreciably by isolated
nerve-muscle preparations.” Thus, SCh break-
down was not a factor in the differences in be-
havior between SCh and CI10 seen in our ex-

20z Iudy 60 uo 3sanb Aq ypd°20000-0002 0.6 1-Z2¥S0000/2L0 162/ 1 L9/9/€E/HPd-01o1n1e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



618 A. J. GISSEN AND W. L. NASTUK

periments. Apparently the difference between
SCh and C10 depends on other fact:

In many previous studies it has been re-
ported that Cl0 causes slower activation of
receptors and more pronounced desensitization
than other depolarizing compounds, including
both hydrolyzable and stable nonhydrolyzable
quaternary ammonium compounds.5.® del Cas-
tello and Katz raised the possibility that SCh
and C10 might have different rates of access
to the active sites on the pjm because of the
presence of a differential diffusion barrier.
However, on the basis of their iontophoresis
experiments %10 utilizing acetylcholine, car-
bamylcholine, SCh, and C10, they concluded
that all of these compounds had approximately
equal rates of access to the receptor sites.

Our experimental data indicate that the im-
portant difference between SCh and C10 lies
in their capacities to desensitize postjunctional
membrane receptors. Qur view parallels that
of del Castello and Katz, whose experiments
showed that the initial effect of applied C10
is to inhibit the response of pjm receptors.® 1°

We find it interesting that closely similar di-
phasic tension output curves can be produced
by adjusting the concentrations of SCh and
C10. The usual explanation for the early
phase I block (depolarization block) is that it
occurs if the potential difference across the
postjunctional membrane is reduced below ap-
proximately —57 mV (that is, between 0 mV
and —57 mV).11 At this potential level the
conductile membrane of muscle fiber becomes
electrically inexcitable, and although a local
response may occur, propagated action poten-
tials do not. Yet, surprisingly, during depolari-
zation block produced by C10, muscle fibers
have a mean membrane potential of —61 mV
or more. Membrane potential records (not
shown) of fibers exposed to C10 and in neuro-
muscular block reveal that large-amplitude
endplate potentials are often generated in re-
sponse to nerve stimulation but action poten-
tials are not initiated. Although the potential
level of —60 mV to —65 mV is a transitional
zone of responsiveness,)! we would expect
fibers depolarized by such large EPP’s to ini-
tiate propagated action potentials. Our labo-
ratory is now exploring possible differences be-
tween our results, obtained in Cl0-treated
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fibers, and those obtained by Jenerick and
Gerard 1t on KCl-depolarized fibers. The ex-
periments we report here were not designed to
explore these questions.

In conclusion, results of our in-vitro experi-
ments indicate that SCh causes more profound
depolarization and less desensitization than
C10. The desensitization resulting from C10
lasts Jonger and is more resistant to corrective
procedures than that produced by SCh. Al-
though there is a large gap between our ex-
periments and clinical practice, the results in-
dicate that SCh is the drug of choice to pro-
duce uncomplicated surgical relaxation.
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