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Effects of skeletal muscle denervation on
the potency of succinylcholine
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Abstract. The aim of the present study was to investigate the
time-dependent effects of denervation on the sensitivity of
skeletal muscles to the relaxant succinylcholine (SuCh) and
to assess the possible association of the de novo expression
of y-acetylcholine receptor (AChR). Innervated as well as
denervated mouse muscle cells and human embryonic kidney
(HEK?293) cells expressing y-AChR and e-AChR were used
in the present study. The effects of SuCh on the current of
nicotinic (n)AChRs were examined using a whole-cell patch
clamp technique. Compared with innervated skeletal muscle
cells, the SuCh concentration producing 50% of the maximal
response (ECs,) were decreased by 20, 56, 73, 66, 60 and 62%
(P<0.05), and current responses induced by 30 xM SuCh were
increased by 1.9-, 4.6-, 9.4-, 7.1-, 5.2- and 5.1-fold (P<0.05)
at days 1, 4, 7, 14, 21 and 28 after denervation, respectively.
However, SuCh was equipotent regarding y-AChR and
e-AChR (P>0.05). These results indicated that short-term
denervation led to a change in the sensitivity of muscle cells to
SuCh, which, however, was unlikely to be associated with the
de novo expression of y-AChR.

Introduction

Succinylcholine (SuCh) is currently used in the clinic to achieve
muscle relaxation, particularly when there is a demand for rapid
onset and elimination of contraction. Due to its rapid onset,
short half-life and reliably, SuCh treatment creates excellent
intubation conditions. At present, no non-depolarizing relax-
ants that possess suitable pharmacodynamic characteristics
for replacing SuCh are available (1,2). Therefore, SuCh is most
frequently applied prior to urgent tracheal intubation in the
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peri-operative period, at intensive care units and emergency
departments, and even outside the hospital during emergency
transportation of patients (3-6).

However, thermal injury and other forms of critical tissue
damage can cause denervation-associated changes in skeletal
muscles (7). Denervated skeletal muscle displays two char-
acteristic changes: An increase in the number of nicotinic
acetylcholine receptors (nAChRs) and de novo expression of
fetal-type nAChR (y-AChR) (8). Upregulation of nAChRs
results in increased sensitivity to SuCh and resistance to
non-depolarizing relaxants (7-11). Certain studies reported
that after denervation, levels of nAChR and y-AChR changed
with time; furthermore, the ICy, of d-tubocurarine (dTC)
correlated positively with nAChR and y-AChR mRNA levels
at different time-points after denervation (12-14). All of theses
results indicated that the potency of muscle relaxants may
change with increasing time of skeletal muscle denervation.

The aim of the present study was to assess the changes in
the potency of SuCh during the first month after denervation
in a mouse model. Furthermore, the present study investigated
whether the de novo expression of y-AChR contributed to the
increased sensitivity of denervated skeletal muscles to SuCh.

Materials and methods

Denervation. The present study was approved by the Animal
Care and Use Committee of Bengbu Medical School. Balb/C
mice (35 days old) were anesthetized with pentobarbital,
(40 mg/kg intraperitoneally). A sample of a few millimeters
in size of the right sciatic nerve was excised through a small
(3-5 mm) incision above the hip. The incision was sutured
with a single stitch. Animals were sacrificed at 1, 4, 7, 14,
21 and 28 days after denervation by pentobarbital anesthesia
and cervical dislocation. Animals that had received surgery
without incision of the sciatic nerve were used as the inner-
vated control (0 days after denervation).

Isolation of muscle fibres. Single skeletal muscle cells from
the flexor digitorum brevis (FDB) muscle were obtained
from the hindfeet of the mice. The muscles were incubated
for 3 h with Dulbecco's modified Eagle's medium (DMEM;
Invitrogen Life Technologies, Carlsbad, CA, USA) containing
10% fetal calf serum (FCS; Invitrogen Life Technologies),
100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO, USA),
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100 pg/ml streptomycin (Sigma-Aldrich) and 0.2% collage-
nase 1A (Sigma-Aldrich) with agitation at 37°C. Subsequently,
flexor digitorum brevis (FDB) muscles were disaggregated
into single muscle cells by repetitive pipetting using Pasteur
pipettes of various tip sizes.

Expression of nAChR in human embryonic kidney (HEK)293
cells. Expression plasmids Psp65a, Psp65f3, Psp650, Psp64y,
and Pbssk(+)e, encoding complementary DNA-coding
sequences for the mouse muscle nAChR sub-units a, 8, 9, ¥
and e, respectively, were provided by the Salk Institute for
Biological Studies (La Jolla CA, USA). These plasmids were
sub-cloned into pcDNA3.1+ (Invitrogen Life Technologies).
HEK?293 cells (Shanghai Institute of Biochemistry and Cell
Biology for Biological Sciences, Shanghai, China) were
cultured in DMEM supplemented with 10% FCS, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37°C in an incubator
containing 5% CO,. The HEK293 cells were stably transfected
with Lipofectamine™ 2000 (Invitrogen Life Technologies)
according to the manufacturer's instructions. After transfection,
positive cell clones were selected with G418 (Invitrogen Life
Technologies). The transfected cells were then incubated for
24 h prior to being subjected to the electrophysiological assays.

Electrophysiology. FDB muscle cells or HEK293 cells
were voltage-clamped using a whole-cell patch clamp
technique (15). All experiments were performed at room
temperature (20-24°C). Patch pipettes were pulled from
borosilicate glass using a Flaming Brown micropipette puller
(P97; Sutter Instrument Co., Novato, CA, USA), ranging from
1-2 MQ. The pipette electrode was filled with the following
solution: 140 mM KCI, 10 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), 10 mM ethylene glycol
tetraacetic acid, | mM CaCl, and 1 mM MgCl,; the pH was
adjusted to 7.2 with KOH. The external solution contained
5 mM KCI, 140 mM NaCl, 1 mM CaCl,, 1.25 mM MgCl,,
10 mM HEPES, 10 mM glucose and 0.5 #M atropine sulfate,
and the pH was adjusted to 7.4 with NaOH. The cells were
voltage-clamped at -80 mV in a whole-cell configuration after
obtaining G2 seals. A major amount of the series resistance
(60-80%) was compensated. Currents were recorded with an
EPC10 amplifier (HEKA Elektronik, Lambrecht, Germany)
and PatchMaster software (v2.15; HEKA Eletronik), sampled
at 10 kHz.

SuCh (Sigma-Aldrich) was dissolved in the external
solution and applied via a gravity-driven perfusion system.
Solutions and subsequent dilutions were prepared immediately
prior to the experiments.

Test solution applications containing various concen-
trations of SuCh (1-500 xM) were applied for 10 sec to the
skeletal muscle cells obtained from mice sacrificed on days 0,
1,4,7, 14, 21 and 28 after denervation or to HEK?293 cells for
5 sec, and the peak current was determined. The washout time
between each drug application was at least 60 sec in order to
minimize the amount of desensitization throughout the course
of an experiment. Currents were acquired from five skeletal
muscle cells taken from at least two mice or five HEK293 cells.

Statistical analysis. Data analysis was performed off-line
using Origin 8 (OriginLab, Northampton, MA, USA) and
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GraphPad Prism 4 (Graphpad Software, Inc., La Jolla, CA,
USA). Concentration-response curves were fitted to the
four-parameter logistic equation by non-linear regression
analysis, and the EC;, was calculated as the concentration
of the agonist eliciting a half-maximal response. Values are
expressed as the mean + standard deviation. Statistical signifi-
cance was assessed by one-way analysis of variance followed
by Tukey's test or unpaired two-tailed Student's t-tests. P<0.05
was considered to indicate a statistically significant difference
between values.

Results

SuCh at various concentration (1-500 yM) was applied for
10 sec to mouse skeletal muscle cells on days 0, 1,4, 7, 14, 21,
and 28 after denervation. SuCh elicited concentration-depen-
dent inward currents (Figs. 1 and 2). The data were fitted to
a logistic equation. The SuCh concentration producing 50%
of the maximal response (ECs,) was 27.5 uM for the nAChR
in the innervated skeletal muscle (day O after denervation).
Compared with the ECs, value at day O after denervation, the
EC,, values were decreased by 20 (P>0.05), 56, 73, 66, 60 and
62% (P<0.05) on days 1, 4, 7, 14, 21 and 28 after denervation,
respectively (Fig. 3).

Application of 30 M SuCh produced inward currents
with different amplitudes at the nAChRs of skeletal muscle
cells on days 0, 1,4, 7, 14, 21 and 28 after denervation (Fig. 4).
Compared with the current responses on day O after dener-
vation, the current responses induced by 30 uM SuCh were
increased by 1.9-, 4.6-, 9.4-, 7.1-, 5.2- and 5.1-fold (P<0.05)
at days 1, 4, 7, 14, 21 and 28 after denervation, respectively
(Fig. 5).

To further determine the effects of SuCh on nAChR
sub-types, HEK293 cells were stably transfected with plas-
mids expressing either e- or y-AChR and then treated with
SuCh. SuCh elicited currents in the HEK293 cells in a concen-
tration-dependent manner (Fig. 6). However, comparison of
the EC;, values revealed that no significant differences were
present between the effects of SuCh on currents in e-AChR-
and y-AChR-expressing HEK293 cells (P>0.05) (Fig. 7).

Discussion

The present study determined the effects of short-term
denervation on the sensitivity of skeletal muscles to SuCh.
As previous studies have indicated the amount of membrane
nAChR after denervation changed with time (7,8), the present
study further assessed whether the increased sensitivity to
SuCh after denervation was associated with the presence of
v-AChR.

The present study generated a murine denervation model
according to methods of previous studies by our group (7,8,11).
Innervated and denervated skeletal muscle cells were obtained
at various time-points after denervation. Compared with the
values obtained from innervated skeletal muscle cells, the
potency of SuCh significantly increased at day 4, peaked at
day 7 and declined by day 14. Ibebunjo and Martyn (12,16)
demonstrated that burn injuries induced increases in nAChRs
at days 4, 7 and 14 in rat skeletal muscles. Furthermore,
Adams et al (14) reported that denervation increased the
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Figure 1. Concentration-dependent effects of SuCh on nicotinic acetylcholine receptors in denervated muscle cells at days 0, 1, 4, 7, 14, 21 and 28 after
denervation. SuCh, succinylcholine.
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Figure 2. Concentration-response curve for the action of SuCh on nicotinic acetylcholine receptors in skeletal muscle cells at days 0, 1,4, 7, 14, 21 and 28 after
denervation (n=5). Values are expressed as the mean + standard deviation. SuCh, succinylcholine.
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Figue 3. EC;, of SuCh in skeletal muscle cells at days 0, 1,4, 7, 14, 21 and 28
after denervation (n=5). Values are expressed as the mean + standard devia-
tion. "P<0.05 vs. day 0; “P<0.05 vs. day 1. SuCh, succinylcholine.
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Figure 4. Inward currents were elicited by 30 uM SuCh on skeletal muscle
cells atdays 0, 1,4,7, 14,21 and 28 after denervation. SuCh, succinylcholine.
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Figure 5. Inward currents were elicited by 30 M succinylcholine on skeletal
muscle cells at days 0, 1,4, 7, 14,21 and 28 after denervation (n=5). Values are
expressed as the mean + standard deviation. “P<0.05 vs. day 0; "P<0.05 vs.
day 1; *P<0.05 vs. day 4; “P<0.05 vs. day 7.
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Figure 6. SuCh produced concentration-dependent inward currents in
adult-type (¢) and fetal-type (y) AChRs expressed in HEK293 cells.
(A) Representative recording of currents produced by 1, 10, 50, 100 and
500 uM SuCh (horizontal bars). (B) Concentration-response curve for
the action of SuCh on e-AChR and y-AChR. Values are expressed as the
mean = standard deviation of five HEK293 cells. SuCh, succinylcholine;
nAChR, nicotinic acetylcholine receptor.
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Figure 7. ECy, of SuCh in e-AChR and y-AChR expressed in HEK293 cells.
Values are expressed as the mean + standard deviation. SuCh, succinylcho-

line; AChR, acetylcholine receptor.
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expression of all sub-unit genes of nAChRs during the first
month of denervation. Furthermore, previous studies by our
group have confirmed that short-term muscle denervation leads
to a changing pattern of resistance to non-depolarizing muscle
relaxants that can be attributed to upregulation of mature and
immature nAChRs on the muscular membrane (8,11).

The present study assessed the activated current amplitude
following application of 30 M SuCh on nAChRs in inner-
vated and denervated skeletal muscle. Compared with that in
innervated skeletal muscle cells, the current amplitude after
denervation was significantly increased. The time-course
of increases in the current amplitude after denervation was
similar to that of the ECs, of SuCh. Consistent with the results
of the present study, a previous study on the denervation of a
single limb, a hyperkalemic response to SuCh occurred as early
as on day four after denervation (17). Therefore, Gronert (18)
suggested that it is advisable to avoid the use of SuCh beyond
48-72 h of denervation.

nAChRs include two sub-types: The adult form (e-AChR)
composed of a,p0¢ sub-units and the fetal form (y-AChR)
containing a,Bdy sub-units (7). Only e-AChR is expressed
in adult muscle; however, denervation results in the de novo
expression of y-AChR (19). Ibebunjo (12) reported that resis-
tance to dTC is associated with the expression of y-AChR.
In addition, a previous study by our group demonstrated
that the phenomenon of different magnitudes of resistance
to non-depolarizing muscle relaxants in denervated mouse
skeletal muscles is due to the different potencies of individual
non-depolarizing muscle relaxants with regard to nAChR
sub-units (7). The present study examined the effects of
SuCh on currents in HEK293 cells heterologously expressing
e-AChR or y-AChR. The results showed that SuCh had
equipotent effects on cells expressing either of the receptor
sub-types. Similarly, Yost and Winegar (20) reported that
there were no significant differences in the ECs, for SuCh on
e-AChR and y-AChR, and that e-AChR had a six- to eight-fold
higher intrinsic activity for SuCh than y-AChR. The results
of the present study therefore indicated that the changes in
sensitivity of muscle cells to SuCh after denervation are not
associated with the de novo expression of y-AChR.

In conclusion, the present study found that short-time
denervation resulted an increased sensitivity of muscle cells
to SuCh, which is unlikely to be associated with the de novo
expression of y-AChR. After denervation, the potency of SuCh
significantly increased by day 4, peaked at day 7, declined
by day 14 and remained constant until day 28. These results
suggested that it is advisable to avoid the use of SuCh at day 4
after denervation and thereafter in order to prevent lethal
hyperkalemic responses.
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