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Aim: To investigate the changing resistance to nondepolarizing muscle relaxants (NDMRs) during the first month after denervation.
Methods: The denervated and innervated skeletal muscle cells were examined on days 1, 4, 7, 14, 21, and 28 after denervation. Indi-
vidual denervated and innervated cells were prepared from the flexor digitorum brevis of the surgically denervated and contralateral
hind feet, respectively. Nicotinic acetylcholine receptors (nAChRs) in the cells were activated with 30 umol/L acetylcholine, either alone
or in combination with various concentrations of vecuronium. Currents were recorded using a whole-cell patch-clamp technique.
Results: The concentrations of vecuronium resulting in half-maximal inhibitory responses (ICs,) increased 1.2- (P>0.05), 1.7-, 3.7-,
2.5-, 1.9+, and 1.8-fold (P<0.05) at Days 1, 4, 7, 14, 21, and 28 after denervation, respectively, compared to the innervated control.
Resistance to vecuronium appeared at Day 4, peaked at Day 7, and declined at Day 14 after denervation. Nevertheless, ICs, values at
Day 28 remained significantly higher than those for the innervated control, suggesting that the resistance to vecuronium had not disap-

peared at Day 28.

Conclusion: The NDMR doses required to achieve satisfactory clinical effects differ at different times after muscle denervation.
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Introduction
At the neuromuscular junction (NM]J), the motor end-plate
(sarcolemma of the postsynaptic surface) contains a high den-
sity of nicotinic acetylcholine receptors (nAChRs). When these
receptors are activated by presynaptically released acetylcho-
line (ACh), cations are permitted to flow through the nAChR
pore, leading to depolarization of the muscle membrane and
creating an end-plate potential. If the end-plate potential is
large enough, an action potential is evoked and ultimately
causes muscle contraction. Clinically used nondepolarizing
muscle relaxants (NDMRs), typified by d-tubocurarine (dTC),
competitively occupy the as and a, (or ay) sites of nAChRs to
achieve muscle relaxation during surgery and anesthesia.
nAChRs include two subtypes: the adult form (e-AChR),
composed of a,pde subunits, and the fetal form (y-AChR),
containing a,Bdy subunits”?. The two subtypes have differ-
ent electrophysiological properties: e-AChR manifests a larger
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slope conductance and a much shorter mean open channel
time than y-AChRF!. y-AChR is initially expressed in fetal
muscle and is then replaced by e-AChR when muscles are
innervated. However, after denervation of adult muscles,
y-AChR is expressed de novo throughout the muscle mem-
brane!.

Thermal injury and other forms of critical tissue damage
can cause denervation changes in skeletal muscle. Dener-
vated skeletal muscle displays aberrant responses to muscle
relaxants, including lethal hyperkalemia in response to the
depolarizing muscle relaxant succinylcholine and resistance
to NDMRs, which coincide with the up-regulation of nAChRs
and y-AChRs on the muscle membrane®. After denerva-
tion, the amounts of nAChR and y-AChR change with time;
furthermore, the ICs, of dTC correlates positively with nAChR
and y-AChR mRNA levels at different times after denerva-
tion”™. All of these results indicate that the NDMR doses
required to achieve satisfactory clinical effects may differ at
different times after denervation. The aim of this study was to
measure the changes in the potency of NDMRs during the first
month after denervation in a mouse model.
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Materials and methods

Denervation

This study was approved by the Animal Care and Use Com-
mittee of the Shanghai JiaoTong University School of Medi-
cine. Balb/c mice (35 days old) were anesthetized with pento-
barbital, 40 mg/kg ip. A few mm of the right sciatic nerve was
excised through a small (3-5 mm) incision over the hip. The
incision was sutured with a single stitch. Animals were killed
at1,4,7,14, 21, or 28 days after denervation by pentobarbital
anesthesia and cervical dislocation. The left leg of each mouse
served as the innervated control.

Isolation of muscle fibers

Single skeletal muscle cells from the flexor digitorum brevis
(FDB) muscle were obtained from the hind feet of each mouse.
The muscles were incubated for 3 h with Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen™, Grand Island, NY,
USA) containing 10% fetal calf serum (Invitrogen™, Grand
Island, NY, USA), 100 units/mL penicillin, 100 pg/mL strep-
tomycin, and 0.2% collagenase 1A (Sigma Chemical Co, Saint
Louis, USA) in a shaking bath at 37 °C. After 3 h of enzymatic
treatment, the muscles were dissociated into single muscle
cells using Pasteur pipettes with different tip sizes.

Electrophysiology

FDB muscle cells were voltage-clamped using a whole-cell
patch-clamp technique!™. 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 to 2 MQ. The pipette electrode was filled with the following
solution (mmol/L): 140 KCl, 10 HEPES, 10 EGTA, 1 CaCl,, and
1 MgCly; the pH was adjusted to 7.2 with KOH. The external
solution contained (mmol/L) 5 KCl, 140 NaCl, 1 CaCl,, 1.25
MgCl,, 10 HEPES, and 10 glucose, with 0.5 pmol/L atropine
sulfate, and the pH was adjusted to 7.4 with NaOH. The cells
were voltage-clamped at -80 mV in a whole-cell configura-
tion after obtaining GQ seals. Much (60%-80%) of the series
resistance was compensated. Currents were recorded with an
EPC10 amplifier (HEKA Elektronik, Germany) and PatchMas-
ter software (HEKA Elektronik, Germany), sampled at 10 kHz,
and stored on a computer.

ACh and atropine sulfate were purchased from Sigma (Saint
Louis, USA). Vecuronium (NV Organon, The Netherlands)
was obtained from a preparation for clinical use. All drugs
were dissolved in the external solution and were applied by
a gravity-driven perfusion system. Solutions and subsequent
dilutions were prepared immediately before the experiments.

Test solution applications containing either ACh alone or
in combination with various concentrations of vecuronium
were applied for 10 s to the skeletal muscle cells, and the peak
current was determined. To determine the effect of vecuro-
nium on the ACh-elicited current, the solution containing the
vecuronium perfused the skeletal muscle cells for 3 min prior
to the application of ACh. The washout time between each
drug application was at least 60 s in order to minimize the
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amount of desensitization throughout the course of an experi-
ment. Currents were acquired from five skeletal muscle cells
taken from at least two mice. The control current caused by
ACh alone was measured again after washout of the vecuro-
nium. Taking the mean value of these two ACh applications
as the average control current, the antagonist response (per-
centage inhibition of average control current) was calculated
using the following equation:

Current in presence of antagonist

% Inhibition=100x%( 1
Average control current

)

Statistical analysis

Data analysis was performed off-line using Origin 8 (Origin-
Lab, Northampton, MA, USA) and GraphPad Prism 4 (Graph-
Pad software, Inc, San Diego, CA, USA). Concentration-
response curves were fitted to the four-parameter logistic
equation by nonlinear regression analysis, and 1Cs, values
were determined. Statistical significance was assessed with
one-way analysis of variance followed by Tukey’s test. P<0.05
was considered significant.

Results

ACh at different concentrations (1-500 pmol/L) was applied
for 10 s to mouse skeletal muscle cells without denervation.
ACh elicited concentration-dependent inward currents. The
data were fitted to a logistic equation. The ACh concentra-
tion producing 50% of the maximal response (ECs) was 27.1
umol/L for the nAChR in the innervated skeletal muscle
(Figure 1; Hill coefficient=2.14). In all following experiments,
a concentration of 30 umol/L was used to activate nAChR
because this concentration was close to the ECs concentration
and produced large and robust responses.

Application of 30 pmol/L ACh produced inward currents
with different amplitudes at the nAChRs of denervated and
control (innervated) skeletal muscle cells on Days 1, 4, 7, 14,
21, and 28 after denervation. Compared with the responses
of control cells, responses induced by 30 pmol/L ACh after
denervation increased 1.8-, 4.0-, 6.7-, 4.5-, 3.3-, and 3.0-fold
(P<0.01) at days 1, 4, 7, 14, 21, and 28, respectively (Figure 2).

Vecuronium reversibly inhibited inward currents elicited by
the application of ACh (30 pmol/L) on denervated and control
skeletal muscle cells in a concentration-dependent manner at
days 1, 4, 7, 14, 21, and 28 after denervation (Figure 3 and 4).
Compared with the IC5, values of vecuronium for the control,
the ICs, values were 1.2- (P>0.05), 1.7-, 3.7-, 2.5-, 1.9-, and 1.8-
fold greater (P<0.05) at Days 1, 4, 7, 14, 21, and 28 after dener-
vation, respectively (Table 1).

Discussion

Determination of the altered potencies of NDMRs on nAChRs
in the short-term after denervation of skeletal muscle is impor-
tant from a clinical viewpoint because the amount of mem-
brane nAChR and the proportion of y-AChR after denervation
change with time, which may lead to altered dosing require-
ments of NDMRs to achieve the desired effect.
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Figure 1. Acetylcholine (ACh) produced concentration-dependent inward
currents in the innervated skeletal muscles. (Top) Representative record-
ing of currents produced by 1, 10, 50, 100, and 500 umol/L ACh (horizontal
bars). (Lower) Concentration-response curve for the action of ACh on
adult-type nicotinic acetylcholine receptors (e-nAChRs). Data points show
means+SD (error bars) of five muscle cells taken from at least two mice.
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Figure 2. Responses were elicited by the same concentration of acetyl-
choline (30 pmol/L) on denervated and control (innervated) skeletal mus-
cle cells at Day 1, 4, 7, 14, 21, and 28 after denervation (n=5). °P<0.01
vs Control.

This study involved the dynamic observation of the poten-
cies of NDMRs at different times after muscle denervation.
We first established the action of acetylcholine on nAChR in
the skeletal muscle of the innervated controls. Interestingly,
the EC5 value of ACh we determined was greater than values
obtained in previous studies™ . This disagreement may
result from a discrepancy in the endogenous nature of the
nAChR between mouse skeletal muscle and the Xenopus Iae-
vis oocytes used in other research. The process by which the
adult mouse muscle nAChR was heterologously expressed in
Xenopus laevis oocytes may lead to minor differences in gly-
cosylation or other posttranslational modifications. Looking
at previous reports of single channel recordings of e-AChR,

Table 1. Potencies of vecuronium at nicotinic acetylcholine receptors in
denervated and innervated skeletal muscle cells at different time points
after denervation.

1Cs0 (nmol/L) (95% Cl) Hill coefficient

Group Denervation Control Pvalue Dener- Control
vation

Day 1 11.7 (4.6-29.9) 9.4(3.7-23.8) >0.05 0.99 1

Day 4 20.0(10.8-37.0) 11.5(3.4-38.2) <0.01 127 1.15
Day 7 35.7 (16.2-78.5) 9.6 (3.9-23.7) <0.01 133 0.97
Day 14 28.8(18.1-45.6) 11.5(5.4-24.5) <0.01 1.22 0.95
Day21 23.5(13.8-40.4) 12.5(5.6-27.6) <0.01 1.19 1.03
Day 28 23.3(15.6-34.7) 13.2(4.8-36.1) <0.05 1.12 1.07

Potencies of vecuronium at nicotinic acetylcholine receptors (nAChRs)
are expressed as the value achieving 50% of maximal inhibition (ICs,) of
the inward currents induced by coapplication of 30 umol/L acetylcholine
(95% confidence interval [CI]). For Denervation or Control group, drug ICs,
values that do not share a superscript are statistically different from each
other by one-way analysis of variance and Tukey’s multiple comparison
method.

we found that the slope conductance of e-AChR expressed in
Xenopus laevis oocytes was different from that in skeletal mus-
Cle[15,16].

We applied a holding voltage of -80 mV because the antago-
nistic effects of NDMRs are independent of holding voltages
ranging from -100 to -40 mV" 8 Jonsson Fagerlund et al™
reported that repeated applications of 10 umol/L acetylcho-
line desensitized the receptor, and they suggested that the
decrease in the ICs, values of NDMRs could be at least partly
explained by receptor desensitization. However, in Paul’s
work™ and in this study, 10 pmol/L or 30 pmol/L acetylcho-
line concentrations were selected because these concentrations
were close to the ECs, concentration for the innervated skeletal
muscle and thus more physiologically relevant than lower
acetylcholine concentrations. Additionally, measurement of
the control current caused by ACh alone was repeated after
washout of the vecuronium in both Paul’s work" and in this
study. After taking the mean value of these two ACh appli-
cations and using this value as the average control current,
the antagonist response was calculated by use of the above
equation. Through this method, we can minimize the effect of
receptor desensitization on the results.

The same ACh concentration applied here produced larger
inward currents in nAChRs in skeletal muscle after denerva-
tion than in the innervated control. This leads us to suggest, in
accordance with the views of others™ !, that skeletal muscles
deprived of their motor nerves develop an increased sensitiv-
ity to ACh.

Consistent with previous reports” 2, the 1Cs, values of
vecuronium increased after denervation, indicating that den-
ervation caused resistance to NDMRs. One potential mecha-
nism for this resistance could be that denervation induces the
up-regulation of mature and immature nAChR on the muscle
membrane, which would increase the amount of NDMR
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www.nature.com/aps

Wang H et al

1544

Day 1 DEN
VEC

1000 nmol/L ]
100 nmol/L

10 nmol/L
3 nmol/L
1 nmol/L

ACh 30 pmol/L

0.1 nmol/L
O nmol/L

Day 4 DEN

200pA[
2s

ACh 30 pmol/L

VEC
1000 nmol/L
100 nmol/L

10 nmol/L

|

nmo /E
nmol/,
o} Amel/
DEN
VEC
3000 nmol/L

1000 nmol/L
100 nmol/L

Day 7

30 nmol/L

10 nmol/L

1 nmol/L
O nmol/L

Day 14 DEN

VEC

3000 nmol/L
1000 nmol/L

100 nmol/L

30 nmol/L

10 nmol/L

ZE
2s

%
2s

ACh 30 pmol/L

ACh 30 pmol/L

==

1 nmol/L
05 Amt

Day 21 DEN

800 pA]_
2s

ACh 30 pmol/L

VEC

3000 nmol/L
1000 nmol/L
100 nmol/L

30 nmol/L

10 nmol/L

p—

1 nmol/L
0.1 nmol/L
0 nmol/L

Day 28
DEN

600pA]
2s

ACh 30 pmol/L

VEC
000 nmol/L
000 nmol/L
100 nmol/L

3
1

30 nmol/L

10 nmol/L

1 nmol/L
0.1 nmol/L
O nmol/L

—

600pA]
2s

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L

3 nmol/L

1 nmol/L
0.1 nmol/L
0 nmol/L

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L
3 nmol/L

1 nmol/L
0.1 nmol/L
0 nmol/L

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L

3 nmol/L
1 nmol/L
0.1 nmol/L
0 nmol/L

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L

3 nmol/L
1 nmol/L

0.1 nmol/L
O nmol/L

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L
3 nmol/L

1 nmol/L

0.1 nmol/L
0 nmol/L

Control
VEC

1000 nmol/L
100 nmol/L

10 nmol/L
3 nmol/L
1 nmol/L

0.1 nmol/L
0 nmol/L

ACh 30 pmol/L

100pA[

N
o

ACh 30 pmol/L

100 pA]

N
o

ACh 30 pmol/L

A\

200 pA[_
2s

ACh 30 pmol/L

200 pA

N
o

ACh 30 pmol/L

200pA]

N
o

ACh 30 pmol/L

\

200 pA]_
2s

Acta Pharmacologica

Sinica

Figure 3. Concentration-dependent effects of vecuronium
on nicotinic acetylcholine receptors (nAChRs) in denervated
(DEN) and innervated (Control) muscle cells at Day 1, 4, 7,
14, 21, and 28 after denervation.
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Figure 4. Concentration-response effects of vecuronium looking at inhibition of acetylcholine-induced currents in denervated and control (innervated)
skeletal muscle cells at Day 1, 4, 7, 14, 21, and 28 after denervation. Data points show meansxSD (error bars) of five muscle cells taken from at least

two mice. Error bars not visible are smaller than symbols.

required to competitively block AChP. However, reports of
changes in nAChR numbers at Day 1 have been conflicting.
Tsay and Schmidt™ reported a sharp increase in the transcrip-
tional activity of AChR subunit genes beginning after approxi-
mately half a day after denervation of chick skeletal muscle.
However, Ibebunjo and Martyn * found no changes in
nAChR numbers at Day 1 after a burn, and they also observed
that skeletal muscle at Day 1 post-burn was resistant to dTC
in rats. However, our study showed that skeletal muscle did
not become resistant to vecuronium at Day 1 after denerva-
tion. Wang et al™ observed that post-denervation resistance
to atracurium was greater than to vecuronium, which is due
to the different potencies of atracurium and vecuronium on
nAChR subunits. In addition to having a similar structure to
that of atracurium, dTC also has less potency on y-AChR than
on e-AChR and has partial agonist effects on y-AChR!™ ' 2,
Thus, the occurrence of these differences in resistance to
NDMRs at Day 1 after denervation may be associated with the
different potencies of the NDMRs on nAChR subtypes and not
with changes in the amount of nAChRs after denervation.
Resistance to vecuronium appeared at Day 4, peaked at Day
7, and declined by Day 14. These findings are paralleled by
changes in nAChRs and y-AChR on the same days after den-
ervation, as shown by other research? "1, Although the ICs,
values of vecuronium further decreased after Day 14, the ICs,
values at Day 28 remained significantly higher for denervated
cells than for the innervated control cells, which indicated that
the resistance to NDMRs had not disappeared at Day 28. Con-

sistent with our results, Adams et al™! observed an increase in

nAChR RNA levels during the first month of denervation, and
the level began to return to the innervated level beyond one
month after denervation. However, Ma et al™ found that the
expression of most of the nAChR subunits returned to the con-
trol level within one month after denervation.

In summary, short-term muscle denervation leads to a
changing pattern of resistance to NDMRs that can be attrib-
uted to up-regulation of mature and immature nAChRs on the
muscle membrane. After denervation, resistance to vecuro-
nium appeared by Day 4, peaked at Day 7, declined by Day
14, and persisted through Day 28. Our findings suggest that
the dose requirement of NDMRs after denervation to achieve
clinically appropriate muscle relaxation changes during the
first month after denervation.
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Abbreviation
NDMRs, nondepolarizing muscle relaxants; nAChR, nicotinic

acetylcholine receptor; y-AChR, fetal-type nicotinic acetylcho-

line receptor; e-AChR, adult-type nicotinic acetylcholine recep-

tor; 1Cs, inhibitory concentration resulting in a half-maximal

response; dTC, d-tubocurarine; FDB, flexor digitorum brevis;
DMEM, Dulbecco’s modified Eagle’s medium; ACh, Acetyl-
choline; VEC, vecuronium
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