In experimental animals, antibiotics block

The Pre- and Postjunctional Components of

the Neuromuscular Effect of Antibiotics
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The relative contributions of the pre- and postsynaptic components of the
myoneural blocking effect of different antibiotics were studied using: (a) a radio-
active method that measures selectively the Ca”-dependent, stimulation evoked,
quantally released, H-acetylcholine (*H-ACh) from the mouse in vitro phrenic
nerve-hemidiaphragm preparation without cholinesterase inhibition; (b) measure-
ment of the force of contraction of the indirectly or directly stimulated muscle. The
antibiotics studied (neomycin, polymyxin B and lincomycin), reduced the release
of *H-ACh evoked by stimulation (18 trains of 40 shocks at 50 Hz) in a concen-
tration dependent manner. While the inhibitory effect of neomycin was inversely
related to [CaZt],, that of lincomycin was moderately and that of polymyxin
B was not affected by increasing [Ca®"], from 0.75 to 5.0 mM. Similarly, the d-
tubocurarine (d-Tc) -induced inhibition of the release of *H-ACh was independent
of [Ca?T],. The K-channel blocking agent, 4-aminopyridine (4-AP), enhanced the
release of ACh in a concentration dependent manner and prevented the neuro-
muscular effect of neomycin. However, the neuromuscular effect of polymyxin B
and of lincomycin was not affected by 4-AP. Atropine, enhanced the release of
SH-ACh. Antibiotics, however, were still able to reduce the release of ACh when
the negative muscarinic feedback mechanism of ACh release was eliminated by
atropine. Our findings indicate that the antibiotics studied possess both pre -
and postsynaptic effects. Presynaptically they reduce the evoked release of ACh;
postsynaptically they inhibit muscle contractility. The rank order of presynap-
tic action is neomycin >polymyxin B >lincomycin. (Key words: neuromuscular
junction, margin of safety, acetylcholine release, presynaptic effect, antibiotic,
neomycin, diaphragm)

(Vizi, ES, Chaudhry IA, Goldiner PL, et al.: The pre- and postjunctional
components of the neuromuscular effect of antibiotics. J Anesth 5: 1-9, 1991)

tration dependent manner!'?.

Furthermore,

neuromuscular transmission in a concen-
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combinations of otherwise ineffective concen-
trations of muscle relaxants and antibiotics
produce profound neuromuscular block®:*. In
agreement with these findings severe res-
piratory depression was observed in surgi-
cal patients after combined administration of
muscle relaxants and antibiotics®~81%. The
precise mechanism(s) and the site(s) of the
neuromuscular effects of antibiotics are con-
troversial.

It was reported that certain antibi-
otics inhibit the evoked release of acetyl-
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choline (ACh) from the motor nerve
terminal'’*!2, In these experiments, how-
ever, anticholinesterases were used to pre-
vent the hydrolysis of ACh and it is known
that anticholinesterases themselves influence
the release of ACh!3. Since the neuro-
muscular effects of certain antibiotics can
be reversed by increasing [Ca’t],, it has
been suggested that these antibiotics in-
hibit the voltage-dependent Ca-influx into
the motor nerve terminal’*—!6. Consistent
with these observations, it was reported!’
that neomycin, polymyxin B, oxytetracycline
and clindamycin reduce the depolarization-
dependent influx of Ca*™ into rat forebrain
synaptosomes. Measurement of the ampli-
tude and decay kinetics of miniature end-
plate currents (mepc) and endplate currents
(epc) indicated that antibiotics may also
have postsynaptic effects!®. Recently, a sen-
sitive radioactive method was developed®®
that measures selectively the CaZ*-
dependent, stimulation-evoked, quantally re-
leased ACh from the in vitro mouse phrenic
nerve-hemidiaphragm preparation without
cholinesterase inhibition!%2%22, With this
method, it was possible to determine the
effect of different antibiotics on ACh re-
lease, which is a presynaptic event, and
to investigate the Ca’t dependence of this
process. It appeared likely that compari-
son of the inhibitory effect of various an-
tibiotics on presynaptic ACh release with
their depressant effect on the development
of the force of contraction during indirect
and direct electrical stimulation would give
useful information on the relative impor-
tance of the pre- and postsynaptic effects
of these compounds. It has been recently
suggested that the evoked release of ACh
at the neuromuscular junction is modu-
lated by a negative muscarinic feedback
mechanism. Atropine®?:22:23 enhanced, and
oxotremorine?1?? reduced the evoked release
of ACh. Therefore, the effect of antibiotics
on ACh release was also measured in the
presence of atropine, when the negative feed-
back modulation of ACh release mediated
via muscarinic receptors was eliminated.
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Methods and Materials

Male Swiss-Webster mice of 25-30 g body
weight were exposed to halothane and after
the loss of the righting reflex they were
decapitated. )

Effects of drugs on evoked release of *H-
acetylcholine

The middle portions of both hemidi-
aphragms (about 2-3 mm to the right and
to the left of the insertions of the phrenic
nerves), together with the attached rib seg-
ments, were suspended in 1 ml organ baths.
The rib end of the preparation was attached
to the bottom of the bath and its tendon
to an FT03 force displacement transducer.
Since in human plasma the range of Ca®t™
is 0.94 to 1.33 mM?** and its mean value is
1.11 * 0.07 mM (mean * SE)** the organ
bath was filled with modified Krebs’s solu-
tion (NaCl 113, KCl 4.7, CaCl; 1.4, MgS0,
0.9, NaHCO; 25, KH,PO, 1.2 and glucose
11.5 mmol-i~!). In this solution Ca?* was
1.1 mM. In some experiments, the concen-
tration of CaCl, was varied from 0.75 to 5.0
mM. The bath temperature was maintained
at 37°C. The pH of the solution when aer-
ated with 95% 0, —5% CO, was 7.38-7.42.

Incubation

The preparations were loaded with 3H-
choline (5uCi-ml~!) for 60 min. During this
time the preparations were stimulated at
1 Hz to facilitate the incorporation of 3H-
choline into the *H-ACh pool of the motor
nerve terminal. At the end of this period,
the radioactivity of the muscles, consisting
partly of *H-choline and partly of *H-ACh,
was 7.54 + 1.0 x 10° Bg-g~!. To remove ex-
cess *H-choline the preparations were washed
three times and then transferred to another
bath and superfused with modified Krebs’
solution at the rate of 2 mlmin~! for 60
min. Subsequently, hemicholinium-3 (5 x
10~° mollitre™!) was added to the solu-
tion and the perfusion rate was reduced to
0.5 ml-min~!. Hemicholinium-3 was added to
prevent reuptake of 3H-choline.

Collection

During superfusion at the rate of 0.5
ml-min~!, 3-min (1.5 ml) aliqouts of the
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efluent were collected continuously with an
automatic fraction collector into scintillation
vials throughout the experiment. The prepa-
rations were stimulated for 3 min twice with
0.8s trains of 50 Hz, square wave, supra-
maximal impulses of 0.2 ms duration applied
every 10s, starting at the 10th (S;) and 52nd
(Sz) min of the collection period.

In control experiments, no drug was added
to the perfusing solution. In other exper-
iments drugs were added to the perfusing
solution between S; and S; at 34 min.

Calculation

In the mouse phrenic nerve - hemidi-
aphragm preparation, as in many other
preparations?®?7 electrical stimulation in-
creases only the release of *H-ACh while the
output of *H-choline remains unchanged?!-28.
Accordingly, the evoked release of *H-ACh
was calculated from the difference between
the expected resting and the actual mea-
sured outflow of radioactivity caused by 3
min electrical stimulation. Resting release,
assumed to follow first-order kinetics, was
determined by “least square” fitting to an
exponential curve of the Bq-g™! concentra-
tions of effluents collected before and after
stimulation. The expected spontaneous out-
flow was obtained by interpolation between
the fitted points.

The radioactivity of the samples was mea-
sured in a LKB Scintillation Beta Spectrom-
eter. There was considerable variation from
one preparation to the other in the amount
of radioactivity released during correspond-
ing stimulation periods. However, the ratios
of the radioactivity, measured during the two
consecutive stimulation periods, S;/S;, were
relatively constant. For this reason the ef-
fect of antibiotics and other drugs on evoked
release of ACh release was estimated from
their effect on the S,/S; ratio. Increase or
decrease of this ratio indicates facilitation
or inhibition of the evoked release of ACh,
respectively.

Effect of drugs on force of contraction

In these experiments the preparations
were placed in double jacketed, 100 ml organ
baths, filled with modified Krebs’ solution as
described. The bath temperature was kept
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at 37°C and it was aerated with 95%O;—
5%CO0;. Under these conditions pH was
7.38-7.42. During indirect stimulation the
phrenic nerves were placed on bipolar plat-
inum electrodes immersed in the bath and
the preparations were stimulated with 0.8s
trains of 50 Hz supramaximal square wave
impulses of 0.2 ms duration. These stimu-
lation parameters were selected, because in
mammals voluntary muscle movements are
elicited by short trains of 16-60 Hz stimuli®®.
During direct stimulation, the “indirect com-
ponent” of direct stimulation was eliminated
by 5 x 107°M d-tubocurarine’® and the
hemidiaphragms were stimulated, through
two platinium needle electrodes inserted 5
mm apart into the muscle. The stimulus du-
ration was 2 ms. Otherwise the stimulation
parameters were the same as during indirect
stimulation. The optimal resting tension (1
to 2 g) was determined before each experi-
ment. The force of contraction, quantitated
with FTO3 transducers, was continuously
recorded. The effect of antibiotics on the
force of contraction during indirect and di-
rect stimulation was determined with the
cumulative dose-response method. The IC50
(concentration needed to reduce the size of
contraction by 50%) and IC90 values were
determined from the computer derived, best
fit log dose-response regression lines.

Statistical analysis

The statistical significance of the results
were determined by one-way analysis of vari-
ance of the logarithmically transformed data,
followed by Dunn’s test or by Student’s ¢ test
as applicable. P < 0.05 was considered signif-
icant. Results are presented as mean values
+ SEM.

Drugs

d-tubocurarine chloride, neomycin sulfate,
polymyxin B, lincomycin, 4-aminopyridine
and hemicholinium-3 were purchased from
Sigma Chemical Co.

Results

Effect on evoked release of acetylcholine

When [CaCly], was 1.4 mM the resting
release of ACh was 2865 + 332 Bqg™! 3
min~! (n = 4). It was not affected by in-
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Tabie 1. Effect of antibiotics on stimulation evoked 3H-acetylcholine release from the neuromus-

cular junction

S+/S;1Ratio!

Significance (p)®

Drugs®/[CaCls], 0.75 mM[CaCls]o 1.4 mM[CaCl;], SmM[CaClz}, (5.0 vs 1.4) (1.4 vs 0.75)
Control — 0.70 £ 0.09 (10)* 0.78 =+ 0.09 (16) 0.84 + 0.05 (8) > 0.05 > 0.05
Neomycin 0.1 uM 0.72 %= 0.11(4) — —
2 M 0.36 = 0.08* (4) 0.70 = 0.14 (4) — < 0.01
10 uM — 0.61 £ 0.07 (4) —
20 uM 0.11 * 0.04* (4) 0.50 % 0.05* (4) — < 0.01
160 uM — 0.18 % 0.05* (4) 0.48 + 0.06* (4) < 0.01
Lincomycin 200 uM 0.42 * 0.08* (4) 0.62 %= 0.05 (4) 0.62 £ 0.06 (4) > 0.05 < 0.05
600 uM — 0.50 = 0.07* (3) -
Polymyxin B 20 uM — 0.48 % 0.11 (3) —
50 uM 0.19 + 0.08* (4) 0.29 % 0.04* (4) 0.34 + 0.08* (4) > 0.05 > 0.05
200 uM — 0.17 + 0.02* (4) —
d-Tubocurarine 10 uM 0.54 % 0.04* (4) 0.41 = 0.03* (4) 0.38 % 0.04* (4) > 0.05 < 0.05

I'The release of 3H-a.cetylcholine was measured as described in the Methods.
*Significant difference between the effect of antibiotics on ACh release at different [CaCl], as indicated.
One way of analysis of variance (ANOVA) was used; *indicates significant difference from control (P >

0.05).

*Drugs were added to the Krebs solution 18 min prior to second stimulation {S2); 27 min elapsed
between two stimulations. Intermittent stimulation, trains of 40 shocks (50 Hz), were applied every 10

sec, for 3 min (18 trains).
“Number of experiments is in bracketts.

creasing or decreasing [Ca®*],. The evoked
release of *H-ACh was also not influenced
significantly by changing the [CaCl;], be-
tween 0.75 and 5.0 mM. However, when the
concentration of [CaCly), was reduced to
0.32 mM the release of ACh was inhibited
by 76.5 % 3.6% (n = 4). In the absence of
[CaCl,], axonal stimulation did not release
ACh. When [CaCly], was 0.75 mM, concen-
trations of 2 to 160 uM neomycin, 50 M
polymyxin B, or 200 uM lincomycin, signif-
icantly inhibited the evoked release of ACh:
S;/S; ratio was reduced. When the [CaCly],
was increased to 1.4 or to 5.0 mM, 200
uM lincomycin did not inhibit the evoked
release of ACh. Neomycin (160 pgM) and
polymyxin B (50 M) significantly decreased
S2/S; ratio at all [CaCly], studied (table
1). Although d-Tc also reduced the evoked
release of ACh, its action was independent of
[CaCly], (table 1). 4-Aminopyridine (4-AP)
significantly increased Sz/S; ratio of SH-ACh
release. The corresponding S,/S; ratios with
4,10 and 40 M 4-AP were 0.93 + 0.04 1.28

+ 0.08 and 1.85 % 0.14, respectively (n =
4-4; P < 0.01). Whereas 4-AP antagonized
the inhibition of the evoked release of ACh
caused by neomycin (table 2), the effects of
polymyxin B and lincomycin on ACh release
were not antagonized even by 40 uM of 4-AP
{(data not shown).

As cholinergic nerve terminals of the
neuromuscular junction are endowed with
muscarinic autoreceptors?® which inhibit the
electrically-evoked release of ACh, experi-
ments were performed to determine whether
the effects of antibiotics were, at least in
part, due to an activation of the autoin-
hibitory feedback mechanism. To achieve
this, in some experiments, atropine was
added to the perfusion fluid. Atropine alone,
added to the perfusion fluid 18 min before
the second stimulation (S;), enhanced the
evoked release of ACh as indicated by the
significant increase of the S;/S; ratio. The
atropine-induced facilitation of the evoked
release of ACh was also antagonized by an-
tibiotics (table 3). This finding excludes the
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Table 2. Effect of 4-aminopyridine (4-AP) on evoked release of 3H-

acetylcholine reduced by different antibiotics (n = 4 — 4)
S2/S1
Significance
Drugs® - 4 uM 4-AP p?

Control 0.74 £ 0.05 0.93 = 0.04 < 0.05
Neomycin, 40 uM 0.31 £ 0.08* 1.03 £ 0.08 < 0.01
Polymyxin, B, 50 uM 0.34 = 0.07* 0.44 * 0.04* > 0.05
Lincomycin, 600 M 0.41 = 0.03* 0.40 £ 0.07* > 0.05

1The release of3H-acetylcholine was measured as described in the Meth-

ods; CaCly = 1.4 mM.

2Signiﬁcant difference between the release in the presence and absence

of 4-AP (4-aminopyridine).

One way of analysis of variance (ANOVA) was used. * indicates signifi-
cant difference (P < 0.05) from control.
3Drugs were added to the Krebs solution 18 min prior to second stimu-

lation (S32).

Trains of 40 shocks (50 Hz) were delivered in every 10 sec for 3 min.
Note that 4-AP (4-aminopyridine) only antagonized the neomycin induced
depression of the evoked release of ACh.

Table 3. Presynaptic inhibitory effect of antibiotics on
3H-acetylcholine release in the presence of
atropine (n = 4 — 4)

Significance

Drugs’ S2/S; p?

1. Control 0.66 £ 0.12

2. Atropine, 1 uM 2.53 £ 0.11 2:1 < 0.01
3. Atropine, 1 pM 0.39 = 0.06 3:1 < 0.01
+ Neomycin, 10 pM 3:2 < 0.01
4. Atropine, 1 uM 0.86 £ 0.09 41 < 0.01
+ Polymyxin B, 50 uM 4:2 < 0.01
5. Atropine, 1 uM 1.15 £ 0.07 51 < 0.01
+ Lincomycin, 200 pM 5:2 < 0.01

1Drugs were added to the Krebs solution 18 min prior to
second stimulation (Sg). 27 min elapsed between two stimu-
lations. Intermittent stimulation (18 trains of 40 shocks were
delivered at 50 Hz every 10 sec for 3 min).

20ne way analysis of variance (ANOVA) was used for sta-

tistical analysis.

possibility. that the effects of antibiotics are
related to muscarinic feedback modulation.
Effects of antibiotics on force of contrac-
tion
All 3 antibiotics decreased the force of
contraction of the preparations both during
indirect and direct stimulation (table 4). The

inhibitory effect was always greater during
indirect than during direct stimulation. The
ratio of IC50 values of the direct/indirect
stimulation was higher with neomycin {2.34)
than with polymyxin B (1.29) or lincomycin
(1.35). The greater than 90% decrease of
the force of contraction caused by neomycin
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Table 4. Effect of antibiotics on the force of contraction of phrenic-nerve hemidi-
aphragm preparation with indirect or direct stimulation. (n = 4 — 4)

IC50 (M)
b
Indirect? c c/a a/b
Indirect! (with reduced margin Direct?

of safety)
Neomycin 478.2 £ 12.8 504 * 2.4 1119.1 £ 18.1  2.34 9.5
Polymyxin B 328 £ 0.3 6.7 £ 0.2 425 £ 1.3 1.29 4.9
Lincomycin  1368.4 * 896.0 3329 + 8.4 1846.4 + 37.2 1.35 4.1

!phrenic nerve was stimulated with 50 Hz and 40 stimuli were applied in one train. 10
sec elapsed between the trains. Impulse duration, 0.2 ms.

2The margin of safety of neuromuscular transmission was reduced by 0.3 uM d-Tc.

3Stimulation parameters same as with indirect stimulation, except that the impulse du-
ration was 2 ms and the electrodes were placed on the muscle. Neuromuscular transmission

was inhibited by 10 uM d-Tec.

could not be antagonized by neostigmine
but it could be completely reversed by 4
uM 4-AP. This concentration of 4-AP, how-
ever, only partially antagonized the effect
of polymyxin B or lincomycin (data not
shown). The depression of the force of con-
traction caused by the antibiotics could not
be antagonized by neostigmine.

When the margin of safety of neuromus-
cular transmission was reduced with 0.3 M
of d-Tc¢, the ICsq of neomycin, polymyxin
B and lincomycin decreased from 478.2 *
12.8, 32.8 = 0.28 and 1386.4 + 89.6 to 50.4
+ 2.4, 6.7 £ 0.2 and 3329 * 84 uM,
respectively (table 4).

Discussion

The relative contributions of the presy-
naptic and postsynaptic effects of an-
tibiotics, which are known to pos-
sess depressant actions on neuromuscular
transmission®818:31:32 have been studied.

It has been demonstrated by measurement
of evoked release of ACh that all 3 antibi-
otics inhibit, to a variable extent, the evoked
release of ACh. In previous studies, either
intracellular recording techniques!® or mea-
surement of the contractile force of the stri-
ated muscle* were used to determine the site
of action of antibiotics. In the neurochemical
studies of the effects of antibiotics on ACh

release from the neuromuscular junction!!33,

both quantally and non-quantally released
ACh were measured together, and the lat-
ter, which is released in excess®* might
have masked the effect of antibiotics on the
quantal portion of ACh release. In addition,
in these studies physostigmine was used.
This compounds causes antidromic firing, en-
hances the release of ACh and causes an
accumulation of ACh in the synaptic cleft
during repetitive stimulation of the nerve.
Thus, in the presence of physostigmine it
is very difficult to determine if a compound
reduces the increased firing rate and subse-
quently the release of ACh or its effect is
due to a direct effect on the motor nerve
terminal. The recently developed method of
measuring radiolabelled ACh release from
the mouse hemidiaphragm preparation?0—22
in the absence of anticholinesterases seems to
be a reliable method for the determination of
presynaptic effects of antibiotics.

The findings presented (see table 1) indi-
cate that the inhibitory effect of neomycin
on the evoked release of ACh is signifi-
cantly influenced by the [Ca?*],. Increasing
the [Ca®*t],, decreased the inhibitory effect
of all neomycin concentrations investigated.
These data are in agreement with those
obtained by measuring mepcs and epcs'®.
4-AP, a compound that blocks K* channels
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and facilitates Ca’* utilization, enhanced
the release of ACh from the neuromuscular
junction in a concentration-dependent man-
ner. Similar effect of 4-AP was observed
on Auerbach’s plexus** and on the cere-
bral cortex®®. Furthermore the inhibitory ef-
fect of neomycin on evoked release of ACh
(table 2) and on the force of contraction
can be antagonized by 4-AP*%. Increasing
[Ca’t], had little or no antagonistic effect
on the polymyxin B-or lincomycin- induced
inhibition of ACh release (table 3). Further-
more, 4-AP only partially antagonized the
polymyxin B-induced depression of the force
of contraction® and had no effect on the
lincomycin-induced neuromuscular block.

In agreement with earlier observations?
the release of ACh from the neuromuscular
junction is also modulated by endogenous
ACh via muscarinic receptors. Stimulation of
these receptors by ACh present in the synap-
tic gap reduces subsequent release of ACh.
When in this study, the negative feedback
modulation was excluded with atropine, an-
tibiotics were still able to reduce the release.
This is an important observation, because
patients undergoing surgery usually receive
atropine. All three antibiotics, in concen-
trations higher than those required to de-
press the force of contraction, during indirect
stimulation, also depressed this variable dur-
ing direct stimulation of the completely cu-
rarized muscle. The ratio of the IC;q values
of neomycin with direct and indirect stimula-
tion was much higher than the corresponding
ratios for polymyxin B or lincomycin (see
table 4). This indicates that the effect of
neomycin on neuromuscular transmission is
relatively greater than on the inhibition of
muscular contraction. This observation is
substantiated by the findig that, neomycin,
at all [Ca®t], is a more potent inhibitor of
the evoked release of *H-ACh than the two
other antibiotics (see table 1).

When d-Tc was present in the bath in an
ineffective concentration and indirect stim-
ulation was used, neomycin was 9.5 times
more effective. This difference was likely due
to reduction by d-Tc of the large margin of
safety of ACh release at this transmission

3
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site®®37. This mechanism also explains why

d-Tc, administered in concentration without
effect on the contractile force, but occupy-
ing the majority of nicotinic receptors and
thereby reducing the margin of safety to
one or near to one, potentiated the effect of
neomycin on responses to indirect stimula-
tion (table 4).
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for typing the manuscript.

(Received Jan. 16, 1990, accepted for publi-
cation Aug. 31, 1990)

References

1. Timmerman JC, Long JP, Pittinger CB:
Neuromuscular blocking properties of vari-
ous antibiotic agents. Toxicol Appl Pharma-
col 1:299-304, 1959

2. Caputy AJ, Kim YI, Sanders DB: The
neuromuscular blocking effects of therapeu-
tic concentrations of various antibiotics on
normal rat skeletal muscle: A quantita-
tive comparison. J Plarmacol Exp Ther
217:369-378, 1981

3. Liillman H, Reuter H: Uber die Hemmung
der neuromuskularen Ubertragung durch
einige Antibiotika. Chemotherapia 1:375-
383, 1960

4. Burkett L, Bikhazi GB, Thomas KC,
Rosenthal DA, Wirta MG, Foéldes FF:
Mutual potentiation of the neuromuscular
effects of antibiotics and relaxants. Anesth
Analg 58:107-115, 1979

5. Foldes FF, Foldes VM, Benz HG: Prolonged
respiratory depression caused by drug com-
binations. JAMA 183:672-677, 1963

6. Pittinger CB, Eryasa Y, Adamson R:
Antibiotic-induced paralysis. Anesth Analg
49:487-501, 1970

7. Pittinger C, Adamson R: Antibiotic block-
ade of neuromuscular function. Ann Rev
Pharmacol 12:169-184, 1972

8. Miller RD: Factors affecting the action
of muscle relaxants. In: Muscle Relaxants.
Edited by RL Katz. Amsterdam, Excerpta
Medica, pp. 163-191, 1975

9. Bowman WC: Pharmacology of Neuromus-
cular Function. John Wright & Sons Ltd,
Bristol. 1980

10. Wright JM, Collier B: The effects of
neomycin upon transmitter release and ac-
tion. J Pharmacol Exp Ther 200:576-587,



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Vizi et al

1977

Dretchen KL, Gergis SD, Sokol MD, Long
JP: Effect of various antibiotics on neu-
romuscular transmission. Eur J Pharmac
18:201-203, 1972

Szerb JC, Somogyi GT: Depression of
acetylcholine release from cerebral corti-
cal slices by cholinesterase inhibition and by
oxotremorine. Nature (Lond) 241:121-122,
1973

Elmquist D, Josefsson JO: The na-
ture of neuromuscular block produced by
neomycin. Acta Physiol Scand 54:105-110,
1962

Prado WA, Corrado AP, Marseillan RF:
Competitive antagonism between calcium
and antibiotics at the neuromuscular junc-
tion. Arch Int Pharmacodyn Ther 231:297-
307, 1978

Singh YN, Marshall IG, Harvey AL:
Depression of transmitter release and
postjunctional sensitivity during neuromus-
cular block produced by antibiotics. Br J
Anaesth 51:1027-1033, 1979

Fiekers JF: Effects of the aminoglycoside
antibiotics, streptomycin and neomycin on
neuromuscular transmission. I. Presynap-
tic considerations. J Pharmacol Exp Ther
225:487-495, 1983a

Fiekers JF: Effects of the aminoglycoside
antibiotics, streptomycin and neomycin on
neuromuscular transmission. II. Postsynap-
tic considerations. J Pharmacol Exp Ther
225:496-502, 1983b

Foldes FF, Somogyi GT, Chaudbry IA,
Nagashima H. Duncalf D: Assay of 3H
acetylcholine release from mouse diaphragm
without cholinesterase inhibition. Anesthesi-
ology 61:A395, 1984

Somogyi GT, Vizi ES, Chaudhry IA,
Nagashima H, Duncalf D, Foéldes FF,
Goldiner PL: Modulation of stimulation-
evoked release of newly formed acetyl-
choline from mouse hemidiaphragm prepa-
ration. Naunyn-Schmiedeberg’s Arch Phar-
macol 336:11-15, 1987

Wessler I, Steilein O: Differential release
of 3H-acetylcholine from the rat phrenic
nerve-hemidiaphragm preparation by elec-
trical nerve stimulation and by high potas-
sium. Neuroscience 22:289-299, 1987

Vizi ES, Somogyi GT, Nagashima H,
Duncalf D, Chaudhry TIA, Foldes FF:
D-Tubocurarine and pancuronium inhibit

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

J Anesth 1991

evoked release of acetylcholine. Anesthesiol-
ogy 63:A328, 1985

Vizi ES, Somogyi GT: Prejunctional mod-
ulation of acetylcholine release from the
skeletal neuromuscular junction: link be-
tween positive (nicotinic)-and negative
(muscarinic) feedback modulation. Br J
Pharmacol 97:65-70, 1989

Moore EW: Ionized calcium in normal
serum, ultrafiltrates, and whole blood de-
termined by ion-exchange electrodes. J Clin
Invest 49:319-324, 1970

Foldes FF: The significance of physiologi-
cal (Ca’t) and (Mg?*) for in vitro ex-
periments on synaptic transmission. Life
Sciences 28:1585-1590, 1981

Kilbinger H, Wessler I: Inhibition by
acetylcholine of the stimulation-evoked re-
lease of 3H-acetylcholine from the guinea-
pig myenteric plexus. Neuroscience 5:1331-
1340, 1980

Vizi ES, Ono K, Adam-Vizi V, Duncalf
D, Foldes FF: Presynaptic inhibitory effect
of Met®-enkephalin on '*C-acetylcholine re-
lease from the myenteric plexus and its
interaction with muscarinic negative feed-
back inhibition. J Pharmacol Exp Ther
230:493-499, 1984

Vizi Es, Somogyi GT, Nagashima H,
Duncalf D, Chaudhry IA, Kobayashi O,
Goldiner PL, Foldes, FF: Tubocurarine
and Pancuronium inhibit evoked release
of acetylchqline from the mouse hemidi-
aphragm preparation. Br J Anaesth 59:226-
231, 1987

Zierlier KL: Mechanism of muscle contrac-
tion and its energetics. In: Mountcastle
V.B. ed. Medical Physiology. St. Louis.
C.V. Mosby, pp. 84-96, 1974

Foldes FF: The significance of physiological
Ca?t and Mg?t for in vitro experiments
on synaptic transmission. Life Sci 28:1585—
1590, 1969

Sokoll MD, Gergis
neuromuscular  function.
55:148-159, 1979
Vital-Brazil O, Prado-Franceschi J: The na-
ture of neuromuscular block produced by
neomycin and gentamicin. Arch Int Phar-
macodyn Ther 179:78-85, 1969

Vizi ES, Vyskocil F: Changes in total
and quantal release of acetylcholine in the
mouse diaphragm during activation and
inhibition of membrane ATPase. J Physiol

SD: Antibiotics and
Anesthesiology



Vol 5, No 1

33.

34.

(Lond) 286:1-14, 1979
Vizi ES, van Dijk K, Foldes FF: The effect
of 4-aminopyridine on acetylcholine release.
J Neural Trans 41:265-274, 1977

Foldes FF, Ludvig N, Nagashima H, Vizi
ES: The influence of aminopiridines on
Calt-dependent evoked release of acetyl-
choline from rat cortex slices. Neurochem
Res 13:761-764, 1988

35.

36.

Neuromuscular effects of antibiotics 9

Paton WDM, Waud DR: The margin of
safety of neuromuscular transmission. J
Physiol 191:59-90, 1967

Waud BE, Waud DR: The relation between
the response to “train of four” stimula-
tion and receptor occlusion during compet-
itive neuromuscular block. Anesthesiology
37:413-416, 1972





