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It is commonly observed that general anes-
thesia produced by the administration of vola-
tile anesthetic agents is accompanied by mus-
cular relaxation. This raises the question as
to the site of action and the mechanism by
which such muscle relaxation is produced. As
early as 1914 Auer and Meltzer * reported that
ether possesses a curare-like action. More re-
cently Watland * in 1957, Ngai® 1965 and
Katz* 1966 have shown that neuromuscular
transmission in tivo can be blocked by vola-
tile anesthetics but only if extremely high con-
centrations of the anesthetics are administered.
Thus, from these studies one could conclude
that the muscular relaxation produced during
general anesthesia is more attributable to the
central action of the anesthetic than to a pe-
ripheral action at the neuromuscular junction.
Nonetheless the peripheral action of these
anesthetic agents on the neuromuscular sys-
tem is by no means negligible. For example,
during light ether anesthesia complete neuro-
muscular block can be produced by the ad-
ministration of relatively small doses of curare
that would be ineffective in producing neuro-
muscular block in the absence of ether.

In order to obtain more direct evidence con-
ceming the site and mode of actions of various
volatile anestheties on the neuromuscular sys-
tem we have studied the action of several of
these agents on the frog sartorius muscle sciatic
nerve preparation in vitro. By this means we
have been able to design and carry out defini-
tive experiments employing single fiber tech-
niques. Such experiments cannot easily be
conducted in the intact mammalian organism.
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The first series of experiments was designed
to determine the range of concentrations of
anesthetics which would depress the tension
output of the indirectly stimulated muscle.
Figure 1 shows the experimental arrangement
with the sartorius muscle mounted in an iso-
metric myograph. The nerve was stimulated
once a minute with a supramaximal stimulus
and the evoked tension output was measured
with a mechanoelectric transducer. The re-
sulting signal was fed into an oscilloscope and
photographically recorded. A major technical
diffieulty in this investigation was the control
of the concentration of anesthetic present in
the bathing solution. We chose to equilibrate
the Ringer's solution by saturating it with an
accurately determined mixture of oxygen and
anesthetic vapor at a known partial pressure,
delivered by an anesthetic apparatus.

Figure 2 shows the results obtained when
an indirectly stimulated muscle was exposed
to 2 and 2.5 per cent ether. After a stable
control period was achieved, addition of 2 per
cent ether decreased tension output to approxi-
mately 60 per cent of the initial value. At 2.5
per cent ether the tension output decreased
to approximately 20 per cent of the control.
Complete block was obtained with approxi-
mately 3 per cent ether in the ecquilibrating
mixture. Perhaps it is of interest to mention
here that when cyclopropane up to approxi-
mately 20 per cent was applied, the tension
output increased to above the contro! value;
but at higher concentrations of cyclopropane,
complete block developed. A similar but much
smaller initial potentiation of tension output
amounting to 2 or 3 per cent of the control
value was seen with halothane.

It is evident from these experiments that
these anesthetics depress the tension output of
indirectly stimulated muscle. The question
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STIMULATOR
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Fic. 1. Schematic diagram showing the frog
sartorius muscle mounted in an isometric myo-
graph. The nerve is stimulated once a_ minute.
The bathing Ringer’s solution is bubbled with a

mixture of oxygen and anesthetic agent.
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then arose, do these agents exert their block-
ing effect on nerve, the neuromuscular junc-
tion or the muscle fiber itself?

We found, in general, agreement with the
earlier work of Secher,® that axonal conduction
in the isolated frog sciatic nerve trunk was not
affected when these trunks were exposed to
cther or halothane in concentrations which
completely blocked the indirectly stimulated
frog nerve-muscle preparation. Furthermore,
at these blocking concentrations of ether, we
found that muscle fibers can be directly stimu-
lated through an intracellular microelectrode
and that the action potential which is initiated
produces contraction of the muscle fiber.s
Similar results have been obtained with halo-
thane.”

We conclude from these experiments that
it is the neur lar ¢ ission process
which is most susceptible to blockade by these
volatile anesthetics. We therefore tried to de-
termine whether the site of action was pre-
junctional, postjunctional or both.

In the next series of experiments we ex-
plored the postjunctional locus by studying the
chemosensitivity of the postjunctional mem-
brane. Resting potentials were measured in-
tracellularly with a microelectrode introduced
at endplate sites. Exposure of a muscle prepa-
ration to ether at a concentration sufficient to
block completely the indirect twitch did not
cause membrane depolarization. Resting po-
tentials measured during a two-hour period
averaged 94 mv., a value equal to that of the
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CARB. 27uM
Fic. 3. Effect of carb-
) amylcholine (27 uMM) on
the resting potential
measured at the endplate
of muscle fibers in_ the
presence of ether (left)
and with ether removed
(right). Each solid cir-
cle represents the aver-
age of readings from in-
dividual fibers taken over
a 5 minute period. Open
circles (data of Nastuk
and Gissen®) show the
more intense depolariza-
tion produced by 27 M
carbamylcholine ™ in _the
absence of ether. Dur-
ing the 2 hour period of
pretreatment  with ether
the resting potential av-
eraged 91 mv. (dotted
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controls (fgure 3, dotted line). Thereafter,
carbamylcholine (27 pM concentration) was
added. Carbamylcholine rather than acetyl-
choline was used in these experiments because
this compound is resistant to hydrolysis by
acetylcholinesterase. As can be seen in figure
3, the average of individual measurements
taken over a 5 minute period {solid dots)
showed that carbamylcholine in the presence
of ether produced relatively slight membrane
depolarization. It is interesting to compare
this result with that obtained when carbamyl-
choline was added directly to control prepara-
tions or to preparations from which the ether
was removed. In the latter, carbamylcholine
caused the preparations to twitch and pro-
duced postjunctional membrane depolarization
exceeding 45 mv. The above effects of ether
are also produced by halothane” One can
conclude from these experiments that during
exposure to ether or halothane the response of
the postjunctional membrane to depolarizing
agents such as carbamylcholine is markedly
reduced.

In a third group of experiments we tried to
compare possible prejunctional effects of these
anesthetics with their postjunctional action.
The first experiment was concerned with the
effect of volatile anesthetics on the amplitude
of miniature endplate potentials.

\When a microelectrode is introduced at the

20 a0 1eo lme)-

endplate site and high amplification is used.
randomly produced depolarizations of about
0.5 mv. can be measured. These so-called
miniature endplate potentials are believed to
be produced by the releasc of small packets
(quanta) of acetylcholine from the nerve ter-
minal. When the neuromuscular junction was
exposed to Ringer’s solution containing a low
concentration of ether or halothane, the ampli-
tude of these miniature endplate potentials de-
creased to imperceptible levels (fig. 4). After
discontinuation of the anesthetic, the miniature
endplate potentials progressively rose in ampli-
tude. At present, it is accepted that an ap-
preciable number of preformed acetylcholine
quanta are stored in the nerve terminals and
that these quanta are approximately equal in
size. Thus, a progressive decrease in the am-
plitude of the miniature endplate potential is
most easily explained on the basi{ that ether
causes a progressive diminution in the sensi-
tivity of the postjunctional membrane to acetyl-
choline. As we have demonstrated directly,
loss of postjunctional membrane sensitivity is
indeed produced by ether and halothane and
the extent of this change is sufficient to ex-
plain the decrease in amplitude of these minia-
ture endplate potentials.

Although our next 2 experiments are taken
from work in progress, the results obtained are
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Fic. 4. Intracellular
recordings of mepp’s.
Trace A—control show-
ing 5 mepp’s. Traces B
to D—ether was applied
by microperfusion. Trace

E—after upward step
ether microperfusion was
stopped. Note the pro-
gressive increase in mepp

amplitude in traces E to
G. Calibration: large
blocks, y axis=0.4 mv.,

x axis = 5 sec.

direct and seem interesting enough to be re-
ported here.

In 1963 Hubbard and Schmidt® showed
that when a recording microelectrode was
carefully placed external to a motor nerve ter-
minal, stimulation of the nerve results in a re-
cording that shows successively: the stimulus
artefact; the action potential of the nerve end-
ing; and, the endplate potential produced at
the postjunctional membrane. In our experi-
ment the muscle preparation was exposed to
Ringer's solution containing curare in a con-
centration just sufficient to prevent contrac-
tion. An endplate potential and a presynaptic
action potential were demonstrable as shown
in figure 5. If, under such experimental con-

Fic.5. The effect of halothane on the presynaptic and postsynaptic action
ed sweeps each of which is a recor
Left upper frame shows the recording made at a _curarize
S = stimulus artefact; N = action potential in nerve terminal; M = endplate po-
arted between the first and second frame of the
the anplitude of the endplate potential in the

oscillogram represents several superimposi
at the neuromuscular junction.
preparation.
tential.

third and sixth frame.
microperfusion with halothane.

Microperfusion with halothane was st:
upper row. Note the progressive decrease in
The lower row represents recovery following
Calibration: Blocks, y axis=0.1 mv., x axis = 1 msec.

ditions, the preparation was microperfused at
the endplate with Ringer's solution plus d-
tubocurarine and 0.1 per cent v/v halothane,
the endplate potential produced at the post-
junctional membrane disappeared, but this oc-
curred without affecting the magnitude of the
nerve action potential. The most likely ex-
planation for the decrease in the amplitude of
the endplate potential is that the sensitivity of
the postjunctional membrane is decreased by
halothane at a concentration which does not
significantly affect the nerve ending.

Our final preliminary report concerns a com-
parison of the action of halothane on depolari-
zation caused by both neurally released and
externally applied acetylcholine. A schematic
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diagram of the test is shown in figure 6; this
preparation was also curarized to prevent
movement. The membrane potential was re-
corded with an intracellular microelectrode.
Acetylcholine was applied to a sensitive spot
at the postjunctional membrane by electro-
phoretically ejecting this compound from a
pipette loaded with acetylcholine. Following
nerve stimulation, acetylcholine is released
from the nerve terminals giving rise to an end-
plate potential. By alternatively stimulating
the nerve and pulsing the acetylcholine pi-
pette, we can measure postjunctional mem-
brane potential changes caused by either
means.

We found, in this experiment, that upon per-
fusion with halothane containing Ringer’s solu-
tion, the endplate potentials as well as the
depolarizations caused by the acetylcholine
pulses decreased in amplitude at approxi-
mately the same rate and to the same degree.”
Since the neurally initiated response of the
postjunctional membrane (endplate potential)
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SQUARE
BIAS WAVE

NERATOR . .
VOLTAGE  GENE Fic. 6. Schematic dia-

gram of experimental set-
up for recording of de-
polarizations preduced by
nerve _stimulation and
externally applied acetyl-
choline.  The perfusing
pipette cont:lines 0.1 per
cent v/v halothane.

In summary, we conclude from the fore-
going experiments that anesthetics such as
ether and halothane block neuromusecular
transmission in citro principally because they
reduce the sensitivity of the postjunctional
membrane to acetylcholine. During general
anesthesia, the muscular relaxation produced
by volatile anesthetics such as ether and halo-
thane is probably mainly attributable to their
central rather than to their peripheral action.
However, even under such conditions, the pe-
ripheral action which involves a reduction in
the sensitivity of the postjunctional membrane
to acetylcholine is not negligible and could be
significant when neuromuscular transmission is
impaired by the presence of curare-like agents
or neurological diseases.

This investigation was supported in part by Pub-
lic Health Service Research Grants PHSRG 1 RO1
NB04988 from the National Institutes of Neuro-
logical Diseases and Blindness and by GM-09069
and STI-GM-257 from the National Institute of
General Medical Sciences. We ackno vledge the
assistance of J. T. Alexander for maintenance of

is a measure of both acetylcholine released by
nerve and postjunctional sensitivity, while de-
polarization of the postjunctional membrane
produced by the acetylcholine pulse is a meas-
ure only of postjunctional membrane sensitiv-
ity, one can conclude that the effect of halo-
thane is mainly on the postjunctional mem-
brane.

the eq: and P. S. Fleming for preparation
of the charts.

References

1. Auer, J., and Meltzer, S. J.: The effect of ether
inhalation upon the skeletal motor mecha-
nism. J. Pharmacol. Exp. Ther. 5: 521, 1914.

- 2, Watland, D. S., Long, J. P., Pittinger, C. B.,

and Cullen, S. C.: Neuromuscular effects of

20z ludy 60 uo 3sanb Aq ypd'11.000-0001 0296 L-Z¥S0000/6+091.9/8Z1/1/82/}Pd-01o1n1e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Yolume 28
Num!

ether, cyclopropane, chloroform and Fluo-
thane, ANEsTHESIOLOGY 18: 883, 1957.

3. Ngai, S. H., Hanks, E. C., and Farhie, S. E.:
Effects of anesthetics on neuromuscular trans-
mission and somatic reflexes, ANESTHESIOLOGY
26: 162, 1965.

4, Katz, R. L.: Neuromuscular effects of diethyl

W

VOLATILE ANESTHETIC AGENTS 133

lar t ission, ANESTHESIOLOGY
27: 42, 1966. -

7. Gissen, A. J., Karis, J. H., and Nastuk, W. L.:
Effect of halothane on neuromuscular trans-
mission, J.A.M.A. 197: 770, 1966.

8. Nastuk, W. L., and Gissen, A. J.: Actions of
acetylcholine and other quaternary ammonium

Is at the muscle post junctional

ether and its interaction with succinylch
and d-tubocurarine, ANEsTHESIOLOGY 27: 52,
1966.

5. Secher, O.: The peripheral action of ether esti-
mated on isolated nerve muscle preparation,
Acta Pharmacol. 7; 119, 1951.

6. Karis, J. H., Gissen, A. J., and Nastuk, W. L.:
Mode of action of diethyl cther in blocking

membrane, In: Muscle, Paul, W. N., Daniel,
E. E., Kay, C. M., and Monckton, G., Eds.
Lendon, Pergamon Press, 1965, p. 389.

9. Hubbard, J. I., and Schmidt, R. F.: An elec-
trophysiological investigation of mammalian
motor nerve terminals, J. Physiol. 166: 145,
1963.

DiscussioN

Sir John Eccles: You have observed an amaz-
ing effect with complete suppression both of the
miniature endplate potential and of the EPP's.
You do not have to qualify your statement, this is
an immense effect and all the neuromuscular block
could be explained by it.

Dr. Karis: Several investigators have shown
that volatile anesthetics can produce a neuro-
muscular block. To my knowledge, no studies
have been reported concerning the mechanisms of
action of these agents at the neuromuscular june-
tion. In the last two experiments {figs. 5 and 6)
the Ringer’s solution used to microperfuse the end-
plate site contained halothane 0.1 per cent v/v.
With this high concentration of halothane it was
possible merely to let this solution slowly leak out
of the pipette onto the endplate and thereby avoid
artifacts of movement. The advantage of this ap-
proach was that we were able to study the pro-
gressive changes of the clectrical events occurring
at the postjunctional membrane and the nerve ter-
minal. As I mentioned before, halothane at a
much lower concentration (1.5 per cent in the
equilibrating gas) produced a complete neuro-
muscular block,

Dr. Ngai: To clarify this, when you say 3 per
cent or 1 per cent, you are referring to percentage
of an atmosphere, that is, the partial pressure in
the gas bubbling through the Ringer’s solution;
but 0.1 per cent halothane is volume/volume of
liquid, a much higher concentration.

Sir John Eccles: I suppose that one doesn’t
get a blood concentration as high as 0.1 per cent
halothane when it is used as an anesthetic.

Dr. Karis: Indeed, for general ancsthesia that
would be much too high. However, it is unlikely
that we cver approached this high concentration
during any of our experiments. Although the per-
fusion pipette contained halothane at 0.1 per cent
v/v, this solution must have been rapidly diluted,
since the rate of perfusion was kept very low.

Sir John Eccles: The other point is, of course,
that with those results you always have an initial
curarization before you start. What happens if
you do not have this initial curarization? You can
still do the experiment, but it is a bit more difficult.

Dr. Karis: You cannot externally record an
action potential in the nerve terminal without

pl hanical qui of the prepara-
tion. A curare-block is essential.

Sir John Eccles: You can block neuromuscu-
lar t ission with i

Dr. Karis: We have attempted experiments
in preparations blocked with magnesium. The
few that were successful gave similar results.

Sir John Eccles: Still this is such a tremendous
effect that you should be able to test it without
complications from other drugs.

Dr. Karis: The effect of anesthetics on end-
plate potentials and on miniature endplate poten-
tials was obtained on preparations which were not
exposed to other drugs. We used curare only
when it was essential to prevent movement, so
that we were able to take sequential recordings at
different anesthetic concentrations at the same
endplate.

Sir John Eccles: You could do it with the
whole frog sartorius and external electrodes lying
across the muscle, as Katz did originally, and get
the excitatory potentials with the muscle still con-
tracting.

Dr. de Jong: This is a magnificent piece of
work, but I am concemned by the concentrations
of anesthetic drugs used. Drs. Ngai and Katz
found both in animals and in man that high con-
centrations of anesthetics are needed before an
effect on \f ission is observed.
Dr. Freund and I at Washington have also found
that at high anesthetic concentrations where pro-
found muscular relaxation is observed, little if any
effect on the neuromuscular junction is present,
both electrically and mechanically; so we are con-
cerned by the marked differences between your
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work on single fibers and our work on intact
muscle in vivo.

Dr. Kari agree that in the clinical produc-
tion of musculur relaxation by volatile anesthetics
the central action is more important than periph-
eral neuromuscular blockade. However, even un-
der clinical conditions, the peripheral action of
these agents is not negligible. Beyond these prac-
tical matters, I wish to stress the point that we
undertook this work in an attempt to obtain an
understanding of the basic action of volatile anes-
thetics in the most simple preparation available.
If we are able to understand how these agents
work in this simple amphibian preparation, we
may be able to get a better understanding of the

1
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of a volatile anesthetic agent, a constant rather
vigorous How of freshly equilibrated Ringer’s solu-
tion has to be provided. This can generate many
artifacts so that the low voltage recordings of
miniature endplate  potentials, alieady depressed
by the anesthetic, would get lost in the noise. In
our perfusion experiments, however, the amplitude
of the miniature endplate potentials decreased un-
der the influence of the anesthetic before we were
able to any cl in freq A

Dr. Ngai: Perhaps you could repeat your minia-
ture endplate studies with a lower concentration
of halothane, instead of 0.1 per cent volume/
volume.

Sir John Eccles: That was just my point. Lower
the concentration, get a steady level, and then see

pharmacological actien of these agents in anil
and in man, in vito.

Dr. Ngai: It remains true that in man or in an
intact cat or decercbrate cat, you do need up to
40 per cent of ether in the inspired air to have
appreciable neuromuscular bLlock. I cannot ex-
plain the difference.

Dr. Salmoiraghi: Have you done any measure-
ments on the effect of anesthetics on threshold?

Dr. Karis: We have not studied threshold cur-
rents. Inoue and Frank reported in 1965, that
threshold currents decreased somewhat with 0.5
per cent ether, with essentially no change in
threshold potential. At 1 per cent ether both
threshold current and thresheld depolarization
were increased.  (Inoue, F., and Frank, G. B.:
Canad. J. Physiol. Pharm. 43: 751, 1963.)

Sir John Eccles: When you used concentra-
tions of anesthetics which did not depress the
miniature endplate potentials to zero, did you find
that the concentration of anesthetic altered the
frequency of miniature firing? This is a more
subtle test of a change in the presynaptic mecha-
nism, and one would like to know also about the

what happens to the frequency.

Dr. Karis: The difficulty is to get a steady level
at a low concentration of the volatile anesthetic,
without causing artifacts which will make the
record unreadable.

Dr. Somjen: 1 should like to see confinmation
of your results by a count of spontancous minia-
tures at a steady low concentration. 1f you can-
not do it with halothane, why not do it with bar-
biturates, which apparently have a very similar
action as far as the postsynaptic junction is con-
cerned?

Dr. Karis: One would not have many dificulties
in counting the spontaneous miniature endplate
potentials during the study of nonvolatile agents
like barbiturates. Our main interest, however, was
the study of the action of the valatile anesthetic
agents.

Dr. Salmoiraghi: Why do you use volatile anes-
thetics which are very difficult to control, when
barbiturates would seem better suited for your

number of quanta released per nerve imp Ise un-
der these conditions? This would be more subtle

purposes?
Dr. Karis: Volatile anesthetics, contrary to the
barbi! (both used in clinical concentrations)

can produce profound muscular relaxation. This

than the complete block that you have d
strated, and should be done with lower doses.
Finally, 1 would suggest that the rat diaphragm
preparation might be 2 favorable one, when mov-
ing into the mammalian field.

PDr. Karis: 1 agree completely with the com-
ments you have made. The experiments you sug-
gest involve technical difficulties. The chamber
we used for microelectrode recordings is open to
air, so that in order to control the concentration

is of i t to the anesthesiologist and we wished
to get more ding of the hanism of
action of these agents.

Questioner: In regard to the effect of appar-
ently different concentrations of anesthetic, what
was the temperature of the bathing solution? The
solubility of halothane is altered at lower tempera-
tures and this might be a contributing factor.

Dr. Karis: The experiments were done at room
temperature.
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