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d-Tubocurarine Effects on Nerve-terminal and
Neuromuscular Conduction

M. D. Sokoll, M.D.,* K. L. Dretchen, MS.,T S. D. Gergis, M.D.,}
J. P. Long, PRD.§

Using the frog sartorius muscle preparation, d-
ine in jions between 10 and
10-* g/l was found to increase miniature endplate
potential (MEPP) frequency with no effect on
MEPP amplitude. The agent at 10™ g/l was
able to increase the twitch height of the sub-
maximally stimulated muscle preparation. Be-
tween 25X 10" and 5X 107 g/, it decreased
MEPP frequency and twitch height of indirectly-
timulated muscle p ions to 10 per cent of
control. At the latter doses, MEPP amplitude
and itivity to h ically lied acetyl-
choline were reduced by only about 40 per cent.
At this degree of depression of endplate sensi-
tivity, the ability of postjunctional membrane to
generate an action potential is unaltered. It is
believed that the primary blocking effect of d-
tubocurarine is presynaptic. (Key words: d-Tubo-
curarine; Nerve inal; P ic; N

cular blockade.)

tuh

SixcE THE EARLY work of Bernard,® d-tubo-
curarine has been assumed to have solely post-
synaptic effects on neurc far tr issi

The studies by Fatt and Katz? and Auerbach
and Betz 3 using microelectrode techniques also
suggest a primary postsynaptic locus of action.
However, the work of Riker and Standaert -3
has suggested that this drug has definite nerve-
terminal activity. Galindo ¢ has offered evi-
dence that the primary blocking effect of d-
tubocurarine is prejunctional. Recently, Gergis
et al.,;? Beani ct al,® and Hubbard ct al®
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showed that, while causing neuromuscular
blockade, it produced a concomitant decrease
in release of acetylcholine from the nerve ter-
minal. The purpose of this work was to ex-
amine the effects of a wide range of concen-
trations of d-tubocurarine on spontaneous ace-
tylcholine release, twitch height, and endplate
sensitivity to acetylcholine in order to gain
more information regarding the exact site of
action of d-tubocurarine.

Methods

MICROELECTRODE STUDIES

All experiments were carried out in wvitro
with the isolated frog (Rana pipiens) sartorius
muscle. The preparation was mounted in a

- lucite bath of 3-ml volume on a paraffin-lined

plexiglass plate, in the center of which was a
planoconvex lens. The muscle was constantly
perfused (fow rate 7 ml/min) with frog
Ringer's solution (NaCl 116, KCI 1.9, CaCl.
1.0, NaH,PO, 1.0, Na,HPO, 1.0, mM/1). In-
tracellular potentials were measured with glass
capillary microelectrodes of 8 to 15 MQ re-
sistance filled with 3 M KCl in a conventional
manner similar to that employed by del Castillo
and Katz?® and Akerman and Sokoll3* Po-
tentials were monitored on a Tektronix 564B
storage oscilloscope and recorded with an
El Sch der Mingograf 81 (a polygraph
having a flat frequency response to 500 Hz).
The time constant of the recording circuit was
approximately 40 psec. Endplate regions were
located by finding miniature endplate poten-
tials (MEPP’s) with a rapid rising phase. The
MEPP’s were recorded for continuous one-min-
ute intervals and analyzed for frequency and
amplitude before and after application of d-
tubocurarine (Sigma Chemical Co.).
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Fic. 1. Effects of d-
tubocurarine, between
10 and 10® g/l, on
MEPP frequency and
amplitude. A, frequency;
B, amplitude. Values =
mean =SE. n=10. P<
0.03.
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Fic. 2. Effects of d-tubocurarine, between 2.5 X 10 and 5 X 107 g/l, on MEPP frequency
and amplitude. 4, frequency; B, amplitude. Values=mean =SE. n=10. P<0.05.
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Fic. 3. Typical record of the effect of d-tubo-
curarine, 107 g/I, on the sensitivity of the end-
plate to iontophoretically-applied ~acetylcholine.

e top trace represents change in membrane po-
tential, while the bottom trace represents the cur-
rent pulse. C, control; DTC, d-tubocurarine.
Horizontal bar = 10 msec; vertical bar = 10 am-
peres.

ACETYLCHOLINE SENSITIVITY

The method of assaying the effect of jonto-
phoretic microapplication of acetylcholine was
similar to that employed by del Castillo and
Katz.6 The pipettes were filled with a 4-M
solution of acetylcholine which was delivered
by current pulses of 10 msec in duration. Dif-
fusion of acetylcholine from the tip was pre-
vented by the application of a steady de cur-
rent. Acetylcholine sensitivity was expressed
as the ratio of depolarization of the membrane
in mV to the charge in coulombs X 10-® (nC}
which flowed through the acetylcholine pi-
pette.

Maximal acetylocholine sensitivity readings
were obtained before and after application of
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the d-tubocurarine-containing solution. Changes
observed were expressed as per cent of control.

Froc Sciamic NERVE-SARTORIUS
MusCLE PREPARATIONS

The sartorius muscle with its nerve was care-
fully removed and placed in a horizontal cham-
ber of 20-ml volume. The same bathing me-
dium was employed as in the microelectrode
studies. The tendon was attached to a Grass
FT-03 strain gauge by means of a pulley, the
origin being firmly fixed. Conditions for nerve
stimulation were 0.2 Hz, 0.l-msec duration,
and 3 v. Force of contraction was measured
on a Grass polygraph. All preparations were
subjected to an initial tension of 1 g.

After the muscle twitch had stabilized, d-
tubocurarine was added to the bath and the
amount of blockade determined. Changes
were expressed as per cent of control.

In another series of experiments the voltage
was adjusted so that twitch height was half
maximal. Physostigmine or d-isopropylfluoro-
phosphate (DFP) in a concentration of 0.1
pg/ml was added to the Ringer’s solution to
inhibit the action of acetylcholinesterase. After
stabilization of twitch height, d-tubocurarine
in concentration ranging from 10-'* to 10-*
was added to the bath.

StaTISTICS

Regression analysis of variance (Steel and
Torrie **) was employed for most comparisons.
When the regression was significant, the best-
fitting straight line was drawn. In every in-
stance P < 0.03.

Results

At drug concentrations between 10-'5 and
10-2 g/1 there was no effect on MEPP fre-
quency or amplitude. In the range of concen-
trations from 10~ to 10-11 g/l, there was a
marked increase in MEPP frequency with no
change in amplitude (fig. 1). The increase in
frequency was seen within a few seconds fol-
lowing application of d-tubocurarine and was
maintained until the drug was removed. At
101 g/1, frequency returned to slightly above
control levels. Between 2.5 X 10-% and 3 X
10~ g/1 there was a linear decrease in fre-
quency to 10 per cent of control (fig. 24).
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Fic. 4. Effects of d-
tubocurarine, between
25X 10* and 5% 107
g/, on the sensitivity of
the endplate to iontopho-
retically-applied acetyl-
choline. Values =mean
=SE. n=10. P<0.05.
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At these concentrations the greatest reduction
in amplitude was about 335 per cent (fig. 2B).

The sensitivity of the endplate region to
focal iontophoretic application of acetylcho-
line between concentrations of 2.5 X 10-% and
5 % 10~ g/1 was investigated. A typical rec-
ord can be seen in figure 3, where the control
sensitivity was 53 millivolts per nC and that
after d-tubocurarine, 10-7 g/1, was 44 mv/nC.
At the highest drug concentration, endplate
sensitivity was reduced by only about 40 per
cent (fig. 4). Between 2.5 X 10-8 and 5 X
10-7 g/1 there was a close correlation between
reductions in endplate sensitivity and MEPP
amplitude. The jontophoretic application of

25x10° 5x10° 107

25007 507
d-tubocurarine (g/1)

acetylcholine did not affect MEPP amplitude
or frequency at the drug concentrations
studied.

At the same concentrations, there was a
progressive decline in twitch height of the in-
directly stimulated preparation (fig. 5). Maxi-
mum blockade was obtained 5 minutes after
the introduction of d-tubocurarine. Again,
there was a close correlation between reduc-
tions in twiich height and MEPP frequency.

When a dose of 10-® g/l was applied to
five submaximally indirectly-stimulated muscle
preparations there was an immediate increase
in twitch height, which was sustained until the
drug was removed (fig. 6). This effect was
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Fic. 6. Typical record of the effect of d-tubo-
curarine, 107 g/l, on twitch height of indirectly-
stimulated sartorius muscle preparation. C, d-
tubocurarine; W, wash.

not seen at the other small doses used in this
study or at this dose without inhibition of
cholinesterase.

Discussion
The legitimacy of using jontophoresis of ace-
tylcholine on the endplate to evaluate solely
the postsynaptic site of action has been ques-
tioned.> The concern is that the applied agent
- might also have effects on the nerve that re-
sult in further release of endogenous acetylcho-
line. However, Albuquerque and Meclsaac??
found no significant difference between the de-
grees of responsiveness of innervated and
chronically denervated rat extensor digitorum
longus and soleus muscles to focally-applied
acetylcholine.  Furthermore, if the motor-
nerve-terminal action of acetylcholine pro-
posed by Riker and Standaert 3 were true, the
application of acetylcholine might be expected
to increase MEPP frequency. This was found
not to occur.
It has usually been assumed that the de-
crease in MEPP frequency seen after the ap-
plication of d-tubocurarine is owing to the de-
creased sensitivity of the endplate. Thus, the
smaller MEPP’s would be decreased below the
noise level of the recording. That this may
not be completely true has been demonstrated
by Gergis ¢t al.,” who observed decreased out-
put of acetylcholine after d-tubocurarine. This
observation suggests that the decrease in
MEPP frequency may be due to decreased re-
Jease of quanta from the nerve terminal.
The data indicate that there are correspond-
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ing decreases in MEPP frequency and twitch
height. Even with a dose of d-tubocurarine
which caused a 95 per cent reduction in twitch
height, there was only 40 per cent reduction
in MEPP amplitude and sensitivity to ionto-
phoretically-applied acetylcholine. Consider-
ing that the size of the normal endplate po-
tential is in the range of 80-90 mv (Fatt and
Katz,® del Castillo and Katz!?), then a 40 per
cent decrease would leave an EPP in the or-
der of 51 mv. According to Fatt and Katz,*
an EPP of 36 mv is sufficient to generate an
action potential. Therefore, concentrations of
d-tubocurarine which produce as much as 95
per cent muscle blockade should not block the
ability of the postsynaptic membrane to gener-
ate an action potential and should be acting
presynaptically.

An interesting observation was that small
doses of d-tubocurarine increased MEPP fre-
quency with no alteration in their amplitude.
This would suggest an increased presynaptic
release of acetylcholine. This is substantiated
by the fact that these small doses were actu-
ally able to increase the size of the muscle
twitch in the submaximally stimulated prepa-
ration.

In conclusion, d-tubocurarine markedly af-
fects twitch height and MEPP frequency in
doses which do not block the ability of the
postsynaptic membrane to generate an action
potential. In small doses it even increases the
presynaptic output of acetylcholine. Concur-
ring with Galindo,® we believe that the pri-
mary blocking effect of d-tubocurarine in pre-
synaptic.

The authors are indebted to Mr. L. R. Davies
for his 1l hnical assi;
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The Anesthesiologist’s Bookshelf

Control Theory and Physiological Feedback
Mechanisms. By Doucras S. Rices. Balti-
more, Williams and Wilkins Co., 1971. Pp.
599. $7.50.

Don't let the title fool you, for this is no duil
dinary biomath i i It is a lively

such as drug clearance, resistance and distribution
volume. Once you get the hang of this unified

h, the whole falls into place. Now
one may tie engineering problems (they have come
a ot further than we) to biological situations; for
example, velocity in an engineering system is
matl jcally identical to alveolar concentration

v
and very readable text, written by a b
for bioscientists, The author’s unorthodox back-
ground, led in the i ducti tells much

and also to systolic pressure.
Nearly all illustrative examples are pertinent to
linical phar logy and physiology, for they

about what is to come. Dr. Riggs is a physi
who resigned his post as chairman of a depart-
ment of phar logy to L a il stu-
dent in mathematics, where his introduction to
control theory resulted in this excellent volume
addressed to the systems analysis of biomedical
problems.

deal with drug, gas and tracer kinetics, respira-
tion, circulation, and so on. Here is a chance to
absorb the fundamentals of biological control the-
ory without having to become an engineer in the
process. Sec, for instance, how cleverly the au-
thor introduces transfer function analysis in a

li system with the following “Hormrible Ex-

The great value of this book to anesthesiologi
is that it applies control theory in understandable
fashion to topics as disparate as uptake, distribu-

ample” (page 190): “Bartender! A quadruple
martini for the reader! . . . That's as close to an
impulse input of alcohol as you're ever likely to

tion and excretion, chemical control of iration,
hanics of ci and tracer kinctics. Con-
trol theory provides novel approaches to input—
output relations, feedback and control in complex
network systems. This is the science of the fu-
ture; better get aboard now or be left behind.

get.”

Yet, this is no easy book to digest. It needs
chewing and rechewing. It presupposes minimum
college caleulus, sufficient to solve simple differ-
ential equations. (For those wishing to refres
their calculus, I can I the ve Jabl

In Chapter 2, the beauty of Riggs’ approach be-

1

d text, “Quick Calculus,” by Kleppner

gins to emerge. By unifying such il unre-
lated physical systems as electrical, hydrodynamic

and Ramsey; New York, Wiley, 1965.) While
some review of essentials such as solving simul-

and concentrational (fluid and gas flow), he brings
identical formulas to bear on probl as di

as inertia in a rotational system and volume of dis-
tribution in pharmacology. Further, he simplifies
the units of flow, pressure, concentration, etc., into
two simple categories: A(across)-variables such as
voltage and i and T(t} h)-vari-
ables such as current or gas and solute flow. From
these two variables he builds up other system units

linear and rational com-
plex L is provided in the appendix, there
are times when the author might have proceeded
a bit more slowly. If one isn’t familiar with La-
place transforms, the going in Chapter 3 is as
rough as the title, “On Crossing the Atlantic in a
Sailing Dinghy,” promises. Yet the authors de-

(Continued on page 611)
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