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SUMMARY

Acetylcholine and related ccmpounds have been tested for theireffectsontheelectrical
activity of lobster walking-leg nerve bundles. Changes in action and membrane po-
tential were recorded with the “‘sucrose-gap” technique. ACh in concentrations
of 5:1073-10"* M decreases the membrane potential; the simultaneously recorded
action potentials initiaily display an increased amplitude and a marked prolongation
and elevation of the descending phase which appears oscillatory. As the depolarization
progresses, the spike height decreases and the effects on the descending phase decline.
Finally reversible bloc': of conduction occurs. d,-Acetyl-8-methyvlcholine (10-2 M)
produces similar effects on the action potential but the membrane potential is only
slightly depolarized. Cheline, acetate 2»2 Liuuuuc in ~sncentrations equa] to those
of ACh have no effect; in 1o-fold higher concentrations only choline produces minor
changes in the action potential.

Physostigmine (5 mM) produces effects similar to those seen with ACh while
lower concentrations inhibit the action of ACh. Atropine and tetracaine reversiblv
block conduction and, like physostigmine, also inhibit the effect of ACh. Although
curare was never demonstrated to block conduction, it does inhibit the action of ACh.
Irreversible cholinesterase inhibitors (phospholine, Paraoxon) block conduction,
Paraoxon much faster than phosphoiine. The membrane potential is decreased by
20-30 mV, and while the effects of these inhibitors on the membrane potential are
reversible, conduction remains blocked. The difliculties of interpreting some of these
actions on a nerve bundle are discussed.

INTRODUCTION

While it has been widely accepted that rapid and reversible conductance changes
take place in (he conducting miembrane during nerv: activi*y1, the underlyving mole-
cular mechanism still offers many problems. NACHMANSOHN's theory suggests that the
ACh system is essentiz! for the control of jon movements. On the basis of a large
amount of experimental data the role of the system in the elementary process

pictured in the following way: if a stimulus reaches the membrane, ACh is seleased

Abbreviation: ACh, acetyvicholine
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from a storage protein and reacts with an ACh receptor protein located in the mem-
biane. Thiz reaction produces the chz nge of conductance observed with nerve activity,
possibly by the removal of charged sites that impede ion movements. The free ACh
is subsequently hydrolyzed by ACh-csterase. This second reaction permits the mem-
brane conductance to return to its original vaiue®.

One of the chief objections to the theorv has been the failure of externally applied
ACh to affect electrical activitv3-%, However, during the last few years a variety of
observations have been reported in which ACh was found to affect axonal con-
duction®-1°, This paper describes a new series of experiments in which a direct action
of ACh and related compounds on the electrical activity of somatic nerve fibers of
lobster has been obtained.

METHODS

The nerves of the 5th and 6th thoracic imb of the lobster (Homarus americanus)
were used. A small bundle of fibers was dissected out of the main trunk. The length
obtained was about 5 cm, and the diameter varied between 0.3 mm and 0.6 mm.
The nerve bundle is surrounded by a connective-tissue sheath which is elastic and
strong but rather thin. The individual axons are surrounded by a layer of Schwann
cells while the extent of extramembranous lipid material is still uncertain at present!.
Filtered natural sea water (pH 7.8) (0.5 ml 1.0 M Tris buffer was added per 1} of the
following composition (in pmoles/ml) was used: Na*+, 400; K+, 8; Ca%+,7.4; Mg?*,
70.3. The nerve bundle was mounted in a ‘‘sucrose-gap’” apparatus designed for the
recording of both membrane and action potentials'?.13, The following compounds
were found to affect electrical activity: ACh, mecholyl, physostigmine, tertiary
phospholine, Paraoxon, tetracaine, atropine, and d-tubocurarine. Carbamylcholine
was also tested but had no effect at concentrations as high as 5-10-2 M. The solutions
were freshly prepared before testing and adjusted to pH 7.8~7.9. The typical action
potential cbtained from these nerves with the sucrose-gap technique consisted of
two elevations. The smaller and earlier one had a lower threshold, while with slightly
higher stimulation the main component of the action potential responded. The ex-
perimental records include both components and their responses to the various com-
pounds tested were qualitatively identicai; however, in sorme cases the response of
the smaller component proved to be less marked.

RESULTS

The action o) .1Ch on membrane and action potential. When the sea water bathing the
nerve contained 5 mM ACh, a 4-6 1nV decrease in the membrane potential was
observed within 6 mun. The onset of the depolarization had a delay of approx. 30 sec.
A part of this delay can be attributed to the :.me required for the complete change
of solutions. On return to normal sea water complete repolarization occurs and has
a slowe.” timecourse than the depolarizing phase.

During the intial phase of the depolarization a small but significant increase
in pike height was usually observed but as the depolarizauon progressed the spike
height subsequently decreased. Twice this concentration of ACh (10-% M) increased
the rate and magnitude of depolzrization and finally blocked conduction within
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EFFFrTS OF ACETYLCHOLINE ONX AXONAL CUNDUCTION 309
1020 min (Fig. 1). 1 mM ACh had no significant effect on either the membrane or
action potential. A partial spontaneous repolarization was sometimes ohserved when
the nerve was exposed to 5 mM ACh for prolonged periods (30-b0 minj. In these
cases, switching to higher concentrations of ACh had no effect on the spontaneous
recovery.

In addition to its depolarizing and spike-height reducing or increasing actions,
ACh has a marked effect on the descending phase of the action potential. The main
change produced by 5 mM ACh is a prolongation and elevation of the descending phase
(Fig. 2). Exposure of the axons to slightly higher concentrations {7.5-1073-10"2 Mj
also produced this prolonged and elevated descending phase of the spike but as can
be seen in Fig. 1, the cffect decreasss as the nerve approaches block of conduction.
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Fig. 1. Efect of 1072 M ACh on the membrane :

and action potential of the lobster walking-leg
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nerve. A, control in sea water. B, C, D, after
2, 5 and 7 min exposure to ACh. Initially there
is an increase in spike height while the de-
scending phase is markedly elevated and pro-
longed. As the depolarization progresses the
spike height decrcases and the effect on the
descending phase is attenuated. Note the oscil-
lations associated with the descending phase of
the spike in B and C. E, F, 3 and 7 min after
returning to sea water; the spike height and
membrane potential are increasing. Tempera-

Fig. 2. Effect of 3 mM ACh on the membrane
and action potential of the lobster walking-leg
nerve. A, D, controls of 2 different preparations
in sea water. B, E, after 6 and 9 min exposure
to ACh (netc tne difference in the time scale:.
Accompanying the decrcase in membrate po-
tential, the descending phase of the spike is
markedly prolonged and elevated; oscillaticns
are seen. C, F, the effect is reversed after
switching to sea water. Temperature,
pH 7.7

227

ture, 22°; pH 7.7.

The elevated and prolonged phase alwavs demonstrated oxcillatory peaks (Fig. 2).
The duration was usually extended for 1.5-2 sec while the average elevation of the
descending phase of the spike was about one third of the original spike. These effects
were all completely reversible and could be repeated several times ¢n the same prep-
aration.

To determine if the above effects were due to a specific action of ACh and not
its hydrolytic products or accompanving anion, choline, acetate and bromide were
tested in the same and 10-fold higher concentrations. Only clioline had an offect:
at 5-107* M a smail but significant increase in sp:ke height was observed but there
was no efiect on the descending phase of the spike, 107* M choline had no effect.
Thus the marked effects observe¢ with 5§ mM ACh appear to be due to a specific
action of ACh.

Effecis of mecholyl on membra e and action polential. d.i-Acetvi-8-methvicholine
{mecholyl) is a specific substrate for ACh-esterase. Only the d-form is activelt. 1>,
Mecholyl, at 10-* M, increased the duration of the descending phase of the spike.
The onset of its effects is slower than that of ACh and concentrations lower than
10-* M have no effect (Fig. 3). Occasionally a small depolarization is seen.
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The effects of physostigmine on membrane and action poiential. The effects of phy-
sostigmine (5-10~*-10-3 M) were similar to those of ACh, but the spike durations
were usnally not increased bevond 1 sec (Fig. 4). It was of interest to determine
whether inhibitors of cholinesterase would potentiate the action of ACh by preventing
its enzymic hydrolysis. At no time was physostigmine observed to significantly
potentiate the action of ACh. In fact, physostigmine as low as 5-10~* M usually
inhibited the action of 5 mM ACh.

The effects of trreversible inhibitors of ACh-esterase on the membrane and action
potential. When 0,0’-dimethyl-S-2-dimethylaminoethyl phosphonothiolata (tertiary
phospholine) was added to sea water at a concentration of 5-10-3-10"2 M, a slow
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Fig. 3. Effect of mecholyl on the membrane
and action potential of the lobster walking-leg
nerve, A, control in sea water. B, atter 15 min
exposure to 10-* M mecholyl. The descending
phase of the spike is markedly prolonged and
elevated; oscillations are present. There is no
apparent depolarization. C, the effect reverses

in sea water. Temperature, 22°: pH 7.7.
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Fig. 5. Effect of phospholine on t.. membrane
223 action potential of the lobster .. atking-leg
nerve. A, control in sea water. B, C, aftc: »and
57 min exposure to 5§ mM phospholine. Con-
?mbhckddntomnnhlsymuad
is accompanied by a very larg= depolarization.
D, after 90 min in sea wzicr the depolarization
has substantially decreased but conduction is
not restoved. (Evea after 3 h there was no
MM)TW 22°;
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Fig. 4. Effect of physostigmine on the mem-
brane and action potential of the lobster
walking-leg nerve. A, control in sea water.
B, C, after 2 and 12 min exposure to 5 mM
physostigmine. Initially as the membrane po-
tential decreases the descending phase of the
spike is prolonged and elevated. With increasing
depolarization the spike height and the effect
on the descending phase are attenuated. D,
after 8 min in sea water the spike effects are
almost completely reversed while the membrane
potential appears to be hyperpolarized. Temper-
ature, 22°; pH 7.7.
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Fig. 6. Efiect of Paraoxon on the
and action potential of the lobstex
nerve. A, control in ses water. B, C, D, after 1,
2 and 6 nnn exposure to s mM Paraoxos.

!
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EFFECTS OF ACETYLCHOLINE OX AXONAL CONDUCTION 401
decrease in spike height and membrane Jotential was observed ; conduction was nearly
blocked after 1 h exposure (Fig. 5). After the return to normal sea water the de-
polarization was almost completely reversed but at no time was conduction restored
(Fig. 5). 5-107* M Paraoxon (p-nitrophenyl-diethylphosphate) produced the same
type of effect but was more potent, conduction block occurring in 2 min (Fig. 6).

Effect of local amesthetics on membrane and action potenti.l. ‘i .a. ine "
as 7-107* M decreases the spike height slighi!v; a higher concentration (10-* M)
blocks conduction within § min. Tetracaine in high concentration (>o0.1 mM) was
also noted to decrease the membrane potential. Concentrations between 1-5-10-5 M
do not significantly depolarize or decrease spike height but a slight increase in the
spike duration was usually observed. This was a generalized broadening of the spike
process; there did not appear to be a specific effect on the descending phase of the
spike as Lad been seen with ACh.

When fibers are exposed to 5 mM ACh in combination with 7:10-% M tetracaine,
the changes regularly caused by this concentration of ACh are greatly inhibited
(Fig. 7). After the removal of tetracaine by rinsing with sea water, ACh is effective
again. Sometimes higher concentrations of tetracaire are necessary to completely
inhibit the ACh effect and in these cases reversibility is not as comjlete.

Effects of curare on membrane and action potential. Curare in concentrations of
10 mg/ml increased the spike height and prolonged the descending phase of the spike.
A small depolarization was also noted at this concentration. All these effects are
reversible (Fig. 8). 5 mg/ml produced smaller but identical effects except for the ab-
sence of a depolarization. 2.5 mg/ml curare had no effect by itself but it partially
inhibited the action of 5 12 ACh (Fig. ). After washing the nerve with sea water,
ACh is as active as it had been before the addition of curare.
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Fig. 7. Antagonism of the action of ACh on
the membrane and action potential of lobster
nerve by tetracaine. A, control in sea water.
B, aficr oniy 2 min exposure to 5 mM ACh ihe
descending phase of the spike is already moder-
ately prolonged and elevatcd; the effect re-
verses in sea water (C). The nerve is then bathed

spike is markedly prolonged (compare with E}.

Fig. 8. Effects of curare on the memb.2ne and
action potential of the lobster walking-leg
nerve. A, U, contvols of 2 different preparaiions
in sea watzsr. B, after exposure to 10-2 M curare
for 12 min; there is a small depolarization and
the descending phase of the spike is elevated
and prolonged. E, after exposure to z 5 mM
curare for 20 min; there is no depolarization
but the spike height is increased and the de-
scending phase prolonged. C, F, the effects

reverse in sea water. Temperature, 24°; pH 7.7.

with Bi. The nerve was then rinsed for 10 min ~
ACh; after only : m:z {F) the descending
Because of the short exposure to ACh in B a de-

uf the

polsrization was not yet apparent but it was seen in F. However, ha'etsnodepohnamnwith
tetracaine and ACh at E despite the long exposure. Temperature, 23°; pH 7.7
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Effects of atropine on membrane and action potential. Atropine, at concentrations
of 5 mM and 102 M, prolongs the descending phase of the spik=, reduces the spike
height, depolarizes and finally blocks conduction (Fig 10). At 1 mM, atropine had
no efiect on the spike but it completely inhibits the action of 5 mM ACh. The axons

respond to ACh again only after prolonged washing with sea water (Fig. 11).

UL L
Lk

. 30 msec
Fig. 9. Antagnnisin of the action of ACh ou the
membrane 2nd action potential of lobster nerve
by curare. A, control in sea water. B, after
2 min exposure to 5 mM ACh; there is a small
depolarization, a slight increase in spike height
and the descending phase of the spike is ele-
vated and prolonged. The effect was reversed
in sea water. After exposure t¢ 2.5 mM
curare for 15 min there is an increase in spike

o F 10 mv
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Fig. 1¢. Effect of atropine on the membrane
and action potential of the lobster walking-leg
nerve. A, control in sea water. B, C, D, after
3, 7 and 12 min exposure to 5 mM atropine;
the membrane potential is progressively re-
duced and the descending phase of the spike
is elevated and prolonged while the spike height
decreases and is nearly blocked after 15 min
{E). In sea water the effects are beginning to

height (C). The nerve was then rinsed in <=2

watef containing 2.5 mM curare plus 3 bl

ACh; D shows the effect after 9 min {(compare with B). E. the effect is reversed in sea water.

Finallv ¥ shows the effect of 5 mM ACh without curare after 3 min exposure (compare with D).
Temperature, 23°; pH 7.7.

Ll
L LE

DISCUSSION

reverse (F). Temperature, 22°; pH 7.7.

Fig. 11. Antagonism of the action of ACh on
the action potential of lobster nerve by atropine.
A, control in sea water. B shows the effect of
5 mM ACh after 9 min. There is no apparent
change in the membrane potential but the de-
scending phase of the spike is elevated and
prolonged. The effect was reversed in sea water
and then exposed to 1 mM atropine for 9 min
(C). The nerve was then rinsed in sea water
containing 1 mM atropine plus 5 mM ACh; there
was no significant effect after ¢ min (D). Even
after rinsing the nerve for 9 min in sea water the
reapplication of smM ACh enly produces a small
cfiart after 9 min exposure (E). F, reversibility
in sea water. Temperature, 23°; pH 7.7.

This investigation has revealed t..7* ACh has a definite action 5n the membrane and
action potential of the walking-leg ncrve of lobster. ACh depolarizes the membrane
potential, the rate and magnitude depending on concentration. The action potential
is reduced in height after an initial increase and with adequate eyposure the excitation
process is finally blocked. Accompanying the cnset of the depolarization the de-
scending phase of the action potential is prolonged and appears oscillatory. With
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marked. All these effects ure reversible and are effects of ACh, since neither choline
nor acetate in similar concentration have any effect. Only in 10-fold high concen-
trations can small effects be seen with choliae.

According to NACHMANSOHN's theory ACh should, by its action on tte receptor
protein, depolarize the axonal membrane in a way similar to that observed on svnagtic
membranes?. The failure to affect axons has been attributed 3 si. 11 tai .. :1ers
preventing lipid-insoluble quaternary ammonium derivatives from reaching the con-
ducting membrane. Chemical pretreatment which apparently reduces the barrier
has recently been shown to block reversibly axonal electrical activity?-8. An action
of ACh was also observed on the axons of the rabbit vagus; however, the effect was
only obtained after remeval of the sheath®.

Two aspects of the ACh action may be briefly discussed: the time course of the
effect and the concentration required. The depolarization takes place within seconds,
the return to normal is even slower. Thus, the time course seems to be very slow
when compared with the physiological events during activity. But obviously, it
cannot be expected that a biological process taking place in pseconds in a membrane
of 80 A thickness is reproducible with such crude techniques as the application of
a compovnd from ti.> outside: under these experimental conditions the compound
applied has to diffuse through several layers of tissue surrounding conducting mem-
branes. It can a priori not be expected that such a slow diffusion process parallels
the speed of the biological event in which the active ester, wien dissociated {rom the
storage form, may be assumed to act on the receptor at a distance of a few A. Struc-
tural organization is probably the basis of the efficiency and speed of many biological
processes.

The high concentration of ACh required is also hardly surprising. Previous
observations indicate that only a very small fraction of externally applied compounds
enter the axon. Even a lipid-soluble compound, such as DFP, was found inside the
axon in a concentration less than one thousandth of that on the outside at the time
when electrical activity was blocked!. The outside concentration is, therefore, not
an important aspect, considered by itself. It is true that manyv compounds in suf-
ficientlv high concentration mayv block activitv. However. such an effect considered
by itself would not permit one to attribute a physiological function to the chemical
used. The effect observed with ACh is only meaningful in association with the large
amount of data accumulated in favor of the postulated role of the ACh system: its
presence in all axons, its many remarkable properties which are a prerequisite for
the proposed role, 1.¢. the control of ich movements underlving electrical activity, etc.
The most essential evidence is, however, the fun<tional interdependence between
electrical activity and the two active protein members of the system, the inseparable
association of electrical activity with either ACh-ecterase or the receptor protein
demonstrated by powerful and specific inhibitors?.8.17-13,

Another difficulty must be kept in mind in evaluating the effects of ACh and
the other compounds tested. The preparation used 1s a bundle of probably several
hundred fibers. In such a preparation the electrical records represent the sum of
the responses of individual fibers. It is difficult to determine how the individual fibers
are affected. In some fibers conduction may be blocked while in others electrici.
act:vity may be either still unaffected or even potentiated. With the techniques used
the analysis of the electrical response would not reveal such modifications of the
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response of single fibers. Moreover, neither the degree nor the rate of penetration are
known. The complexity of the response is still further increased by the fact that many
of the compcunds react with both receptor and enzyme depending on the concen-
tration. All these findings become even more disturbing for a proper evaluation in
the case of two compounds applied to the same preparation, since it is known that
the rate of penetration varies greatly with small modifications of structure and differs
greatly according to the types of fibers used. The analysis of the data obtained so
far must keep in mind these factors which limit the interpretation of the complex
responses of the multifiber preparation®.

Physostigmine, in low concentrations, inhibits ACh-esterase. At concentrations
where tke enzyme is completely blocked, a block of conduction would be expected,
as has been demonstrated to be the case’. At lower concentrations it may exhibit
ACh-like effects by slowing the hydrolysis of ACh released. Such effects have indeed
been observed in the present studies. Physostigmine is, however, also a receptor
inhibitor and may compete with ACh for the receptor site and have a blocking action
on that basist. 3-8, At a certain level of inhibition of ACh-esterase a potentiation
of added ACh would be expected. But in view of the many competing factors outlined
above, it is not surprising that this particular effect has not been observed thus far.
Electrical activity in some more peripheral fibers may have been completely blocked
and potentiation in the more centrally located axons may escape detection®.

The classical view of curare as a competitive inhibitor of the ACh receptor is
considered to be one of the fundamental criteria in the characterization of vertebrate
neuromuscular transmission. Our experiments indicate that in the axonal membrane
tested a similar system is present. This is not the first time that this kind of evidence
has been found. Curare in even lower concentrations than used here, reversibly and
rapidly blocked conduction in single nerve fibers of the frog sciatic nerve®. WALsH
AND DEAL? showed that after pretreatment with CTMC the sciatic nerve bundle
reacted with curare. ROSENBERG ef al.% showed that after pretreatment of the squid
giant axon with snake venoms, which apparently effectively reduced the permeability
barriers surrounding the nerve, curare and ACh reversibly blocked conduction. In the
present experiments curare inhibits the action of ACh, but by itself even in high
concentrations does not block conduction; this was also ohserved by ARMETT AND
RITCHIE® on the rabbit vagus. This may be due to poor penetration by the compound,
affecting perhaps only peripheral fibers, an efiect which might escape detection.
The action of atropine on the muscarinic action of ACh is well known. In the present
experiments it blocked conduction and, depending on the concentration, inhibited
e actien < 2 Th. This also supports the view that the ACh receptors present in the
axonal membrane > ive similar propertics as those at the parasympathetic post-
ganglionic effector sites.
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