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Action of acetylcholine in the presence of organophosphates
on single axons of the lobster*

(Received 26 November 1968; accepted 25 April 1969)

THE GIANT axon of the circumesophageal connectives of the lobster is a suitable preparation for
studying the effects of acetylcholine (ACh) on axonal conduction. It was shown previously that
ACh depolarizes the conducting membrane, causing repetitive firing, then block of conduction. These
actions seemed similar to those seen at the neuromuscular junction. However, not all of the findings
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supported this view. Reversible inhibitors of cholinesterase in concentrations which strongly inhibit
the hydrolysis of ACh prevent the action of ACh rather than potentiate it. This depressant action
appears not to be analogous 10 a curare action, since curare does not antagonize the effect of ACh on
these axons.!

This paper reports studies of the direct action of irreversible cholinesterase inhibitors such as
diisopropylphosphorofluoridate (DFP) and phospholine on resting and action potentials of giant
axons and their effect on the ACh sensitivity before and after ACh-esterase reactivation by pyridine-
2-aldoxime methiodide (2-PAM).

METHODS

The methods for the electrophysiological part of the paper were the same as those described pre-
viously.! The hydrolysis of ACh was measured microgasometrically using the magnetic diver tech-
nique with ACh 5 x 10-3M as substrate.? For these measurements of cholinesterase activity, the
giant axons were freed of all small nerve fibers. Sections of the cleaned axon of various lengths were
dissected and linear dimensions determined with the microscope, using a calibrated eyepiece.

Cholinesterase was measured either in intact fragments of axonal cylinder or in homogenized samples
of inhibitor-treated or untreated preparations. The cleaned axons were ground in a small glass
homogenizer (50 pl).

The compounds used were ACh, diisopropylphosphorofluoridate (DFP), o, o-diethyl S-(2-trimethyl-
ammoniumethyl) phosphorothioate (phospholine), and pyridine-2-aldoxime methiodide (2-PAM).

TABLE 1. EFFECTS OF CHOLINESTERASE INHIBITORS ON ELECTRICAL AND ENZYME ACTIVITY OF
SINGLE AXON*

Inhibitor Time of Time of Hydrolysis of ACh (%) Effects on electrical
conc (M) exposure washing activity
(min) (hr) Intact  Homogenized

Phospholine

[ x 1073 (2) 30 8-12 << 3t <3 No effect

1 < 1078 (1) 30 10 <3 < 3 No effect

DFP

2:5 % 1072(3) 15-30 5-9 < 3 < 3 Reversible
depolarization and block

I X 1072 (4) 1540 12-31 <3 Reversible depolarization
and block, repetitive firing

5 % 1073(1) 35 8 4 None

1 x 1073(2) 35 3-7 4-8 None

1 % 1073 (1) 35 27 4 None

1 x 1074 (2) 20 29-31 55  None

5 x 102 30 Irreversible block and

+ 1 % 1073 2-PAM (1) 15 9 80 depolarization

*Enzyme activity of isolated axons was measured microgasometrically and electrical activity was
monitored with an intracellular microelectrode. After exposure to the inhibitor, axons were washed
for varying lengths of time and then checked for electrical and enzymic activity. The cholinesterase
activity is given as activity in per cent of control. Number of experiments in parentheses.

FThe lower limit of the method is 3 9.

RESULTS

Phospholine at a wide range of concentrations did not affect the action potential or membrane
potential of isolated giant axons; but, as can be seen in Table 1, a concentration as low as 1 x 10-6M
seems to inhibit about 97 per cent of the accessible cholinesterase. There was no difference between
intact and homogenized axons. However, intact axons may not indicate all the enzyme, but only that
part accessible in an intact siructure. A 10,000-fold higher concentration of phospholine still has no
effect on either resting or action potential of the axons; however, it repolarizes the membrane and
restores the conducted spike in the presence of ACh, which caused depolarization and reduction of
the action potential. As can be seen from Fig. 1, phospholine (I x 10-M) applied to the axon for
30 min can irreversibly prevent the action of 1 x 1072M ACh. After 35 min of exposure to ACh, there
is no change in amplitude or shape of the action potential. Even after prolonged washing, the choli-
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Fi1G. 1. Effects of ACh, phospholine and PAM on the action potential. The numbers beneath the

action potentials are the times at which pictures were taken: t equals absolute time of experiment at

which solutions were changed. A, Control spike in sea water, B, spike after 37 min in phospholine

(10-8M) no effect on the action potential is seen; C, return to sea water; D, after 30 min in ACh

(1 < 1072M), no effect on the action potential can be detected; E and F, 24 min in PAM (1 x 10-3M)
and ACh; block of conduction is seen which is reversed in sea water, G.
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FiG. 2. Repetitive firing caused by DFP (1 < 10-2M). In this and the following figure the top part
shows photographs of the action potentials, the bottom part tracings of the resting potential. The
numbers below the action potential correspond to the time scale of the abscissa. Changes of solution
are indicated by arrows. pH, 7:8; T 23°; SW, sea water. With the onset of a 10 mV depolarization,
repetitive firing is seen (C, D, F) followed by block of conduction (G). There is no continuous depo-
larization. On return to SW (H), the membrane repolarizes and the action potential recovers. A
different axon of the same bundle has been impaled a second time. A reversible depolarization and
block of conduction are apparent. Different time calibration for C, D, E as indicated; each division
corresponds to 10 msec.
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nesterase remains inhibited by phospholine (I x 10-6M) in intact and homogenized axons (Table 1).
When 2-PAM (1 x 10-3M) is added to the ACh, a reversible block of conduction occurs. 2-PAM by
itself did not affect electrical activity and did not interfere with the ACh action.

The tertiary analog of phospholine, which is more lipid-soluble than the quaternary phospholine,
has a similar action and potency.

As seen in Table 1, DFP seems to be a weaker inhibitor of lobster cholinesterase than phospholine.
A possible explanation for this is the presence of DFP-ase, which has been found in the squid and
lobster giant axons.? The activity of this enzyme in lobster nerve is only 10 per cent of that of squid.
In spite of this difference, the direct effect of DFP on electrical activity on the lobster axons is seen
at the same concentration as on the squid giant axon.? Only at high concentrations (I x 10-2M
to 5 x 10-2M) are the action and membrane potentials affected. DFP (5 x 10-2M) depolarizes the
membrane by 60 mV in 5 min and blocks the action potential within I min. On return to sea water,
there is a small transient recovery of the membrane potential which is followed by a slow continuous
depolarization. 2-PAM (1 x 10-3M) does not repolarize the membrane, but it reactivates the
cholinesterase activity to its initial level (Table 1).

The cholinesterase activity is blocked irreversibly after the axon has been exposed to DFP (2-5
10-2M) for 15 min (Table 1). The axon is depolarized by 12 mV in a short time and the action potential
is blocked. The resting potential as well as the action potential recovers slowly in sea water. The
enzyme remains inhibited even after washing in sea water for 31 hr (Table 1). Figure 2 shows the effect

A B C D E F G
. 2 43 l83 ‘ "7 136 144 ‘ 177 I5Omv

e (R

DFP X0 M + PAM Ix10 3 M +
ACh Ix1072M ACh (x1072 M

DFP ACh
=701 -3 2
1xi0 "M lle M

-80- | l

-60

904
/1 /L /4

8 12 16 44 48 80 B84 88 li6 (20 124 28

b 4

(o]

mV
(o]

-860

704 SwW

J\
-80-

-90

I32 136 140 144 148 152 156 160 164 168 (72 176 180

TIME (minutes)

FIG. 3. The effect of DFP and PAM on the ACh action. The control action potential in SW (A). After

40 min in DFP (10-3M), no effects on the action potential (B) or resting potential are seen. This pre-

treatment with DFP (10-3M) inhibits the action of ACh (10-2M) even after the DFP is removed

from the bathing solution (C, D). Addition of PAM (1 x 10-3M) to the ACh (1 x 10—2M) causes

ACh to depolarize the membrane and block conduction (E, F). Return to SW causes repolarization

of the membrane and restores conduction (G). PAM by itself has no effect on the membrane or
action potential.
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of DFP (1 x 1072M) on electrical activity. A small depolarization (9 mV}) is seen. During the initial
depolarization, repetitive firing occurred with a maximal frequency of 150/sec. The action potentials
decrease in amplitude toward the end of the train of repetitive firing and block of conduction is seen
after 20 min in DFP. Impalements of a different axon show a steady state potential and block of
conduction. After return to sea water, the resting and action potentials recover, while the cholinesterase
activity is still inhibited (Table 1).

Afier 35 min of incubation with 1 < 1073M DFP, there remains a residual cholinesterase activity
in the intact axons of 6-8 per cent and of 4-5 per cent in the homogenized axons (Table ). While
there is no effect on electrical activity in 35 min (Fig. 3), DFP prevents the action of ACh. After the
addition of 2-PAM (1 x 10-3M), an immediate effect of ACh on the resting potential can be observed.
A small initial depolarization occurs, followed by a repolarization and a second slower depolari-
zation. The action potential, as was seen repeatedy, increases in duration and is blocked at the
beginning of the second depolarization. After 30 min in sea water, a recovery of resting and action
potentials is observed.

DFP (1 x 10-*M) initially causes a small hyperpolarization of the axonal membrane which is
accompanied by an increase in spike amplitude. [f ACh (1 < 1072M) is added to the DFP solution,
the membrane depolarizes slowly without reaching a steady state. The action potential is not blocked
after 45 min in ACh; it decreases in amplitude to less than 50 per cent of its initial value and the
duration is increased. There is a fast recovery in sea water of both the action and resting potentials.
Under these conditions, DFP inhibits cholinesterase activity of a homogenized axon only 50 per cent
(Table 1).

DISCUSSION

Concentrations of irreversible inhibitors of the enzyme which do not affect electrical parameters
of the axons have one characteristic effect in common: they inhibit irreversibly the action of ACh on
membrane and action potentials. Axonal enzyme that has been inhibited by either DFP, phospholine
or paraoxon shows no recovery of activity after prolonged washing (18-22 hr) in sea water. DFP and
phospholine, as well as other alkylphosphates, inactivate cholinesterase by phosphorylating the
esteratic site.* This reaction is only slowly or not at all reversed in vitro, unless a nucleophilic reagent
is added, but reactivation may be much faster in the tissue, as more and more reports indicate,
possibly due to nucleophilic groups present in the membrane. The most effective of the nucleophilic
agents is 2-PAM, which is highly specific for ACh-esterase.>-¢ However, at a concentration of |
10-3M, used in the experiments reported above, other cholinesterase, at least in solution, may be
reactivated also. Most of the enzyme in the axons is, however, ACh-esterase. In our experiments, when
2-PAM was used to reactivate ACh-esterase activity in the lobster axons, a concomitant reestablish-
ment of the action of ACh on membrane and action potentials was observed. An additional indication
that the action of ACh observed in these experiments depends on the presence of active ACh-esterase
can be found in the experiment using lower DFP concentrations, which only partially inhibit the
enzyme. In the axon with about 50 per cent of its original enzyme activity remaining, the action of
ACh was also only partially inhibited.

Irreversible depolarization caused by DFP (5 = 10 *M) is possibly due to a nonspecific structural
damage to the membrane. The axoplasm and the axonal envelope appeared to be deteriorating as
seen under the microscope. The depolarization could not be reversed by 2-PAM, even though the
enzyme activity was fully restored (Table 1).

The findings reported in this paper sirongly support the conclusion of similar experiments with
reversible inhibitors which were published recently.? It was suggested that in this prepatation the
action of ACh is due to a strong acidification. The depolarization by ACh and its effect on the action
potential are closely associated with hydrolytic activity of cholinesterase. The splitting of ACh gener-
ates hydrogen ions within or at the axonal membrane, causing a localized change in pH. This shift of
pH may be responsible for the observed electrophysiological response to ACh. Therefore, the exter-
nally applied ACh apparently has in this case only an indirect effect ontheaxonal membrane. However,
these conclusions apply only to the axons of the circumesophageal connectives of the lobstet ; analo-
gous effects were not observed on other preparations.”

A problem which still has to be discussed is that of the meaning of the cholinesterase determination
in our experiments. As we and many other investigators have become increasingly aware, there is
at present no method to evaluate quantitatively the remaining cholinesterase activity after a nerve
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has been exposed to organophosphate. In homogenized nerve, traces of organophosphate may have
been trapped which remain even after washing. It has been shown that even with organic solvents it
is impossible to remove the organophosphates completely. Moreover, even homogenized fibers may
not give the total value of the enzyme in the membrane. Since it seems that the proteins in the mem-
brane form lipoprotein complexes, the lipid being on the outside,? it is thus entirely possible that
some poorly lipid-soluble compounds, especially when charged, are unable to reach the active sites
in the structurally highly organized membranes. Even in submicroscopic particles, part of the active
enzyme might be protected and inaccessible to ACh (e.g. myelinated fibers homogenized).? Intact
structures are even more questionable, since we know that homogenization may increase cholinesterase
activity of axons 200-300 per cent.1® Thus the data presented here may give a distorted picture of the
cholinesterase activity at the end of the experiment.
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