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FIG. 1. Release ofACHE as a function oftime and ofcell density

Panel A) Week-old myotubes were incubated in DFP treated medium. Aliquots were assayed for ACHE

ctivity at 24, 48 and 72 hr. The ordinate represents total enzyme activity released per dish.

Panel B) Release of ACHE as a function of plating cell density. Muscle cell cultures were plated at densities

anging from 0.5-5.0 x i0� cells/dish. When the cultures were one week old, the amount of ACHE that was

xcreted into DFP medium over 24 hr was assayed. The ordinate represents total enzyme activity released per

Lish. In both A and B, each point represents a single culture dish.

ellular levels. At low concentrations of
�23187 there was a marked increase in the

elease of ACHE activity while cellular
�CHE activity was unaffected. At 5 x 10�
0 i07 M A23187, ACHE release was 140%

)f control values while cellular levels were
inchanged. At higher concentrations of
�23187, both the release of ACHE and

ellular levels of ACHE were markedly me-
luced. In a separate experiment the cells
vere incubated with 1 jiM A23187. The

�CHE activity found in the cell layer was
�5.6 ± 3 and 14.0 ± 1 moles of substrate
iydrolyzed per mm/mg protein (3 deter-
ninations) for control and ionophore
meated cultures, respectively. Similarly, the
�CHE activity released into the culture
nedium was 53.0 ± 3 and 32.7 ± 5 nMoles
,f substrate hydrolyzed per mm per mg
)rotein (3 determinations) for control and
�23187 treated cultures, respectively. Total
)rotein synthesis was inhibited 13.4%,
.0.2%, 20% in three separate determina-
ions.

Mechanism ofionophore action: Protein

ynthesis. The inhibition of ACHE release

by the ionophores Monensin and Nigericin
did not result from an inhibition of total
cell protein synthesis. For example, the

overall rate of protein synthesis (deter-
mined as described in METHODS) was in-
hibited only 10% by 40 n�i Nigericin (see
Fig. 4) while ACHE release was inhibited
73% and ACHE accumulation in the cell
layer was 118% of control values. This sug-
gests a preferential effect of Nigericin on
ACHE release that did not involve overall
protein synthesis. This is further illustrated
in Fig. 6 in which the kinetics of the mlii-
bition of ACHE release by Nigericin, Mo-
nensin and protein synthesis inhibitors are
compared. Figure 6 shows the rate of
ACHE release (as measured by ACHE ac-

tivity in the culture media) at hourly inter-
vals in control cultures and after the addi-
tion of: 50 nM Nigericin, 10 jiM Monensin,
20 jig/mI Puromycin (20 jig/mI Puromycin
inhibits total protein synthesis by 98%
within 5 mm) (23) or 100 jig/nil Cyclohexi-
mide (100 jig/mi Cycloheximide inhibits to-
tal protein synthesis by 85% within 10 mm)
(23). Theme are three culture dishes in each
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FIG. 2. Effect of[Monensin] on the release ofACHE and the corresponding cellular level

. . represents the effect of Monensin on the release of ACHE after 18 hours of incubation wit�

Monensin. The upper panel (O-O----) represents the effect of Monensin on cellular level. The ordinate i

expressed as nmoles of substrate hydrolyzed per mm per mg of protein on the dish at 25#{176}. Each point represent

the mean of three experimental determinations. The standard error of the mean is indicated.

group. Zero time represents the amount of
ACHE released into the culture medium

for one hour prior to the addition of drugs.
The one hour time point represents the
amount of ACHE released into the culture
medium for one hour after the addition of
drugs. The second and third hour points
each represent the amount of ACHE me-
leased in subsequent one hour intervals.
During the first hour after the admiistra-

tion of Puromycin or Cycloheximide theme
was little effect on the rate of ACHE release

as compared to control cultures. Nigericin
and Monensin treated cultures however ex-
hibited a 50% inhibition of ACHE release
during the first hour. The differences be-
tween Nigemicin, Monensin, Puromycin and
Cycloheximide treated cultures largely dis-
appeared between the first and second

hour. By the third hour, ACHE release was
maximally inhibited by all four drugs.

Mechanism ofionophore action: Revers-

ibility. At 40 nM Nigericin the inhibition of
ACHE release was approximately 50%. Ta-

ble 1 shows that after a 14 hour treatment

with 40 DM Nigericin, removal of the dru�
resulted in an increased release of ACHF

(.34 to .82 of the control value) and de
creased cellular activity of ACHE (1.3 t
0.84 of control value) within 4 hours. Thes�
results indicate that the effect of Nigericii
is reversible.

Mechanism of ionophore action: Ultra-

structural changes. Very low concentra
tions of the ionophores Nigericin and Mo
nensin produce specific ultrastructura
changes in our cells. Electron microscop�
revealed large membranous vesicles in th�
vicinity of nucleii in ionophore treated cell

(Fig. 7) but not in control cells (Fig. 8)
Similar effects were seen with both Nigeri
cm (50 nM) and Monensin (0.1 jiM). Fifty t

five hundred fold higher concentrations o
the monovalent ionophomes have been ob
served to produce ultrastructural change�
of the Golgi of smooth muscle cells (15) an
plasma cells (14). It is possible that thi
membranous vesicles that we observe rep
resent ultrastructural changes in the Golg’
of skeletal myotubes in culture but thi
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FIG. 3. Effect of Nigericin on release ofACHE and on cellular levels

Effect of Nigericin on the release of ACHE ( #{149} #{149} ) (lower panel) and the corresponding cellular

levels (-�O----O) (upper panel) after 18 hours of incubation. With Nigericin the ordinate is expressed as

nmoles of substrate hydrolyzed per min per mg of protein on the dish at 25#{176}.Each point represents the mean

of three experimental determinations. The standard error of the mean is indicated.

must be proved. The inhibition of ACHE
release may be related to the observed ul-
trastructural changes.

DISCUSSION

The carboxylic ionophores Monensin and
Nigericin are capable of transporting mon-
ovalent ions across cell membranes down
their concentration gradients (13). Their
ion selectivities are not the same; Monensin

is ten times more selective for Na� ions

han K� ions while Nigericin is 45 times
nore selective for K� ions than Na’ ions.
rhe carboxylic ionophore A23187 is far

nore selective for divalent cations (13). Our
lata show that acetylcholinesterase

(ACHE) release is inhibited by the iono-
)hores which transport monovalent ions.

The absolute amount of ACHE activity
hat is present in these cells and released

rom these cells varies from plating to plat-
ng. Similarly, the amount of inhibition of
�CHE release by the ionophores and the

tttendant ACHE accumulation is variable
n different sets of culture dishes. For ex-
imple, Fig. 3 shows that ACHE release was

inhibited 50% by 50 nM Nigericin while Fig.
4 shows that ACHE release was inhibited

70% by 40 nM Nigericin. However, the me-
sults within a particular set of dishes are
very reproducible. Therefore, we have not
pooled our data from the many experiments
we have done with each drug but instead

present representative experiments. The
exact quantitative data varies from cell
plating to cell plating-but the same qual-
itative effect is always observed with a par-

ticular drug.
The inhibition of ACHE release by the

ionophores is not due to an overall inhibi-

tion of protein synthesis. For example, di-
rect measurements of protein synthesis by
determining the uptake of 535 Methionine
into TCA insoluble material show that at

40 nr�i Nigericin protein synthesis is in-
hibited 10% while ACHE release is in-
hibited 70% (fig. 4). Furthermore, the inhi-
bition of ACHE release observed after the
addition of 50 n�i Nigericin is very rapid.

There is greater than 50% inhibition within
the first hour after Nigericin addition. How-
ever, in the presence of inhibitors of protein
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FIG. 4. Effect of Nigericin on release ofACHE, cellular letels, and S� methionine incorporation

Release of ACHE ( #{149} #{149} ), lowest panel, and the corresponding cellular levels (-C>-----O-----)

middle panel, and on the corresponding S’� Methionine incorporation (-A------A----), top panel, after 18

hours of incubation with Nigericin. Each point represents the mean of three experimental determinations. The

standard error of the mean is indicated. S’� Methionine (3.3 j.�C/ml) was added to each culture dish at the time

of drug addition. Incorporation was linear over the duration of the experiment. The values shown represent the

total incorporation into cold TCA insoluble material after 18 hour incubation with Nigericin.
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synthesis such as Cycloheximide (23) (100
jig/mi, which inhibits protein synthesis by

85% within 10 mm [23]), or Puromycin (20
jig/mi, which inhibits protein synthesis by
98% within 5 mm [23]), ACHE release is

unaltered for the first hour. This indicates
that the effects of the carboxylic ionophores
are not due to depletion of cellular ACHE.

Rather it appears that enzyme that is nor-
mally released is not getting out of the cell
in the presence of the monovalent iono-

phores.
The same type of result has been ob-

tamed for Monensin. Direct measurements

of protein synthesis in four separate exper-
iments indicated that cultures treated with
0.1 jiM Monensin exhibited 100%, 86%, 90%

and 88% of the [3H]leucine incorporation of
their controls. At 0.1 jiM Monensin, ACHE
release is inhibited 64% and this inhibition

of ACHE release is very rapid. There is a
greater than 50% inhibition of ACHE re-

lease within the first hour of drug addition.
Under conditions in which ACHE release

is inhibited one would expect to get an

accumulation of cellular ACHE. In fact
such an accumulation is observed. At 40 nM

Nigericin, ACHE release is found to be
inhibited 45 and 70% (figure 3 and 4) while
cellular accumulations are 133% and 118%
of control values. Since a certain percent o

the ACHE found in the cell layer may be

bound to extracellular matrix, the percent-
age increase observed in the cells may be
an underestimate. Nevertheless, there is
discrepancy between the amount of enzym
activity that accumulates in the cell an
the amount by which the enzyme activit�
in the culture medium is decreased. Thi

may reflect a variety of complex phenom
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FIG. 5. Effect ofA23187 on release ofACHE and cellular levels

Release of ACHE ( #{149} #{149} ) and the corresponding cellular levels (-O-----O---) after 18 hours

ncubation with A23187. Each point represents the mean of three experimental determinations. The standard

rror of the mean is indicated.
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FIG. 6. Kinetic patterns of inhibition of nigericin, monensin, cycloheximide, and puromycin

Time course ofthe inhibition of ACHE release by: 40 nM Nigericin, 10 jzM Monensin, 100 �sg/ml Cycloheximide

Lnd 20 jLg/ml Puromycin. The amount of ACHE that is released into the culture medium (expressed as O.D.

units/min/ml) in hourly intervals is shown. The interval - 1 to 0 represents the one hour interval before any

hugs were added. The interval 0 to 1 represents the first hour interval after drug addition, etc. Each point

represents the mean of three experimental determinations. The standard error of the mean is indicated.
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ena such as enzyme degradation and turn-
over or feedback inhibition of enzyme syn-
thesis.

While the mechanism by which ACHE
release is inhibited and the mechanism by
�vhich ACHE accumulates in the cell are

riot understood, it is clear that both are

reversible events. Nigericin 50 ni�i inhibited
ACHE release by approximately 50% while

cellular accumulation of ACHE was as high
as 130-140% of normal. Yet within 2 hours
of ionophore removal, ACHE release and
cellular levels were nearly normal.

The monovalent ionophore X537A has
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TABLE 1

Reversibility of the Nigericin effect on ACHE release and accumulation

One-week-old myotube cultures were incubated in DFP treated medium for 14 hours. Haff the dishes received

40 nM Nigericin. The amount of ACHE released into the medium and the amount found in the cells after 14

hours incubation is reported in A. Each value represents three separate culture dishes. The mean and standard

error of the mean are indicated. The drug was removed and new DFP treated medium was added to the

remaining dishes. After 2 hours, the medium and cell layer was assayed for ACHE activity (B). New DFP

treated medium was added to the remaining dishes. After 2 more hours, the medium and cells were assayed for

ACHE (C). The Students t-test was used to test the hypothesis that the means of the two groups (control and

nig ericin) are different.

Total protein/
dish

nMoles subst rate hydrolyze d/min/mg prot em on dish

Medium Ratio Cells Ratio

(Mg) (Nig/Cont) (Nig/Cont)

A. 14 hr incubation

Control 401.67 ± 15.9

(p = >0.2)

8.65 ± 0.72

(p = <0.02) 0.61

30.59 ± 1.09

(p = >0.05) 1.15

Nigericin 411 ± 15.31 5.32 ± 0.15 35.163 ± 1.63

B. Drug Free (0-2 Hour)

Control 401.67 ± 15.9

(p = >0.2)

8.65 ± 0.72

(p = <0.02) 0.61

30.59 ± 1.09

(p = >0.05) 1.15

Nigericin 411 ± 15.31 5.32 ± 0.15 35.163 ± 1.63

C. Drug Free (2-4 Hour)

Control 423.3 ± 11.67

(p = >0.2)

7.20 ± 0.73

(p > 0.2) 0.82

30.92 ± 3.33

(p > 0.2) 0.84

Nigericin 423.3 ± 19.3 5.88 ± 0.61 25.92 ± 3.27

been shown to markedly alter the ultra-
structure of the Golgi apparatus of smooth
muscle cells (15). Monensin and Nigericin

cause similar alterations of the Golgi of
immunoglobulin secretory plasma cells
(14). Although the concentrations of iono-
phomes used were 50 to 500 times greater

than the concentration required to inhibit
ACHE release maximally in this study, it is

possible that the ultrastructural changes
that have been observed with X537A, Mo-
nensin and Nigericin also occur in skeletal
muscle and contribute to the inhibition of
ACHE release that we observed. Our data
indicate that Monensin and Nigericin both
lead to a rapid buildup of membranous
vesicles inside our cultured skeletal muscle

cells (Figs. 7 and 8). Our recent studies

(unpublished) show that these vesicles are
evident by two hours after drug treatment.
Since the Golgi are fairly inconspicuous

membranes of the sarcoplasm of normal
muscle, it is difficult to know whether the
membrane vesicles we see are derived from

Golgi. It will be necessary to use histochem-
ical stains for enzyme markers of the Golgi

to answer this question. It will be very

interesting to determine if the ACHE that
accumulates in ionophore treated cells is
largely localized in these vesicles. If so,

these membranes may represent a discrete
step in the intracellular transport pathway

of ACHE, which can be ultimately isolated
and characterized.

The effects of the divalent ionophore
A23187 are markedly different from those
of the monovalent ionophores. At low con-
centrations of A23187, ACHE release is
stimulated while cell levels remain normal.
At higher concentrations both ACHE me-
lease and cellular levels decrease. It is pos-

sible that low levels of the calcium iono-
phore stimulate ACHE release by stimulat-
ing the exocytosis process (13). There is

ample evidence to show this occurs in Se-
cretion systems in which A23187 stimulates

membrane fusion and exocytosis of mem-

brane vesicles (13, 24). If true, this would
support the view that ACHE release utilizes
a membrane fusion-exocytotic process, akin
to collagen and immunoglobulin release,
rather than a protease-stimulated slough-




