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was added to a final concentration of 1 /LM

to stimulate cells. The preincubation period
gave maximum inhibition of the Ca2�-ATP-

ases.
D-600 (a gift from Drs. Kirsten, Klein-

sorge, and Obemdorf, Knoll Pharmaceutical
Co.) was dissolved and cells assayed in 199/
BSA without an incubation period since

this was not found to be required to achieve

inhibition.
Radioirnrnunoassay of luteinizing hor-

rnone (LH). Highly purified mat LH

(NIAMDD rat LH 1-4), antiserum to mat
LH (NIAMDD anti-rat LHS-4) and refer-
ence preparation LH (NIAMDD mat LH-
RP-1) were obtained from the NIAMDD

Rat Pituitary Agency Hormone Distribu-
tion Program and Dr. A. Parlow. The RIA
was performed as recommended in the
NIAMDD kit instructions. Luteinizing hor-
mone was labeled by the chlomamine T

procedure (25). Standard curves were pre-

pared in the presence of Ruthenium Red,

LaC13, and D-600, and these compounds did
not interfere in the assay at the concentra-
tions used in these studies. Typically, this
assay detects 0.2 ng LH/m1, is specific, and

produces duplicates that agree within 7%

cv.

General. Data was derived as the mean
± SE of values obtained in three replicates.
Luteinizing hormone released was normal-
ized for the number of cells present by the
diphenylamine procedure (26).

RESULTS

The effect of extracellular calcium con-
centration changes on cell responsiveness is
shown in Fig. 1. Although basal release was
not altered as a function of calcium, GnRH-
stimulated release required 1 nmi calcium
for optimal release. Higher concentrations
(up to 8 mM) afforded no additional respon-
siveness. Cells incubated in media contain-
ing less than 1 �LM Ca’� were unresponsive
to stimulation by GnRH.

Mg�� and La3� were examined for their

ability to substitute for calcium due to their
molecular similarity to this ion. The addi-
tion of 10 �LM LaC1.� to the incubation media
containing 1 mM Ca2� inhibited GnRH-
stimulated release, as seen in Fig. 2. Higher

concentrations of LaCI, inhibited stimu-

LH Released

(ng/iOOng DNA)

FIG. 1. Effect of extracellular calcium concentra-

tion on LH release by cultured pituicytes

Cells were incubated for 3 hours in the presence

(R) or absence (D) of 1 tM GnRH at the indicated

concentrations of Ca2�. Released LH was assayed in

the supernate as described in METHODS. The arrow

shows the Ca2� concentration contained in Medium

199 used in other studies herein.

FIG. 2. Inhibition ofGnRH-stimulated LHrelease

by LaCI, in the presence of 1 mr.e Ca’�

Cells were preincubated (10 mm) in media contain-

ing the indicated concentrations of LaC1.�. GnRH (1

/LM), (#{149})or carrier was added (0) and the cells incu-

bated for 3 hr. Released LH was measured in the

supernate as described in METHODS.

lated release further. There was no appar-

ent inhibition of basal release. The effect of
Mg�� on LH release in the absence or pres-
ence of calcium is shown in Fig. 3. One
miffimolar MgC12 (equimolar to the optimal

calcium concentration) allows slight (two-

fold) stimulation of LH release by GnRH,
but even a high concentration of Mg�� (10

mM) does not mender the cells as responsive
as 1 mM Ca2� (7-fold). One millimola Mg��
does not significantly block the action of 1
mM Ca’�, consistent with studies in the

adrenal (2).



L.H ���osed

(#{176}Qf!OOngONA

(D60oJ� log M

3 hr.

80

(ng/lOOng DNAr#{176}LII Released

40

20
-�

L� . - . 8,�5o!
0 -7 -� .5 .4

(Ru?hensumRed). los M

GnRH ACTION IN PITUICYTES 199

Ruthenium Red is a hexavalent-cationic
inorganic compound that noncompetitively

inhibits calcium transport (27) and blocks

the Ca’� ionophoric activity associated with
Ca2�-Mg�� ATPase. Ruthenium Red’s abil-
ity to inhibit stimulated LH release is
shown in Fig. 4. While the lowest dose

tested, 0.1 jLM, gave a slight, yet significant

potentiation of the effect of GnRH, higher
concentrations inhibited in a dose-related
manner. There was no effect on basal me-

lease.
Compound D-600 has been shown to an-

tagonize the mole of Ca2� in excitation-con-
traction coupling (28), probably through
blockade of Ca2� channels (29). The effects

of D-600 on LH release are seen in Fig. 5.

50

LHRefeosed �

(rig/iOongONA)

20

#{149}SOS�Y’

DGnRH dPBS c/Ca �‘

���J11J

-

a

I
FIG. 3. Effect of magnesium on LH release from

�ituicytes with or without calcium and in the presence

(solid columns) or absence (unfilled columns) of I

�LM GnRH

Released LH was measured in the supernate after

FIG. 4. Effect ofRuthenium Red on LH release by

ulturedpituicytes

Cells were preincubated for 30 mis in the indicated

oncentrations ofRuthenium Red prior to the addition

f 1 �ai GnRH (#{149})or carrier (0). Released LH was

easured in the supernate after 3 h.

FIG. 5. Effect of D-6(X) on LH release from cul.

turedpituicytes

Cells were incubated for 3 hr in media containing

the indicated D-600 concentrations and in the pres-

ence (#{149})or absence (0) of 1 �M GnRH. Released LH

was measured in the supernate after 3 hr.

At low doses of D-600, a slight potentiation
of GnRH-induced LH release was seen,

similar to that observed with Ruthenium
Red. Progressive inhibition of stimulated,

but not basal, LH release was observed at
concentrations of D-600 above 0.1 �zM.

The partial agonistic action of drugs that
generally behave as calcium inhibitors at

� high concentrations may be due to their

ability to block open the calcium channels
at trace doses.

DISCUSSION

The data described in the present work
suggest that gonadotrophs have a specific
and dose-dependent requirement for phys-
iological concentrations of Ca2� during

GnRH stimulation of LH release. Stimu-
lated LH release is blocked in the absence
of calcium, and responsiveness is inhibited

by agents that alter calcium transport and

distribution. Responsiveness is also blocked
by a calcium antagonistic ion, La3� (30).

The action of calcium is probably at the

level of release rather than biosynthesis. It
has been shown (14) in hemipituitaries that

extracellular calcium does not play a role in
LH biosynthesis. Moreover, we were able

to account for LH released to the media by

an equal cellular LH depletion (data not
shown).

If the effect of calcium is limited to an

involvement in the release mechanism only,
several possibilities remain. First, calcium
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may be required to maintain the functional

integrity of the cell generally, via stabiiza-
tion of membrane systems or other mech-
anisms. Calcium is bound by membranes
and is required for their functional and

structural maintenance (31). The effect of
calcium on LH release may be permissive,
in that functional membrane integrity is

needed to effect release mediated through
a granule-membrane interaction.

A second possibility is that calcium plays
a specific mole in the mechanism of GnRH
action. By analogy to the criteria (32) that
were developed to establish the mole of

cyclic AMP as a second messenger, a spe-
cific mole of calcium as an intermediate in

secretion-coupling would require rigorous

proof that:

1. Removal of calcium from its site of
action blocks the effect of GnRH on LH
release.

2. LH release should occur as a conse-
quence of inserting calcium ions into the
gonadotroph, even in the absence of GnRH.

3. GnRH should stimulate the move-
ment of calcium into specific sites which is
a requisite for LH release.

The present findings partially satisfy the
first criteria. The rapid movement of 45Ca2�

in response to GnRH, but not to dibutyryl

cyclic AMP, has been shown in pituitary
slices (33). This observation is consistent
with the finding by Conn et al. (24) that

dibutyryl cyclic AMP does not effect LH
release from pituicytes.

While extracellular calcium appears to be
required for GnRH stimulation of LH me-
lease, we are not able to exclude altogether
a mole for intracellular calcium, since D-600,

LaCl� and Ruthenium Red probably pene-
tmate the plasma membrane.

The present data indicate that Ca2� is
specifically required for GnRH-stimulation
of LH release. This study supports a role
for Ca’�, either permissive, that is, allowing
release or intermediary and specific in
GnRH-induced LH release from pituicytes.

Note Added In Proof: Since submission of this

manuscript, we have shown the loss of responsiveness

in calcium depleted cells is a reversible process (34).
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SUMMARY

SMILOWITZ, HENRY: Monovalent ionophores inhibit acetylcholinesterase release from

cultured chick embryo skeletal muscle cells. Mol. Pharmacol. 16, 202-214 (1979).

Acetylcholinestemase (ACHE) is a glycoprotein that is released in large amounts from
embryonic chick muscle in vivo and in vitro. We show in this paper that the ionophomes
that transport monovalent cations and divalent cations markedly affect the accumulation
and release of ACHE. ACHE release can be stimulated by low levels of the calcium
ionophore A23187 and inhibited by low levels ofthe carboxylic ionophores which transport
monovalent cations. Release of ACHE is inhibited 50% by 0.1 J�tM Monensin, or 0.05 ,LM

Nigericin and is stimulated maximally by 0.05-0.1 �.tM A23187. The inhibition of ACHE
release by the ionophomes and the accompanying accumulation of ACHE activity in the

cell is rapid and reversible; the inhibition of ACHE release by the ionophomes is not due
to an overall inhibition of protein synthesis.

The ionophores Monensin and Nigericin cause large membranous vesicles to appear

in the vicinity of the muscle nucleii. These appear at ionophore concentrations that are
50 to 500 times lower than those previously reported to swell the Golgi of smooth muscle

and immunoglobulin secreting cells. The possibility is raised that the membranous
vesicles we observe after ionophore treatment are also derived from the golgi of skeletal
muscle and represent sites of intracellular ACHE accumulation and transport.

INTRODUCTION

Chick embryo pectoral muscle cells fuse
to form spontaneously contracting multi-

nucleated myotubes in cell culture. These
myotubes possess many of the properties of
embryonic muscle (for review see

Hauschka, 1972 [1]). For example, unlike
adult myotubes, the cultured cells possess
a high density of acetylcholine receptors

(ACHR)’ all over their surface (2, 3), they

This research was supported by NIH Grant

#NS13860 and a Pharmaceutical Manufacturers As-

sociation Starter Grant.

I The abbreviations used are ACHE, acetylcholin-

esterase ACHR, acetylcholine receptors; isoOMPA,

tetraisopropyl pyrophosphoramide BCHE, pseudo-

0026-895X/79/040202-13$02.00/0
Copyright © 1979 by Academic Press, Inc.
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exhibit diffuse ACHE staining throughout
the sarcolemrna (4, 5), and they release
large amounts of ACHE into the culture
medium (4).

This paper focuses on the release of en-
zymatically active ACHE from avian my-
otubes in cell culture. Very little is known

about this process. It has been shown to be
a continual process (4) and after 24 hours,
the amount of ACHE that is released into
the cell culture medium varies from 1.3-2.4

cholinesterase; DFP, diisopropylfluorophosphate;

MEM, Eagle’s Minimal Essential Medium; TCA, tri-

chloroacetic acid; HEPES N-2-hydroxyethylpipera-

zine-N’-2-ethanesulfonic acid.
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times the amount that is found in the cells
(4); most of the enzyme that is synthesized

is released. The release process requires

protein synthesis and is fully inhibited by
cycloheximide within 2-3 hours after the
complete inhibition of protein synthesis (6).

The release process is subject to regulation;
electrical stimulation of cultured myotubes
results in a decrease in the mate of ACHE
release (7).

ACHE has been found in the cistemnae of

the endoplasmic reticulum of adrenal chro-
maffin cells (8) and cultured embryo muscle
cells (9) by histochemical staining tech-

niques. Hence, it is possible that ACHE is
transported to the cell surface in membra-

nous vesicles and released in a manner sim-

ilar to collagen release. Pro-collagen is as-
sembled within the Golgi, transported
within secretory granules and released from
the cell by exocytosis (10, 11). Alternatively,
it is possible that ACHE is transported to
the cell surface in membranous vesicles and
then sloughed off the exterior of the cell by
proteolysis (12). Theme is no compelling ev-
idence to suggest that either release mech-

anism proposed is correct.
We show in this paper that ACHE release

is reversibly inhibited by the carboxylic

ionophomes that transport monovalent cat-
ions (Monensin, Nigericin) (13). Previously,

the monovalent ionophores have been
shown to inhibit plasma cell immunoglob-
ulin secretion (14). The effect of the iono-
phomes is not due to an inhibition of protein

ynthesis. Rather, the ionophores exert a
eversible inhibition of ACHE release

hich results in the cellular accumulation
f enzyme and the appearance of distended

embranous vesicles in the vicinity of the
uclei of the myotube. The monovalent

onophomes have been shown to alter the
olgi apparatus of several cell types, includ-

g smooth muscle cells (15), immunoglob-
. secreting plasma cells (14) and the

hief cells of the rat parathyroid gland (16).
urthem studies are needed to determine if

he expanded membrane vesicles seen in
ur cells are derived from the golgi. We
aise the exciting possibility that in the
resence of the monovalent ionophores,
CHE becomes trapped in a discrete step

in its intracellular transport.

A preliminary communication of this

work has already appeared (17).

MATERIALS AND METHODS

Preparation of the cultures has been de-
scribed by Fischbach (18). The plating me-

dium (100 ml of 5% MEM) was composed
of Eagle’s Minimal Essential Medium (80%
by volume), heat inactivated horse serum
(10% by volume), a saline chick embryo

extract (5% by volume), glutamine (2 jiM),

penicillin (50 units), streptomycin (50 jig)
and 1 ml MEM 100 X vitamin solution. The
cells were transferred, after two to three
days, to an identical medium except for the
following changes: the concentration of em-

bryo extract was reduced to 2% (2% MEM)

and cytosine arabinoside (50 jiM) was
added. After two days the cells were main-
tamed in 2% MEM without cytosine arabi-
noside. Total protein varied less than 10%
between dishes plated at the same time.
Eagle’s MEM, glutamine, penicillin, strep-
tomycin and 100 X vitamin solution were
purchased from GIBCO. Horse serum was
purchased from Microbiological Associates

and saline chick embryo extract was pre-

pared according to Fischbach (18).
Acetylcholinesterase activity was meas-

ured spectmophotometrically by the tech-

nique of Ellman (19) as modified by Fluck

and Stmohman (5) and Wilson et al. (4). Our
assays were routinely done in the presence
of0.1 mM isoOMPA to inhibit BCHE. Pseu-
docholinesterase activity, as measured by
the hydrolysis of butyrylthiocholine iodide,
only accounts for 5% of the total enzyme
activity in our cultures. The inhibitor,
BW284c51 (obtained from Burroughs Well-
come and Co.) when added at 10 jiM, in-
hibits 90% of the acetylthiocholine iodide
hydrolyzed.

Medium was pre-treated with DFP as

described by Wilson et al. (4) to reduce
endogenous ACHE and BCHE activity to

approximately 2-3% of the untreated me-
dia. After 24-48 hr the added DFP had
been almost completely hydrolyzed and
would not reduce the activity of added
ACHE in control experiments. Aliquots of
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the DFP treated culture media were me-

moved from the cell cultures and used to
assay released ACHE.

The muscle cell cultures were washed
with MEM balanced salt solution, scraped

in a small volume of 1 M NaCl, 10 m�i Tris,
0.5% Triton and 0.2 mi�i EDTA pH 7.8 (20)
and homogenized in a dounce homogenizer.
Aliquots were assayed for ACHE activity.
This enzyme activity in the cell layer me-
flects cellular ACHE plus any ACHE bound
to the extracellular matrix (9).

Total cell protein was measured by the
method of Lowry (21). Total cellular pro-
tein synthesis was measured by the incor-
poration of [3H]leucine or 535 Methionine
into cold TCA insoluble material. Ten jiCi
of [3H]leucine (81.8 Ci/mMol) was added

to MEM-minus leucine medium supple-
mented with 3% horse serum and 2% chick
embryo extract (22). Incorporation was fol-
lowed over a four hour period and culture
dishes were briefly washed with HEPES
buffer pH 7.4, the cells were scraped di-
rectly in cold 10% TCA and ifitered on 0.45
jL Millipome filters (HAWP). Similarly, 50

jiCi of S� Methionine (500 Ci/mMol) was

added to 2% medium. Incorporation was
followed over a 24 hour period of time, after
which the cells were treated as above.

Electron microscopy was performed by
the University of Connecticut Health Cen-
ter Central Electron Microscopy Facility.

Week old chick embryo muscle cell cultures
were glutaraldehyde fixed (2% for 30 mm),
followed by osmium post fixation, ethanol

dehydration and embedding in epon. Suit-
able areas of the specimen were cut out,

remounted on epon blocks, sectioned en

face and stained with uranyl acetate and
lead citrate. Magnification is 27,000.

The ionophores were obtained as follows:
Monensin M.W. 670 (Eli Lffly Co.), Nigeri-

cm M.W. 740 (Eli Lilly Co.), X537A M.W.
590 (Hoffman-LaRoche, Inc.) and A23187
M.W. 523 (Eli Lilly Co.). They were dis-
solved in 100% ETOH at 1 mg/mI or 1 m�

and stored at -20#{176}.They were added to the
culture media as needed-but never in
amounts that exceeded ly ETOH per ml of
media. At this level, ETOH had no meas-
urable effect on ACHE release or total cell
protein synthesis.

RESULTS

The amount of acetyicholinesterase
(ACHE) released from avian skeletal mus-

cle cells grown in cell culture as a function
of time is shown in Figure 1A. The release
of ACHE is linear up to 80 hours. Figure
lB shows the total amount of ACHE activ-
ity that was released into the culture me-
dium (per 24 hours) of one week old muscle
cell cultures when seeded at densities rang-
ing from 0.5 x i05 to 5.0 x i05 cells per dish.
The release of ACHE is proportional to cell
density in this range. In the experiments
which follow, we have used one week old

muscle cell cultures plated at cell densities

ranging from 2 x i05 to 5 x i05 cells per 35
mM dish. We have studied the effects of the
ionophomes Monensin, Nigericin and
A23187 on the amount of ACHE activity
that is released and the amount of ACHE
activity that is found in the cell layer.

Monensin. Figure 2 shows the effect of
varying concentrations of Monensin on the
release of ACHE and the corresponding

cellular levels of the enzyme. The values in
Figure 2 are expressed as a percent of the
value seen in muscle cell cultures that con-

tam no drug. The concentration of Monen-
sin which inhibited ACHE release 50% was

0.13 jiM. At 0.1 jiM there was a maximal
(28%) increase in cellular ACHE activity.

Nigericin. Figure 3 shows the effect of
varying concentrations of Nigericin on the
release of ACHE and the corresponding
cellular levels. The concentration of Niger-
icin which inhibited release 50% was 50 nM.

At 40 nM, there was a maximal (34%) in-
crease in cellular ACHE activity. Figure 4

shows a similar experiment in which both
low and very high concentrations of Niger-
icin were used and total protein synthesis
was measured. In this experiment ACHE
release was inhibited 73% by 40 tiM Nigeri-
cm while cellular accumulation was 18% o
control and total protein synthesis was 90%
of control values. However at higher Niger-
icin concentrations (1 jiM) maximal inhibi-

tion of ACHE release was 84% while cellul
levels remained nearly normal and to
protein synthesis was inhibited 80%.

A23187. Figure 5 shows the effect of vary
ing concentrations of A23187 on the releas
of ACHE activity and the correspondin




