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FIG. 3. The effect ofcycloheximide on arachidonic

acid and prostaglandin release from CEF. TPA (80

nM) or TPA (80 nM) plus cycloheximide (40 �g/ml)

were added in 2 ml of serum-containing medium to

prelabelled cultures, and the media was collected at

specified times

Control cultures received 0.1% DMSO as a vehicle

control. (A) Arachidonic acid release from TPA

(O-O) or TPA plus cycloheximide cultures

(5- - -s); arachidonic acid from 0.1% DMSO

(fr-z�) or 0.1% DMSO plus cycloheximide

(A- - -A) cultures. (B) PGE2 release from TPA

(O-O) or TPA plus cycloheximide (- -

treated cultures; PGE� release from 0.1% DMSO

(fr-i�) or 0.1% DMSO plus cycloheximide

(A- - -A) treated cultures. Results presented are the

mean from three different cultures.

Actinomycin D (2.5 �ig/ml) which reduced
[3H] uridine incorporation into RNA by
70%, when added simultaneously with TPA,

did not inhibit arachidonic acid release.

Raising the actinomycin concentration to 5
jzg/ml, a concentration that completely sup-
presses TPA induction of plasminogen ac-

tivator (16), only partially inhibited (50%)
TPA-induced arachidonic acid release. In-

domethacin, a cyclooxygenase inhibitor, in-
hibited the stimulation of prostaglandin ne-
lease induced by TPA and reduced the
basal level of prostaglandin found in the
medium of CEF cultures (Fig. 4). This in-
hibition was maintained for 24 hr. Inhibi-
tion of the TPA-mediated increase in pros-
taglandin release was concentration de-
pendent: 50% inhibition was obtained with
about iO-7 M indomethacin. This was not
accompanied by a reduction in arachidonic

acid release (Fig. 4). In fact the accumula-
tion of arachidonic acid induced by TPA
was slightly enhanced by indomethacin
(Fig. 4). Increasing the indomethacin con-
centration to 100 � produced a 100% in-
hibition of TPA-induced prostaglandin syn-
thesis which was maintained for at least 24
hours. Thus it would seem that the appear-
ance of prostaglandins in TPA-treated cul-
tures is secondary to the TPA-induced re-
lease of arachidonic acid which provides
large amounts of substrate for the cycloox-
ygenase enzyme. Similar conclusions were

reached in previous studies with MDCX

cells (4).
TPA has been shown to induce in normal

CEF several phenotypic properties charac-
teristic of Rous Sarcoma virus transformed

CEF. One of these phenotypic properties is
induction of the serine protease plasmino-
gen activator, whose level is maximal 24 hr

after TPA addition (10). To determine
whether the increase in prostaglandin syn-
thesis is a prerequisite for the increase in
plasminogen activator activity, 100 /.LM in-

domethacin was added simultaneously with
80 ni�i TPA and the protease activity was
measured in cell lysates 24 hr later. We
found that although this concentration of
mdomethacin completely suppressed the
TPA-induced synthesis of PGE2 it inhibited
the TPA induction of plasminogen activa-
ton by only 20-30%.

We also examined whether netinoic acid,

a known inhibitor of carcinogenesis in sev-
eral systems (17-20) and an inhibitor of
tumor promotion on mouse skin (21), would

affect the TPA-stimulated release of ara-
chidonic acid and prostaglandins. Figure 5A
illustrates an experiment in which the ad-
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TABLE 2

The effects of inhibitors on TPA�induced arachidonic acid and prostaglandin E2 release from chick embryo

fibro blasts

TPA (80 nM) or TPA plus the indicated inhibitor were added to cultures prelabelled with [“H] arachidonic

acid and the media was collected 3 hr after addition. Radioactivity was extracted and analyzed by thin layer

chromatography. The results are means ± SEM of three to six different culture dishes.

Addition Arachidonic acid (cpm PGE2 (cpm/200 #1)
x 10’/200�il)

Experiment 1

DMSO 0.1% 20.6 ± 1.0 34 ± 5

TPA 80 nM 50.4 ± 4.0 397 ± 60

TPA + cycloheximide 40 .ig/ml 27.9 ± 3.5 45 ± 6

TPA + cycloheximide 4 �tg/m1 37.8 ± 2.4 51 ± 11

TPA + cycloheximide 0.4 jzg/40 74.2 ± 11.1 167 ± 23

Experiment 2

DMSO 0.1% 5.4 ± 0.27 34 ± 7.7

TPA8OnM 15.4 ±2.20 75± 11.9

0. 1% DMSO + puromycin 20 �ig/ml 6.4 ± 0.61 45 ± 6.0

TPA + puromycin 20 �g/rnl 8.1 ± 0.71 35 ± 3.2

DMSO 0.1% + actinomycin D 2.5 zg/rnl 5.2 ± 0.32 35 ± 4.0

TPA + actinomycin D 2.5 jig/mI 16.0 ± 2.0 70 ± 8.2

DMSO 0.1% + actinomycin D 5 �g/ml 6.3 ± 0.68 40 ± 3.3

TPA + actinomycin D 5 pg/mI 11.3 ± 1.01 33 ± 2.6
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FIG. 4. The effect of indomethacin concentration

on PGE2 and arachidonic acid release from TPA

treated CEF

Prelabelled cultures were treated with 80 nM TPA

or 80 nM TPA plus indomethacin. Three hours after

addition the medium was collected for analysis. Ara-

chidonic acid content (O-O) and PGE2 content

(S #{149})are shown. Symbols indicate the mean ±

SEM from three different cultures.

dition of TPA to CEF cultures resulted in
about a five-fold increase in the release of
cellular arachidonic acid. In the presence of
10 /.LM all trans retinoic acid, this response

was inhibited about 60%. TPA-induced re-

lease of PGE2 was similarly inhibited by
the presence oftrans retinoic acid (Fig. 5B).
Dose response curves for netinoic acid are
given in Fig. 7; the most effective concen-
trations were between 1 and 30 /LM. These
dose response curves are rather similar to
those reported by Kensler et al. (22) for

netinoic acid inhibition of TPA-mediated
comitogenesis in bovine lymphocytes. For

reasons that are not apparent, the dose
response curves for inhibition of arachi-
donic acid and PGE2 release were some-
what different (Fig. 6). These effects of
netinoic acid are not due to cytotoxicity
since the growth of CEF in the presence of
80 nM TPA or 80 ni�i TPA plus 33 �LM

netinoic acid was the same as that of control
cultures.

Retinyl palmitate and fl-carotene are
closely related in structure to retinoic acid;
however, they are only 10-30% as active as

retinoic acid as inhibitors of TPA-induced
skin tumor promotion (21), TPA-mediated
induction of ornithine decarboxylase in

mouse epidermi� (21), and TPA comito-
genesis in lymphocyte culture (22). The

data in Fig. 7 indicate that whereas all trans
netinoic acid produced about a 60% reduc-
tion in TPA-induced arachidonic acid re-
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FIG. 5. Suppression of TPA-induced release of arachidonic acid and prostaglandin E� by trans retinoic

acid

TPA (80 nM) plus or minus trans retinoic acid (10 jzM) were added in 2 ml of serum-containing media to

prelabelled cultures. The medium was collected at the specified times and radioactivity was extracted and

analyzed. Results are the means ± SEM from three different cultures. (A) Arachidonic acid content in TPA

(Li- - -ix) and TPA plus retinoic acid (A-A) cultures; arachidonic acid content in 0.1% I)MSO (0- - -0) and

retinoic acid plus 0.1% DMSO (S #{149})treated cultures. (B) Prostaglandin E2 content in TPA (ti- - - �) and

TPA plus retinoic acid (A-A) cultures; prostaglandin E2 content in control (0- - -0) and retinoic

(#{149} #{149})and treated cultures.
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FIG. 6. The effect oftrans retinoic acid concentra-

tion on TPA-induced release ofarachidonic acid and

PGE2

Prelabelled CEF cultures were treated with 0.1%

DMSO or TPA (80 nM) in 2 ml of serum-containing

medium plus or minus the specified concentration of

retinoic acid. Three hours after treatment the media

was collected and analyzed. Results are presented as

a percent of the TPA induction in the absence of

retinoic acid. The arachidonic acid (S #{149})and

PGE2 (x-x) values shown are the means from

three different cultures.

lease, retinyl palmitate and /3-carotene pro-
duced only about a 20% inhibition.

DISCUSSION

It appears that in diverse cell types phon-
bol ester tumor promoters induce the re-

lease of arachidonic acid from phospholip-
ids and a consequent increase in prostaglan-
din synthesis. Ohuchi and Levine (5) have
demonstrated this in a canine kidney fibro-
blast cell line MDCK and in the present
report we have described this phenomenon
in normal chick embryo fibroblasts.We
have also examined C3H1OT#{189} mouse em-

bnyo fibroblasts, in which TPA enhance-
ment of cell transformation has been dem-

100 onstrated (23), and have observed similar
TPA-induced changes in arachidonic acid

metabolism in that system.t The identifi-
cation of arachidonic acid, PGE2, and
PGF2�, in the present studies is based on
separations in a thin layer chromatography

system used by Levine and co-workers (5)
to identify these compounds in medium
from fibroblast cultures. Moreover, the ra-
dioactive materials obtained from the cell
cultures also co-chromatographed with au-
thentic standards in a high pressure liquid

chromatography system ( 13). Our results,
however, do not exclude the possibility that

other arachidonic acid metabolites were

produced in small amounts in CEF cultures
in the presence or absence of TPA. This

aspect requires further study.

It is likely that TPA-induced arachidonic

.3 Mufson, H. A. and I. B. Weinstein, unpublished
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FIG. 7. Suppression of TPA-induced arachidonic acid release by various retinoids

TPA (80 nM) or 0.1% DMSO (vehicle control), with or without the specified retinoid (33 tiM), were added to

prelabelled cultures. Three hours later the medium was collected and radioactivity was extracted and analyzed

by thin layer chromatography. Open bars represent 0.1% DMSO treated cultures and hatched bars TPA treated

cultures. Each bar is the mean ± SEM from three different cultures.

acid release results from the hydrolysis, by
phospholipase A (24), of acyl groups in
membrane phospholipids. Curiously, the
response in chick embryo flbroblasts is in-
hibited by compounds that interfere with
the synthesis of new proteins, and this has

also been observed by Ohuchi and Levine
in their system (5). Thus the release of

arachidonic acid may not be due simply to

a direct interaction of phorbol esters with
cell membranes, a phospholipase, or other
enzymes, since it appears to require de novo
protein synthesis. It is not clear whether
protein synthesis is required to mediate the
phospholipid deacylation or the secretion
of metabolites from the cell. The require-
ment for a protein factor has been demon-
strated for the release of arachidonic acid
induced by immunologic stimuli (25).

It does not appear that the increased

synthesis of prostaglandins is causally as-
sociated with the TPA-mediated induction
of plasminogen activator. Although TPA-
induced prostaglandin synthesis could be
completely inhibited by indomethacin this
led to only a partial (20-30%) inhibition of
plasminogen activator induction. As ex-
pected, although indomethacin blocked
prostaglandin synthesis it did not inhibit

the marked release of arachidonic acid in-
duced by TPA. It is possible, therefore, that

the deacylation of phospholipids could play
a more important role than the synthesis
of prostaglandins in the mechanism of ac-
tion of TPA. In separate studies, we have

found that phorbol ester-induced platelet

aggregation is not associated with increased
release of cyclooxygenase products and
could not be blocked by indomethacin,4

thus providing additional evidence that all
of the diverse effects of TPA are not sec-
ondary to prostaglandin synthesis. Deacyl-

ation of membrane phospholipids is asso-
ciated with the action of several hormones
(see INTRODUCTION and references 1, 2, 3,
26). Changes in the state of acylation of
membrane phospholipids (i.e., accumula-
tion of lysophospholipids) could, therefore,
play a role in a stimulus-response cascade
triggered by phorbol ester tumor promoters
and certain hormonal agents.

The present studies indicate that TPA-
induced release of arachidonic acid and

4 Mufson, R. A., P. Kulkarni, K. E. Eakins and I. B.

Weinstein, Platelet aggregating activity of phorbol

esters correlates with tumor promoting activity and is

independent of cyclooxygenase products, Cancer Re-

search, in press 1979.
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prostaglandins in CEF cultures was in-
hibited by all trans netinoic acid. The effec-
tive concentration in this study (about 10�
M) is similar to that used previously to
inhibit carcinogen-induced hyperplasia in
organ cultures of mouse prostate ( 1 7, 18)

and hamster trachea (18), and to influence
epidermal cell differentiation in cell culture
(26). The concentrations required for an

inhibitory effect on arachidonic acid release
are also the same as those observed prey-
ously for retinoid inhibition of TPA-me-

diated comitogenesis in lymphocytes (22).
It has been suggested that the broad dose
response curve is indicative of a require-
ment for metabolic activation of retinoic
acid, perhaps by epoxidation of the fi ionone
ring; it may also reflect the binding of reti-
noids to serum proteins (28).

With a series of six phorbol esters, we

found a correlation between ability to in-
duce arachidonic acid release in CEF cul-
tunes and published data on tumor promot-

ing activity on mouse skin. In addition,
trans retinoic acid was more effective than
retinyl palmitate or fi carotene in inhibiting
TPA-induced arachidonic acid release in
CEF cultures. Trans netinoic acid is also a
more effective inhibitor of tumor promotion

on mouse skin (21). This cell culture system
may, therefore, be an excellent model for
studying the relationship between lipid me-
tabolism and the mechanism by which
phorbol esters act as tumor promoters.
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SUMMARY

NACHSHEN, D. A. AND M. P. BLAUSTEIN. The effects of some organic “Calcium
antagonists” on calcium influx in presynaptic nerve terminals. Mol. Pharmacol. 16:
579-586 (1979).

The actions of the organic “Ca antagonists” verapamil and D-600 were tested on pinched-

off presynaptic nerve terminals (synaptosomes) from rat brain, and on the frog neuro-
muscular junction. 45Ca uptake was measured in control media, and in depolarizing media
containing either 75 mM potassium or veratnidine, an alkaloid that opens sodium channels.
The extra uptake induced by depolarizing media appears to be mediated by voltage-
sensitive Ca channels. Synaptosome depolarization was indirectly determined with the
voltage-sensitive fluorescent dye, di-pentyl oxacarbocyanine. Verapamil or D-600 (100

�LM) inhibited the K�-induced 45Ca uptake by about two thirds, but had no effect on the

K�-induced synaptosome depolarization; this inhibition of Ca uptake is, presumably, due
to block of Ca-channeLs. Veratridine-induced 45Ca influx was more than 80% inhibited by

verapamil on D-600 (100 ,LM), and veratridine-induced depolarization was almost com-
pletely blocked. These observations indicate that Na channels as well as Ca channels are
inhibited by verapamil and D-600. Recordings of miniature end-plate potentials were
used to evaluate the actions of verapamil and D-600 at the frog neuromuscular junction,
after miniature end-plate potential frequency had been made sensitive to changes in the
bathing Ca concentration by raising the external Kt Miniature end-plate potential
frequency was not affected by verapamil (40-50 �LM) or D-600 (10 �tM) but was significantly
reduced by Mn2� (0.2 mM), a known blocker of Ca channels. Although venapamil and D-

600 appear to be very potent antagonists of Ca currents in heart and smooth muscle, we
conclude that Ca channels in vertebrate neurons are much less sensitive to these drugs.

INTRODUCTION

Calcium influx in many types of cells is
mediated by voltage-sensitive Ca channels.
These channels have certain shared prop-

erties (1): for example, they are not blocked

by TTX’ but are susceptible to blockade by
polyvalent cations such as Mn2�, Co2� and

This work was supported by NIH Grant NS-08442.
1 The abbreviations used are: TTX, tetrodotoxin;

CC5, 3,3’-dipentyl 2,2’-oxacarbocyanine; MEPP, mini-

ature end-plate potentials.

La�. The Ca channels in some types of
cells also share a marked sensitivity to sev-

eral organic “Ca antagonists” (2) such as
verapamil (Isoptin, Iproveratnil), D-600 (a

methoxy derivative of verapamil) and nife-
dipine (Adalat, Bay-A1040). Although the
plasma membranes of presynaptic nerve
terminals appear to contain voltage-sensi-
tive Ca channels (3-5) there is indirect ev-
idence that these channels may be rela-
tively insensitive to the organic “Ca antag-
onists” (6-8).
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Pinched-off presynaptic terminals (syn-
aptosomes) retain many of the functional
properties of intact presynaptic nerve end-
ings (9, 10). Entry of Ca into synaptosomes
occurs via voltage-dependent Ca channels
(5). In the study reported here, we used the

synaptosome preparation to show directly
that high concentrations of organic “Ca
antagonists” are required to inhibit Ca up-

take by nerve terminals. We also confirmed
previous findings (8) that indicate that Ca
channels in the presynaptic terminals of the
frog neuromuscular junction are insensitive

to these drugs. Our observations indicate

that Ca channels from different types of
cells may be pharmacologically distinct. A
preliminary report of some of these findings
has been communicated to the Society for
Neuroscience ( 1 1).

MATERIALS AND METHODS

Preparation of synaptosomes. Synapto-
somes were prepared from rat brains by the
method of Hajos (12). The nerve terminal-
enriched material in the 0.8 M sucrose frac-
tion from the sucrose gradient was equili-
brated with physiological saline by the ad-

dition of 2.5 volumes of ice-cold standard
(Na + 5K) salt solution. This solution con-
tamed (nmi): NaC1, 145; KC1, 5; MgC12, 1.3;

CaCl2, 1.2; NaH2PO4, 2.4; HEPES 20,
buffered to pH 7.5 at 25#{176}with Tnis base.

The diluted synaptosomes were centrifuged
at 4#{176}for 10 mm at 10,000 x g and the pellet
was resuspended in cold Na + 5 K solution.
Suspensions were preincubated for about
25 mm at 30#{176}(with or without drug) before
initiating test uptakes of 45Ca.

Measurement of 45Ca influx. Aliquots of
the warmed synaptosome suspension were

added to incubation solutions containing
45Ca and other substances (detailed below).
Calcium uptake into synaptosomes was
measured in both standard (Na + 5K) salt
solution and “stimulating” salt solutions.

Stimulating salt solutions contained either
75 mM potassium (High K solution) substi-
tuted for an equimolar concentration of
sodium, or venatnidine (30-80 �tM) in Na +

5K solution. After test incubations lasting

10-120 seconds, 45Ca uptake was stopped
by diluting the incubation media (0.4 ml
volume) with 4.5 ml of ice-cold Na + 5K

solution. The diluted suspensions were im-

mediately filtered by suction through
Whatman glass fiber filters (GF/C, 2.4 cm
diameter). The filters were rapidly washed
with two 4.5 ml aliquots of ice-cold Na +

5K. The filters were then suspended in vials

containing 10 ml of scintillation cocktail
(containing Omnifluor (New England Nu-

clear), toluene and Triton X-100; cf ref. 13)
and the 45Ca content of the material
trapped on the filters was determined by
liquid scintillation spectrometry. Protein

concentrations were determined by the
method of Lowry et al. (14). The extra

uptake of 45Ca (K-stimulated = �K, or ye-
ratnidine stimulated = AVer) was calculated
as the difference between the uptake from
Na + 5K and from the appropriate depo-
lanizing solution. In each experiment Ca
uptake determinations were made on 3-5

replicate samples, as indicated in the tables
and figure legends. Standard errors for
mean stimulated uptake (SEa) were cal-
culated as:

SEI� = �J[SE(Na + 5K)]2 + [SE (Stim)}2

where SE (Na + 5K) = standard error of

the mean calcium uptake from Na + 5K
and SE (Stim) = standard error ofthe mean
uptake from High K on veratridine contain-

ing solutions.
Fluorescence measurements. The volt-

age-sensitive fluorescent dye CC5 was used
to follow changes in membrane potential
(15). Aliquots of synaptosomes containing
about 0.5 mg of protein, with or without
drugs, were added to Na + 5K, or to High
K solutions containing CC5 at a concentra-
tion of 2.5 �LM. The synaptosome suspension

was illuminated with light at a wavelength
of 448 nM and fluorescent emission was
measured at 511 nm. Further details are
given in reference 15.

Electrophysiological recordings at the

f rog neuromuscular junction. Experiments
were performed at room temperature (20#{176}-

24#{176})on the sartorius nerve-muscle prepa-rationofthe frog Rana pipiens. The prep-
aration was pinned on Sylgard, set in a
small petri dish. The usual bathing solutionwasfrog Ringer’s of the following compo-
sition (mM): NaCl, 116; KC1, 2; MgCl2, 2;
CaCl2, 2; and Tnis-maleate 5, brought to pH
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7.4 with NaOH. Microelectrodes filled with
3 M KC1 (10-20 M) were used to record

MEPPs from synaptic areas. Signals were
amplified via a high impedance electrome-

ten (WP Instruments), and displayed on a
Tektronix storage oscilloscope. Signals

were measured directly from the oscillo-

scope screen, or were photographed with

cine camera and measured from ifim.
The muscles were depolarized by slowly

perfusing Ringer’s solution containing an

additional 10 mM K (12 mM K total) into
the chamber, until the resting potential sta-
biized (usually at around -50 mV). Mea-

surements were only made from cells in
which the smallest MEPPs discernible in
High K were at least two times larger than

the baseline noise. At least 50 MEPPs were
counted for each determination of MEPP
frequency.

Drugs. Verapamil and D-600 were the
gifts of Knoll Pharmaceutical Co. Nifedi-
pine was the gift of Delbay Pharmaceuti-

caIn. Veratridine was purchased from Ald-
rich Chemical Co.

RESULTS

Verapamil, D-6tX� and nifedipine are in-

effective blockers of K-stimulated Ca up-

take by synaptosomes. K-stimulated Ca up-
take is mediated by voltage-sensitive Ca
channels in synaptosomes (5). This uptake,
which is blocked by � Mn2� and La3�,

appears to trigger the release of neurotrans-
mitters (5). A verapamil concentration of
approximately 100 �moles/l was required
to block this uptake by two-thirds (Fig. 1,
lower curve). This concentration is about
25 times greater than that needed to
achieve a similar reduction of the inward
Ca current in mammalian cardiac fibers
(16). D-600 was no more effective than yen-

apamil in reducing 45Ca influx into synap-
tosomes (Table 1, Exp. A, B2) although it is
much more potent than verapamil in its
action on cardiac (16) and smooth muscle
(2). Neither D-600 nor verapamil affected

significantly the 45Ca uptake from control
(Na + 5K) media.

Whereas in cardiac muscle the effects of
these drugs develop slowly, over a period of

40 to 80 mm (17), we found that the effects
of both drugs on synaptosomes did not de-

FIG. 1. Effect ofuerapamil on 45Ca uptake by syn-

aptosomes

The lower curve (#{149})shows the inhibitory effect of

the drug on Ca uptake stimulated by incubating the

synaptosomes with 30 �LM veratndine. The upper curve

(L�5) was obtained when uptake was stimulated by high

external potassium (75 mM). Points in the lower curve

represent the means ± SEM from 3-4 experiments,

while points in the upper curve represent the means

and the range from two experiments. In each experi-

ment Ca uptake determinations were made on tripli-

cate samples. Test incubations with 45Ca lasted two

minutes. All solutions contained 1.2 mr.i CaC12 and 1.2

mM MgC12. Ca uptake from control solutions (Na +

5K ± verapamil) averaged 0.67 ± 0.08 nmoles/mg

protein per 2 mm. High-K stimulated Ca uptake 3-4

fold, while veratridine stimulated Ca uptake 2-3 fold

in the absence of verapamil.

pend on the duration of the preincubation
period with the drugs (Table 1, Exp. A).

Also, as illustrated by experiment B in Ta-
ble 1, drug effectiveness did not depend on
the duration of the test-incubation period,
when this was varied between 10 and 120
sec. Furthermore, the percent inhibition
was either not changed, or even slightly
reduced, when the external Ca concentra-
tion was lowered (Table 1, Exp. B). The
latter finding suggests that D-600 is not a
competitive antagonist of Ca influx.

Block of 45Ca uptake by verapamil did
not appear to depend on the extent of syn-
aptosome depolarization (i.e., on the con-
centration of K in the incubation solution).
As indicated by the data in Fig. 2, the ratio
of K-stimulated Ca uptake in the presence
of venapamil (80 �zM) to K-stimulated up-
take in the absence of drug remained con-
stant whether the test incubation media

contained 20, 30, 50, or 75 mr�i KC1.
A third organic “Ca antagonist,” nifedi-
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FIG. 2. The effect oft’aryingpotassium concentra-

(ions on the inhibition of K-stimulated calcium up-

take by verapamil

The ordinate indicates K-stimulated Ca uptake in

the presence of 80 �LM verapamil; the abscissa indicates

uptake in the absence of verapamil. The line was

drawn by eye. The number beside each data point is

the concentration of potassium (mM) in the external

medium; all solutions contained 20 �tM Ca and 1 mp,i

Mg. Error bars indicate the standard errors of the

means for quadruplicate or quintuplicate determina-

tions. Incubation in the presence of 45Ca was carried

out for 10 seconds at 30#{176}in this experiment.
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TABLE 1

Effect oforganic “Ca antagonists” on K-stimulated Ca uptake by synaptosomes

Synaptosomes were preincubated with or without drug in Na + 5 K solution, and then incubated with or

without drug, with 45Ca, in 5 msi or 75 mM K solution (See Fig. 1 legend). Stimulated uptake, �K, was then

calculated as the difference between Ca uptake from 75 mai K media and 5 mM K media. Percent inhibition was

calculated as:

. . .. I i�K(Drug) 1
Percent inhibition = I I - I x 100%

L �K (Control)]

Average uptake values were obta med from triplicate samplings.

Experiment [Ca2�] Prein-
cuba-

tion

Incu-
bation

Ca2� Upt ake (nmoles/mg protein) Inhibi-
tion

Na + 5 mM K 75 mM K �K

(mM) (mm) (sec) (%)

A Control 1.2 2 120 1.16 ± 0.03 3.50 ± 0.35 2.34 ± 0.35

VPL 50 �.tM 2 1.15 ± 0.23 2.36 ± 0.19 1.21 ± 0.30 48

Control 45 1.00 ± 0.08 3.21 ± 0.29 2.21 ± 0.30

VPL 50 gM 45 0.86 ± 0.15 1.87 ± 0.39 1.01 ± 0.42 54

B Control 0.02 30 10 0.08 ± 0.01 0.38 ± 0.05 0.30 ± 0.05

D-600 50 �tM 10 0.07 ± 0.01 0.26 ± 0.02 0.19 ± 0.02 37

Control 120 0.18 ± 0.01 0.61 ± 0.04 0.43 ± 0.05

D-600 50 j�M 120 0.15 ± 0.01 0.45 ± 0.06 0.30 ± 0.07 30

B2Control 1.2 30 10 1.01 ± 0.07 4.59 ± 0.14 3.58 ± 0.18

D-600 50 /IM 10 1.12 ± 0.02 2.93 ± 0.32 1.81 ± 0.31 48

Control 120 2.28 ± 0.16 8.33 ± 0.92 6.05 ± 0.91

D-600 50 �tM 120 1.92 ± 0.15 5.26 ± 0.95 3.34 ± 0.96 45

C Control 0.06 30 15 0.38 ± 0.03 1.55 ± 0.06 1.17 ± 0.07

Nifedipine 0.33 ± 0.08 1.45 ± 0.07 1.12 ± 0.11 4

30 �LM

pine, which in heart and smooth muscle (2)

is more potent than D-600, did not block
stimulated 4’Ca uptake into synaptosomes
at concentrations of up to 30 j.tM (Table 1,
Exp. C). In sum, our results indicate that

the Ca channels in synaptosomes are rela-
tively insensitive to the organic “Ca antag-
onists” verapamil, D-600, and nifedipine.

Verapamil and D-600 do not reduce K-
�5e stimulated transmitter release at the frog

neuromuscular junction. In the frog neu-
romuscular junction, MEPP frequency is
very sensitive to changes in the extracellu-

lan Ca when the muscle fibers are depolar-
ized by potassium (18). Presumably, volt-

age-sensitive Ca channels are opened by
depolarization (3), permitting Ca to enter

the terminals and enhance spontaneous
transmitter release (19). We attempted to
modify this frequency increase by inhibit-
ing Ca entry with the organic “Ca antago-
nists,” venapamil and D-600, and also with

Mn2’�, a known blocker of Ca channels (1).
As can be seen in Fig. 3, when the potassium




