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SUMMARY
Maitotoxin (MTX) increases formation of [3H]inositol phosphates
from phosphoinositides and release of [3H]arachidonic acid from
phospholipids in pheochromocytoma PCi 2 cells. Formation of
[3H]inositol phosphates is detected within 1 mm of incubation
even with concentrations as low as 0.3 ng/ml (90 pM) MTX,
whereas release of [3H]arachidonic acid is not detected until 20
mm even with concentrations as high as 1 ng/ml (300 pM) MTX.

Stimulation of arachidonic acid release can be detected at 0.03
ng/ml (9 pM) MTX, whereas 0.1 ng/ml (30 pM) MIX is the
threshold for detection of phosphoinositide breakdown. Organic

and inorganic calcium channel blockers, except Cd2� and a high
concentration of Mn2�, have no effect on MIX-elicited phosphi-
nositide breakdown, whereas inorganic blockers (e.g., Co2�,
Mn2�, Cd2), but not organic blockers (nifedipine, verapamil,

diltiazem), inhibit MIX-stimulated arachidonic acid release. All
calcium channel blockers, however, inhibited MIX-elicited influx
of 45Ca2� and the MIX-elicited increase in internal Ca2� measured
with fura-2 was markedly reduced by nifedipine. MIX-elicited
phosphoinositide breakdown and arachidonic acid release are
abolished or reduced, respectively, in the absence of extracellular
calcium plus chelating agent. Ihe calcium ionophore A231 87 has
little or no effect alone but, in combination with MIX, A231 87

inhibits MIX-elicited phosphoinositide breakdown and enhances
arachidonic acid release, the latter even in the absence of extra-
cellular calcium. Ihe results suggest that different sites and/or
mechanisms are involved in stimulation of calcium influx, break-
down of phosphoinositides, and release of arachidonic acid by
MIX.

MTX, a marine dinoflagellate toxin, activates voltage-sen-

sitive L-type calcium channels in many cell types (1-3). In

addition, MTX stimulates P1 breakdown in all cell types as yet

tested (4-8), including rat pheochromocytoma PC12 cells (8).

The effect of MTX on P1 breakdown is not blocked by blockers

of voltage-sensitive calcium channels and appears to occur at a

lower concentration of MTX than the concentration needed to

cause Ca2� influx (5, 8).

Effects of MTX on phospholipases other than the phospho-

lipase C that hydrolyzes PIs to inositol phosphates and diacyl-

glycerides have not been reported. The present study demon-

strates that MTX stimulates release of [3HJAA from phospho-

lipids labeled during prior incubation of PC12 cells with [3H]

AA. Stimulation of AA release by MTX presumably occurs

through a calcium-dependent activation of phospholipase A2.

The effects of MTX on (i) activation of phospholipase A2,

resulting in release of [3H]arachidonic acid, (ii) activation of

phospholipase C, resulting in formation of [3H]mnositol phos-

phates, and (iii) activation of calcium channels, resulting in

increase of intracellular calcium, are compared in PC12 cells

with respect to time course, concentration dependency, and

blockade by calcium antagonists and other agents.

Experimental Procedures

Materials. MTX was isolated from Gambierdi.scus toxicus, as de-

scribed (9). Its molecular weight as a disodium salt was estimated as
3424.5 ± 0.5. Culture media and sera were from GIBCO (Grand Island,

NY). [3H]AA (90-100 Ci/mmol), [3H]inositol (12-17 Ci/mmol), and

[3H]inositol mono-i-, bis-1,4-, and tris-1,4,5-phosphate standards for

HPLC were from New England Nuclear (Boston, MA). 45CaC12 (18

mCi/mg) was from Amersham (Arlington Heights, IL). Fura-2 (cell-

permeant form) was from Molecular Probes (Portland, OR), nifedipine
and bovine serum albumin from Sigma (St. Louis, MO), diltiazem from
Marion Laboratories (Kansas City, MO), verapamil hydrochloride from
A.G. Knoll (West Germany), quinacrine from Aldrich Chemical Co.
(Milwaukee, WI), and the calcium ionophore A23187 from Calbiochem

(La Jolla, CA). Other chemicals were from standard commercial
sources.
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Cell culture. PC12 cells, derived from a pheochromocytoma tumor

of the rat adrenal medulla, were provided by Dr. G. Guroff (National

Institutes of Health, Bethesda, MD). Cells were grown in DMEM with

6% fetal calf serum, 6% horse serum, penicillin (100 units/ml), and

streptomycin (100 �sg/ml) and were kept at 37’ in an atmosphere

enriched in CO2.
AA release. Cells in 12-well plates were incubated overnight with

[3H]AA (0.5 MCi/ml), except for time course studies where individual

plates (60 x 15 mm) were used. The procedure was adopted from Burch

et a!. (10) with slight modifications. The labeled cells were washed

three times at 5-mm intervals with DMEM containing 20 mM HEPES
(pH 7.6). After the final washing, cells were preincubated for 10 mm

in DMEM containing 20 mM HEPES (pH 7.6) and 0.03% bovine serum

albumin. Agents were then added and cells were incubated for 30 mm

at 37’. At the end of incubation, 200 Ml of medium were collected from

each well and centrifuged for 1.5 mm (12,000 x g). A 100-j�l aliquot of

supernatant was then counted in a liquid scintillation counter. Each

set of experiments was done on the same day for consistency of the

stage of growth and number of cells. All the experiments involving the

calcium ionophore A23187 were done in the absence of bovine serum
albumin because A23187 binds to bovine serum albumin (11). “Cal-

cium-free” in AA release assays indicates that no calcium or chelating

agent was added in the media. Results are means ± standard errors of

three or more experiments performed in triplicate.
P1 breakdown. Cells in 12-well plates were incubated overnight

with [3Hjinositol (1 j.tCi/ml) in inositol-free medium. The labeled cells

were washed once with buffer A (118 mM NaCl, 4.7 mM KC1, 2 mM

CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 0.5 mM EDTA, 10 mM glucose,

and 20 mM HEPES, pH 7.4). The cells were then preincubated for 10

mm in buffer A containing 10 mM LiC1 (osmolarity was maintained by
reducing NaC1 to 108 mM). Agents were then added and cells were

incubated for 30 mm at 37’. At the end of the incubation, cells were
scraped from the plates and transferred to 1.5-ml microfuge tubes.

After centrifugation for 1 mm (12,000 X g), the supernatants were

discarded and 1 ml of 6% trichloroacetic acid was added. The tubes

were sonicated with a probe sonicator, vortexed, and centrifuged for

1.5 mm (12,000 x g). The supernatant was applied to anion exchange

columns (Bio-Rad AG 1 x 8, 100-200 mesh, formate form). The

separation procedure by anion exchange chromatography was as de-

scribed by Berridge et al. (12). For some experiments, HPLC was used

for separation of inositol phosphates. For HPLC determination, 400 .sl
of 5% perchloric acid and 10 j�l of a mixture of phytate hydrolysate (0.9

mg/ml P�) (13), adenosine, and adenosine phosphates (2 mM of aden-

osine, AMP, ADP, and ATP) were added, instead of 1 ml of 6%

trichloroacetic acid. Adenosine and adenosine phosphates were added
to provide for monitoring HPLC by UV adsorption. The tubes were

sonicated with a probe sonicator, vortexed, and centrifuged for 1.5 mm
(12,000 x g). The supernatant of each tube was transferred to another

set of tubes and 350 �sl of a mixture (1:1) of 1,1,2-trichloro-trifluoroe-

thane (Freon) and tri-n-octylamine and 5 �sl of phenol red were added

to each tube. The tubes were shaken in a microfuge shaker for 5 mm

and centrifuged for 1.5 mm (12,000 x g). Aliquots (300 ��l) of the upper

layer were transferred to autosampler vials, neutralized with 10 �zl of
0.2 N NaOH, and then applied to the HPLC column. The separation

procedure was as described (14). A Zorbax column (5-jim particle size)
was utilized. The mobile phases were 0.01 M (solvent A) and 1.2 M

(solvent B) ammonium phosphate. The elution solvent was a gradient

with the following sequence: 100% solvent A (0-5 mm), solvent B from

0 to 65% (5-50 mm), solvent B from 65 to 0% (50-55 mm), and 100%

solvent A (55-75 mm). Retention time for standards were as follows:

[3H]inositol mono-i-phosphate, 10.6 mm; [3H]inositol bis-1,4-phos-

phate, 19.7 mm; [3H]inositol tris-1,4,5-phosphate, 29.4 mm. The [3H]

inositol mono-i-phosphate peak was followed by another [3H]inositol

monophosphate (12.0 mm) assumed to be the [3H]inositol mono-4-

phosphate. In most experiments, the relative amounts of presumed

[3Hjinositol mono-4-phosphate were about 60% of the amounts of [3H}

inositol mono-i-phosphate. The perchloric acid precipitate was used

for the measurement of incorporation of [3H]inositol into lipids. The

pellet was suspended in 0.5 ml of a 1:1 mixture of 1 M KC1 and 10 mM

inositol in methanol. Chloroform (0.5 ml) was added to the suspension

and lipids were extracted by shaking for 10 mm. An aliquot of the

chloroform layer (0.2 ml) was transferred to a scintillation vial and

evaporated to dryness. Radioactivity in the lipid fraction was measured
after adding 6 ml of Betafluor (National Diagnostics, Manville, NJ).

The results were calculated as cpm of inositol phosphate/10,000 cpm

of lipids (i5). [3H]Inositol phosphates in time course experiments were

measured using anion exchange columns as described (i5). “Calcium-

free” in th P1 breakdown assay indicates a final calcium concentration
of 10 �zM. Because buffer A contains 0.5 mM EDTA, calcium and

magnesium concentrations had to be adjusted for “calcium-free” con-

dition. All the data are means ± standard errors of three or more
experiments performed in triplicate.

Uptake of 45Ca2’. Cells labeled with [3H]leucine for 2 days were

plated in 6-well plates overnight. The labeled cells were preincubated
for 10 mm in 0.5 ml of a preincubation buffer (10 mM NaCl, 5.4 mM

KCI, 2 mM CaCl2, 5 mM glucose, 50 mM HEPES, pH 7.4 adjusted with

Tris at 22�, 240 mM sucrose, and indicated channel blockers and

channel activators). After the preincubation buffer was aspirated, 0.5

ml of an influx buffer, containing 150 NaC1, 5 mM KC1, 2 mM CaCI2, 5
mM glucose, 50 mM HEPES (pH 7.4 adjusted with Tris at 22’), agents,

and 45CaC12 (0.5 MCi/well), was added. After incubation for 2 mm at

22’, cells were washed three times with a wash buffer (150 mM NaC1,

5.4 mM KC1, 2 mM CaCl2, 5 mM glucose, and 50 mM HEPES, pH 7.4
adjusted with Tris at 22’). The cells were solubilized with 0.5 ml of i%

sodium dodecyl sulfate/0.5 N NaOH at room temperature for 30 to 60

mm. After the NaOH was neutralized with 0.25 ml of 1 N HC1, the

radioactivity (3H and 42Ca) was determined using a scintillation counter
set to measure 3H/’4C. Results are means ± standard errors of three or

more experiments performed in triplicate. The amount of [3H]leucine
incorporation allowed normalization for cell density in different wells.

Determination of [Ca211. PC12 cells were suspended in buffer A

(same as P1 breakdown buffer without lithium) containing 10 �M fura-
2 (cell-permeant form). After a 30-mm incubation at 37�, cells were

centrifuged and the supernatant was discarded. Cells were washed

twice before fluorometric determinations were performed. Aliquots

containing 1-2 x 106 cells were added to temperature-controlled cu-

vettes (37’). Fluorescence was determined in a Perkin Elmer LS-5

spectrofluorometer at an excitation wavelength of 354 nm and emission

wavelength of 510 nm. Calibration was performed by obtaining maxi-

mum fluorescence after Triton X-iOO lysis of cells and then after a

subsequent addition of 10 mM EGTA. Results are means ± standard

errors of seven experiments performed in triplicate.

Results

MTX caused both AA release and P1 breakdown in a con-

centration-dependent manner in PC12 cells (Fig. 1). Stimula-

tion of AA release can be detected at 0.03 ng/ml (9 pM) MTX

(data not shown) and reaches a maximum at 0.5 ng/ml (150

pM). P1 breakdown can be detected at 0.1 ng/ml (30 pM),

reaches a maximum at about 1 ng/ml (300 pM), and returns to

control levels at higher concentrations. Time courses of AA

release (Fig. 2) and P1 breakdown (Fig. 3) were studied. In the

absence of MTX, release of [3H]AA slowly increased from 261

± 34 cpm at 0 mm to 926 ± 58 cpm at 60 mm; cpm in [3H]

inositol phosphates after 45 mm were not significantly different

from cpm in [3H]inositol phosphates at 0 mm (data not shown).

P1 breakdown was detected as early as 1 mm of incubation

with 0.2 ng/ml (60 pM), 0.5 ng/ml (150 pM), or 1 ng/ml (300

pM) MTX, whereas stimulation of AA release was not detected

until after 20 mm of incubation with the same concentrations

of MTX. Formation of inositol monophosphate slowly in-

creased with 0.5 ng/ml MTX, reaching a plateau by 30 mm,
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Fig. 1. Concentration response of MTX for [3H]AA release (A) and
formation of [3H]inositol phosphate (B) in PCi 2 cells. Cells prelabeled
with either [3H}AA (A) or [3H]inositol (B) were incubated with different
concentrations of MTX for 30 mm. [3H]lnositol monophosphate was
measured by anion exchange chromatography (see Experimental Pro-
cedures). Results are means ± standard errors (three experiments). No
error bars indicate standard error less than the size of symbols. 1P3,
inositol tnsphosphate; lP2, inositol bisphosphate; lP1 , inositol monophos-
phate.

whereas maximal stimulation of inositol monophosphate for-

mation with 1 ng/ml MTX was reached in 5 mm. Formation

of the various inositol phosphate isomers was measured by

HPLC after 1-mm incubations with 0.3 ng/ml and 1 ng/ml

MTX (Table 1). Inositol mono-4-phosphate increased to the

greatest extent, suggesting that inositol tris-1,4,5-phosphate

had been mainly metabolized to inositol mono-4-phosphate

within 1 mm. It should be noted that, although results with

MTX within a set of experiments were highly reproducible,

results with batches of cells at different stages of growth or

with cells at different passages showed more variability.

Stimulation of AA release, P1 breakdown, and calcium influx

induced by MTX were differentially inhibited by organic and

inorganic calcium channel blockers. Organic calcium channel

Time (mm)

Fig. 2. Time course for [3H}AA release in the presence of MTX in PCi 2
cells. Cells prelabeled with [3H]AA were incubated with 0.2, 0.5, and 1
ng/ml MTX for the indicated period oftime. Results are means ± standard
errors (three experiments). No error bars indicate standard error less
than the size of symbols.

blockers have no effect on stimulation of either AA release or

P1 breakdown by MTX, while partially blocking MTX-induced

calcium influx (Table 2). Nifedipine (1 �M) had no effect on

AA release elicited by MTX over a range of concentrations

from 0.1 to 3 ng/ml (data not shown). All the inorganic calcium

channel blockers tested (Cd2�, Mn2, Co2�) inhibited AA release

and calcium influx, whereas only Cd2� and a high concentration

(5.0 mM) of Mn2� inhibited P1 breakdown (Table 2).’ Cd2�

inhibited both AA release, P1 breakdown, and calcium influx

in a concentration-dependent manner (Fig. 4). The shallow

concentration-response curves of Cd2� for inhibition of MTX-

elicited AA release and calcium influx are in contrast to the

concentration-response curve for inhibition of MTX-elicited

P1 breakdown. MTX-stimulated AA release, P1 breakdown,

and calcium influx were measured in the absence and presence

of Cd24 (Fig. 5). Blockade of MTX-stimulated AA release and

P1 breakdown by Cd2� was noncompetitive, whereas blockade

of MTX-stimulated calcium influx was overcome by increasing

the concentration of MTX, suggesting a pseudocompetitive

effect. Nifedipine (1 �tM) inhibited the increase in concentration

of intracellular calcium measured with fura-2 from �[Ca2�]1 of

192 ± 23 nM (mean ± standard error, seven experiments) with

1 ng/ml MTX alone to �[Ca2]� of47 ± 12 nM (mean ± standard

error, seven experiments) in the presence of nifedipine. The

effects of nifedipine (1 �sM) on MTX-elicited calcium influx,

intracellular calcium concentration, P1 breakdown, and AA

release are summarized in Fig. 6. The inhibitory effects of

nifedipine on the MTX-stimulated increase in calcium uptake

and intracellular calcium are in marked contrast to the lack of

effect of nifedipine on MTX-stimulated AA release and P1

breakdown. Clearly, the magnitude of calcium influx elicited

by MTX does not correlate with the magnitude of effects of

MTX on P1 breakdown or AA release, i.e., with nifedipine (Fig.

6) and with inorganic calcium blockers such as cadmium (Fig.
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of MTX in PCi 2 cells. Cells prelabeled with [3H}inositol were incubated error less than the size of symbols.
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4) the MTX-elicited calcium influx can be markedly reduced

with no effect on MTX-elicited P1 breakdown.

The calcium dependency for MTX-induced AA release and

P1 breakdown was determined (Fig. 7). In calcium-free media,

the potency of MTX for stimulation ofAA release was markedly

reduced. A further reduction in potency occurred in the pres-

ence of EDTA but, at a concentration of 900 pM, MTX still

elicited AA release (Fig. 7A). This is in contrast to the lack of

effect of MTX on P1 breakdown in the presence of EDTA (Fig.

7B). The potency of MTX for stimulation of AA release was

also reduced by the absence of sodium in the medium (Fig. 7A),

whereas the potency of MTX for stimulation of P1 breakdown

was not changed by the absence of sodium in the medium (Fig.

7B). Stimulation of AA release by MTX was maximal at a

concentration range of 2-5 mM calcium and returned towards

control levels at higher concentrations of calcium (Fig. 8).

Effects of the calcium ionophore A23187 on basal and MTX-

stimulated AA release and P1 breakdown were studied in reg-

ular and calcium-free medium. A23187 (10 �zM) markedly po-

tentiated MTX-stimulated AA release in regular medium (Fig.

9A), whereas only a slight potentiation was observed in the

calcium-free medium (Fig. 9B). MTX-induced P1 breakdown

was almost completely inhibited by coincubation with 10 �sM

A23187 in regular medium (Fig. 9C), whereas in calcium-free

medium there was a slight potentiation with the combination

of MTX and A23187 (Fig. 9D).

Quinacrine, a putative phospholipase A2 inhibitor, inhibited

with similar potency MTX-induced AA release, P1 breakdown,

and calcium influx (Fig. 10).

Discussion

MTX activates voltage-dependent calcium channels, as

shown by calcium influx (1-3). Such activation appears to be

responsible for stimulation by MTX of neurotransmitter re-

lease, contraction of smooth muscle, and stimulation of cardiac

function, because such effects of MTX are blocked by organic

blockers of voltage-dependent calcium channels. MTX also

stimulates P1 breakdown in many, if not all, cell types (4-8).

The stimulatory effects of MTX on P1 breakdown occur at

concentrations of MTX as low as 0.1 ng/ml (30 pM) and are

not blocked by organic calcium channel blockers. However,

effects of MTX on the phospholipases catalyzing hydrolysis of

PIs to inositol phosphates and diacyiglycerides are dependent

on extracellular calcium, suggesting that MTX at concentra-

tions of 100-1500 pM may merely elicit an influx of calcium

and that the calcium then stimulates phospholipase C. As yet,

MTX has not been shown to have a direct effect on phospho-

lipase C in membrane preparations (6, 16). MTX has no iono-

phore activity (17) and the high potency suggests interaction

with a specific calcium transport system. Lack of blockade by

classical channel blockers suggests that stimulation by MTX

of voltage-dependent calcium channels is not involved. In view

of the fact that other phospholipases in cell membranes, such

as phospholipase A2, are also calcium dependent, the effects of

MTX on both hydrolysis of PIs by phospholipase C to inositol
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TABLE 1

MTX-elicited formation of [3Hjinositol phosphate isomers in PC12 cells
Cells prelabeled with [3Hjinositol were preincubated, as described in Experimental Procedures, in buffer A containing LiCI for 1 0 mm and then MTX was added. After 1
mm of incubation, [3H]inositol phosphate isomers were measured by HPLC (see Experimental Procedures). Results are mean ± standard error (three experiments).
Statistically significant differences from control values were determined by Student’s t-test.

#{149}p� 0.01.
bp � 0.05.

MIX Inositol mono.1-phosphate lnosit� mono.4-phosphate
�is���ate

Inositol tns-1 3,4-phosphate Inositol Iris-i .4,5-phosphate

rig/rn! % of control

0.3 154 ± i4 196 ± 30b 152 ± 25k’ 135 ± 21 133 ± 43
1 267±6i�’ 402±85b 279±42a 145±38 212±22a

a,
C
0
4

0

a Cells prelabeled with [3HJAA were preincubated as described in Experimental
Procedures for 10 mm and then MIX and calcium channel blockers were added.
After 30 mm of incubation at 37#{176},an aliquot of the incubation medium was collected
and counted for radioactivity. Results are means ± standard error (three experi-
ments or more).

b Cells prelabeled with [‘H]inositol were preincubated, as decscr#{232}bedin Experi-
mental Procedures, in buffer A containing LCI for 10 mm and then MTX and calcium
channel blockers were added. After 30 mm of incubation, [3H]inositol mono-i -

phosphate was measured by HPLC (see Experimental Procedures). Results are
mean ± standard error (three experiments).

C Cells were preincubated in preincubation mixture with agents for 10 mm at
22#{176}and then ‘�Ca2� was added for 2 mm as described in Experimental Procedures.
After incubations were stopped, cells were washed three times and solubilized with
0.5 ml of 1% sodium dodecyl sulfate/0.5 N NaOH added for 30 to 60 mm. values
are means ± standard error (three experiments).

0 .001 .01 .1 10
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MTX-induced calcium influx in PC12 cells was not com-

pletely inhibited by nifedipine (Table 2), whereas 50 mM KC1-

TABLE 2

Effects of calcium channel blockers on MTX-induced AA release, P1
breakdown, and calcium uptake in PC12 cells

Cabum thann� AA release’ P1breakdown5 “Ca2� uptakec

blockers (MTX, 0.3 rig/mI) (MIX, 0.5 ng/ml) (MIX, 0.5 ng/ml)

% ofthe response ofMTX alone

Nifedipine(1 �sM) 106 ± 9 85 ± 4 60 ± 6
Nifedipine (1 0 ILM) 97 ± 1 1 23 ± 2 49 ± 6
Verapamil (1 0 zM) 69 ± 4 140 ± 30 34 ± 5
Diltiazem (1 0 (SM) 71 ± 3 1 1 4 ± 1 0 56 ± 10
CoCl2 (1 mM) 22 ± 4 121 ± 41 54 ± 10
MnCl2 (1 mM) 30 ± 8 70 ± 1 5 38 ± 10
MnCI2 (5 mM) 4 ± 2 41 ± 2 -3 ± 6
CdCI2 (1 mM) 24 ± 3 2 ± 2 -3 ± 4

phosphates and on hydrolysis of phospholipids by phospholi-

pase A2 to AA have been compared in pheochromocytoma PC12

cells. In addition, the effects of MTX on 45Ca2� influx and on

internal levels of calcium were determined.

MTX caused marked stimulation ofAA release in PC12 cells.

Stimulation of AA release occurred at lower concentration of

MTX than the concentration required for P1 breakdown;

MTX-induced AA release reached maximum at 0.5 ng/ml

MTX, whereas MTX-induced P1 breakdown reached a maxi-

mum at 1 ng/ml (Fig. 1). However, P1 breakdown was detected

earlier (1 mm of incubation with MTX) (Table 1) than stimu-

lation of AA release (20 mm of incubation with MTX) (Fig. 2).

MTX-induced AA release reached maximum at calcium con-

centrations of 2 to 5 mM (Fig. 8). In the case of P1 breakdown

in PC12 cells, stimulation by MTX has been shown to be

maximal at 1.5 mM calcium for [3Hjinositol monophosphate

formation, 2.5 mM for [3H]inositol bisphosphate formation, and

0.5 mM for [3Hjinositol trisphosphate formation and to return

to control level at higher concentrations of calcium (13). The

MTX concentration-response curve for stimulation of AA re-

lease was shifted to the right in the absence of extracellular

calcium and was further shifted to the right with EDTA (500

j.LM). However, at high concentrations, MTX still stimulated

AA release even in the presence of EDTA (Fig. 7A). Further-

more, the concentration of Cd2� at which calcium influx was

[Cd2] (mM)

Fig. 4. Blockade of MTX-induced [3H]AA release (0), P1 breakdown 4,

and calcium influx (A) by CdCl2 in PC12 cells. Cells prelabeled with [3H1
AA for AA release, [3H]inositol for P1 breakdown, or [3H]leucine for
calcium influx experiments were incubated for 30 mm with 0.3 ng/ml (for
AA release) or 0.5 ng/ml (for P1 breakdown) MIX or for 2 mm with 0.5
ng/ml (for calcium influx) in the presence of different concentrations of
CdCl2. [3H]lnositol mono-i -phosphate was measured by HPLC. For
calcium influx experiments, cells were incubated with agents and 45Ca2�
for 2 mm. Results are means ± standard errors (three experiments). No
error bars indicate standard error less than the size of symbols.

completely blocked did not completely block AA release (Fig.

5). Calcium is essential for the activation of mammalian mem-

brane phospholipase A2 (18), suggesting that EDTA or Cd2�

cannot completely remove calcium essential for MTX-elicited

activation of this enzyme.

In contrast to the stimulatory effects of MTX on AA release

in the absence of any extracellular calcium, MTX at 150 pM

did not stimulate P1 breakdown in the presence of EDTA,

suggesting either that calcium influx is required or that calcium,

which is essential for the action of MTX on P1 breakdown, is

removed by EDTA. Concentrations of Cd2� that completely

blocked MTX-elicited influx of 45Ca2� also blocked the stimu-

latory effects of MTX on P1 breakdown (Fig. 5). Thus, the

effects of MTX on P1 breakdown are more dependent on

extracellular calcium than are the effects of MTX on AA

release. Whether MTX can, in high concentrations, mobilize

membranal or intracellular calcium, resulting in AA release but

not P1 breakdown, is unknown.
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Ca2#{149}uptake lCa”]l P1 Breakdown AA Release

1 0 Fig. 6. MIX-induced 45Ca2� uptake, increase in concentration of intra-

cellular Ca2�, P1 breakdown, and [3H]AA release in the absence and
presence of nifedipine (1 �M) in PCi 2 cells. Either 0.3 ng/ml (AA release),
0.5 ng/ml (P1 breakdown, 45Ca2� influx), or 1 ng/ml ([Ca2�]) MTX was
used. For assays see Experimental Procedures.

induced calcium influx was completely inhibited by nifedipine

(data not shown). Thus, in PC12 cells, MTX elicits an influx

of calcium both through activation of L-type calcium channels

that are sensitive to blockade by nifedipine and through acti-

vation of other channels or mechanisms. High potassium ap-

parently activates only nifedipine-sensitive L-type calcium

channels and has only slight effects on P1 breakdown (data not

shown). MTX-induced AA release and P1 breakdown were not

inhibited at all by nifedipine or by two other organic calcium

channel blockers, namely verapamil and diltiazem (Table 2).

Clearly, MTX-induced AA release and P1 breakdown are not

dependent on calcium influx through L-type calcium channels.

Quinacrine is often purported to be a selective phospholipase

A2 inhibitor but, in the present study, it inhibited equally

effectively both MTX-elicited AA release, P1 breakdown, and

calcium influx (Fig. 10). Thus, quinacrine should be used cau-

tiously, if at all, as a selective phospholipase A2 inhibitor.

The data do not provide clear insight into the mechanisms

of stimulation of calcium channels, phospholipase C, and phos-

pholipase A2 by MTX. One hypothesis would be that MTX

interacts with a high affinity site associated with calcium

channels and/or calcium transporters and that transport of

calcium to phospholipases results in activation of such enzymes.

As a corollary of this hypothesis, the transporters associated

with activation of phospholipase C would be entirely dependent

on availability of extracellular calcium, whereas transporters

associated with phospholipase A2 could to some degree utilize

membranal or intracellular calcium for the activation of the

enzyme. It is possible that calcium would act at an intramem-

brane site rather than an intracellular site to activate phospho-

lipases. Consonant with this proposal, it was reported that

calcium-dependent P1 breakdown with MTX occurs in frog

oocytes even after microinjection of the oocytes with EGTA

(19). Furthermore, MTX elicits P1 breakdown in HL-60 cells

Fig. 5. Concentration response of MTX for AA release (A), P1 breakdown
(B), and calcium influx (C) in the presence of various concentrations of
Cd2� in PCi 2 cells. Cells prelabeled with either [3H]AA, [3H]inositol, or
[3H]Ieucine were incubated with MTX for 30 mm for AA release and P1

breakdown or 2 mm for calcium influx. B, [3H]lnositol mono-i -phosphate
was measured by HPLC. C, The asterisk indicates the point assigned a
value of 1OO%. Results are means ± standard errors (three experiments).
No error bars indicate standard error less than the size of symbols.
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MTX (ng/mI)

Fig. 7. Concentration response of MIX for [3H]AA release (A) and for P1
breakdown (B) in regular (DMEM containing 20 mr�i HEPES), calcium-
free sodium-free, or calcium-free plus EDTA medium in PCi 2 cells. Cells
prelabeled with [3HJAA were incubated with different concentrations of
MTX for 30 mm in the indicated medium. In sodium-free medium,
osmolanty was adjusted with choline chloride (1 10 mM) and sucrose (130
mM) for AA release and or choline chloride (1 18 mM) for P1 breakdown.
[3H]Inositol mono-i-phosphate was measured by HPLC (see Experimen-
tal Procedures). Results are means ± standard errors (three experiments
except for B, last point in calcium-free). No error bars indicate standard

error less than the size of symbols.

even under conditions where intracellular calcium is chelated

by BAPTA (16).

MTX has been suggested to be a pore-forming agent (7, 20).

However, other studies even with very high concentrations of

MTX demonstrated no pore-forming or ionophore activity for

MTX in liposomes or mitochondria (17). Because of its size

and polarity, it appears unlikely that MTX will even penetrate

across plasma membranes of cells. The present study provides

further data suggesting that MTX does not act as an ionophore

in stimulating AA release or P1 breakdown. Thus, the calcium

channel ionophore A23187 had no effect on the basal AA release

and P1 breakdown (Fig. 9), demonstrating that MTX must act

[Ca2’] (mM)

Fig. 8. Effects of calcium concentration on [3H]AA release in the presence
0 or absence (0) of MTX in PCi 2 cells. Cells prelabeled with [3H]AA
were incubated for 30 mm with or without 0.3 ng/ml MIX in the presence
of different concentrations of calcium. The indicated concentrations of
calcium were based on addition of calcium to Ca2�-free medium. Results
are means ± standard errors (three experiments). No error bars indicate
standard error less than the size of symbols.

in a different manner than this ionophore to stimulate phos-

pholipid metabolism in PC12 cells. Furthermore, the ionophore

A23187 significantly potentiated MTX-stimulated AA release

in both regular and calcium-free medium, whereas MTX-stim-

ulated P1 breakdown was markedly inhibited by A23187. A

mechanism to account for the differential effects of A23187 on

MTX-stimulated AA release and P1 breakdown in PC12 cells

is not clear.

Interestingly, absence of extracellular sodium markedly re-

duced the potency of MTX with respect to AA release (Fig.

7A), while not reducing the potency of MTX to stimulate P1

breakdown (Fig. 7B). The data indicate that extracellular so-

dium is necessary for AA release, but not for P1 breakdown. It

has been noted that MTX-induced calcium influx into NG1O8-

15 cells was decreased in sodium-free medium (3). However,

MTX was found to have no effect on sodium flux in these cells

and the involvement of sodium in MTX-elicited opening of

voltage-sensitive calcium channels (3) and in MTX-stimulated

AA release remains unexplained.

Possible interrelationships between MTX-elicited channel

activation, PT breakdown by phospholipase C, and AA release

by phospholipase A2 in intact cells clearly remain poorly de-

fined. One consideration is whether the early activation of P1

breakdown by MTX could lead to activation of phospholipase

A2. Receptor control of phospholipase A2 and phospholipase C

have been shown to be independent in thyroid cells (21).

However, in the case of MTX, activation of protein kinase C

by the P1 breakdown product diacylglycerol (see Ref. 14) might

lead to enhancement of AA release, in analogy to the stimula-

tory effects on AA release of exogenous activators (phorbol

esters) of protein kinase C (22, 23). And it has been proposed

that diacylglycerol itself, independent of activation of protein

kinase C, induces AA release in 3T3 fibroblasts (24). Although

not conclusive, the present data do not support a relationship

between the rapid effects of MTX on P1 breakdown and the
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Fig. 9. Effects of calcium ionophore A231 87 on MIX-induced [3H]AA
release (A and B) and [3H]inositol mono-i -phosphate formation (C and
D) in PCi 2 cells. Experiments were performed in regular (A and C) or
calcium-free medium (B and 0). Cells prelabeled with either [3H]AA (A
and B) or [3H]inositol (C and D) were incubated with agents for 30 mm.
For A and B, bovine serum albumin was not included in the incubation
medium. [3Hjlnositol mono-i -phosphate was measured by HPLC (see

Fig. 10. Concentration-dependent blockade by quinacrine of MTX-in-
duced [3H]AA release (0), P1 breakdown 4, and calcium influx (A) in
PC12 cells. Cells prelabeled with either [3HJAA, [3Hlmnositol, or[3H]leucine
were incubated with MTX (0.3 ng/ml for AA release and 0.5 ng/ml for P1
breakdown and calcium influx) for 30 mm (for AA release and P1 break-
down) or 2 mm (for calcium influx) with 45Ca2� (see Experimental Proce-
dures). [3Hllnositol mono-i -phosphate was measured by HPLC (see
Experimental Procedures). Results are means ± standard errors (three
experiments). No error bars indicate standard error less than the size of
symbols.

slower effects on AA release. Thus, MTX stimulates AA release

at lower concentrations than P1 breakdown. Furthermore, at

high concentrations, MTX can still stimulate AA release, while

having minimal effects on P1. Finally, EDTA completely blocks

MTX-elicited P1 breakdown, whereas EDTA only reduces po-

tency of MTX with respect to AA release. If an increase in the

intracellular calcium level due to inositol trisphosphate for-

mation was involved in MTX-induced AA release, then a

calcium ionophore alone also should stimulate AA release. The

ionophore A23187 alone did not stimulate AA release (Fig. 9A).

Finally, if both calcium and diacylglycerol, products of MTX-

elicited P1 breakdown, are involved in AA release, then incu-

bation of cells with a combination of calcium ionophore and

phorbol ester should stimulate AA release; this treatment had

no effect on AA release (data not shown).

At present, three effects of MTX observed in intact cells are

(i) activation of calcium channels, leading to calcium influx,

(ii) activation of phospholipase C, leading to P1 breakdown,

and (iii) activation of phospholipase A2, leading to AA release.

A comparison of dose-response relationships, time courses,

dependence on extracellular calcium, effects of inorganic and

organic calcium channel blockers, and interactions with cal-

cium ionophores suggests that different mechanisms and/or

sites are involved in the three effects of MTX. However, it is

possible that a single high affinity site for MTX involved with

calcium translocation subserves all effects of MTX. The delin-

eation of molecular mechanisms involved in activation of cal-

cium channels in most if not all cells, P1 breakdown in all cells

Effects of Maitotoxin on Signal Transduction 229

Experimental Procedures). Results are means ± standard errors (three

experiments).
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as yet tested, and AA release undoubtedly will require devel-

opment of cell-free systems and a radiolabeled MTX. As yet

cell-free systems in which MTX has effects on phospholipid

metabolism have not been developed (6, 16).
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