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Abstract

The Ca2q ionophore A23187 is routinely used to illustrate the extracellular Ca2q-dependence of a variety of cellular reactions. We
found that A23187-induced hydrolysis of phosphoinositides to various inositol phosphates in rat Kupffer cells was accompanied by their

Ž .release from the cells. The synthesis and release of inositol phosphates was A23187 concentration-dependent 0.5–10 mM , and was
apparent at the lowest concentration tested. A23187-induced release of inositol phosphates increased time-dependently, was apparent at 5
s of stimulation and maximal at 20 min. The effects of A23187 were reversed by EGTA. The integrity of the cells was not affected by
A23187 treatment as indicated by their exclusion of trypan blue and the lack of release of lactate dehydrogenase. We propose that such
effects should be considered while evaluating the Ca2q-dependence of biological processes based on the actions of A23187. q 2001
Published by Elsevier Science B.V.
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1. Introduction

The biochemical effects of the Ca2q ionophore A23187
on rat liver mitochondria were reported more than 25 years

Ž .ago Reed and Lardy, 1972a,b . Since then A23187 has
been used to provide a Apositive controlB for extracellular

2q Žw 2qx .Ca Ca dependence of a variety of cellular pro-e

cesses. Recently, A23187 has also been used to demon-
strate Ca2q-dependence of such processes as nitric oxide

Ž . Žsynthesis Shinozaki et al., 1999 and apoptosis Lemas-
.ters, 1999 . In several cell types, A23187 has been shown

to stimulate hydrolysis of phosphoinositides into soluble
Žsecond messengers inositol phosphates Brammer et al.,

1988; Emilsson and Sundler, 1984; Moscat et al., 1988;
.Williamson et al., 1985 . While investigating phospho-

inositide metabolism and changes in intracellular Ca2q

Žw 2qx .Ca induced by platelet activating factor and otheri
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agonists in hepatic Kupffer cells, we noticed an unusual
A23187-mediated cellular formation and accumulation of
inositol phosphates. This observation prompted us to inves-
tigate more closely its effects on phosphoinositide
metabolism in these cells. The present experiments demon-
strate that although A23187 stimulates the metabolism of
phosphoinositides to inositol phosphates, a major portion
of these highly charged metabolites are released into the
extracellular medium. This phenomenon does not appear to
be a consequence of cell injury elicited by increased
w 2qxCa since the cells treated with A23187 did not perme-i

ate trypan blue or release lactate dehydrogenase into the
culture medium.

2. Materials and methods

The following reagents and chemicals were purchased
from the indicated sources: William’s medium E and

Ž .antibiotics GibcoBRL, Grand Island, NY, USA ; collage-
Ž . Ž .nase Type IV , protease Type XIV , bovine serum albu-
Ž . Ž .min fraction V and EGTA Sigma, St. Louis, MO, USA ;
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w3 x Ž . w3 xmyo-2 H inositol 20 Cirmmol and mixed H inositol
Ž .phosphate standards Amersham, Arlington Heights, IL ;

Žsynthetic platelet activating factor 1-O-hexadecyl-2-O-
. Žacetyl-sn-glycero-3-phosphocholine Bachem, Bubendorf,

. Ž ŽSwitzerland ; metrizamide 2- 3-acetamido-5-N-methyl-
. .acetamido-2,4,6-triiodobenzamido -2-deoxy-D-glucose

Ž . ŽNyegaard, Oslo, Norway ; and A23187 Calbiochem, San
.Diego, CA, USA .

2.1. Isolation and culture of Kupffer cells

Kupffer cells were isolated from the livers of male
Ž .Sprague–Dawley rats 200–250 g as described previously

Ž .Gandhi et al., 1990 . Briefly, following collagenase and
protease digestion of the liver, nonparenchymal cells were
separated from hepatocytes and cell debris by low speed
centrifugation, and purified on a metrizamide gradient.
Kupffer cells were then purified from other nonparenchy-
mal cells by centrifugal elutriation. The cells were sus-
pended in William’s medium E supplemented with 2 mM
L-glutamine, 10% fetal calf serum and penicillinrstrepto-
mycin, and placed at a density of 4=106 cells in 35 mm
tissue culture dishes. The medium was renewed following
an overnight incubation in a humidified atmosphere of

Ž .airrCO 95:5 . Cells were used for experiments on day 32

or 4 of culture.

2.2. Metabolism of phosphoinositides

Cells were washed and placed in fresh medium contain-
w3 xing 2% serum and 2 mCirml H inositol. After a 24-h

labeling period, cells were washed with serum-free medium
w3 xwithout H inositol containing 0.25% bovine serum albu-

min, and 10 mM lithium chloride to inhibit the breakdown
Žof inositol phosphates Dean and Moyer, 1987; Downes

.and Michell, 1981 . Cells were challenged with specified
concentrations of the agents as indicated in the figure and
table legends. After various experimental treatments, the
medium was aspirated, centrifuged and the supernatant
stored at y808C in polypropylene tubes. Cell extracts
were prepared by replacing the medium with 1 ml of 10%
Ž .wrv ice-cold trichloroacetic acid. After scraping and
centrifugation for 5 min at 14,000=g, the supernatant was
removed, washed five times with a fivefold excess of
water-saturated ether, lyophilized and stored at y808C.

Inositol phosphates were analyzed by anion exchange
Žchromatography on Dowex column Downes and Michell,

.1981 . Briefly, the medium or the cell extract reconstituted
in water was loaded on to a column of 1 g Dowex-1X
Ž .200–400 mesh size; Sigma washed successively with 2
N HCl, water, 3 M ammonium formate and water. The

w3 xcolumn was washed with 30 ml water, and H glycero-
w3 x w3 xphosphoinositol, H inositol monophosphate, H inositol
w3 xbisphosphate and H inositol trisphosphate were eluted,

respectively, with 10 ml of 60 mM sodium borater5 mM
sodium tetraborate, 0.2 M ammonium formate in 0.1 M

formic acid, 0.4 M ammonium formate in 0.1 M formic
acid and 1 M ammonium formate in 0.1 M formic acid.
Fractions were collected, and radioactivity was determined
in a Beckman LS5801 b counter at about 50% efficiency
for 3H. The identity of individual inositol phosphates was
determined by an HPLC procedure essentially as described

Ž .previously Gandhi et al., 1990 .

2.3. Determination of cell membrane integrity

2.3.1. Lactate dehydrogenase assay
Lactate dehydrogenase activity in the medium of cul-

tured cells was determined essentially as described by
Ž .Wroblewski and LaDue 1953 . Cells were washed and

placed in Hank’s balanced salt solution containing 0.1%
bovine serum albumin and challenged with platelet activat-
ing factor or A23187 for 20 min. For complete release of
lactate dehydrogenase activity, cells were incubated with

Ž .0.2% final concentration Triton X-100. The assay mix-
ture contained 2.4 ml of 0.05 M phosphate buffer, pH 7.4,

Ž .0.1 ml incubation medium, and 0.1 ml 2.5 mg NADH.
Ž .After 20 min, 0.1 ml 2.5 mg sodium pyruvate was added

and the absorbance was recorded for 5 min at 340 nm.

2.3.2. Trypan blue exclusion
For determination of trypan blue exclusion, cells were

Žtreated with trypsin 0.25% in Hank’s balanced salt solu-
.tion containing 1 mM EDTA; GibcoBRL following incu-

bation with A23187, suspended in the culture medium and
Ž . Ž .mixed with trypan blue 0.4%; Sigma 1:1, vrv . Viabil-

ity of the cell was then determined in a hemocytometer.

2.3.2.1. Data analysis. The values are presented as aver-
ages of triplicate determinations. Each experiment was
repeated at least three times using separate cell prepara-
tions. Student’s t-test was employed for statistical compar-
ison of the paired samples. A P value of -0.05 was
considering statistically significant.

3. Results

3.1. Effect of A23187 and platelet actiÕating factor on
phosphoinositide metabolism in Kupffer cells

Both platelet activating factor and A23187 caused sig-
w3 xnificant increase in the synthesis of H glycerophospho-

w3 x Ž .inositol and H inositol phosphates in the cells Fig. 1 .
ŽThese results suggest activation of phospholipase A for-

.mation of glycerophosphoinositol as well as phospholi-
Ž . Žpase C formation of inositol phosphates Emilsson and

.Sundler, 1984; Williamson et al., 1985 by both agents.
However, stimulation with platelet activating factor evoked
a much greater elevation of these metabolites compared to
that with A23187. Upon analysis of the culture media from

w3 xcells incubated with these agents, release of H glycero-
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w3 xFig. 1. Effect of A23187 on the formation and the release of H inositol
w3 xphosphates. H inositol-labeled Kupffer cells were stimulated with 25

Ž .nM platelet-activating factor PAF or 10 mM A23187 for 20 min. Cell
Ž . Ž . w3 xextracts A and the medium B were analyzed for H glycerophospho-

w3 x )inositol and H inositol phosphates by Dowex chromatography. P-

0.05; ))P-0.01; aP-0.001 vs. control.

w3 xphosphoinositol and H inositol phosphates was observed
only from A23187-challenged cells.

3.2. Concentration dependence and time course of
A23187-mediated formation and release of inositol phos-
phates

Ž .A23187-induced cellular accumulation Fig. 2A and
Ž . w3 xextracellular release Fig. 2B of H inositol phosphates

increased in a concentration-dependent manner starting at
the concentration of A23187 as low as 0.5 mM. Up to a

w3 xconcentration of 1 mM, A23187-induced release of H in-
w3 xositol monophosphates and H glycerophosphoinositol

into the extracellular medium was parallel. Thereafter, the
w3 xaccumulation of H inositol monophosphates into the

medium became progressively much higher with a maxi-
mal effect occurring at 5 mM A23187. On the other hand,

w3 xthe release of H glycerophosphoinositol into the medium
remained constant. Also, A23187-induced release of
w3 xH inositol polyphosphates increased in a concentration-
dependent fashion. However, the release of these metabo-
lites into the medium exceeded their accumulation in cells
at all concentrations of A23187 tested.

Fig. 2. Concentration dependence of A23187-mediated formation and
w3 xrelease of inositol phosphates. H inositol-labeled cells were stimulated

with indicated concentrations of A23187 for 20 min. Radioactivity associ-
w3 x Ž . Ž .ated with H inositol phosphates in the cells A and the medium B was

determined by Dowex column chromatography. )P-0.05; ))P-0.01;
aP-0.001 vs. control.

w3 xA23187-dependent release of H inositol phosphates
from Kupffer cells was evident at 1 min of stimulation,

Ž .and was maximal at about 20 min of stimulation Fig. 3 .

Fig. 3. Time course of A23187-mediated release of inositol phosphates.
w3 xH inositol-labeled cells were stimulated with 10 mM A23187. At the

w3 xindicated time points, the reaction was terminated and H inositol phos-
phates in the medium was analyzed. )P-0.001 vs. control.
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3.3. Effect of EGTA on A23187-mediated release of inosi-
tol phosphates

w3 xIn the experiment illustrated in Fig. 4, H inositol-
labeled Kupffer cells were challenged with platelet activat-
ing factor, A23187 and EGTAqA23187 for 5 s and 20

w3 xmin. At 5 s, the levels of H inositol bis- and trisphos-
phates increased in PAF-stimulated, but not in A23187-

Ž .stimulated cells Fig. 4A . As determined by HPLC, these
w3 xmetabolites were identified as H inositol-1,4-bisphos-

w3 xphate and H inositol-1,4,5-trisphosphate, respectively.
However, even at this early time point of A23187 sti-

w3 x Ž w3 xmulation H inositol mono- identified as H inositol-1-
. Žphosphate by HPLC and polyphosphates identified as

w3 x w3 xH inositol-1,4-bisphosphate and H inositol-1,4,5-triis-
. Žphosphate by HPLC were released into the medium Fig.

.4B . At 20 min of stimulation, small increases in various
w3 xH inositol phosphates were observed in A23187-stimu-

Ž .lated cells Fig. 4C since major portions of these metabo-

Ž .lites were released into the medium Fig. 4D . HPLC
w3 xdetermination revealed that H inositol monophosphate

w3 xconsisted of 80% H inositol-1-phosphate and 20%
w3 x w3 xH inositol-4-phosphate. H inositol-1,4-bisphosphate

w3 xformed more than 90% of the total H inositol bisphos-
w3 xphate with the rest being H inositol-1,3-bisphosphate.

w3 xH inositol trisphosphate consisted of approximately 80%
w3 x w3 xH inositol-1-4-5, trisphosphate and about 20% H in-
ositol-1,3,4-trisphosphate. The presence of EGTA in the
incubation medium prevented the cellular synthesis as well
as the extracellular release of inositol phosphates in

Ž .A23187-stimulated cells Fig. 4B–D . These results indi-
cate a requirement for extracellular Ca2q for A23187-in-
duced stimulation of phosphoinositide metabolism.

3.4. Effect of A23187 on the membrane integrity

In order to elucidate whether the A23187-mediated
release of inositol phosphates was a consequence of cell
injury or increased membrane permeability induced by the

w3 xFig. 4. Effect of EGTA on A23187-induced formation and release of inositol phosphates at 5 sec and 20 min. Cells labeled with 5 mCirml H inositol
Ž . Ž . w3 xwere challenged with 25 nM platelet activating factor PAF or 10 mM A23187"5 mM EGTA. Upper panels A and B show H inositol phosphates in

Ž . w3 xthe cells and the medium as determined by Dowex column chromatography at 5 s of stimulation, whereas the lower panels C and D illustrate H inositol
phosphates at 20 min. )P-0.05; ))P-0.01; aP-0.001 vs. control. GPI, glycerophosphoinositol; Ins-P, inositol monophosphates; Ins-P , inositol2

bisphosphates; Ins-P , inositol trisphosphates.3
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Table 1
Effect of A23187 on the release of lactate dehydrogenase from Kupffer
cells

Decrease in A % LDH340

over 5 min activity

Ž .Triton X-100 0.2% 0.298"0.01 100"4
Vehicle 0.019"0.004 6.4"1.3

Ž .A23187 10 mM 0.020"0.005 6.7"1.8
Ž .PAF 50 nM 0.017"0.003 5.6"0.9

Cells were washed and incubated with indicated concentrations of A23187,
Ž .platelet activating factor PAF or Triton X-100 for 20 min. Control cells

Žwere incubated with the respective vehicles dimethyl sulfoxide for
.A23187 and 0.2% bovine serum albumin in 0.9% NaCl for PAF . Lactate

Ž .dehydrogenase LDH activity in the supernatant medium was determined
as described in the Methods section.

ionophore, the effect of A23187 on the release of lactate
dehydrogenase by Kupffer cells was examined. The release
of lactate dehydrogenase from cells incubated with Triton
X-100, used as a positive control, was considered to be

Ž .100%. Neither A23187 10 mM nor platelet activating
Ž .factor 50 nM caused an appreciable increase in the

lactate dehydrogenase activity in the medium over the
Ž .basal level Table 1 . Furthermore, at the concentrations of

A23187 used, as determined by the trypan blue exclusion
criteria in Kupffer cells, the integrity of the plasma mem-

Ž .brane was not affected results not shown .
Similar effects of A23187 were also noted in rat car-

diomyocytes as well as with another Ca2q ionophore
Ž .ionomycin in Kupffer cells results not shown .

4. Discussion

The present study demonstrates that treatment of Kupf-
fer cells with a widely used Ca2q ionophore A23187
results in the stimulation of phosphoinositide metabolism
and the release of inositol phosphates into the extracellular
medium. This unique effect of A23187 may not be a
consequence of generalized increased membrane per-
meability or cell injury since A23187-challenged cells
excluded trypan blue and did not release lactate dehydro-
genase. Earlier work demonstrated A23187 stimulated for-
mation of inositol phosphates in many cell types including

Ž .macrophages Emilsson and Sundler, 1984 , vascular en-
Ž .dothelial cells Moscat et al., 1988 and neuronal cells

Ž .Brammer et al., 1988 . Interestingly, however, A23187
was found not to stimulate phosphoinositide hydrolysis in

Žcertain cell types such as hepatocytes Creba et al., 1983;
. ŽThomas et al., 1983, 1984 and platelets Moscat et al.,

.1986; Rittenhouse, 1984 . Equivalent formation of inositol
phosphates was reported in cultured aortic endothelial cells

Ž .challenged with endothelial cell growth factor 1 ngrml
Ž . Ž .and A23187 10 mgrml Moscat et al., 1988 . However,

in these experiments, combined concentration of inositol
phosphates in cells and the medium appears to have been
determined. Therefore, it is difficult to assess whether

these cells also released inositol phosphates upon A23187
stimulation. It is also found that thrombin-induced

w 2qxmetabolism of phosphoinositides in platelets is Ca -in-e

dependent, but when platelets were pretreated with A23187
Ž .the effect of thrombin was abolished Moscat et al., 1986 .

In contrast, pretreatment with A23187 did not affect subse-
quent vasopressin-induced phosphoinositide metabolism in

Ž .hepatocytes Thomas et al., 1983 . Interestingly, throm-
bin-induced release of 5-hydroxytryptamine from platelets

Žwas unaffected by A23187 pretreatment Moscat et al.,
.1986 . Although these results indicate that the release of

5-hydroxytryptamine is Ca2q-independent, in consideration
of the observations of the present study, it is quite likely
that inositol phosphates formed in response to thrombin
Ž .Moscat et al., 1986 may have leaked out from A23187-
treated platelets.

w 2qxIncreased Ca i, due to its influx across the plasma
membrane induced by A23187, has been suggested to
stimulate secretion of hormones and neurotransmitters
Ž .Pressman and Fahim, 1982 . However, high concentra-

Ž .tions 5–10 mM of ionophore must be used in order to
Žinduce effects on secretion Knight and Baker, 1983; Tam

. Ž .and Dannies, 1980 . Knight and Baker 1983 reported that
A23187 caused the release of catecholamines from isolated
adrenal medullary cells, and unlike other mediators where
the response was reproducible, the A23187-induced release
of catecholamines was inconsistent and varied between 0
and 70% of the total cellular catecholamines. Furthermore,
higher rates of catecholamine release were associated with
large amounts of cell debris and the permeability of a large

Žproportion of the cells to trypan blue Tam and Dannies,
.1980 . These findings are consistent with the notion that

cellular injury and death can involve an increase in the
cytosolic Ca2q concentration. In this regard, low density

w 2qxlipoprotein-induced increases in Ca in lymphoblastoidi

cells has been suggested to cause DNA fragmentation and
Ž .apoptosis Escargueil et al., 1992 . A23187 has also been

Žshown to cause apoptosis of various cells Lemasters,
.1999 . However, the concentration of the ionophore used

Ž .is generally high 5–10 mM and the time of incubation
Ž . Ž .much longer several minutes to hours Lemasters, 1999 .

In contrast to these findings, cellular formation and extra-
cellular release of inositol phosphates in Kupffer cells

Ž .occurred at low e.g., 0.5 mM concentrations of A23187
Ž .and at early time points e.g., 5 s . Furthermore, the cells

were not damaged as indicated by their lack of permeabil-
ity to trypan blue and their failure to release lactate
dehydrogenase.

The formation of inositol phosphates induced by A23187
appears to be dependent upon extracellular Ca2q as the
presence of the Ca2q chelator, EGTA, completely abro-

w 2qxgated this processes. Agonists known to increase Ca i

and stimulate phosphoinositide metabolism do not in them-
selves appear to cause the release of inositol phosphates
from the cells. For example, in a previous study, we
demonstrated that platelet activating factor-induced phos-
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phoinositide metabolism in Kupffer cell occurs in two
Ž . 2qphases Gandhi et al., 1990 . Extracellular Ca -indepen-

dent formation of inositol bis- and trisphosphates, which
occurs within seconds of platelet activating factor chal-
lenge is EGTA-insensitive, and is inhibited by an intra-
cellular Ca2q channel antagonist 3,5,5-trimethoxybenzoic

Ž .acid-8 diethylamino -octyl ester. On the other hand, forma-
tion of glycerophosphoinositol and inositol mono- and
bisphosphates, which occurs during stimulation of Kupffer
cells for several min with platelet activating factor, is

Ž .inhibited by EGTA Gandhi et al., 1990 . Although platelet
activating factor causes both intracellular Ca2q mobiliza-
tion and influx of Ca2q from the extracellular medium
Ž .Gandhi et al., 1990 , stimulation of Kupffer cells with
platelet activating factor did not result in the release of

Ž .inositol phosphates into the medium Figs. 1 and 4 .
Therefore, A23187-induced release of inositol phosphates

w 2qxmay not be a function simply of elevated Ca , but ofi

an additional effect of the ionophore. The precise mecha-
nism by which A23187 causes the release of cellular
inositol phosphates is not known. It is very likely that the
mechanism may involve permeability to small molecules
such as inositol phosphates through membrane pores in
A23187-treated cells. These pores are presumably not

Ž .large enough to permeate large molecules e.g., proteins
as illustrated by the lack of release of lactate dehydroge-
nase during the time course of stimulation with A23187.

In summary, our data demonstrate that at the concentra-
tions and the time of incubation tested, A23187 stimulates
formation and release of inositol phosphates from the cells
without causing an overt cellular injury. Although it
appears that A23187 exerts differential effects on phos-
phoinositide metabolism in various cell types, our work
suggests that the interpretation of cellular signaling data
generated using cells stimulated with the ionophore should
be interpreted following the determination of inositol phos-
phates in both cells and the culture medium.

Acknowledgements

This work was supported by NIH grants DK33538 and
DK54411, and a grant from the Robert A. Welch Founda-

Ž .tion AQ-728 .

References

Brammer, M.J., Hajimohammadreza, I., Sardiwal, S., Weaver, K., 1988.
Is inositol bisphosphate the product of A23187 and carbachol-media-
ted phosphoinositide breakdown in synaptosomes? J. Neurochem., 51,
514–521.

Creba, J.A., Downes, C.P., Hawkins, P.T., Brewster, G., Michell, R.H.,
Kirk, C.J., 1983. Rapid breakdown of phosphatidylinositol 4-phos-

phate and phosphatidylinositol 4,5-bisphosphate in rat hepatocytes
stimulated with vasopressin and other Ca2q-mobilizing hormones.
Biochem. J., 1983, 733–747.

Dean, N.M., Moyer, J.D., 1987. Separation of multiple isomers of inositol
phosphates formed in GH cells. Biochem. J., 242, 361–366.3

Downes, C.P., Michell, R.H., 1981. The polyphosphoinositide phosphodi-
esterase of erythrocyte membranes. Biochem. J., 198, 133–140.

Emilsson, A., Sundler, R., 1984. Differential activation of phosphatidyli-
nositol deacylation and a pathway via diphosphoinositide in
macrophages responding to zymogen and ionophore A23187. J. Biol.
Chem., 259, 3111–3116.

Escargueil, I., Negre-Salvayre, A., Pieraggi, M.-T., Salvayre, R., 1992.
Oxidized low density lipoproteins elicit DNA fragmentation of cul-
tured lymphoblastoid cells. FEBS Lett., 305, 155–159.

Gandhi, C.R., Hanahan, D.J., Olson, M.S., 1990. Two distinct pathways
of platelet-activating factor-induced hydrolysis of phosphoinositides
in primary cultures of rat Kupffer cells. J. Biol. Chem., 265, 18234–
18241.

Knight, D.E., Baker, P.F., 1983. Stimulus-secretion coupling in isolated
bovine adrenal medullary cells. Q. J. Exp. Physiol. Cogn. Med. Sci.,
68, 123–143.

Lemasters, J.J., 1999. Mechanisms of hepatic toxicity: V. Necrapoptosis
and the mitochondrial permeability transition: shared pathways to
necrosis and apoptosis. Am. J. Physiol., 276, G1–G6.

Moscat, J., Moreno, F., Iglesias, S., Garcia-Barreno, P., Municio, A.M.,
1986. Ionophore A23187 induces a refractory state in thrombin-
activated release of inositol phosphates. Biochem. J., 238, 709–714.

Moscat, J., Moreno, F., Herrero, C., Lopez, C., Garcia-Barreno, P., 1988.
Endothelial cell growth factor and ionophore A23187 stimulation of
production of inositol phosphates in porcine aorta endothelial cells.
Proc. Natl. Acad. Sci. U. S. A., 85, 659–663.

Pressman, S.B., Fahim, M., 1982. Pharmacology and toxicology of the
monovalent carboxylic ionophores. Annu. Rev. Pharmacol. Toxicol.,
22, 465–490.

Reed, P.W., Lardy, H.A., 1972a. A23187: a divalent cation ionophore. J.
Biol. Chem., 247, 6970–6977.

Reed, P.W., Lardy, H.A., 1972b. Antibiotic A23187 as a probe for the
study of calcium and magnesium function in biological systems. In:

Ž .Mehlman, M.A., Hanson, R.W. Eds. , The Role of Membranes in
Metabolic Regulation. Academic Press, New York, NY, pp. 111–131.

Rittenhouse, S.E., 1984. Activation of human platelet phospholipase C by
ionophore A23187 is totally dependent upon cyclo-oxygenase prod-
ucts and ADP. Biochem. J., 222, 103–110.

Shinozaki, K., Kashiwagi, A., Nishiyo, Y., Okamura, T., Yoshida, Y.,
Masuda, M., Toda, N., Kikkawa, R., 1999. Abnormal biopterin
metabolism is a major cause of impaired endothelium-dependent
relaxation through nitric oxiderOy imbalance in insulin-resistant2

aorta. Diabetes, 48, 2437–2445.
Tam, S.W., Dannies, P.S., 1980. Dopaminergic inhibition of ionophore

A23187-stimulated release of prolactin from rat anterior pituitary
cells. J. Biol. Chem., 255, 6595–6599.

Thomas, A.P., Marks, J.S., Coll, K.E., Williamson, J.R., 1983. Quantita-
tion and early kinetics of inositol lipid changes induced by vaso-
pressin in isolated and cultured hepatocytes. J. Biol. Chem., 258,
5716–5725.

Thomas, A.P., Alexander, J., Williamson, J.R., 1984. Relationship be-
tween inositol polyphosphate production and the increase of cytosolic
free Ca2q induced by vasopressin in isolated hepatocytes. J. Biol.
Chem., 259, 5574–5584.

Williamson, J.R., Cooper, R.H., Joseph, S.K., Thomas, A.P., 1985.
Inositol trisphosphate and intracellular second messengers in liver.
Am. J. Physiol., 248, C203–C216.

Wroblewski, F., LaDue, J.S., 1953. Lactic dehydrogenase activity in
blood. Proc. Soc. Exp. Biol. Med., 90, 210–213.


