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Abstract-The role of calcium in the stimulation of phospho~uositide (Pin) hydrolysis by norepineph~ne 
and the calcium ionophore A23187 was investigatedin chopped cerebral cortex in which the Pins had been 
labefed previously with (]3H~@tmsitol. The accumulation of the newly formed [3H]inositol phosphate 
(f3H]IPs) was used as an index of Pin hydrolysis. Nore~inep~ne produced a ~~nce~~a~on-related 
increase in the accumulation of rflfinositol-phosphates (IjHfIP), and this effect was only partially 
antaganized by omission of calcium from the incubation medium. Norepinephrine had relatively little 
effect on the accumulation of [%]inositol1,4-bisphosphate [‘H]IPZ and inositol1,4,.%trisphosphate and/ 
or inositol 1,3,4-trisphosphate ([%I]IP& A23187 also increased the accumulation of [%]IP but this effect 
was not antagonized by omission of calcium from the incubation medium. When the tissue had been 
washed extensively with EGTA, the basal levels of [3H]IP, [“H]IPZ and [3H]IP3 were decreased markedly, 
and the effects of both norepinephrine and A23187 were antagonized. Addition of calcium back to the 
depleted tissue led to an increase in the basal Ievel of ffH]IPs as well as restoration of the stimulation 
produced by norepinephrine and A23187. The calcium threshold for the Pin effect was 0.1 FM. 
Additional calcium did not affect markedly the stimulation of a~~~a~on of 13H]IP produced by 
norepinephrine and A23187. The results suggest that there is an absolute calcium requirement for Pin 
phosphadiesterase which is attained at 0.1 PM Ca 2+. A23187 can stimulate the accumulation of [‘H]IP 
perhaps by providing access of another form of the enzyme to artificially high concentrations (millimolar 
range) af calcium. 

A large and diverse group of receptors share in 
common the abihty to activate a series of events 
which results in the mobilizatiun of intracelluIar 
calcium. It has become increasingly clear that 
receptor-activated mobilization of calcium is associ- 
ated with an increase in phosphoinositide (PInO) 
metabolism [1, 21, In many peripheral tissues, a 
metabolite of Pin hydrolysis, inositol-1,4,5- 
trisphosphate (I&), has been demonstrated to 
release calcium from intracellular stores [3-o]. If Pin 
metabolism is to precede increased intracelhdar cal- 
cium, it should occur at basal intracellular calcium 
concentrations. In rat brain preparations, 
muscarinic-cholinergic stimulatian of Pin metabol- 
ism can occur when calcium is omitted from the 
medium [7-101. Stimulation of Pin hydrolysis can be 
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blocked compIeteIy by the inclusion of 0.5 mM 
EGTA, as a calcium chelator. Repletion of calcium 
antagonizes the effects of prior incubation with 
EG’IA (7-105 Thus, a small amount of calcium 
appears to be required for activation of phosphodi” 
esterases that are linked to muscarinic receptors. 

Adrenergic agents also stimulate peripheral Pin 
metabolism primarily by activation of alphai- 
adrenoceptors [l&13]. In hepatocytes, epinephrine- 
stimulated incorporation of j2P into phosphatidyi- 
inositol (PI) is decreased, but is not abofished, when 
calcium is omitted from the medium fI4f I Adrenergic 
stimulation of hepatocytes is abolished, or nearly SQ, 
if EGTA (0.2 to 1.0 mM) is included in calcium-free 
medium [15, 161. These data suggest that calcium is 
required for adrenergic-stimulated Pin hydrolysis in 
hepatocytes, but a small amount of calcium may be 
adequate. In another peripheral rat tissue, the para- 
tid gland, 0.2 mM EGTA did not block epinephrine- 
stimulated Pin metabohsm 1173. Thus, it seems that 
there are tissue differences in calcium sensitivity 
within adrenergic-stimulated Pin responses. 

Since the calcium requirements for Pin metabol- 
ism appear to depend not only on the specific recep 
tor coupled to this event, but also on the particular 
tissue within the same receptor type, it was of interest 
to investigate the involvement of calcium in 
norepinep~ne-stimulated Pfn metabolism in rat 
brain. We have used norepinephrine to investigate 
~pha~-adren~ptor-mediated Pin metabolism in 
brain tissue in the presence and absence of calcium in 
the incubation medium- Calcium-EGTA buffers 
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were also utilized to determine the calcium require- 
ments for the norepineph~ne-stimulated response. 

To further investigate the role of calcium in the 
hydrolysis of Pins, we employed the calcium 
ionophore A23187 [I& 191 which increases the trans- 
membrane movement of calcium [20]. It is known 
that A23187 is capable of stimulating Pin hydrolysis 
[9,10,21]. Experiments were designed to investigate 
the effects of varying calcium conditions on Pin 
hydrolysis stimulated by A23187. It is hoped that the 
comparison of the calcium requirements for 
receptor-mediated (alpha*) and receptor- 
independent (A23187) hydrolysis of Pins will prove 
valuable in the future understanding of this impor- 
tant transduction mechanism. 

MATERIALS AND METHODS 

Tissue preparation and incubation condition. 
Adult (~65 days of age) male Spragut+Dawley rats 
were obtained from Sasco, Inc. (Omaha, NE) or 
were from a colony bred in-house which originated 
from animals obtained from Sasco. Rats were decapi- 
tated, and the brains were rapidly excised and placed 
in ice-cold, freshly gassed (95% 02, 5% COz) Krebs- 
Henseleit bicarbonate buffer [22]. All manipulations 
prior to incubation were performed at 4”. Final 
con~ntrations of the buffer (mM) were as follows: 
NaCl, 117.9; KCl, 4.72; CaC12, 2.54; MgS04, 1.18; 
Na,EDTA, 0.045; KH2P04, 1.19; NaHC03, 25.0; 
and glucose, 11.1 (pH 7.4). The cerebral cortex was 
dissected and cross-chopped twice at 0.3 mm inter- 
vals using a McIlwain tissue chopper. Chopped tissue 
was washed once with 6 ml buffer (per brain), by 
mixing and centrifuging for 5 min at 8OOg. Pellets 
were resuspended in 3 ml buffer, and 3.5 ml (extra 
volume contributed by the tissue) was transferred to 
a polypropylene tube. f3H]myo-Inositol was added 
(53 FCi in a volume of 0.265 ml H20, final concentra- 
tion of l.OpM). Tubes were gassed, capped, and 
incubated for 60 min at 37” in a shaking water bath. 
Tissue was mixed approximately every 15 min and 
regassed approximately half way through the pre- 
labeling period. Prelabeling was stopped by centri- 
fuging the tissue for 5 min at 8OOg. The pellet was 
washed five times in 10 ml of modified Krebs- 
Henseleit bicarbonate buffer containing 10 mM LiCI. 
Calcium was omitted in designated samples. 

Washed, labeled tissue was resuspended in 3.2 to 
3.5 ml of modified buffer with the appropriate cal- 
cium concentration. Aliquots (0.245 ml) were placed 
in polypropylene tubes, and 0.005 ml of nor- 
epinephrine, A23187 or vehicle was added. Nor- 
epinephrine was dissolved in 0.01 N HCl or buffer 
and A23187 was suspended in DMSO-Hz0 (1: 1) 
and mixed thoroughiy before each addition. The final 
concentration of DMSO in the incubation mixture 
was l%, but this did not alter basal [3H]inositol 
phosphate accumulation. Each sample generally con- 
tained 3-5 mg protein. The accumulation of 
[3H]inositol phosphates (IPs) was linear with time up 
to 30 min upon stimulation with 10m4 M norepi- 
nephrine. Tubes were gassed capped and incubated 
for 30 min at 37” and terminated by addition of 1 mi 
cold buffer. Sampfes were then homogenized in a 

ground glass homogenizer and centrifuged at 
11,000 g for 10 min. rndividual IPs were separated by 
methods adapted from Berridge et al. 1231. Super- 
natant fractions were passed over 5 x20 mm Dowex 
AG l-X8 (200-400 mesh, formate form) anion 
exchange resin columns, and free [3H]-myo-inositol 
was eluted with two 5-ml water washes. Glycerophos- 
phoinositol and inositol 1,Zcyclic phosphate were 
eluted with 5 ml of 5 mM sodium tetraboratei60 mM 
sodium formate. These two fractions were discarded. 
Inositol l-phosphate (IP) was eluted with 5 ml of 
0.1 M formic acid/O.2 M ammonium formate directly 
into a scintillation vial. Inositol 1,4-bisphosphate 
(IP2) and IP3 were eluted with 7 ml of 0.1 M formic 
acid/O.4 M ammonium formate and 5 ml of 0.1 M 
formic acid/l.0 M ammonium formate respectively. 
The IP3 fraction would also be expected to contain 
13H]inositol-tetrakisphosphate. Although this 
extraction procedure does not yield optimum recov- 
ery of the polyphosphates (241, the relative recovery 
among the treatments should not be affected. 
Radioactivity was determined by liquid scintillation 
spectrometry in a Beckman LSIOOC spectrometer. 

Free calcium concentration-effect relationships. In 
these experiments, the concentration of free calcium 
during stimulation was varied using calcium-EGTA 
buffers. Stimulation was terminated by the addition 
of 1 ml of ice-cold water rather than buffer as pre- 
vious data indicated that more complete lysis and 
release of IPs were obtained with this procedure. 
Tissue was prepared as described above, and [3H]- 
myo-inositol (30.2 to 35.6 PCi) was added to a final 
concentration of l.O,uM and a final incubation 
volume of 2.5 ml. Tissue was incubated for 60 min as 
in the prelabeling experiments above. Pellets were 
washed five times in a modified Krebs-Henseleit 
bicarbonate buffer. This buffer contained 10mM 
LiCl, but CaClz and EDTA were omitted so that the 
free calcium concentration could be determined and 
controlled. EGTA (1 mM) was included to chelate 
calcium and to buffer calcium that was to be added 
just prior to incubation with norepinephrine or 
A21387. 

The washed pellet was resuspended in 3.5 to 4.0 ml 
of buffer, and 0.24 ml aliquots were transferred to 
pol~ropylene tubes. To these samples, 0.005 ml 
norepineph~ne or A23187 (final concentration of 
each, 10A4M) and 0.005 ml of various concentrations 
of CaC12 were added. Calcium concentrations were 
calculated as described by Raaflaub [2.5], using 11.0 
at pH 7.4 as the log of the equilibrium constant for 
EGTA and calcium. Samples were incubated and 
terminated as above except that 1 ml of water, rather 
than buffer, was used to terminate the stimulation. 

h4aterids. I-Norepinephrine bitartrate and calcium 
ionophore A23187 were obtained from the Sigma 
Chemical Co. (St. Louis, MO). Dowex AG 1-8X 
anion exchange resin was purchased from BioRad 
(Richmond, CA) and 3a70B scintillation mixture 
from Research Products International (Mount Pros- 
pect, IL). myo-[2-3H(N)]Inositol (14.0 to 15.5 Ci/ 
mmol) was obtained from American Radiolabeled 
Chemicals, Inc. (St. Louis, MO) and was purified and 
diluted prior to use. This was accomplished by pas- 
sing the material over a 5 x 10 mm anion exchange 
column and washing with several aliquots of deion- 
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ized water. The radioactivity per volume was deter- 
mined by liquid scintillation spectrometry and the 
tracer diluted as needed, generally to 0,2&i/fll 
water. 

Statistics. A one-way analysis of variance was used 
in conjunction with the Student-Newman-Keuls test 
for comparison of means. When non-homogeneity of 
variance occurred, the Games and Howell method 
for approximate test of equality of means was used 
[26]. A P < 0.05 was considered significant. 

RESULTS 

Norepinephrine concentration-effect curves. The 
effect of 3-300 PM norepinephrine on the accumula- 
tion of [3H]IPs in chopped rat cerebral cortex was 
evaluated in the presence or absence of calcium 
(2.5 mM) in the incubation medium. Norepinephrine 
stimulated the accumulation of t3H]IP in brain slices 
prelabeled with [3H]myo-inositol (Fig. 1). Stimula- 
tion occurred both in the absence and presence of 
medium calcium. Maximal stimulation was lower in 
the absence of calcium (268 + 11% of control) than in 
its presence (341 f 40% of control). Removal of 
calcium from the medium did not affect the basal 
13H]IP accumulation. Norepineph~ne stimulated the 
accumulation of 13H]IPz (maximal, 170 + 16% of 
control), although the effect was not statistically 
significant due to the large variability. The response 
did not appear to reach a maximum, even at 300 PM. 
Norepinephrine was unable to stimulate [3H]IP2 
accumulation in the absence of calcium, and basal 
accumulation was also decreased in this condition. 
Norepinephrine did not stimulate the accumulation 
of [3H]IP3. Removal of calcium from the medium 

resulted in a decrease in basal [3H]IPs accumulation, 
just as it did for [3H]IPz. Accumulation of [3H]IP3 in 
the absence of calcium at various concentrations of 
norepinephrine resulted in a nearly identical curve to 
that seen in its presence, except that the curve is 
displaced to a lower level due to lowered initial 
values. 

A23187 conce~tration~~ct curves. The divalent 
cation ionophore A23187, in concentrations varying 
from 30 PM to 1 mM, was incubated in the presence 
or absence of medium calcium with rat brain slices 
prelabeled with [3H]-myo-inositol. [3H]IP was 
observed to accumulate nearly as well in the absence 
of medium calcium as in its presence (Fig. 2). When 
expressed as percent of control, the maximal level of 
stimulation was slightly higher when calcium was 
deleted (274 f 8%) than when it was included 
(247 k 18%). Basal accumulation was not affected by 
deletion of calcium. Accumulation of [3H]IPz was 
also stimulated by the ionophore but, in contrast with 
[3H]IP, it was sensitive to calcium omission. Maximal 
stimulation occurred at 100 PM. No significant stimu- 
lation of [3H]IP3 formation was produced by A23187. 
Basal accumulation of both labeled inositol 
polyphosphates was decreased upon omission of 
calcium in the medium. 

Efiect of various concentration of calcium upon 
norepinephrine stimulation of IP accumulation. Cere- 
bral cortical slices were prelabeled with [3H]myo- 
inositol and depleted of calcium by repeated washing 
with EGTA. Tissue was then incubated in the pre- 
sence or absence of norepinephrine, in calcium- 
EGTA buffers with free calcium concentrations from 
zero through 1.5 mM. Calcium levels of 0.1 FM and 
higher signifi~ntly stimulated the accumulation of 
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Fig. 1. Norepinephrine-stimulated accumulation of [3H]inositol phosphates. Chopped rat cerebral 
cortical tissue was prelabeled in normal buffer with [3H]myo-inositol. Tissue was washed five times in 
modified buffer containing 10 mM LiCI with or without added calcium (2.5 mM). Washed slices were 
incubated for 30 min in appropriate buffer with various concentrations of norepinephrine. Indi~dual IPs 
were separated by anion exchange chromatography, and radioactivity was determined by liquid 
scintillation spectrometry. Each value is the mean of four to five determinations k SEM. Key: (*) 

significantly different from control (absence of norepinephrine), P < 0.05. 
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Fig. 2. A23187-stimulated accumulation of [3H]IPs. Chopped rat cerebral cortical tissue was prelabeled in 
normal buffer with [3H]myo-inositol. Tissue was washed five times in modified buffer containing 10 mM 
LiCl with or without added calcium (2.5 mM). Washed slices were incubated for 30 min in appropriate 
buffer with various concentrations of A23187. Individual IPs were separated by anion exchange 
chromatography, and radioactivity was determined by liquid scintillation spectrometry. Each value is the 
mean of five determinations 2 SEM. Key: (*) significantly different from control (absence of A23187), 

P < 0.05. 

[3H]IP, [3H]IP2 and [3H]IPs when compared to con- 
trols containing no added calcium (Fig. 3). This was 
true for both basal and norepinephrine-stimulated 
accumulation of [3H]IPs. The concentration-effect 
curve for each inositol phosphate displayed a very 
steep slope between 0.01 PM free calcium, at which 
no stimulation was observed, and 0.1 PM. Very small 
increases in norepinephrine-stimulated [3H]IP accu- 
mulation were seen at calcium concentrations of 0, 
0.001 and O.OlOpM (142-154% of control). Larger 
increases were observed at 0.1 PM calcium, but 
increasing free calcium concentrations above 0.1 PM 
had little additional effect on norepinephrine stimu- 
lation of [3H]-IP accumulation (212-247% of con- 
trol), and no general pattern of increased stimulation 
with increasing calcium levels was observed. No 
norepinephrine-stimulated accumulation of either 
[3H]IPz or [3H]-IP3 occurred in the absence of cal- 
cium. Significant increases in [3H]IP2 accumulation 
were seen when free calcium levels were raised to 
1 +uM and above, but no significant accumulation of 
labeled [3H]IP3 was observed at any of the calcium 
concentrations. Norepinephrine stimulation of 
13H]IP2 accumulation was not enhanced when the 
free calcium concentration was varied from 1 PM to 
1.5 mM. The percent stimulation (127-156% of con- 
trol) showed no progressive increase with increasing 
free calcium concentration. 

Free calcium concentration-effect curve with 
A23187. Experiments similar to those described in 
the previous section were conducted on prelabeled 
rat brain slices incubated in the presence or absence 
of A23187 (100 PM). Free calcium concentrations of 
0.1 ,uM and above significantly stimulated the accu- 
mulation of all three labeled [3H]IPs (Fig. 4). A23187 
did not stimulate the formation of IPs in the absence 
of calcium in the incubation medium. A23187 caused 
slight. but statistically significant, stimulation of the 

formation of all three IPs at low calcium concentra- 
tions (0.001 to O.OlOpM). Maximal stimulation of 
[3H]IP and [3H]IPz formation occurred at 0.1 PM free 
calcium, and a higher concentration of calcium had 
little effect on A23187-mediated stimulation. 
A23187-stimulated accumulation of [3H]IP3 occur- 
red only at 0.1 PM, 1 .O PM and 1.5 mM free calcium 
(167, 178 and 140% of control respectively). 

DISCUSSION 

The hydrolysis of Pins in chopped cerebral cortex 
has an absolute requirement for calcium. Prolonged 
incubation of tissues with EGTA markedly decreases 
the level of intracellular calcium [27, 281. This is 
accompanied by a substantial decrease in basal Pin 
hydrolysis and complete antagonism of the 
norepinephrine-stimulated Pin response. However, 
replenishment of calcium by incubation with concen- 
trations as low as 0.1 PM restored basal activit as 
well as norepinephrine-induced stimulation of [ Y HI- 
inositol phosphate formation. Kendall and Nahorski 
[lo] observed that incubation of rat cerebral cortical 
slices in the absence of calcium and in the presence of 
0.5 mM EGTA abolishes stimulation of inositol 
phosphate formation by a variety of substances 
including norepinephrine. When 3 Pi was used to 
label PI in guinea pig synaptosomes, low concentra- 
tions of calcium in the incubation medium (0.1 PM 
and above) were required to obtain a carbachol- 
mediated Pin response [7]. 

It is assumed that the internal stores of calcium are 
relatively intact if calcium is simply removed from the 
incubation medium. Under these conditions, the 
basal activity of [3H]IP formation is not reduced, and 
the stimulation produced by norepinephrine is only 
partially antagonized. This has also been observed in 
cerebral cortex by Kendall and Nahorski [lo] with a 
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Fig. 3. Effect of free calcium concentration on norepinephrine-stimulated accumulation of [3H]inositol 
phosphates. Chopped rat cerebral cortical tissue was prelabeled in normal buffer with [3H]-myo-inositol. 
Tissue was washed five times in modified buffer containing 10 mM LiCl with no calcium. EGTA (1 mM) 
was included in the buffer. Washed slices were incubated for 30 min in buffer with various concentrations 
of free calcium in the presence or absence of norepinephrine (10s4 M). Incubations were terminated with 
water. Individual IPs were separated by anion exchange chromatography, and radioactivity was 
determined by liquid scintillation spectrometry. Each value is the mean of three determinations + SEM. 
Key: (*) significantly different from control (absence of norepinephrine), P < 0.05 and (7) significantly 

different from O-calcium, P < 0.05. 

variety of agonists. Similar observations have been 
made in a number of peripheral tissues [29]. Since the 
intracellular concentration of calcium is approxi- 
mately 0.1 PM [30,31] and since the phosphodiester- 
ase is fully active at this concentration of calcium, it is 
generally accepted that a change in intracellular 
calcium is not the initiating event in stimulating Pin 
hydrolysis upon exposure to a number of neurotrans- 
mitters and hormones [32-351. 

The hydrolysis of phospholipids in chopped cere- 
bral cortex which have been labeled previously with 
[3H]inositol demonstrates a calcium sensitivity simi- 
lar to that seen with the phosphodiesterase isolated 
from rat brain [36]. In both the isolated enzyme and 
the chopped tissue preparations, the enzyme was 
relatively inactive at concentrations of calcium less 
than 0.01 yM. There was a marked increase in activ- 
ity of the isolated enzyme between 0.001 and 0.01 PM 

Ca*+, and the enzyme activity-calcium concentration 
curve was shallow or flat up to a concentration of 
100 PM. A similar calcium requirement has also been 
observed for soluble phosphodiesterase isolated 
from seminal vesicles [37] in that approximately 
0.1 PM Ca” was sufficient to activate the enzyme. In 
some studies, very high calcium concentrations 
(100 PM to 1 mM) were required to stimulate phos- 
phodiesterase [3%40]. The isolated enzyme has been 
difficult to study since it is sensitive to changes in both 
the ionic composition of the medium and the lipid 
microenvironment of the substrate [40,41]. It is also 
not clear whether the substrate present in the mem- 
brane is properly presented to the soluble enzyme in 
experiments of this type [36,37]. Since it is possible to 
stimulate the enzyme with very low concentrations of 
calcium and since the calcium sensitivity is similar to 
that observed in preparations with intact cells, it is 
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Fig. 4. Effect of free calcium concentration on A23187-stimulated accumulation of [3H]IPs. Chopped rat 
cerebral cortical tissue was prelabeled in normal buffer with [3H]~yo-inositol. Tissue was washed five 
times in modiied buffer containing 10 mM LiCl with no calcium and 1.0 mM EGTA. Washed slices were 
incubated for 30 min in buffer with various concentrations of free calcium in the presence or absence of 
A23187 (IOm4M). Individual IPs were separated by anion exchange chromatography, and radioactivity 
was determined by liquid scintillation spectrometry. Each value is the mean of four to five determinations 
+ SEM. Key: (*) si~ficantly different from control (absence of A23187, P < 0.05; and (i) si~ificantly 

different from O-calcium, P c 0.05. 

suggested that the absolute requirement for calcium 
which is satisfied by about 0.1 PM Ca2* represents 
the true calcium sensitivity under normal physio- 
logical conditions. On the other hand, when the 
concentrations of calcium at the active site of the 
enzyme are artificially elevated to the millimolar 
range, it is possible that another form of phospho- 
diesterase is activated, leading to a further increase in 
Pin hydrolysis [42]. 

Another issue which has presented di~cul~ in 
interpretation of the calcium sensitivity of phospho- 
diesterase is whether or not PI, phosphatidyiinositol 
4-phosphate (PIP) and phosphatidylinositol 4,5- 
bisphosphate (PIP2) are hydrolyzed by the same 
enzyme. It is apparent that there are multiple forms 
of phosphodiesterase [42-44] and that all three Pins 
are substrates [37,40,43]. The relative affinity of the 
three substrates for the enzymes is affected markedly 
by the intracellular K+ concentration. Potassium is 
known to inhibit phosphodiester~e when PI is the 
substrate [45, 461. Recent experiments suggest that 
PIP2 is the preferred substrate f47] especially under 

conditions that are characteristic of the cell cyto- 
plasm and when the substrate is presented to the 
enzyme in an appropriate lipid environment [36,40]. 

Of the three IPs which were isolated, the formation 
of IP was stimulated to the greatest extent by nor- 
epinephrine. There was much less IPz formed and an 
even smaller amount of IP3, although this may be due 
to incomplete extraction of the pol~hosphates. This 
is similar to what has been found in brain slices [23] 
and several peripheral tissues 123, 48-SO]. When 
blowfly salivary glands were examined at very early 
times (wi~in 1 min) after addition of the agonist 5- 
hydroxytryptamine, it was observed that IPs was 
formed first followed by IP2 and finally by IPs [Sl]. 
The accumulation of IP is due to inhibition of inositol- 
1-phosphatase by lithium [52,53]. Lithiumismuch less 
effective as an inhibitor of the hydrolysis of IPz and 
IPa f54, 551. It is known that IP$ phosphatase is a 
soluble enzyme that requires M$+ for activity 
{S&-57]. The presence of 1.18 mM M$+ in the 
incubation medium would assure maximum activity, 
and therefore the smdl amount of IPa isolated after 
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30 min of incubation would be expected. It is also 
possible that PIP2 is hydrolyzed by a phosphomono- 
esterase [58,59] to form PIP and PI and that these 
latter compounds are then hydrolyzed to form IP. 
Because of the ionic conditions required for the 
monoesterases, it is generally assumed that IP is 
formed by hydrolysis of PIP* and subsequent metabol- 
ism of the IPs [35,60]. Evidence has accumulated that 
the IP3 fraction contains a mixture of inositol 1,3,4- 
trisphosphate and inositol 1,4,5-trisphosphate with 
the 1,4,5-isomer predominating at early time periods 
and the 1,3,4-isomer accumulating later [61,62]. 
Furthermore, it has been observed that inositol 
1,3,4,5_tetrakisphosphate can be formed in rat 
cerebral cortex slices upon stimulation with carbachol 
[63], and it is suggested that the two IP7 isomers are 
derived from this compound [63-65]. The relation- 
ships, among the hydrolysis of inositol tetrakisphos- 
phate, the formation of the two inositol trisphos- 
phates, and calcium mobilization have not yet been 
clearly established [65]. 

The calcium ionophore A23187 produced a 
concentration-related increase in [3H]IP formation. 
This effect was independent of the calcium in the 
incubation medium but was completely antagonized 
by prolonged incubation with EGTA. Since EGTA 
produces a marked depletion of intracellular calcium 
[27, 281, it is suggested that A23187 produces its 
effect by releasing intracellular calcium to activate an 
intracellular phosphodiesterase. A direct demonstra- 
tion that A23187 can release calcium from intracellu- 
lar storage sites was obtained in skinned single cells of 
porcine artery [6]. Activation of Pin hydrolysis in 
brain tissue by A23187 was first shown by Griffin and 
Hawthorne [21]. They observed that A23187 
decreased radioactivity in PIP and PIP2 from guinea 
pig synaptosomes previously labeled by incubation 
with 2Pi. This effect was antagonized by omission of 
calcium from the incubation medium. It was con- 
cluded that an increase in cytoplasmic calcium acti- 
vates polyphosphoinositide diesterase but has rela- 
tively little effect on the hydrolysis of PI. These 
observations were extended by Fisher and Agranoff 

5’ 
9 who observed that A23187 increased the loss of 
‘P from PIP2 and that the rate of loss was further 

increased by acetylcholine. Kendall and Nahorski 
[lo] observed that A23187 increases the formation of 
[3H]IP from cerebral cortex slices that had been 
labeled previously with [3H]inositol. Similar effects 
on Pin metabolism were observed in human erythro- 
cytes [66], rabbit iris [27,49], and rat lacrimal acinar 
cells [34]. A23187 produced an increase in IP and IP2 
without having an effect on IP3. This is similar to the 
effect of the ionophore in GH3 pituitary cells [67] and 
may indicate that a high concentration of intracellu- 
lar calcium leads to a greater hydrolysis of PI and PIP 
relative to PIP2. 

The mechanism by which A23187 increases Pin 
hydrolysis is most likely related to activation of a 
form of phosphodiesterase that requires very high 
calcium concentrations, in the l-2 mM range [42]. It 
is known that the phosphodiesterase can be stimu- 
lated by these concentrations of calcium [40, 68,691. 
By markedly increasing the transport of calcium 
across the plasma membrane [20] and by releasing 
calcium from internal stores [6], it is possible that 

local calcium concentrations of this magnitude can be 
achieved. Another mechanism by which A23187 
could stimulate Pin hydrolysis is the release of 
neurotransmitter which could subsequently produce 
receptor-mediated Pin response. Evidence for this 
mechanism was obtained in the rabbit iris where it 
was shown that the effect of A23187 could be blocked 
by prazosin, indicating that norepinephrine was 
released and subsequently activated alphal-receptors 
which are coupled to Pin hydrolysis [49]. A final 
mechanism by which A23187 could produce its effect 
would be to mobilize calcium to sites containing 
phosphodiesterase molecules that have not been 
activated previously by low concentrations of cal- 
cium. This mechanism cannot be excluded in the 
present study. Further experiments are needed in less 
complex systems of neural tissue to clarify the rela- 
tionship between intracellular calcium ions and the 
activity of the PIP2 phosphodiesterase. 
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