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The production and metabolism of inositol 1,4,5trisphosphate (Ins-1,4,5-Ps) and other inositol polyphosphates was studied in cultured bovine adrenal glomerulosa cells prelabeled for 24 h with [3H]inositol.
During stimulation with angiotensin 11, Ins-1,4,5-P3
increased to a peak of 15-fold above basal within 10 s,
followed bya second phase of continuous increase over
the next 30 min. Ins-1,4,5-Ps formed during agonist
stimulation was rapidly metabolized by two distinct
pathways. The more direct metabolic route was via
degradation by sequential dephosphorylations to form
inositol 1,4-bisphosphate and inositol 4-phosphate, and
ultimately inositol. Lithium ions inhibited both the formation and dephosphorylation of inositol 4-monophosphate, which is a specific product of inositol polyphosphate metabolism. In addition, a cyclical metabolic
sequence was initiatedby the 3-phosphorylation of Ins1,4,5-Ps to form inositol 1,3,4,5-tetrakisphosphate.
The Ins-1,4,5-Ps 3-kinase responsible for thisreaction
had a X,,,
of 0.4 I.~Mfor Ins-l,4,5-P1 anda V,,, of 208
pmol/min/mg and was stimulated by increased Caz+
concentrations inthe
micromolar range. Inositol
1,3,4,5-tetrakisphosphatewas then dephosphorylated
to inositol 1,3,4-trisphosphate9 which in turn was
either further degraded to inositol 3,4-bisphosphate
or reph~phorylatedto inositol li3,4,6-tetrakisphosphate. Lithium ions also inhibited the production of
inositol 3,4-bisphosphate, explaining the large accumulation of inositol li3,4-trisphosphate in cells stirnulated in the presence of lithium. Prolonged exposure
to angiotensin I1 in the presence of Li’ caused a progressive decline in inositol polyphosphate formation
without depletion of the lipid precursor, phosphatidylinositol 4,5-bisphosphate, suggesting that an accumulating product of polyphosphoinositidehydrolysis (possibly diacylglycerol) has an inhibitory effect on the
phospholipase C-catalyzed breakdown process.
These results indicate that, in addition to its breakdown by sequential dephosphorylations through Ins1,4-Pz and Ins-4-P, Ins-1,4,5-P3 undergoes a complex
series of phosphorylations and dephosphorylations to
form at least two inositol tetrakisphosphates and their
metabolites. These newly defined pathways may provide additional regulatory steps in the mechanism of
cell activation by angiotensin I1 and otherCa2’-mobjlizing hormones.

* The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
so!ely to indicate this fact.

Angiotensin I1 (AII)’ is a major regulator of aldosterone
synthesis and secretion by the adrenal zona glomerulosa (1).
Although the exact mechanism by whichAI1 evokes increased
steroid production is still unclear, the second messenger role
of Ca2+ ions (2-4) and the involvement of increased phosphoinositide turnover (5-7) appear to be of major importance
in the activation of glomerulosa cell function. AI1 increases
the turnover of phosphatidylinositol (8, 9) and evokes rapid
breakdown of polyphosphoinositides (5-7) in adrenal glomerulosa cells. Agonist-induced hydrolysis of PtdIns-4,5-P2by
phospholipase C increases the formation of inositol phosphates and diacylglycerol (6, 7, 10). The calcium mobilizing
activity of Ins-1,4,5-P3(11,12) through its intracellular receptors (13-15) and theactivation of protein kinase C by diacylglycerol have been proposed to form two branches of a messenger system and to act ina temporally integrated manner
to stimulate aldosterone production (6).
Recent studies have revealed new aspects of inositol phosphate metabolism, including identification of a pathway by
which Ins-1,4,5-P3is metabolized preferentially through Ins4-P rather than Ins-1-P, so that Ins-4-P formation provides
an index of inositol polyphosphate turnover in agonist-stimulated cells (10, 16, 17). An additional and complex route of
Ins-1,4,5-P3metabolism involves its conversion to Ins-1,3,4,5P, (18,19),which is then dephosphorylated to Ins-1,3,4-P,, a
previously identified InsP3 isomer of yet unknown function
(20). The inositol tris-tetrakisphosphate pathway may be not
only an alternative routeof Ins-1,4,5-P3elimination, but could
also produce additional regulator(s) of cellular function (21).
Such observations indicate the need to clarify the complete
reaction sequence involved in inositol phosphate metabolism,
including the sites of action of lithium, which is widely used
to block inositol phosphate degradation.
As described in a recent report (22), the use of a primary
cell culture of bovine adrenal glomerulosacells in combination
with anion exchange HPLC has permitted the detection of
new isomers of higher inositol phosphates. The present report
describes an extension of these observations to the analysis
of inositol phosphate metabolism during AI1 action in cultured glomerulosa cells.
‘The abbreviations used are: AH, angiotensin 11; Ins-1,4,5-P3,
inositol 1,4,5-trisphosphate; Ins-1,3,4,5-P4, inositol 1,3,4,5-tetrakisphosphate; Ins-1,3,4-P3, inositol 1,3,4-trisphospbate; Ins-l,3,4,6-P,,
inositol 1,3,4,6-~trakisphosphate;fnsP5, inositol p e n ~ k i s p h o s p h a ~ ;
Ins-1,4-Pz, inositol 1,4-bisphosphate; Ins-3,4-P2,inositol 3,4-bisphosphate; Ins-l,3-P2,inositol 1,3-bisphosphate; Ins-4-P, inositol 4-monophosphate; Ins-1-P, inositol 1-monophosphate; PtdIns, phosphatidylinositol; Ptdfns-4-P, phosphatidylinositol 4-monophosphate;
PtdIns-4,5-P2, phosphatidylinositol 4,5-bisphosphate; HPLC, high
performance liquid chromatography; HEPES, 4-(2-hydroxyethyl)-lpiperazineethanesulfonic acid; EGTA, [ethylenebis(oxoethylenenitrilo)]tetraacetic acid.
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Inositol P o l y p h ~ ~ pM
~ ~e t eu ~ l ~inm~lomerulo~a
Cells
EXPERIMENTAL PROCEDURES

Preparation and Culture of Bovine Adrenal Glomerulosa GdsGlomerulosa cells were prepared from bovine adrenal glands and
cultured as previously described (22). Briefly, 0.5-mm slices of the
bovine adrenal cortex (containing cells of the zona glomerulosa) were
minced into -1.0-mm2 fragments and digested with collagenase followed by mechanical dispersion. This procedure was repeated five
times, and thecells were then freed of red blood cells and other debris
by centrifugation on a Percoll gradient. After three washes, the cells
were either plated (5 X lo6cells/well) in 1.0 mi of Dulbecco's minimal
essential medium supplemented with 10% horse serum, 2% fetal
bovine serum, 50 IU/ml penicillin, 50 pg/ml streptomycin, and 2 mM
L-glutamine or used freshly for permeabilization. Cells in culturewere
kept at 37 "C in a Cot incubator, and themedium was changed daily.
Labeling and Stimulation of Glomerulosa Cells-On the day following cell preparation, the culture medium was changed to 0.5 ml of
inositol-free Medium 199 Hanks' buffered salt solution containing
'
, 25 mM HCO;, and 20 pCi/ml ~ y ~ [ ~ H ] i n o s i(60
t o ICi/
3.6mM K
mmol). After 24 h of labeling, cells were washed three timesand were
incubated in 200 p1 of the same medium without [3H]inositol and
with 25 mM HEPES (pH 7.4) instead of bicarbonate. Angiotensin I1
(5 X lo-' M) or solvent was added in 5 pl after a preincubation period
of 20min at 37 "C. When Li' (10 mM) was added, it was present from
the beginning of the preincu~tion.
Extraction and Separation of Inositol-containing Metabolites-Reaction was terminated at selected times by the addition of 200 pl of
ice-cold perchloric acid (lo%, w/v). Cells were kept onice for 30 min
and thenscraped from the culture dish. After freezing and rethawing,
the suspensions were centrifuged. The supernatant,
containing watersoluble inositol phosphates, were extracted with a 1:l mixture of
Freon and tri-~-octylamine(23). After neutrali~tion,samples were
applied toanHPLC
column (Adsorbosphere SAX, 5 p, Alltech
Associates, Deerfield, IL) and eluted with a linear gradient of ammonium phosphate as described previously (10). The effluent was
continously monitored by an on-line radioactive flow dectector (Floone, Beta IC, Radiomatic Instruments, Tampa, FL).
Lipids were extracted from the cell pellet formed after perchloric
acid precipitation by a slight modification of our previous protocol
(7). After the addition of 0.8 ml of 1N HCl, 2 ml of methanol, and 1
ml of chloroform to the pellet, vortexing, and standing for 1 h at 4 "C,
phase separation was achieved by adding 1.0 ml of chloroform and
1.0mlof 1 N HCl. The lower phase was then sequentially washed
with 0.7 ml of 2 mM NaEDTAfmethanol (11:13, v/v) and 0.7 ml of
0.1 N HCl/methanol (11:13, v/v), respectively. Lipids were separated
on TLC plates, preimpregnated with a mixture of sodium oxalate (75
mM), NaEDTA (2 mM), and boric acid (0.5%), using a solvent system
of chloroform/methanol/3 N NH,OH (7070:20).
Permea&~l~zation
of Bovine Glomerulosa Cells-Freshly
prepared
cells were permeabilized by appIication of intense electric field discharges (24) as previously described (22). Briefly, cells were resuspended in a Caz'-free Krebs-Ringer-glucose solution supplemented
with 1 mM EGTA, 5 mM Na2ATP, 25 mM HEPES (pH 7.4), and
0.05% bovine serum albumin. Permeabilization was achieved by exposure of cells to intense electric field discharges (1.5 kV,eight times
from a 2-pF capacitor) between 1-cm2electrodes placed 1 em apart.
After this treatment,more than 90% of the cells became permeable
to trypan blue. Permeabilized cells were pooled on ice and washed
with a medium similar in composition to theintracellular milieu (110
mM KCI, 10 mM NaCl, 2 mM M$C1,5 mM KHzPO, 20 mM HEPES
(pH 7.2), 2 mM EGTA, 2 mM Na,ATP, 10 mM creatine phosphate,
20 IU/ml creatine phosphokinase, 0.05%bovine serum albumin). The
free Caz+concentration was adjusted to 1 p~ and checked by fluorometry using Fura-2 (free acid) and assuming a Ka of 220 nM (25). In
these experiments, 2,3-bisphosphoglycerate(2 mM) was also included
in the incubation medium.Cellswere finally resuspended in this
medium (1.5 X lo' celis/ml) and distributed in 200-pi aliquots. I3HI
ins-1,4,5-P, (30 nCi; 3.6 Ci/mmol) (Du Pont-New England Nuclear)
was added to each of the tubes in 10-pl volumes and incubated at
37 "Cfor selected times, when reactions were terminated and samples
were extracted as described above.
Preparation and Assay of Ins-1,4,5-P3Kinase Activity from Bovine
Adrenal Cortex-Inositol trisphosphate kinase was partially purified
from the homogenate of bovine adrenal cortex .by the method of
Hansen et a1. (26) as previously described (27). The enzyme activity
was assayed in 200 pl of a medium containing 50 mM Tris/HCl (pH
8.0), 1 mM Na2ATP, 5 mM MgC12, 2 mM sodium pyrophosphate, 1
mM dithiothreitol, and 10 p M CaClz. [3H]Ins-1,4,5-P3(0.1-10 p M ) was

used as a substrate, and the reaction was performed a t 37 "C for 4
min. When calcium sensitivity of the kinase was studied, the following
medium was used: 50 mM Tris/HCl (pH 8.0),2 mM NaATP, 5 mM
MgClz, 2.5mM sodium pyrophosphate, 1 mM dithiothreitol, and 2
mM EGTA. Calcium was added to this medium to adjust the final
free Ca2+concentrations which were then checked with either Fura2 (free acid) ([Ca'] S 3 pM) (see above except that K d = 135 nM was
assumed because of the lower ionic strength of this medium (25)) or
a c a ~ c i u m - ~ n s i telectrode
i~e
(Orion Research Inc., Cambridge, MA)
. f i a l volume of the incubation was 500 pl, Ins([Ca"] 5 3 p ~ ) The
1,4,5-P3concentration was 5 X
M, and the enzyme protein was
130 pg. Reactions were performed at 37 'C for 4 min, then terminated,
and samples were extracted as described above except that the volumes were increased proportionally.
Materials-myo-[3H]Inositol (60 Ci/mmol) and [3H]inositol-1,4,5P, (3.2 Cilmmol) were purchased from Du Pont-New England Nuclear. Ins-1,4,5-P3 was obtained from Amersham International, collagenase and DNase-I from Sigma, and [Ile6]angiotensin I1 from
Peninsula Laboratories, Inc. (San Carlos, CAI. Culture media were
prepared by the NIH Media Unit.
RESULTS

Stimulation of Inositol Phosphate Production by Angiotensin
11-Cultured bovine adrenal glomerulosa cells prelabeled
with
[3H]inositof for 24 h were stimulated with angiotensin 11.
After extraction, the water-soluble inositol phosphates were
separated on HPLC using a linear elution gradient of ammonium phosphate. As shown on Fig. 1(upperpanel) under basal
conditions, Ins-1-P and Ins-4-P represented the majority of
the radioactivity found in inositol phosphates. Ins-l,4-Pz and
Ins-l,4,5-P3 levels werelow but detectable, while no detectable
peaks of Ins-1,3,4-P3 and Ins-1,3,4,5-P4 were observed. AI1
evoked a rapid increase in the levels of several metabolites
(Fig. 1, middle panel). The rapid rise in the level of Ins-1,4,5P3was associated with an even larger increase in the amount
of Ins-1,4-Pzand a selective increase in the Ins-4-Pisomer at
this early time (10 s) of stimulation. Ins-1,3,4,5-P4 and Ins1,3,4-P3peaks also appeared very rapidly, whileno significant
change was found in the amount of Ins-1-P andin the
compound eluting in the expected position of InsPs. At later
times (Fig. 1,lower panel), high levelsof Ins-1,3,4-Ps and Ins1,4-Pz were observed together with large amounts of Ins-1-P
and Ins-4-P. Two other InsP, isomers were also detected at
this time of stimulation. One of these eluted in the position
of our Ins-3,4-P2 standard (22) and is therefore presumed to
be Ins-3,4-Pz.The peak precedingIns-3,4-P2has not yet been
identified, but is clearly not glycerophosphoinositol-4,5-Pz,
which elutes earlier in our HPLC system (not shown). Based
on the kinetics of its appearance (see below)and the effect of
Li' on its levels, this peak appears to be another metabolite
of Ins-1,3,4-P3and is probably Ins-1,3-P~.
In the InsP, region of the chromatogram, two new compounds were detected before and after Ins-1,3,4,5-P4,and both
showed delayed increases during stimulation with AIL The
peak whicheluted before Ins-l,3,4,5-P4was recentlyidentified
as a product of Ins-1,3,4-P3 p~osphorylation and is
produced
by a kinase distinct from Ins-1,4,5-P3kinase (22). The structure of this new InsPl isomer was found to be Ins-1,3,4,6-P4,
based on its resistance to periodate oxidation (22, 28). The
structure of the other compound, possibly another InsP, isomer, is still to be determined.
TimeCourse of P r o d ~ ~ i oofn I n d i Inositol
~ ~ ~Phos~
phates-The changes discussed above were also evaluated as
a function of time during stimulation of AII. As shown in Fig.
&i, Ins-1,4,5-P3increased very rapidly to a peak at about 10
s, followed by a decrease during the 2-min time frame. Ins1,3,4,5-P4and also Ins-1,3,4-P3began to increase from nondetectable levels after a short lag time of about 2 s. In contrast,
consistent with its formation from Ins-1,3,4-P3, Ins-1,3,4,6-P*
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P3.An important finding of these studies was that Ins-1,4-P2
was dephosphorylated exclusively to Ins-4-P without formation of Ins-l-P. Ins-1,3,4-P3 was degraded mainly through
Ins-3,4-P2, and atolesser extent was converted to Ins-1,3,4,6P, as recently observed (22). In parallel with the elimination
of Ins-3,4-P2, a peak began to elute in the position of Ins-lP. The origin of the “Ins-1-P” peak was unlikely to be Insl,4-P2, on the
basis of its very late appearance. This compound
probably originates from Ins-3,4-P2 andif so cannot be Ins1-P. Since Ins-1-P and Ins-3-P are enantiomers and cannot
be separated by anion exchange HPLC, this peak probably
represents Ins-3-P formed as a product of Ins-3,4-P2 degradation in thepermeabilized cells. It is important to note that
Ins-1,3,4,6-P, accumulated and remained present throughout
the 2-h incubation period (not shown).
Ins-1,4,5-P3Kinase Activity of Adrenocortical Cytosol-To
determine whether the initial reaction by which Ins-1,4,5-P3
enters the complex series of phosphorylations and dephosphorylations isinfluenced by Ca2+,we analyzed the properties
of partially purified Ins-1,4,5-P3kinase activity from adrenocortical cytosol. The K,,,of the enzyme was found to be 0.4
5 Min
p~ for Ins-1,4,5-P3 with a Ifrnex of 208 pmol/min/mg (Fig. 4).
The activity of the enzyme was measurable even at very low
Ca2’ concentrations ( t 5 0 nM), but increasing the free Ca2+
concentration doubled the enzymeactivity to amaximum
around 3 p M free Ca2’ (Fig. 4).
Effects of Li’ on the Formation and Metabolism of Inositol
Po~yphosp~tes-In further experiments we examined the
effects of Li+ on the levels of the individual inositol phosphates and theirphospholipid precursors. In these studies,we
also used longer incubation timesto see whether depletion of
1 0 2 0 3 0 4 0 5 0 # 7 0 8 0
the PtdIns pool would influence the continuous formationof
Time (mink
inositol phosphates.
FIG. 1. HPLC elution profiles of inositol phosphates from
As shown in Fig. 5A, more prolonged incubation revealed a
control (upperpanel) and angiotensin 11-stimulated frnirliile
and lower pane0 samples. Bovine adrenal glomerulosa cells were second and continuous increase in the level of Ins-1,4,5-P3
kept in culture for 3 days and labeled with [3H]inositol for 24 h as following the early spike increase at 10 s. It is also clear that
Li’ had no effect on Ins-1,4,5-P3 levels during the initial
detailed under “Experimental Procedures.” Angiotensin I1 (5 X lo-’
M) was added for different times (10 s and 5 min in the ~~~d~ and phase of the response to AII. However, at later times, the
lower panel, respectively). At these times, the incubations were ter- level of Ins-1,4,5-P, began to decrease and returned almost to
minated, and samples were extracted and analyzed on HPLC as
baseline values at 30 min. In contrast (Fig. X ) , Ins-1,3,4-P3
described under “Experimental Procedures.”
accumulation was further enhanced when glomerulosa cells
were stimulated with AI1 in the absence or presence of Li’
showed a moderate and delayed response during the 2-min for up to 15 min.At longer times of incubation, from 15 to 30
period, although itslevel increased progressively at later times min, Ins-1,3,4-P3 began to decrease as a consequence of the
(see below).
decline in its precursor1,4,5-isomer.
A large and very rapid rise was observedin thelevel of InsThe accompanying changes in tetrakisphosphate isomers
1,4-P,, with no detectable delay compared to the changes in in comparison to those of their precursor inositol trisphosIns-1,4,5-P3. Thisresponsewasassociatedwith
a much phates are shown in Fig. 5, B and Lf. Apart from the absence
smaller anda considerably delayed response in the other two of an initial spike, the kinetics of Ins-1,3,4,5-P4accumulation
InsPz isomers,namely Ins-3,4-P2 and the peak tentatively
were almost identical with that of Ins-1,4,5-P3in the absence
identified as Ins-1,3-P2 (Fig. 2 B ) .
and presence of Li’. However, despite the prominent rise of
Of thetwomonophosphate
isomers, Ins-4-P increased Ins-1,3,4-P8, the1,3,4,6-isomer showed a slower and continuwithin several seconds, whereas Ins-1-P levels did not begin ous rise that was slightly inhibitedatlatertimes
in the
to increase until about1min had elapsed(Fig. 2C).
presence of Li’ (Fig. 50).
Metabolism of ~H]Ins-l,l,5-P, in Permeabilized GlomeruAnalysis of InsPz responses to AI1 revealed major effects of
losa Cells-In order to follow the metabolism of Ins-1,4,5-P3, Li‘ on Ins-1,4-P2levels. This InsP2isomer showed prominent
the primary product of PtdIns-4,5-P2 degradation, the con- accumulation in cells stimulated with AI1 in the presence of
version products of f3H]Ins-1,4,5-P, were analyzed in electro- Li’, but at later times its levels declined progressively as
permeabilized bovine glomerulosacells suspended in an intra- shown in Fig. 6A. Levels of the other two InsP2 isomers were
cellular-type incubation medium. HPLC elution profiles of differentially influenced by Li’. The peak corresponding to
samples taken at selected times during incubation with [’HI
Ins-3,4-P2 was consistently decreased in the presence of the
Ins-1,4,5-P3 areshown in Fig. 3. Ins-1,4,5-P3was very rapidly cation, whereas accumulation of the tentative Ins-1,3-P2
peak
degraded to Ins-1,4-P2 in spiteof the presence of 2 mM 2,3- was prominent and progressive with increasing times of inbisphosphoglycerate, an inhibitor of Ins-1,4,5-P3 5-phospha- cubations withAI1 (Fig. 6, B and C). However, comparison of
tase. To a lesser extent, Ins-1,4,5-P3 was also converted to the radioactivities of the isomers shows that when the level
Ins-1,3,4,5-P4which was then dephosphorylated toIns-1,3,4- of Ins-l,4-P2 was decreasing and that of the putative 1,3-
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FIG. 2. Kinetics of the production of inositol phosphates in angiotensin I~-stimulatedbovine glomer-

ulosa cells. Cells were prepared, cultured, and labeled as described under "Experimental Procedures." Angiotensin
I1 (5 X IO-' M) was added (time 0),and thereaction was terminated and samples were analyzed as in Fig. 1.Panel
A , Ins-1,4,5-P3 (O),Ins-1,3,4,5-P4 (Dl, Ins-1,3,4-P3 (A), and Ins-1,3,4,6-P4(V)in AII-stimulated cells. 0, control
Ins-1,4,5-P3. Panel B, Ins-l,4,-Pn (O),Ins-3,4-P, (A), and (putative) Ins-1,3-P2 (D) in AII-stimulated cells. 0,
control Ins-1,4-P2. Panel C, Ins-I-P (D) and Ins-4-P(0)in AII-stimulated cells. 0,control Ins-1-P; 0,control Inswith a mean variation of less than 10%.Data are
4-P. Each point represents the mean of duplicate d~terminations
representative of three similar experiments.
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on PtdIns-4,5-P2 levels, which showed the same profile of
transient reduction and return toward basal in the absence
and presenceof the cation(Fig. 8).
DISCUSSION

Activation of inositol phospholipid turnover is one of the
major transmembrane signaling mechanisms for the generation of second messengers during stimulation of target cells
by extracellular stimuli. The original proposal of a relation
betweeninositol-lipid turnover and Ca2+signalgeneration
(29) was followed by numerous studies toclarify the mechanism(s) by whichstimulation of phosphoinositide metabolism
leads to cell activation. Currently, the initial eventfollowing
receptor occupancy is believed to be phospholipase C-catalyzed hydrolysis of PtdIns-4,5-P2 in the plasma membrane,
producing Ins-1,4,5-P, and diacylglycerol (for review see Refs.
30 and 31). The abilityof Ins-1,4,5-P3 to release ea2+from a
nonmitochondrial intracellular store (11,12) through
a receptor-mediated mechanism (13-15) seems to be the primary
connection between phosphoinositide turnover and Ca2+mobilization (30). The other product of phosphoinositide hydrolysis, diacylglycerol, serves as theendogenous activator of
protein kinase C, which has multiple effects on cellular function (32).
Several recent observations haveclarified further detailsof
the reactionsinvolved in inositol phosphate metabolism. The
first indication that the above scheme may not be complete
was the demonstration of another isomer of InsP3, identified
as Ins-1,3,4-P3(20). The origin of this isomer was subsequently clarified by the discovery of a reaction by which Ins1,4,5-P3 is converted to Ins-1,3,4,5-P4, which is then dephosphorylated to form Ins-1,3,4-P8 (19, 26). Other recently identified metabolites include higher inositol phosphates, such as
InsP5 detected in
GH, cells and pituitarycells (16,33), aswell
as additional isomers of inositol bisphosphate (33, 36) and
monophosphate (10, 22, 34). The reactions by which inositol
phosphates are processed have been analyzed mainly in cellFIG.4. Properties of Ins-1,4,5-P,3-kinase. Partially purified free systems (28, 35-37), and there is relatively little information about the formation and
metabolism of inositol polyIns-1,4,5-P3 3-kinase
was prepared from bovine adrenal cortex by the
method of Hansen et al. (26). Enzyme activity was measured as phosphates in intactcells. To be valid, such studiesshould be
percent conversionof [3H]Ins-1,4,5-P3
to [3H]Ins-1,3,4,5-P4
at several performed in cells labeled with [3H]inositol to near equilibconcentrations of free Ca2+(upperpanel).The K,,, and the V,, of the rium, so that changes in radioactivity
the
of individual inositol
enzyme were determined by measuring the initial conversion rate at
metabolites
reflect
changes
in
their
mass
rather than their
different concentrations of Ins-1,4,5-P,. Lower panel shows the Lineweaver-Burk plot of the data from such an experiment (for further specific activity. The use of cultured bovine adrenal glomerdata of four ulosa cells labeled with [3H]inositolfor 24 h, and separation
details, see "Experimental Procedures"). Representative
(upperpanel) and five (lower panel)similar experiments are shown.
of inositol phosphates on HPLC, has
made it possible to
monitor changes in thelevels of the major inositol polyphosAI1 stimulation.
isomer was increasing,the former still represented the
major- phates and their metabolites during
An important and unexpected finding in the present study
ity of the InsP, isomers produced during AI1 action.
A dual effect of Li' on Ins-4-Plevels was observed in these was the consistently biphasicincrease in the level of Insexperiments. As shown in Fig. ?A, Ins-4-P rose rapidly from 1,4,5-P3 in hormone-stimulated cells. After the initial and
15 s in response toAII. At early times ( 4 0 min), more Ins- rapid "spike" increase, as observed in several previous studies,
4-P wasproduced without Li', but,atlatertimes,
more there was a second and continuous increase in the level of
substantial accumulationof Ins-4-P was observed in the pres- this isomer. Most of the published studies on Ins-1,4,5-P3
ence of Li'. Ins-1-P levels rose slowly and were only slightly production have employed short timecourses of 2-5 min, and
enhanced by Li' during the first few minutes, but increased there is little information about its formation during longer
progressively from 5 to 30 min. The delayed onset of the Ins- incubation periods. However, similar changes in Ins-1,4,5-P3
1-P response, with no change in the first 60 s, was observed have been observed in pituitary cells stimulated by gonadotropin releasing hormone (16), and the same tendency was
in the absence or presence
of Li' (Fig. 7, A and B ) .
present in GH& cells stimulated by thyrotropin releasing
T o evaluate the corresponding changes in the precursor
phospholipids of theseveraiinositolphosphates,
we also hormone (38).The secondary increase of Ins-1,4,5-P3 was not
analyzed the [3H]inositol-labeledphospholipidsfrom
these an artifact caused by contamination with its accumulating
experiments.Inspite
of the large (90%) decrease in free metabolite, Ins-1,3,4-P3,since our HPLC system clearly sepinositol during AI1 stimulation in thepresence ofLi', there arated these isomers andcould detect low levels of Ins-1,4,5of stimula- P3 in samples containing large amounts of Ins-f,3,4-P, (see
was only a 50% decrease in PtdIns at later times
tion. Of greater interest was the absence of any effect of Li'
studies with Li+). We also considered the possibility of other
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FIG.5. Effects of Li+ on the levels of higher inositol phosphates in AII-stimulated adrenal glomerulosa cells. Cells were prepared, cultured, and labeled as described under "Experimental Procedures."Li" (10mM)

was added 20 min before the addition of AI1 (5 X 10" M).The insets on panels A and C show early time points.
Ins-1,4,5-P3(panel A), Ins-1,3,4,5-P2(punelB),Ins-1,3,4-P8 (punel C), and Ins-1,3,4,6-P4(panet I)) in the presence
(c".)
and absence ( 0 - - -0) of Li'. Data shown are averages of duplicate determinations (mean variation <
10%)from one of three similar experiments.

artifacts, such as large changes in specific activity of the
product, even though such effects are extremely unlikely in
cells labeled for 24 h. This possibility was tested in cells
prelabeled with [3H]inositol and exposed to two sequential
stimuiations with AII, washing out the hormone and leaving
the cells to recover before the second challenge. The second
stimulation with AI1 caused comparable increases in the levels

of all inositol phosphates, indicating that changing specific
activity is not responsible for the second phase of the increase
in 1ns-1,4,5-P3(data notshown).
Another possibility was that the peak we recognize as Ins1,4,5-P, is not homogeneous and contains another product
with the same elution characteristics but having a slow increase with time. This possibility could be excluded because
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(39) and inred blood cell membranes (40).
The metabolism of Ins-1,4,5-P3 to Ins-l,4-Pz isextremely
rapid andis not sensitive to inhibitionby Li' ions, even when
the levels of Ins-1,4-P, are extremely high. Metabolic studies
in permeabilized glomerulosa cells
revealed that Ins-1,4-Pz
was exclusively converted toIns-4-P.Inintact
cells, the
selective early increase in Ins-4-P levels during AI1 stimulation with no change in Ins-1-P
also suggests that metabolism
to Ins-4-P is the major route of Ins-1,4,5-P3 dephosphorylation. A similar conclusion was drawn from recent studies in
rat glomerulosa cells(10) and pituitarygonadotrophs (16) and
also from metabolic studies in calf brain extracts (37). The
marked accumulation of Ins-1,4-P2, together with a slight
inhibition of the increase of Ins-4-P incells stimulated in the
presence of Li' at early time points, are clear indications of
an inhibitoryeffect of Li+ on theremoval of the 1-phosphate
from Ins-l,4-P2. However, the accumulation of Ins-4-P at
later times in Li+-treated, hormone-stimulated
cells suggests
that not only the formation but also the dephosphorylation
of Ins-4-P is inhibited by Li", as recently described in rat
adrenal glomerulosa cells (10).
Sequential degradation through Ins-1,4-P2 and Ins-4-P is
not the only reaction sequence by which Ins-1,4,5-P3 is processed. The present observations permeabilized
in
glomerulosa
101
X
!
I
cells have clearly shown that, as in other tissues (19, 23, 26),
Ins-1,4,5-P3 is rapidly phosphorylated toform Ins-1,3,4,5-P4.
The tetrakisphosphate is then dephosphorylated at the 5position to form Ins-1,3,4-P3,probably by thesameLi+insensitive 5-phosphatase which dephosphorylates Ins-1,4,5P,.
We found this Ins-1,4,5-P3 kinase activity to be present
Time (min)
in adrenocortical cytosol and tobe influenced by the ambient
FIG. 6, Effects of Li' on the levels of Ins-Ps isomers in AIIstimulated adrenal giomerulosa cells. Experimental details are calcium concentration. Although the optimal concentration
as given in the legend to Fig. 5. The inset in panel A shows time of Ca'+ (-3 PM) was somewhat higher than theaverage ligandpoints within 2 min. Ins-l,4-Pz (panel A), Ins-3,4-Pz(panel B ) , and stimulated values of cytosolic Ca2+,such levels could occur in
the peak tentatively identified as Ins-l,3-P2 (panel C ) are shown in local regions adjacent to the plasma membrane and/or the
the presence (W)
and absence (0-- -0)of Li'. Data shown are ER structures from which Ca2+enters thecytosol. Such Ca2+
averages of duplicate determinations (mean variation < 10%) from
dependence of the Ins-1,4,S-P3 kinase was also observed in
one of three similar experiments.
RIN m5F cells (41) and inbovine glomerulosa cells (42), with
similar optimum Ca2+concentrations.
the level of Ins-1,3,4,5-P4 (whichis derived from Ins-1,4,5-P3f
Dephosphorylation of Ins-1,3,4-P4 in permeabilized
glomeralso rose progressively during the same time, consistent
with ulosacellsmainlyproducedIns-3,4-P,,
as observed inour
a continuous rise in the formation of its precursor. Taken previous study ( 2 2 ) , as well as in liver homogenate (28) and
together, these data confirm the
validity of the two phasesof calf brain extracts (37). A third l[nsPz isomer (in addition to
production of Ins-1,4,5-P3, which may reflect the existence of Ins-1,4-P, and Ins-3,4-P,)was detected in intact glomerulosa
multiple pools of PtsIns-4,5-P2 as suggested in WRK-1 cells cells and tentatively identified as Ins-1,3-P2. In the presence

e

/

FIG. 7. Effects of Li* on the levels
of inositolmonophosphates in bovine adrenal glomerulosacells stimulated with angiotensin 11. Experimental details aregiven in the legend to
Fig. 5 and under "Experimental Procedures.'' The inset shows time points below 2 min. Ins-4-P (panel A ) and Ins-lP (panel B ) levels in control (A, A) and
cells are shown in
AII-stimuiated (0,O)
the presence +-" and absence (- - -)
of Li'. Data shown are averages of du-
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plicate determinations (mean variation
< 10%)from one of three similar experiments.
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stimulated glomerulosa cells (22). This reaction is not confined to the adrenal, since studies in liver homogenate by
Shears et al. (28) revealed a similar cytosolic activity which
converts Ins-1,3,4-P3 to Ins-1,3,4,6-P4, We havepreviously
shown that thekinase responsible for phospho~lationof Ins1,3,4-P3is distinct from that which phosphorylates Ins-1,4,5Pa (22). Although the physiological significanceof such multiple reaction steps isnot yet clear, it i s noteworthy that Ins1,4,5-Ps serves as the original substrate for these several
reactions. Ins-l,4-Pz, which can be produced from direct hydrolysis by phospholipase C of PtdIns-4-P, as well as from
InsP, metabolism, is not a substrate inthese phosphorylation
reactions (data not shown).
In this context, it is of interest that Ins-1,4,5-P3,which is
believed to be responsible for the initial spike increase in
cytosolic Ca2+,is continuously produced during AI1 stimulation. The sustained production of Ins-1,4,5-Pa is associated
with different steady state levels of the active isomer after its
spike increase; in some reports, its level returns almost to
basal (43, 44), but in others it remains elevated (26) or even
shows a second increase (16). The continuous interaction of
Ins-1,4,5-P~with its receptor on an intracellular membrane
,O!
.
A
Ob
10
x)
30
structure adjacent to the plasma membrane has been proposed
Time tmlnutes)
to be responsible for gating Ca2' entry through the plasma
FIG. 8. Effects of angiotensin I1 on the levels of Ins (upper membrane (45). On the other hand, the rapid conversion of
panel), PtdIns (middlepanel),and PtdIns-4,6-Pa(lowerpanel) Ins-1,4,5-P3 to Ins-1,3,4,5-P, raised the possibility that inin the presence (c".)
and absence ( O " - O ) of Li+. All creased levels of Ins-P, could stimulate the movement of Ca"
values are expressed as percent of the controls, which showed no ions across the plasma membrane (21), an intriguing hypoths i ~ ~ ~ cchange
a n t with time duringtreatment with Li'. The average
100%values fcounts/min)are: Ins, 665,953 t 40,459; PtdIns, 390,875 esis which awaits experimental confirmation. Whatever the
function of this higher phospho~lationpathway, the flux of
& 17,743; and PtdIns-4,5-P*, 6,416
f 1,526. Data shown are means f
inositol phosphates through these reactions might be more
S.E.of three experiments.
important than the actual levels of the single metabolites.
Plant cells and avian erythrocytes contain inositol phosphate
of Li', the large accumulation of Ins-1,4-Pz in AII-stimulated
kinases (46) that are able to produce higher inositol phoscells was associated with suppression of the Ins-3,4-P2 rephates. Avian erythrocytes contain large amounts of Inssponse and enhanced levels of the tentative 1,3-P2 isomer.
1,3,4,5,6-P5 (47), which acts similarly to 2,3-bisphosphoThese results indicate that removal of the l-phosphate from
glycerate in regulating oxygen binding to hemoglobin (48).
Ins-1,3,4-P3is strongly inhibited by Li*. The same conclusion
The existence of such higher inositol phosphates in mammawas reached by Shears et al. (36) from studies on liver holian cells (33), and the increasing clarification of their routes
mogenate, whichalso showed that high concentrations of Insof production, may help to identify their role in the regulation
1,4-Pzwere required for this inhibition. The pathway producof cellular functions.
ing Ins-1,3-P2 from Ins-1,3,4-P3 was correspondingly enA notable effect of Li' in the present study was its delayed
hanced in thepresence of Li', presumably due to itsinhibition
inhibition of AII-stimulated production of Ins-1,4,5-P3 and
of the dephosphorylation of Ins-l,3-P2. An enzyme which
its metabolites, which became progressively decreased in the
removes the l-phosphate from inositol 1,4-bisphosphate and
presence
of Li". The most immediate explanation for such a
from Ins-1,3,4-P3was recently isolated and characterized (37).
This enzyme appears to be distinct from Ins-l-P phosphatase, decrease wouldbe a fall in the amount of PtdIns-4,5-P2
but is similarly inhibited by Li+. The results of our present available for hydrolysis by phospholipase C, due to the imstudies are consistent with the presence of such an enzyme in paired resynthesis of inositol phospholipids (49). However,
only a moderate depletion of about 50% wasobserved in
the adrenal glomerulosa cell.
The source of Ins-l-P, which shows only delayedincreases PtdIns during the present study, and there was no consistent
upon stimulation with AII, is still not clear. It is most likely decrease in PtdIns-4,5-Pzdespite the major fallin free inositol
to be produced directly from breakdown of PtdIns, which is levels. Similar findings have been reported in GH3 cells (50),
not an early response to AI1 stimulation. However, it cannot parotid gland (51), rat adrenal glomerulosacells (71, and
be excluded that Ins-3-P, which is the major product formed platelets (52). These observations raise the possibility that
from ins-3,4-Pz in liver homogenate (28) and brain extracts the phospholipase C mechanism could be inhibited by one of
(37), contributes to the late increase of Ins-l-P levels. Since the products that accumulate in the presence ofLi'. Such
Ins-l-P and Ins-3-P are enantiomers, they cannot be sepa- inhibition would obviously not be caused by the metabolites
the accumulated valueat later times
rated by anion exchange chromato~aphy.However, the con- whose level declined from
tinuous accumulation of large amounts of Ins-l-P in the of stimulation due to their decreased formation. Among the
presence of Li' cannot be accounted for solely by co-eluting inositol phosphates, the only possible candidates could beInsIns-3-P derived from Ins-1,4,5-P3 through the tris-tetrakis- 1-Por Ins-4-P. However, it is more likelythat such inhibition
phosphate pathway and probably reflects the direct break- is due to inappropriate activation of protein kinase C caused
by accumulation of diacylglycerol, as recently suggested by
down of PtdIns during AI1 action.
An important finding confirmed in the present study was Drummond et al. (53). In support of this idea, we have found
the phosphorylation of Ins-1,3,4-P3to Ins-1,3,4,6-P4and the that activation of protein kinase C by phorbol esters inhibited
increased production of this new tetrakisphosphate in AII- AII-stimulated formation of inositol phosphates in rat and
1

FIG. 9. Schematic representation of the pathways involved in the
metabolism of inositol phosphates.

bovine glomerulosa cells.*Similar feedback inhibition by kinase C has been observed in several cell types {see Ref. 32 for
review). In theglomerulosa cell,Li' selectively inhibits aldosterone production stimulated by angiotensin 11, but does not
impair the aldosterone response to adrenocorticotropic hormone, which acts through adenylate cyclase rather than the
phosphoinositide mechanism (54). In thosestudies, the inhibitory effect of Li' developed progressively and did not affect
the early phase of stimulation. Also, addition of inositol did
not restore the secretory response, indicating that theblockade of steroid production was caused by one of the accumulating products rather than by inositol depletion. The present
findings in bovine giornerulosacells are consistent with these
previous observations, and with the potential role of kinase C
in the inhibitory process.
In summary, AI1 rapidly stimulates PtdIns-4,5-P2 breakdown and turnover in cultured adrenal glomerulosa cells.The
calciummobilizing product, Ins-1,4,5-P3, shows a biphasic
increase during AI1 stimulation and is rapidly metabolized
through Ins-1,4-P2 and Ins-4-P rather than through Ins-1-P.
Ins-1,4,5-P3is also converted to Ins-1,3,4,5-P4 by an enzyme
which can be stimulated byCa". This reaction is the first
step in a series by which Ins-1,4,5-P3is converted to Ins-1,3,4P3 andfurther to Ins-1,3,4,6-P4. Ins-1,3,4-P3 is degraded
mainly through Ins-3,4-Pz (and possibly to a lesser extent
through Ins-1,3-P2). Lithium ions inhibit the dephosphorylation of Ins-1-P and Ins-4-P and also the removal of the Iphosphate from Ins-l,4-P2, Ins-1,3,4-P3, and possibly Ins-l,3P,, without affecting the removal of the 5-phosphate from
Ins-1,4,5-P3 and Ins-1,3,4,5-P4.These reactions are summarized in Fig. 9. More prolonged stimulation of glomerulosa
cells with AI1 in the presence of lithium leads to progressive
inactivation of the phospholipase C-mediated mechanism.
This effect appears to result from feedback inhibition by one
of the accumulating products (possibly via inappropriate acd
tivation of protein kinase C by the u n m e ~ b o l i ~ ediacylglycerol) rather than from exhaustion of the phosphoinositide
substrate due to inositol depletion.
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