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SUMMARY

myo-lnositol-1 ,3,4,5-tetrakisphosphate [lns(1 ,3,4,5)P4]-induced

Ca2� mobilization was examined in saponin-permeabilized SH-
SY5Y cells using myo-inositol hexakisphosphate-supplemented
buffer to prevent Ins(1 ,3,4,5)P4-3-phosphatase-catalyzed back-
conversion of exogenous Ins(1 ,3,4,5)P4 to myo-inositol-1 ,4,5-
tnsphosphate [lns(1 ,4,5)P3]. The Ins(1 ,3,4,5)P4 concentration-
response curve for Ca2� release in SH-SY5Y cells exhibited an
EC50 of 2.5 toM, compared with 52 n� for lns(1 ,4,5)P3, with the
maximally effective concentration of lns(1 ,3,4,5)P4 (1 00 �M) mo-
bilizing the entire lns(1 ,4,5)P3-sensitive pool. Both lns(1 ,3,4,5)P4-
and lns(1 ,4,5)P3-induced Ca2� mobilizations were heparin sensi-
tive. Further, L-chiro-inositol-2,3,5-trisphosphorothioate, a re-
cently identified low intrinsic activity lns(1 ,4,5)P3 receptor partial
agonist, shifted both the lns(1 ,4,5)P3 and Ins(1 ,3,4,5)P4 concen-
tration-response curves significantly rightward, with similar po-

tencies. However, binding studies demonstrate that L-chiro-

inositol-2,3,5-trisphosphorothioate interacts very poorly (IC�0>
30 �sM) with specific lns(1 ,3,4,5)P4 binding sites that have been
previously characterized in pig cerebellum. Carbachol-pretreated
SH-SY5Y cells (1 mM, �6 hr) exhibit a decrease in Ins(1 ,4,5)P3
receptor number, accompanied by both a rightward shift and a
reduced maximal Ca2� release in their lns(1 ,4,5)P3 concentration-
response curve. Here both lns(1 ,4,5)P3 and lns(1 ,3,4,5)P4 con-
centration-response curves were found to exhibit identically re-
duced maximal Ca2� release responses and about 4-fold right-
ward shifts in EC50 values. Together, these observations provide
compelling evidence for our hypothesis that lns(1 ,3,4,5)P4 ex-
hibits weak but full agonist status at lns(1 ,4,5)P3 receptor-oper-

ated Ca2� channels in SH-SY5Y cells.

Many cell surface receptors activate (via G proteins) phos-
phoinositidase C, which catalyzes the hydrolysis of phosphati-

dylinositol-4,5-bisphosphate to produce the second messengers

Ins(1,4,5)P3 and diacylglycerol (1). Ins(1,4,5)P:, interacts spe-
cifically with a family of Ins(1,4,5)P3 receptor-operated Ca2�

channels to mobilize nonmitochondrial intracellular Ca2� stores

(1, 2). Ins(1,4,5)P3 is rapidly metabolized by 5-phosphatase and

3-kinase activities to form inositol-1,4-bisphosphate and

Ins( 1,3,4,5)P4, respectively (3).

In some cell types, Ins(1,3,4,5)P4 apparently does not affect

intracellular Ca2’ stores or modulate Ins(1,4,5)P3-induced Ca2�

mobilization (4-7). However, Ins(1,3,4,5)P4 can directly mobi-

lize Ca2� stores in cerebellar (8) and adrenal (9) microsomes,
microinjected Xenopus oocytes (10), and permeabilized SH-

SY5Y neuroblastoma cells (11, 12). Categorical interpretation
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of these studies may have been complicated by a number of

factors, notably Ins(1,4,5)P3 contamination of the

Ins(1,3,4,5)P4 (12, 13), endogenous 3-phosphatase activity in

the cells (14, 15), or Ins(1,3,4,5)P4 protection of Ins(1,4,5)P3

from 5-phosphatase metabolism (16). In all these studies, the

maximal concentrations of Ins(1,3,4,5)P4 (20-30 �M) used mo-

bilized significantly less intracellular Ca2� than could be

achieved using Ins(1,4,5)P3.

In the present study we have utilized conditions under which
3-phosphatase activity is totally suppressed, i.e., using InsP6,

and we have shown that pure synthetic Ins(1,3,4,5)P4 can

mobilize the entire Ins(1,4,5)P3-sensitive Ca2 pool in saponin-

permeabilized SH-SY5Y cells. We previously reported that
synthetic DL-Ins(1,3,4,5)P4 mobilized at best only 62% of the

intracellular Ins(1,4,5)P3-sensitive store in permeabilized SH-

SY5Y cells (11, 12), with presumed maximally effective concen-
trations of 10-30 �tM. Because we now know that L-

Ins(1,3,4,5)P4 is a very weak Ins(1,4,5)P3 receptor ligand and

ABBREVIATIONS: lns(1 ,4,5)P3, myo-inositol-1 ,4,5-trisphosphate; Ins(1 ,3,4,5)P4, myo-inositol-1 ,3,4,5-tetrakisphosphate; L-ch-Ins(2,3,5)PS3, L-chiro-
inositol-2,3,5-trisphosphorothioate; L-ch-lns(2,3,5)P3, L-chiro-inositol-2,3,5-trisphosphate; lnsP6, myo-inositol hexakisphosphate; HEPES, 4-(2-hy-
droxylethyl)-1 -piperazineethanesulfonic acid; EGTA, ethylene glycol bis(j3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HPLC, high performance
liquid chromatography; CLB, “cytosol-like” buffer; L-ch-lns(1 ,4,6)PS3, L-chiro-inositol-1 ,4,6-trisphosphorothioate; lns(1 ,3,4)P3, myo-inositol-1 3,4-
trisphosphate.
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Ca2’-mobilizing agent (17), the effects we had observed with

DL-Ins(1,3,4,5)P4 were probably mediated exclusively by the D-

isomer, suggesting that 5-15 j�M was the maximal concentration

present in our earlier studies. Furthermore, here we have care-

fully analyzed the Ins(1,3,4,5)P4-induced Ca2� mobilization re-

sponse using the antagonist heparin and the partial agonist L-

ch-Ins(2,3,5)PS3 (18) and have provided evidence that

Ins(1,3,4,5)P4 probably interacts with the Ins(1,4,5)P3 receptor
population to release Ca2� from intracellular stores. This hy-
pothesis was further supported by experiments utilizing car-

bachol-pretreated SH-SY5Y cells, where the number of
Ins(1,4,5)P3 receptors was significantly reduced (19); these

experiments clearly revealed a correlated decrease in both

Ins(1,3,4,5)P4- and Ins(1,4,5)P3-induced Ca2’ release.

Experimental Procedures

Materials. The following reagents were used; 45CaCl2 (approxi-
mately 1000 Ci/mmol; Amersham International, Buckinghamshire,

U.K.) and [3H]Ins(1,3,4,5)P4 (45 Ci/mmol; Amersham International,

Buckinghamshire, U.K.). Disodium ATP, fura-2, carbachol, and EGTA
were from Sigma; all other reagents were of the highest purity available.

L-ch-Ins(2,3,5)P3 and L-ch-Ins(2,3,5)PS3 were synthesized as described
previously (20-22), were purified by ion exchange chromatography on

Q-Sepharose Fast Flow, and were used as their triethylammonium
salts.

Chemically synthesized Ins(1,4,5)P3 (23) and Ins(1,3,4,5)P4 (24), as

K� salts, were obtained from the University of Rhode Island Founda-

tion Chemistry Group and used throughout. Both compounds were

extensively characterized by 31P and ‘H NMR and were found to be

>99% pure, with no other inositol polyphosphates detectable as con-

taminants.

Cell culture. SH-SY5Y human neuroblastoma cell monolayers
(passages 70-90), initially a gift from Dr J. L. Biedler (Sloane-Kettering

Institute, New York, NY) were subcultured and maintained as de-

scribed (25), with the exception that the culture medium was supple-

mented with 10% (v/v) newborn calf serum (GIBCO) rather than fetal

calf serum. For carbachol pretreatment studies, confluent SH-SY5Y
cell monolayers were exposed to carbachol ( 1 mM) for 6-7 hr. Aliquots

of a 200 mM aqueous stock solution were added to the culture medium

and gently mixed, to obtain the final carbachol concentration of 1 mM.

45Ca2� mobilization assays. SH-SY5Y cell monolayers were har-
vested in 25 ml of HEPES-buffered saline, consisting of 10 mM HEPES,

15 mM NaCl, and 0.02% (w/v) EDTA, pH 7.2. The cell suspension was

centrifuged at 500 x g for 2 mm, and the resulting pellet was resus-

pended in a CLB, consisting of 120 mM KC1, 2 mM Na2.ATP, 2.4 mM

MgCl2.6H20, 2 mr�i KH2PO4, 5 mM sodium succinate, and 20 mM

HEPES, pH 7.2. The free Ca2F concentration of the CLB was buffered

between 80 and 150 nM by the addition of 1-2 �M EGTA; this was
confirmed fluorometrically in 2-ml samples using fura-2 (250 nM), as

described (26). The cells were centrifuged (500 x g, 1 mm) and washed

with CLB twice and were then resuspended in CLB containing 100 �zg/

ml saponin, at a cell protein concentration of 1.5-2 mg/mI. After exactly

1 mm the cells were centrifuged (500 x g, 1 mm) and the pellet was

resuspended to 0.5-0.8 mg/ml in CLB containing 1 �oCi/ml 45Ca2�.

Ins(1,3,4,5)P4-induced 45Ca2� mobilization experiments were per-
formed in CLB supplemented with InsP6 (10 �tM final concentration),

to preclude the possibility of 3-phosphatase activity generating
Ins(1,4,5)P3 in the permeabilized SH-SY5Y cells. Cells were preincu-

bated for 15 mm at 25’ to allow ATP-dependent loading of intracellular

Ca2� stores, and then 50 �l of cell suspension were added to 50 �ol of
CLB (with or without 10 zM maP6) containing the inositol polyphos-

phates or other agents, in 1.5-ml microcentrifuge tubes. After a 1.5-

mm incubation at 4’, cells were pelleted by centrifugation (16000 x g,

2 mm), 250 �l of a silicon oil mixture (Dow-Corning 556/550, 1:1, v/v)
were added, and the tubes were recentrifuged (16,000 x g, 1 mm).

Buffer and oil were removed by aspiration, and the tubes were allowed

to drain for 20 mm. The resulting cell pellets were solubilized in 1 ml

of Emulsifier Safe scintillation fluid (Canberra Packard) for 6-8 hr at
4�, and the radioactivity was then counted. All experiments were
performed in duplicate. lonomycin (20 toM, free acid; Calbiochem) was
used to define the total releasable 45Ca2� pool, and Ins(1,4,5)P3 (20-30
�sM) was used to define the Ins(1,4,5)P3-sensitive 45Ca2� pool; these

were included as internal standards in all experiments.

Preparation and analysis of HPLC samples. SH-SY5Y cells
were prepared exactly as for the 45Ca2� release assay, in CLB or CLB

supplemented with InsP6 (10 �sM); however, 45Ca2� was replaced by an
identical concentration of Ca2F. After the 15-mm loading period, 100

�l of the permeabilized cell suspension were added to 100 �sl of CLB

(with or without 10 �M InsP6) containing 3 �M Ins(1,3,4,5)P4 spiked
with [3H]Ins(1,3,4,5)P4 (6.7 nM or 30 nCi/tube), in 1.5-ml microcentri-

fuge tubes. The cells were allowed to incubate for 2 mm, and incubation

was terminated by the addition of 7% (w/v) ice-cold perchloric acid.

Boiled cells were included as an appropriate control. Preparation of

samples and HPLC analysis of the inositol polyphosphates were per-
formed as described previously (27); 5 ml of Flo-Scint IV (Canberra
Packard) were added to each sample and samples were vortexed before
scintillation counting.

Preparation of cerebellar ‘P2’ membrane fraction. Pig cere-
bella were obtained from a local abattoir. Portions of cerebellum were

either used immediately or frozen in liquid nitrogen and stored at -70’.
Cerebellum was chopped with scissors at 4’ and homogenized in 20

volumes of 20 mM NaHCO3, 1 mM dithiothreitol, pH 8.0 (Polytron,

setting 5, 2 x 15 sec). The homogenate was centrifuged (4000 x g, 10

mm, 4’). The resulting supernatant was recovered and centrifuged

(40,000 xg 20 mm, 4’). The pellet was rehomogenized and the high-

speed centrifugation step was repeated twice. The final pellet was
resuspended in homogenization buffer at 6-8 mg of protein/mI, snap-

frozen in liquid nitrogen, and stored at -20’ until required.

Characterization of Ins(1,3,4,5)P4 binding sites. Increasing
concentrations of the various inositol phosphate analogues investigated

were incubated in a total assay volume of 120 � with 0.6-0.9 nM [3H]

Ins(1,3,4,5)P4 (45 Ci/mmol) in a buffer containing 25 mM sodium
acetate, 25 mM KH2PO4, 5 mM NaHCO3, 1 mM EDTA, and 0.25 mM
dithiothreitol, pH 5.0. Incubations were initiated by addition of 175-

200 �tg of cerebellar membrane protein and were continued for 30 mm
at 4’. Bound and free ligand were separated by centrifugation at 12,000

x g. After a brief centrifugation (20 sec), 100 Ml of silicon oil mixture

(Dow-Corning 556/550, 1:1, v/v) were added and the centrifugation

was continued for an additional 1.5 mm. Samples were immediately
returned to an ice-bath and the supernatant and oil layers were removed

by aspiration. Pellets were solubilized by addition of 2% (w/v) sodium

dodecyl sulfate. Radioactivity was determined after addition of an

appropriate scintillation cocktail. Residual bound radioactivity levels
in the presence of 100 jiM Ins(1,3,4,5)P4, 1 mM InsP6, or 3 mM 2,3-

bisphosphoglycerate were similar (15-25% of total binding) and were

defined as nonspecific binding.

Data analysis. EC00 and IC00 values (concentrations producing half-
maximal stimulation and inhibition, respectively) and slope factors

were estimated by computer-assisted curve-fitting using GraphPad

INPLOT version 3.1 (GraphPad Software). Combined data from the
independent experiments (three or more experiments) were expressed

as mean ± standard error.

Results

HPLC studies. HPLC of the boiled cell preparations re-

vealed a small quantitiy of contaminating Ins(1,3,4)P3 (1.4%)

and Ins(1,4,5)P3 (1.2%) present in the [3HJIns(1,3,4,5)P4 (three
experiments). In control preparations from saponin-permeabi-
lized SH-SY5Y cells allowed to incubate for 2 mm with 6.7 nM

[3H]Ins(1,3,4,5)P4 and 3 �tM Ins(1,3,4,5)P4, only 1.7% was me-

tabolized to [3H]Ins(1,4,5)P3 and 6.8% to [3H]Ins(1,3,4)P3
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TABLE 1

lnositol polyphosphate-induced �Ca2� mobilization in saponin-
permeabilized SH-SY5Y cells at 20-22#{176}C
Results are shown as mean ± standard error of four or more experiments for EC00
values, with slope values where appropriate. See Experimental Procedures for

additional details.

aStatistically significant difference from the lns(1 ,3,4,5)P4 control (p < 0.05).
b Statistically significant difference from the lns(1 ,4,5)P3 control (p < 0.05).
C Incomplete curves; only EC00 values are indicated.
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1 R. A. Wilcox, unpublished observations.
2 R. A. Wilcox, unpublished observations.

(three experiments). The addition of InsP6 (10 �sM) completely

obliterated Ins(1,3,4,5)P4-3-phosphatase-catalyzed generation

of [3H]Ins(1,4,5)P3 (1.1%, two experiments) and also inhibited

[3H]Ins(1,3,4)P3 generation (2.2%, two experiments). No mo-

sitol bisphosphate peaks were detected above the background

counts; the complete details of these findings will be reported

elsewhere.
Thus, under the conditions used in the 45Ca2� release assay,

approximately 15 nM endogenous Ins(1,4,5)P3 would be pro-

duced via 3-phosphatase activity from exogenous Ins(1,3,4,5)P4
(3 �tM) in the permeabilized SH-SY5Y cells. An identical con-
centration of exogenous Ins(1,4,5)P3 would mobilize approxi-
mately 10-15% ofthe Ins(1,4,5)P3-sensitive Ca2� store in these
cells (see Fig. 2) and thus produce an artifactual leftward shift

in the EC50 value for Ins(1,3,4,5)P4-induced Ca2� release.

Ca2� mobilization by inositol polyphosphates.

Ins(1,4,5)P3 mobilized �70% ofpreloaded 45Ca2� from saponin-

permeabilized SH-SY5Y cells at 20-22#{176},with an EC50 of 52.1

± 2.3 nM. The addition of 10 �sM InsP6 did not significantly
shift the EC50 of the Ins(1,4,5)P3 concentration-response curve,

nor did InsP6 cause significant 45Ca2� mobilization at concen-
trations up to 100 �zM (Fig. 1; Table 1).

Although Ins(1,3,4,5)P4 was able to mobilize the entire

Ins(1,4,5)P3-sensitive intracellular Ca2� store of saponin-per-

meabilized SH-SY5Y cells with an EC50 of 879 ± 92 nM, the

EC50 value was significantly increased in the presence of InsP6

(2.54 ± 0.30 �M) (Fig. 1; Table 1). We hypothesized that the

decreased potency of exogenous Ins(1,3,4,5)P4 in the presence
of InsP6 was due to inhibition of 3-phosphatase-catalyzed gen-

eration of Ins(1,4,5)P3. This proposal was supported by our

Fig. 1. Effect of lnsP6 on lns(1 ,4,5)P3- and lns(1 ,3,4,5)P4-induced Ca2�
release. Data indicate the percentage of 45Ca2� released at 20-22#{176}from
the intracellular lns(1 ,4,5)P3-sensitive Ca2� stores of saponin-permeabi-
lized SH-SY5Y cells, in the presence of increasing concentrations of
lns(1,4,5)P3 (#{149}),lns(1,4,5)P3 plus lnsP6 (10 �sM) (0), lns(1,3,4,5)P4 (A),
lns(1 ,3,4,5)P4 plus lnsP6 (1 0 ��M) (Li), or lnsP6 4. Results are shown as
mean ± standard error of four independent experiments. Maximal Ca2�
release from intracellular lns(1 ,4,5)P3-sensitive Ca2� stores was defined
using an internal standard of 20 �M lns(1 ,4,5)P3 (1 00% release); see

Experimental Procedures for a complete description of the method.

lnos4d po�phosphate EC�
S10P�f5CtO�

flM

lns(1,4,5)P3 52.1 ± 2.3 1.39 ± 0.11
Ins(1 ,3,4,5)P4 879.2 ± 92.3 1 .03 ± 0.09
lns(1,4,5)P3 + lnsP6 (10 zM) 58.0 ± 6.7 1.10 ± 0.06
lns(1 ,3,4,5)P4 + lnsP6 (1 0 ��M) 2,536 ± 303� 1 .1 5 ± 0.17
lnsP6 >>iO�
L-ch-Ins(2,3,5)PS3 1 ,595 ± 574 1 .37 ± 0.29
lns(1 ,4,5)P3 + L-ch-lns(2,3,5)PS3 854.6 ± 52.7” C

(30 �zM)

lns(1 ,3,4,5)P4 + lnsP6 (1 0 �M) + L- 30,772 ± 6,031 � C

ch-lns(2,3,5)PS3 (30 �M)

lns(1 ,4,5)P3 + heparin (50 �tg/ml) 345 ± 61 b .48 ± 0.06
lns(1 ,3,4,5)P4 + heparin (50 ,�g/ml) 1 1 630 ± 1 ,040a 1 .266 ± 0.06

recently reported Ca2� mobilization study conducted at 4’,

where in the absence of metabolic activity Ins(1,3,4,5)P4 was a

full agonist and had a similar EC50 (2.1 �tM) in permeabilized

SH-SY5Y cells (17). Further, in the present study direct evi-

dence to support this hypothesis comes from our HPLC studies,
which detected a small but significant generation of Ins(1,4,5)P3

from Ins(1,3,4,5)P4; this 3-phosphatase activity was obliterated

by prior addition of 10 �sM InsP6 (see above). Consequently, all

subsequent Ins(1,3,4,5)P4-induced Ca2� mobilization experi-

ments were conducted with InsP6 (10 �tM) supplementation.

Heparin (50 �tg/ml, Mr 40006000) addition to saponized SH-

SY5Y cells at 20-22#{176}produced similar rightward shifts in both

the Ins(1 ,3,4,5)P4 and Ins(1,4,5)P3 concentration-response

curves, with respective EC50 values shifted to 11.6 �tM and 0.35

�tM (Fig. 2; Table 1).

We have recently identified an Ins(1,4,5)P3 receptor partial
agonist, L-ch-Ins(2,3,5)PS3, that at a maximally effective con-

centration mobilizes only about 30% of the Ins(1,4,5)P3-sensi-

tive Ca2� pool in SH-SY5Y cells (18). Consequently we used L-

ch-Ins(2,3,5)PS3 at a maximal concentration (30 �tM) to probe

the interaction of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 at the Ca2�-

mobilizing Ins(1,4,5)P3 receptor in SH-SY5Y cells. L-ch-

Ins(2,3,5)PS3 (30 �tM) significantly shifted rightward both the

Ins(1,4,5)P3 (EC50, 52.1 to 855 nM) and Ins(1,3,4,5)P4 (EC50,

2.5 to 30.8 �tM) concentration-response curves, in a manner

consistent with its partial agonist action at the Ins(1,4,5)P3

receptor (Fig. 3). Because L-ch-Ins(2,3,5)PS3 is a moderate 5-

phosphatase inhibitor, control experiments were conducted

with a similar compound, L-ch-Ins(1,4,6)PS3, which is a very

potent 5-phosphatase inhibitor (28). L-ch-Ins(1,4,6)PS3 (�100

toM) had no intrinsic Ca2� mobilization efficacy, and at 30 �tM
it failed to shift the Ins(1,4,5)P3 concentration-response curve

significantly.’ Additionally, increasing concentrations of L-ch-

Ins(2,3,5)PS3 (0.1-30 zM) were able to progressively inhibit the

Ca2� mobilization response to a fixed submaximal concentra-

tion of Ins(1,3,4,5)P4 (5 �M),2 producing an inhibition profile
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Fig. 3. A, Effect of L-ch-lns(2,3,5)PS3 on lns(1 ,4,5)P3-induced 45Ca2�
release. Experimental data are as described in Fig. 1 , in the presence of
increasing concentrations of lns(1 ,4,5)P3 (#{149}),L-ch-Ins(2,3,5)PS3 (), or
lns(1 ,4,5)P3 plus L-ch-Ins(2,3,5)PS3 (30 �zM) (0). Results are shown as
mean ± standard error of four or more independent experiments. Maxi-
mal Ca2� release from the intracellular lns(1 ,4,5)Prsensitive Ca2� stores
was defined using an internal standard of 20 MM lns(1 ,4,5)P3 (100%
release); see Experimental Procedures for a complete description of the
method. B, Effect of L-ch-Ins(2,3,5)PS3 on lns(1 ,3,4,5)P4-induced 45Ca2�
release. Experimental data are as described in Fig. 1 , in the presence of
increasing concentrations of Ins(1 ,3,4,5)P4 plus lnsP6 (10 �zM) (A), L-Ch-
lns(2,3,5)PS3 (U), or lns(1,3,4,5)P4 plus lnsP6 (10 �M) plus L-ch-
lns(2,3,5)PS3 (30 �sM) (Li). Results are shown as mean ± standard error

for three or more independent experiments. Maximal Ca2� release from
the intracellular lns(1 ,4,5)P3-sensitive Ca2� stores was defined using an
internal standard of 20 �sM lns(1 ,4,5)P3 (1 00% release); see Experimental
Procedures for a complete description of the method.
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Fig. 2. Effect of heparin on lns(1 ,4,5)P3- and lns(1 ,3,4,5)P4-induced 45Ca2�
release. Experimental data are as described in Fig. 1 , in the presence of
increasing concentrations of lns(1 ,4,5)P3 (#{149}),Ins(1 ,4,5)P3 plus heparin
(50 zg/ml)(O), lns(1 ,3,4,5)P4 plus lnsP6 (1 0 ,�M)(A), or Ins(1 ,3,4,5)P4 plus
lnsP6 (1 0 �LM) plus heparin (50 �zg/ml) (L�s). Results are shown as mean ±
standard error of four independent experiments. Maximal Ca2� release
from the intracellular lns(1 ,4,5)P3-sensitive Ca2� stores was defined using
an internal standard of 20 �M lns(1 ,4,5)P3 (100% release); see Expen-
mental Procedures for a complete description of the method.

similar to that we previously reported for L-ch-Ins(2,3,5)P53

inhibition of submaximal Ins(1,4,5)P3 (0.7 toM) (18).

Ins(1,3,4,5)P4 binding studies. Displacement of specific

[3H}Ins(1,3,4,5)P4 binding by Ins(1,3,4,5)P4 yielded curves with

slope factors significantly less than unity (typically 0.4-0.55),

which could be accurately modeled using two-site analysis. Such
analysis for the data shown in Fig. 4 yielded Kd values for high

and low affinity sites of 2.5 nM and 7.8 �zM, respectively; at the

concentration of [3H]Ins(1,3,4,5)P4 used (0.66 nM), the high

affinity site accounted for 63% of specific binding.

Comparison of the ability of InsP6, Ins(1,4,5)P3, and low
molecular weight heparin (Mr 40006000) to displace specific

[3H]Ins(1,3,4,5)P4 binding from pig cerebellar membranes was

entirely consistent with values reported previously using rat

cerebellar membranes and [32P]Ins(1,3,4,5)P4 as the radioligand
(29). As noted previously, the displacement isotherms for these
agents yielded slope factors close to unity, suggesting that they

did not discriminate between the two populations of binding

sites defined by Ins(1,3,4,5)P4 displacement of specific [3H]

Ins(1,3,4,5)P4 binding.

Both L-ch-Ins(2,3,5)PS3 and L-ch-Ins(2,3,5)P3 only weakly
displaced [3H]Ins(1,3,4,5)P4 binding (Fig. 4; Table 2), with

respective IC50 values of >30 �tM and 29.1 ± 3.1 �tM. The data
presented for L-ch-Ins(2,3,5)PS3 were obtained using freshly

prepared solutions or dilutions made from stock (2 mM) solu-

tions stored at -20#{176}for <14 days. We noted that aqueous

solutions of L-ch-Ins(2,3,5)PS3 stored for >21 days exhibited

progressively reduced Ca2� mobilization effects and increased

apparent ability to displace [3HJIns(1,3,4,5)P4 from specific

binding sites. Because these changes were not observed for the

lns(1,3,4,5)P4-induced Ca2� Mobilization 813
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Fig. 4. Displacement of specific [3H]lns(1 ,3,4,5)P4 binding from pig cer-
ebellar membranes. Total [3H]lns(1 ,3,4,5)P4 added was 66 n� (7886
dpm); total bound counts and nonspecific binding were 2345 ± 1 20 dpm
and 582 ± 42 dpm, respectively. Data were normalized to the maximal
specific binding value. [3H]lns(1 ,3,4,5)P4 was displaced by lns(1 ,3,4,5)P4
I) in a manner consistent with a two-site curve fit, resulting in high and
low affinity sites of 2.5 n�i (KH) and 7.8 MM (KL). Inositol trisphosphate
analogues shown include Ins(1 ,4,5)P3 (s), L-ch-Ins(2,3,5)PS3 (S), and
lnsP6 (0). Results are shown as mean ± standard error of three inde-
pendent experiments. IC50 values for the other inositol polyphosphates
and heparin are presented in Table 2; see Experimental Procedures for
additional details.

TABLE 2
ICE, estimates for binding affinity obtained by displacement of
specific [3HJlns(1,3,4,5)P4 binding in pig cerebellum
Results are shown as mean ± standard error of three or more experiments (n) for
lc� values, with slope values (flH) where appropriate. See Experimental Procedures
for additional details.

Inositol polyphosphate lC� Slope factor (flH) n

MM

lns(1,4,5)P3 15.1 ± 2.9 0.87 ± 0.08 3
lnsP6 1 1 .3 ± 1 .9 0.92 ± 0.04 3
L-ch-lns(2,3,5)P3 >30 3

L-ch-lns(2,3,5)PS3 29.1 ± 6.0 0.88 ± 0.06 4
Heparin (M� 40006000) 12.0 ± 3.1 b .23 ± 0.1 1 3

a45�9 � 7.0% displacement at 30 1AM.
b � expressed in �g/ml.

structurally similar L-ch-Ins(2,3,5)P3, these changes are prob-

ably due to slow decomposition of L-ch-Ins(2,3,5)PS3, and we

therefore suggest that only fresh solutions of this analogue

should be used.
Ins(1 ,3 ,4,5)P4-induced Ca2� release in carbachol-pre-

treated SH-SY5Y cells. Here we utilized carbachol (1 mM,

6-7 hr)-pretreated SH-SY5Y cells to assess whether

Ins(1,4,5)P3 and Ins(1,3,4,5)P4 exhibited similar EC,�,o shifts and

maximal 45Ca2� release profiles. The maximal Ins(1,4,5)P3 (30
zM) release response was reduced from 70.1 ± 1.2% (eight

experiments) to 40.6 ± 1.9% (eight experiments) of preloaded

45Ca2�, whereas the EC50 value was shifted about 4-fold right-
ward (Fig. 5), broadly confirming previous findings (19). Fur-

ther, Ins(1,3,4,5)P4-induced Ca2� release curves exhibited al-

most identical modifications after carbachol pretreatment. The

Concentration (jiM)
Fig. 5. Effect of carbachol pretreatment on Ins(1 ,4,5)P3- and
lns(1 ,3,4,5)P4-induced 45Ca2� release. The data indicate the percentage
of 45Ca2� released at 20-22#{176}from the intracellular lns(1 ,4,5)P3-sensitive
Ca2� stores of saponin-permeabilized control SH-SY5Y cells (#{149},A) or
SH-SY5Y cells pretreated with carbachol (1 mM) for 6-7 hr (0, is), in the
presence of increasing concentrations of lns(1 ,4,5)P3 (#{149},0) and
Ins(1 ,3,4,5)P4 plus InsP6 (10 �M) (A, /�). Results are shown as mean ±
standard error of four independent experiments. Carbachol pretreatment
reduced the maximal lns(1 ,4,5)P3 (30 �M) release response from 70.1 ±
1 .2% (eight experiments) to 40.6 ± 1 .9% (eight experiments) of pre-
loaded 45Ca2�; the mean ECse and slope factor values were 233.9 ± 65.9
nM and 1 .1 9 ± 0.18, respectively. The maximal lns(1 ,3,4,5)P4 (1 00 jzM)

release response was reduced to 36.6 ± 1 .4% (four experiments) of
preloaded 45Ca2�, which was not significantly different from that released
by the maximally effective concentration of lns(1 ,4,5)P3 (30 MM) included
as an internal control (37.5 ± 1 .1 %, four experiments). The mean EC50
and slope factor values were 10,972 ± 1 ,1 60 n� and 1 .62 ± 0.23,
respectively. Control ECse values and slope factors are shown in Table
1 ; see Experimental Procedures for a complete description of the
method.

maximal Ins(1,3,4,5)P4 (100 �tM) release response was reduced

to 36.6 ± 1.4% (four experiments) of preloaded 45Ca2�, which

was not significantly different from the release induced by the
maximally effective concentrations of Ins(1,4,5)P3 (30 �zM) used

as internal controls (37.5 ± 1.1%, four experiments); the EC50

value for Ins(1,3,4,5)P4-induced Ca2’ release was also increased

about 4-fold (Fig. 5).

Discussion

The metabolism of Ins(1,3,4,5)P4 to Ins(1,3,4)P3 by
Ins(1,4,5)P3/Ins(1,3,4,5)P4-5-phosphatase isoenzymes is well

characterized, but recently Ins(1,3,4,5)P4-3-phosphatase-cata-

lyzed metabolism of Ins(1,3,4,5)P4 to Ins(1,4,5)P3 has been

detected in several cells and tissues, including saponin-perme-

abilized SH-SY5Y cells (3, 11). Because Ins(1,4,5)P3 potently

mobilizes intracellular Ca2� stores in permeabilized SH-SY5Y

cells, 3-phosphatase-catalyzed generation of contaminating

Ins(1,4,5)P3 from exogenous Ins(1,3,4,5)P4 results in a shift to

the left of the Ins(1,3,4,5)P4 concentration-response curve. To

inhibit Ins(1,3,4,5)P4 metabolism we have previously conducted

Ins(1,3,4,5)P4-induced Ca2� mobilization experiments at 4#{176}
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(12). Here we used InsP6 as an inhibitor of Ins(1,3,4,5)P4-3-

phosphatase activity (3), to allow all subsequent Ins(1,3,4,5)P4-

induced Ca2� mobilization experiments to be conducted at room

temperature without the artifactual complication of steady

state Ins(1,4,5)P3 generation.

In recent studies we have reported Ins(1,4,5)P3 receptor

binding studies in cerebellum using the D- and L-isomers of

Ins(1,3,4,5)P4 and have detected a marked (>30-fold) stereo-

selectivity favoring the D-isomer (17). Surprisingly, however,

specific Ins(1,3,4,5)P4 binding sites in cerebellum exhibited a
limited stereospecificity, with L-Ins(1,3,4,5)P4 possessing only

about 10-fold lower affinity than the D-isomer (29, 30). Further,

we demonstrated that maximally effective concentrations of
Ins(1,3,4,5)P4 (30-100 �zM) mobilized the entire Ins(1,4,5)P3-

sensitive Ca2� store in saponin-permeabilized SH-SY5Y cells,

with an EC50 of 2.1 �M at 4#{176}(17). L-Ins(1,3,4,5)P4 per se was

unable to mobilize Ca2� and, in coincubation studies, did not

affect Ins(1,3,4,5)P4-induced Ca2’ release, thus paralleling the

activities detected in Ins(1,4,5)P3 but not Ins(1,3,4,5)P4 binding

studies (17). These observations led us to suspect that

Ins(1,3,4,5)P4-induced Ca2� mobilization might be mediated via
the Ins(1,4,5)P3 receptor. The present studies provide strong

evidence for this hypothesis. Ins(1,3,4,5)P4 mobilized the entire

Ins(1,4,5)P3-sensitive Ca2’ store in SH-SY5Y cells in a concen-

tration-dependent manner, with an EC50 of 2.5 �M, being about

50-fold weaker than Ins(1,4,5)P3. Furthermore, heparin, a po-

tent and competitive agonist at the Ins(1,4,5)P3 receptor (31),

produced a similar rightward shift of both the Ins(1,3,4,5)P4

and Ins(1,4,5)P3 concentration-response curves. However, hep-

arm potently inhibits both Ins(1,4,5)P3 and Ins(1,3,4,5)P4 bind-

ing to specific binding sites, with respective IC50 values in rat

cerebellum of 10.2 and 19.3 �g/ml (29). Consequently, we

recognize the possibility that heparin could independently in-

hibit Ca2’ mobilization via both the Ins(1,4,5)P3 receptor and
a putative Ins(1,3,4,5)P4-specific receptor, with similar affini-

ties. To further investigate our hypothesis, we therefore used

the Ins(1,4,5)P3 receptor partial agonist L-ch-Ins(2,3,5)PS3
(18).

L-ch-Ins(2,3,5)PS3 produced similar rightward shifts of both

the Ins(1 ,4,5)P3 and Ins(1 ,3,4,5)P4 concentration-response

curves. Radioligand binding studies have shown that L-ch-

Ins(2,3,5)PS3, L-ch-Ins(2,3,5)P3, and Ins(1,4,5)P3 all interact

very weakly with Ins(1,3,4,5)P4 binding sites from pig cerebel-

lum, whereas at bovine adrenal cortex Ins(1,4,5)P3 binding sites

L-ch-Ins(2,3,5)P3 and L-ch-Ins(2,3,5)P53 possess relatively high
affinity (18, 22). Consequently, the shift in Ins(1,3,4,5)P4 [and

Ins( 1 ,4,5)P3J -induced Ca2� mobilization concentration-re-

sponse curves produced by L-ch-Ins(2,3,5)PS3 would appear to

be derived solely from competition at a population of

Ins(1,4,5)P3 receptors. These experiments appear to provide
almost unequivocal evidence that Ins(1 ,3,4,5)P4 acts specifically

at Ins(1,4,5)P3 receptors to induce Ca2� release from the intra-

cellular Ca2� stores of saponized SH-SY5Y cells.

Additional evidence that Ins(1,3,4,5)P4-induced Ca2� release
was mediated via the Ins(1,4,5)P3 receptor population comes
from the Ca2� mobilization responses of carbachol-pretreated

cells. A recent report from this laboratory has demonstrated

that pretreatment of SH-SY5Y cells with carbachol for �6 hr

produces an approximate 50% reduction in the number of
Ins(1,4,5)P3 binding sites, while leaving the receptor affinity
relatively unaffected (19). This loss in sites has been confirmed

by immunoblot studies using a monoclonal antibody directed

against the carboxyl terminus of the Ins(1,4,5)P3 receptor (32).

Further, this down-regulation was accompanied by an approx-
imately 50% reduction of the maximal Ins(1,4,5)P3-induced

Ca2� release and a 3-4-fold rightward shift in the EC50 value
(19). Here we have shown that pretreatment of SH-SY5Y cells

with carbachol (1 mM, 6-7 hr) produced parallel effects on both

Ins(1,4,5)P3- and Ins(1,3,4,5)P4-induced Ca24 mobilization,

again suggesting interaction of the tetrakisphosphate with the
Ins(1,4,5)P3 receptor population. The possibility that carbachol

pretreatment could result in parallel down-regulation of both
the Ins(1,4,5)P3-specific population and an independent puta-

tive Ins(1,3,4,5)P4-specific receptor population of course re-
mains. However, in the face of all the other accumulated

evidence on stereospecificity and antagonist and partial agonist

inhibition characteristics of the responses, we believe this pos-

sibility becomes increasingly remote.

Given that Ins(1,3,4,5)P4 possesses all the critical structural

motifs required for effective interaction with the Ins(1,4,5)P3

receptor (33, 34), perhaps the proposal that the addition of a

3-phosphate group to the Ins(1,4,5)P3 molecule simply produces

a weaker ligand and agonist operating via the same receptor

should meet only limited resistance. Indeed, because

Ins(1,3,4,5)P4 is a specific and relatively potent ligand at

Ins(1,4,5)P3 recognition sites (17, 29), if Ins(1,3,4,5)P4 com-

pletely failed to mobilize intracellular Ca2� stores then we

should expect it to act as an Ins(1,4,5)P3 receptor antagonist.

This role was tentatively suggested when 20 �M Ins(1,3,4,5)P4

failed to produce detectable Ca2� fluxes in reconstituted vesicles

containing purified type I Ins(1,4,5)P3 receptors (35). However,

this conflicts with the observation that Ins(1,3,4,5)P4 can effec-

tively mobilize intracellular Ca2� (with an EC� of 10 �M) from

membrane fractions prepared from transfected fibroblasts

overexpressing type I Ins(1,4,5)P3 receptors (36).
Two possibilities remain regarding how Ins(1,3,4,5)P4-in-

duced Ca2� mobilization might occur, i.e., (a) Ins(1,3,4,5)P4

interacts directly with the Ins(1,4,5)P3 receptor to mobilize

intracellular sequestered Ca2� or (b) Ins(1,3,4,5)P4 enhances

the ability of suboptimal levels of Ins(1,4,5)P3 to evoke Ca2�

mobilization, just as subthreshold concentrations of

Ins(1,4,5)P3 potentiate subsequent Ins(1,4,5)P3 transients in

Xenopus oocytes (37, 38). The latter seems unlikely as an
exclusive and direct mechanism, because Ins(1,3,4,5)P4 has

been shown to induce Ca2� mobilization from microsomal prep-

arations, which are presumably free of cytosolic Ins(1,4,5)P3 (8,

9). However, Ins(1,3,4,5)P4 might indirectly potentiate

Ins(1,4,5)P3-induced Ca2� release by mobilizing intracellular
Ca2� stores to produce a modest increase over the basal cytosolic

Ca2� concentration. The relationship between Ins(1,4,5)P3 re-

ceptor sensitivity and cytosolic Ca2� concentration is “bell-

shaped” (39), with modest increases in Ca2� concentration (up

to 200-300 nM) sensitizing the receptor to Ins(1,4,5)P3 (39-41).

Low concentrations of Ins(1,3,4,5)P4 have been reported to

lower the threshold concentration for Ins(1,4,5)P3-induced Ca2�

mobilization, in both microinjected Xenopus oocytes (10) and

digitonin-permeabilized L1210 lymphoma cells (42). In Xeno-
pus oocytes higher concentrations of Ins(1,3,4,5)P4 evoked in-

dependent Ca2� mobilization and inhibition of Ins(1,4,5)P3

responses, with these responses being independent of extracel-

lular Ca2� (10) and thus unrelated to the phenomenon of

Ins(1,3,4,5)P4-induced Ca2� entry (43). The proposal that
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3 R. A. Wilcox, unpublished observations.

Ins(1,3,4,5)P4 potentiates Ins(1,4,5)P3 responses via a Ca2�-

dependent receptor sensitization may be valid if, after transient
stimulation of cell surface receptors, Ins(1,3,4,5)P4 levels are
sustained longer than are Ins(1,4,5)P3 levels. Ins(1,4,5)P3/

Ins(1,3,4,5)P4 mass assays have indicated parallel increases of

both inositol polyphosphates after agonist stimulation (44-48),

and in some cell types Ins(1,3,4,5)P4 concentrations exhibit a
slower decay than do Ins(1,4,5)P3 concentrations (49).

The obvious question arises of whether the high affinity

Ins(1,3,4,5)P4-specific binding site in pig cerebellum represents

an Ins(1,3,4,5)P4 receptor with a biological function. Theibert

et at. have utilized an Ins(1,3,4,5)P4 affinity column to isolate
several Ins(1,3,4,5)P4-binding proteins solubilized from crude

particulate fractions prepared from rat brain membranes, al-

though only two exhibited stringent specificity for

Ins(1,3,4,5)P4 (50). Irvine (51) has suggested that a putative
Ins(1,3,4,5)P4 receptor-operated Ca2� channel has a role in Ca2�

entry across the plasma membrane, and indeed an
Ins(1,3,4,5)P4-activated Ca2 channel has been identified in

endothelial cells (52). However, Ins(1,3,4,5)P4 has also been
observed to specifically inactivate a K� channel via an inositol

polyphosphate receptor isolated from bovine cerebellar micro-

somes (53). Thus, Ins(1,3,4,5)P4 could potentially produce a

number of biological responses via a variety of putative

Ins(1,3,4,5)P4 receptors. Here we have provided evidence that

Ins(1,3,4,5)P4 is a moderately potent full agonist for Ca2�
mobilization, functioning via the Ins(1,4,5)P3 receptor-operated

Ca2� channel, in SH-SY5Y cells. Because similar Ins(1,3,4,5)P4-

induced Ca2� mobilization responses have been observed in
Swiss 3T3 fibroblasts and 1321N1 astrocytoma cells,3 perhaps

this suggests that the Ins(1,4,5)P3 receptor may represent a

potential physiological target for Ins(1,3,4,5)P4. Current inves-
tigations with novel 3-position-modified Ins(1,4,5)P3/
Ins(1,3,4,5)P4 analogues may allow us to probe inositol poly-

phosphate receptors and to further investigate alternative bio-
logical actions of Ins(1,3,4,5)P4.
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