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Abstract: To examine the possibility that NaF enhances
phosphoinositide-specific phospholipase C (PIC) activity in
neural tissues by a mechanism independent of a guanine
nucleotide binding protein (G,). we have evaluated the con-
tribution of G, activation to NaF-stimulated phosphoinosi-
tide hydrolysis in human SK-N-SH neuroblastoma cells.
Addition of NaF to intact cells resulted in an increase in the
release of inositol phosphates (450% of control values; ECs,
of ~8 mM). Inclusion of U-73122, an aminosteroid inhibi-
tor of guanine nucleotide-regulated PIC activity in these
cells, resulted in a dose-dependent inhibition of NaF-stimu-
lated inositol lipid hydrolysis (ICs, of ~3.5 uM). When
added to digitonin-permeabilized cells, NaF or guanosine-
5'-O-thiotriphosphate (GTP~S) resulted in a three- and sev-
enfold enhancement, respectively, of inositol phosphate re-
lease. In the combined presence of optimal concentrations
of NaF and GTP+S, inositol phosphate release was less than
additive, indicative of a common site of action. Inclusion of
2-5 mM concentrations of guanosine-5-O-(2-thiodiphos-
phate) (GDPgS) fully blocked phosphoinositide hy-

drolysis elicited by GTPyS. whereas that induced by NaF
was partially inhibited (65%). However, preincubation of
the cells with GDPSS resulted in a greater reduction in the
ability of NaF to stimulate inositol phosphate release (87%
inhibition). Both GTP+S and NaF-stimulated inositol phos-
phate release were inhibited by inclusion of 10 uM U-73122
(54-71%). The presence of either NaF or GTPvS also re-
sulted in a marked lowering of the Ca®* requirement for
activation of PIC in permeabilized cells. These results indi-
cate that in SK-N-SH cells, little evidence exists for direct
stimulation of PIC by NaF and that the majority of inositol
phosphate release that occurs in the presence of NaF can be
attributed to activation of G,,. Key Words: Inositol phospho-
lipid—Phosphoinositide-specific phospholipase C—Fluo-
ride—Guanine nucleotide—Neuroblastoma—Aminoster-
oid U-73122. Fisher S. K. et al. Contribution of G protein
activation to fluoride stimulation of phosphoinositide hy-
drolysis in human neuroblastoma cells. J. Neurochem. 60,
1800-1805 (1993).

In the CNS, most cell-surface receptors that couple
to the activation of phosphoinositide-specific phos-
pholipase C (PIC) do so via an intervening G protein
(G,)! (for review, see Fisher et al., 1992). One agent
used to study the involvement of G, in the absence of
receptor activation is fluoride, which in the form of
AlF, ™ is presumed to mimic the y-phosphate group of

GTP, thereby promoting the dissociation and activa-
tion of the G protein (Bigay et al., 1987). AIF,” has
been demonstrated to enhance markedly the regula-
tion of partially purified brain PIC by G, (Smrcka et
al., 1991). The addition of NaF has previously been
shown to activate phosphoinositide hydrolysis in sev-
eral neural preparations (Hepler and Harden. 1986;
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Abbreviations used: GDPSS, guanosine-5-0-(2-thiodiphos-
phate): G,. guanine nucleotide binding protein(s) that regulates
phosphoinositide-specific phospholipase C activity; GTP+S, guan-
osine-5-O-(3-thiotriphosphate); 1P,, 1-D-myc-inositol mono-
phosphate; IP,, 1-D-myo-inositol bisphosphate; IP;, 1-D-myo-
inositol trisphosphate; IP,, 1-D-myo-inositol tetrakisphosphate;

KGEH buffer, potassium glutamate-EGTA~HEPES: PIC. phos-
phoinositide-specific phospholipase C. U-73122. 1-[6-[[173-3-
methoxyestra-1,3,5(10)-trien-17-yl]-aminoJhexy]-1 /{-pyrrole-2.5-
dione: U-73343, 1-{6-[[178-3-methoxyestra-1,3.5(10)-trien-17-yl}-
aminojhexyl]-2,5-pyrrolidinedione. For the inositol phosphates,
isomeric positioning of phosphate groups is indicated when appro-
priate. The inositol phosphate nomenclature adopted is that of the
Chilton Convention (see Agranoff et al.. 1985).

! More than one G protein may regulate PIC activity. The iden-
tity of the G protein that regulates PIC activity in SK-N-SH cells is
currently unknown.
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Martin et al., 1986; Litosch, 1987; Godfrey and Wat-
son, 1988; Gonzales and Crews, 1988; Jope, 1988;
Clarb et al., 1990). However, the extent of NaF-stimu-
lated phosphoinositide hydrolysis that is directly at-
tributable to activation of G, remains uncertain be-
cause the ability of guanosine-5-O-(2-thiodiphos-
phate) (GDPgS) to block this stimulation was not
evaluated in these studies. Recently, the concept that
NaF stimulation of inositol lipid hydrolysis in neural
tissues occurs through activation of G, has been chal-
lenged. Li et al. (1990) observed that whereas phos-
phoinositide hydrolysis stimulated by the addition
of guanosine-5-0-(3-thiotriphosphate) (GTPvS) to
brain membranes could be inhibited by inclusion of
GDPgGS, that due to NaF addition was unaffected. In
the same membrane preparation, it was demonstrated
that NaF- and GTPyS-mediated stimulations of
phosphoinositide hydrolysis were additive, a result in-
consistent with a common site of action for these two
agents. From these observations, the authors con-
cluded that NaF-stimulated phosphoinositide hydro-
lysis in brain membranes occurs through a mecha-
nism that is independent of G,,. Consistent with this
possibility, Carter et al. (1990) have demonstrated
that NaF can directly activate a partially purified prep-
aration of brain PIC. Furthermore, evidence that NaF
activation of PIC activity is secondary to the mobili-
zation of intracellular Ca?* in PC12 cells has been
presented (Bencherif and Lukas, 1991).

Because of the uncertainty regarding the mecha-
nism by which NaF stimulates inositol lipid hydroly-
sisin neural tissues, in the present study we have evalu-
ated the contribution that activation of G, makes to
NaF-stimulated phosphoinositide hydrolysis in hu-
man SK-N-SH neuroblastoma using both biochemi-
cal and pharmacological approaches. SK-N-SH cells
are ideally suited to address this issue because they
exhibit a robust stimulation of phosphoinositide hy-
drolysis and, when permeabilized, can be used for
studies of the guanine nucleotide regulation of PIC
activity (Akil and Fisher, 1989; Fisher et al., 1989). In
addition, we have used a novel aminosteroid,
U-73122 {1-[6-[[178-3-methoxyestra-1,3,5(10)-trien-
17-yllamino]hexyl]-1 H-pyrrole-2,5-dione}, which has
recently been demonstrated to inhibit preferentially
GTP~S-stimulated PIC activity in these cells
(Thompson et al., 1991). In contrast to previous re-
ports that have indicated an anomalous mechanism
for NaF activation of phosphoinositide hydrolysis in
neural tissues, in the present study we report that acti-
vation of G, can account for at least 87% of NaF-stim-
ulated inositol phosphate reiease in SK-N-SH cells.

MATERIALS AND METHODS

Materials

myo-[2-*H]Inositol (15 Ci/mmol) was obtained from
American Radiolabeled Chemicals (St. Louis, MO, U.S.A.).
Digitonin and ATP were obtained from Sigma Chemical
Co. (St. Louis). Oxotremorine-M was purchased from Re-

search Biochemicals, Inc. (Natick, MA, U.S.A.). U-73122
and U-73343 {1-[6-[[178-methoxyestra-1.3,5(10)-trien-17-
yllaminojhexyl)-2,5-pyrrolidinedione} were generously
provided by Dr. J. E. Bleasdale of the Upjohn Co. (Kalama-
zoo, MI, U.S.A.). GTP~S and GDPSS were from Boeh-
ringer Mannheim (Indianapolis, IN, U.S.A.). Dowex AGI-
X8 (100-200 mesh, formate form) was obtained from Bio-
Rad (Rockville Center, NY, U.S.A.). Tissue culture supplies
were purchased from Corning Glass Works (Corning, NY,
U.S.A.). Powdered Dulbecco’s modified Eagle’s medium
and fetal calf serum were obtained from GIBCO (Grand
Island, NY, U.S.A.). Free fura-2 was obtained from Molecu-
lar Probes (Eugene, OR, U.S.A.).

Cell culture conditions

Human SK-N-SH neuroblastoma cells (passage number
unknown) were cultured under conditions that have been
previously described (Fisher and Snider, 1987). Cells that
were 10-20 days postpassage were used for all experiments.
After aspiration of culture medium, cells were detached
from the tissue culture flasks by addition of Puck’s D, solu-
tion (Honegger and Richelson, 1976), collected by centrifu-
gation (300 g for 1 min), and, unless stated otherwise, resus-
pended in buffer A (142 mM NaCl, 5.6 mM KCl, 2.2 mM
CaCl,, 3.6 mM NaHCO;, | mM MgCl,, 5.6 mM D-glucose,
and 30 mAM sodium HEPES buffer, pH 7.4).

Measurement of phosphoinositide hydrolysis
SK-N-SH cells were prelabeled for 2 or 3 days at 37°C in
Dulbecco’s modified Eagle’s medium with fetal calf serum
containing 10 xCi/ml of [*HJinositol in an atmosphere of
90% air/10% CO,. Under these conditions, the labeling of
the inositol lipids achieves isotopic equilibrium (Fisher et
al., 1990). For intact cells, the accumulation of a total >H-in-
ositol phosphate fraction was monitored in the presence of
Li*, as previously described (Thompson and Fisher, 1990).
Identification of the individual inositol phosphate isomers
present in such fractions was as previously reported (Fisher
et al., 1990). For measurement of inositol lipid hydrolysis in
permeabilized cells, the prelabeled cells were washed once
with Puck’s D, solution and then resuspended in potassium
glutamate-EGTA-HEPES (KGEH) buffer (139 mAf potas-
sium glutamate, 2 mM ATP, 4 mM MgCl,, 10 mM LiCl, 10
mAM EGTA, and 30 mM sodium HEPES buffer, pH 7.4)
containing 20 uM digitonin. Cells were permeabilized for 5
min at 37°C at a protein concentration of ~3-4 mg/ml.
Permeabilized celis were then centrifuged and washed with
an equal volume of KGEH buffer (minus digitonin) and
then resuspended in the same buffer. Incubations were rou-
tinely allowed to proceed for 30 min, after which time reac-
tions were terminated and inositol phosphate release was
quantified as previously described (Fisher et al., 1989). The
free Ca?* concentration (determined directly by the addi-
tion of fura-2) was routinely maintained at ~60 nM (10
mM EGTA:2.0 mM CaCl,). In experiments in which the
free Ca®* concentrations were varied, values of ~ 10, 30, 60,
100, 250, and 1,000 nM were obtained at Ca**/EGTA mo-
lar ratios of 0, 0.15, 0.20, 0.25, 0.40. and 0.55, respectively,
with EGTA maintained at a concentration of 10 mM.

Data analysis

Data are mean + SEM values for the number of separate
experiments performed. Dose-response curves were ana-
lyzed by the GraphPad InPlot curve-fitting program. Stu-
dent’s two-tailed ¢ tests were used to evaluate the statistical
differences of the means of paired sets of data.
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Protein content was determined by the method of Geiger
and Bessman (1972).

RESULTS

Intact cells

Addition of 20 mA/ NaF to SK-N-SH cells that had
been labeled with [*Hlinositol to isotopic equilibrium
resulted in a linear accumulation of inositol phos-
phates until 30 min of incubation, the interval rou-
tinely selected. Inclusion of NaF increased the release
of inositol phosphates to 450 + 60% of control values,
whereas in the presence of 1 mAf oxotremorine-M,
the corresponding value was 1,570 + 190% (n = 10).
Half-maximal increases in inositol phosphate release
were obtained at a NaF concentration of 8 + 2 mAM (n
= 3; Fig. 1). HPLC analysis of inositol phosphate
isomers formed indicated that the 1 and 3 isomers of
1-D-myo-[*H}inositol monophosphate ([*H]IP,) (an
enantiomeric pair), [PHJI(4)P,. and 1-D-myo-[*H]-
inositol bisphosphate ([*H]IP,) constituted 98%
of the radioactivity recovered. Radiolabel in the
1,4,5 isomer of 1-D-myo-[*Hlinositol trisphosphate
(*H]IPy), [*H]I(1,3,4)P;, and 1-D-myo-[*H]inositol
tetrakisphosphate ([*HJIP,) made up the remainder.
Similar proportions were obtained following addition
of oxotremorine-M (see also Fisher et al., 1990).

Inclusion of U-73122 resulted in a dose-dependent
inhibition of NaF-stimulated inositol phosphate re-
lease, with an IC,, value of ~35 uM (Fig. 2). U-73122
inhibited both NaF- and oxotremorine-M-stimulated
inositol phosphate release to a similar extent. Thus, in
seven separate experiments, addition of 10 pM
U-73122 resulted in a 60 + 3 and 69 + 7% inhibition
of the NaF and oxotremorine-M responses, respec-
tively. The succinimide derivative of U-73122, i.e.,
U-73343, had no significant inhibitory effect on NaF-
stimulated inositol phosphate release when added at a
concentration of 10 uM (6 + 3%, n = 3). In contrast,
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FIG. 1. Dose dependence of NaF stimulation of phosphoinositide
hydrolysis. Intact cells were incubated for 30 min at 37°C in the
presence of NaF at the concentrations indicated. Data are mean
+ SEM (bars) values for triplicate replicates. Maximal activation of
phosphoinositide hydrolysis was consistently obtained at 15-20
mM concentrations of NaF. At concentrations of NaF of >20 mM,
an inhibition of inositol phosphate release was observed in two of
four experiments.

J. Neurochem., Vol. 60, No. 5, 1993

[0

Ity in Inositol Ph

y
{d.p.m. x1

[U-73122]uM

FiG. 2. Dose dependence of U-73122 inhibition of NaF-stimu-
lated phosphoinositide hydrolysis. intact cells (0.2 mg of protein/
mi} were incubated with 20 mM NaF for 30 min in the absence or
presence of U-73122 at the concentrations indicated. Data are
mean values for triplicate replicates. Basal (O) or NaF-stimulated
(a) inositol phosphate release is shown. The release of inositol
phosphates at zero-time was 2,218 dpm. Inset: Calculated per-
cent inhibition of NaF-stimulated phosphoinositide hydrolysis as a
function of U-73122 concentration.

an 18 + 2% inhibition of oxotremorine-M-stimulated
inositol phosphate release occurred in the presence of
U-73343, which can be attributed to a direct effect of
the aminosteroid on the muscarinic receptor itself
(Thompson et al., 1991).

Permeabilized cells

Addition of NaF to digitonin-permeabilized cells
also elicited a release of inositol phosphate that was
approximately linear for at least 30 min and was opti-
mal at a concentration of 10 mM (ECs, of ~4 mAf;
data not shown). The release of inositol phosphates
obtained under these conditions was 417 = 47% of
control values, whereas that induced by addition of an
optimal concentration of GTPvS (20 or 200 M) was
810 = 64% (n = 9). The EC; value for GTPYS stimu-
lation of phosphoinositide hydrolysis was 2 uM. As
for intact cells, the major inositol phosphate isomers
formed were [*H]I(1/3)P,. [*H]I(4)P,, and [*H]IP,;
relatively little formation of inositol polyphosphates
was observed.

Both NaF- and GTPyS-stimulated inositol phos-
phate releases were inhibited by inclusion of GDPS3S
(Fig. 3). Addition of GDPSS (2 or 5 mM) fully
blocked GTPyS-stimulated phosphoinositide hydro-
lysis, whereas only a partial inhibition (65%) of NaF-
stimulated inositol phosphate release was observed.
However, when cells were preincubated with GDPAS
for 10 min (to displace residual GDP), NaF-stimu-
lated inositol phosphate release was inhibited by 87
+ 3% (n = 3; see Fig. 3). The basal release of inositol
phosphates was also inhibited by 30 = 13% following
inclusion of 5 mAM GDPSS (n = 8).

If NaF and GTP~S both act primarily to dissociate
G,, thereby causing its activation, it would be antici-
pated that inositol phosphate release obtained in the
presence of optimal concentration of the two agents
would be less than additive. In six separate experi-
ments, inositol phosphate release obtained in the pres-
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FiG. 3. GDP{S inhibits both NaF- and GTP~S-stimulated inositol
phosphate release. Digitonin-permeabilized SK-N-SH cells (0.75
mg of protein) were incubated in KGEH buffer [Ca?* = 60 nM]
with either 10 mM NaF or 7 uM GTPvS in the absence or pres-
ence of GDPSS at the concentrations indicated. Reactions were
terminated after 30 min, and a total inositol phosphate fraction
was isolated. Data are mean + SEM (bars) values for the number
of separate experiments indicated in parentheses.

ence of 10 mM NaF was 320 + 40%, whereas the
corresponding value for 20 uM GTP~S was 626
+ 72%. A combination of these two agents resulted in
an inositol phosphate release that was 651 *+ 66% of
control values (69 + 2% of the theoretically additive
values, p < 0.001).

The aminosteroid U-73122 has previously been
demonstrated to inhibit guanine nucleotide-stimu-
lated phosphoinositide hydrolysis in SK-N-SH cells,
whereas direct activation of PIC by Ca®* addition is
less affected (Thompson et al., 1991). Inclusion of the
aminosteroid dose-dependently inhibited NaF-stimu-
lated inositol phosphate release with an 1Cs, value of
~2 uM (Fig. 4). NaF- and GTPyS-stimulated phos-
phoinositide hydrolyses (n = 9) were inhibited by 54
+ 7 and 71 + 3%, respectively, by inclusion of 10 uA
U-73122. As observed following addition of GDPgS,
inclusion of 10 pM U-73122 also inhibited the basal
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FIG. 4. Dose dependence of U-73122 inhibition of NaF-stimu-
lated phosphoinositide hydrolysis. Digitonin-permeabilized SK-N-
SH cells (0.15 mg of protein/ml) were incubated with either KGEH
buffer (O) or with 10 mM NaF (A) in the absence or presence of
U-73122 at the concentrations indicated. Inositol phosphate re-
lease at zero-time is also shown (). Inset: Calculated percent
inhibition of basal and NaF-stimutated phosphoinositide hydroly-
sis as a function of U-73122 concentration.

release of inositol phosphates (52 + 4%, n = 9), indi-
cating the presence of a guanine nucleotide compo-
nent in this measure.

Because activation of G, is associated with a reduc-
tion in the Ca®* concentrations required for activa-
tion of PIC in SK-N-SH neuroblastoma cells (Fisher
et al., 1989), we also determined the Ca?* concentra-
tion dependence of NaF-activated phosphoinositide
hydrolysis (Fig. 5). Whereas the basal release of inosi-
tol phosphates was little influenced by Ca®* until its
concentration exceeded 100-200 nM/, concentrations
of Ca* found in the cytosol of quiescent cells (30-50
nM:; see Fisher et al., 1989) were sufficient to support
activation of PIC in the presence of either NaF or
GTP+S. Thus, both GTP~S and NaF appear to lower
the concentration of cytosolic Ca®* required for PIC
activity.

DISCUSSION

The results obtained in the present study strongly
suggest that the stimulatory effect of NaF on phos-
phoinositide hydrolysis in SK-N-SH cells is mediated
predominantly, if not exclusively, via the activation
of G,. Four lines of evidence support this conclusion.
First, addition of 2 or 5 mAM concentrations of
GDP3gS to permeabilized cells substantially inhibited
(by 65%) NaF-stimulated inositol phosphate release
and abolished that induced by GTPyS. When cells
were preincubated with GDPgS, a greater inhibition
(87%) of NaF-enhanced phosphoinositide hydrolysis
occurred. Second, when optimal concentrations of
both NaF and GTP«~S were present in the incubation,
the release of inositol phosphates was less than addi-
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FIG. 5. Ca®* requirements for basal and NaF- and GTPyS-
stimulated PIC activity. Digitonin-permeabilized SK-N-SH cells
(0.5 mg of protein) were incubated in KGEH buffer alone or in the
presence of 10 mM NaF or 20 uM GTP+ S for 30 min at 37°C in
the presence of Ca?* at the concentrations indicated (for details
of the Ca®*/EGTA buffers used, see Fisher et al., 1989). Data are
mean = SEM (bars) values for triplicate replicates from one of two
experiments that gave similar results.

J. Neurochem.. Vol 60. No. 5. 1993
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tive. suggesting a common site of action for these
agents. Third, as previously observed for GTP+S in
permeabilized SK-N-SH cells (Fisher et al., 1989}, the
addition of NaF resulted in a marked lowering of the
Ca®" requirements necessary for PIC activation (Fig.
5). Guanine nucleotide activation has also been dem-
onstrated to lower the Ca®* requirements for PIC in
other nonneural tissue preparations (Bradford and
Rubin, 1986; Uhing et al., 1986: Ali et al., 1989).
Fourth, the ability of U-73122 to inhibit potently
NaF-stimulated inositol phosphate release in both in-
tact and permeabilized SK-N-SH cells also points to
the ability of fluoride to activate directly G,. U-73122
has previously been demonstrated to inhibit PIC-de-
pendent processes in both neural and nonneural tis-
sues at a postreceptor level (Bleasdale et al., 1990;
Smith et al., 1990; Thompson et al., 1991). In both
neutrophils and SK-N-SH cells, the ability of the
aminosteroid 1o inhibit GTP~S- rather than Ca?*-ac-
tivated PIC activity indicates a preferential, although
not absolute, site of action of the agent at the level of
the G,-PIC interaction (Bleasdale et al., 1990:
Thompson et al., 1991). U-73122 inhibited NaF-stim-
ulated inositol phosphate release to an extent similar
to that observed for a muscarinic agonist in intact
cells and for GTP+S in permeabilized cells. The close
structural analogue, U-73343, which has little or no
inhibitory effect on either agonist- or GTPyS-stimu-
lated phosphoinositide hydrolysis (Thompson et al.,
1991), was also without effect on NaF-stimulated ino-
sitol phosphate release. Taken collectively, these re-
sults suggest that the majority of inositol phosphate
release that occurs in the presence of NaF can be at-
tributed to activation of G,,.

From an analysis of inositol phosphate isomer for-
mation, both NaF and muscarinic agonists appear to
activate similar pathways of phosphoinositide break-
down in SK-N-SH cells. Addition of NaF resulted pre-
dominantly in the production of I(1/3)P,, I(4)P,, and
IP, in both intact and digitonin-permeabilized cells,
as previously observed for muscarinic agonists (Fisher
et al., 1990). Although much less radioactivity was
recovered in 1(1,4,5)P;, 1(1,3,4)P,, and IP,, these
isomers were consistently detected in the presence of
NaF. The minimal contribution that polyphosphoin-
ositide hydrolysis makes to inositol phosphate forma-
tion in the presence of NaF (60-62%) is similar to that
calculated for muscarinic agonist-stimulated inositol
lipid hydrolysis in these cells (68-70%; see also Fisher
et al., 1990). Addition of NaF also resulted in an en-
hanced release of inositol phosphates under condi-
tions in which intracellular concentrations of Ca**
were maintained by the use of Ca’*/EGTA buffers
(Fig. 5). Thus, unlike in PC12 cells (Bencherif and
Lukas, 1991), a secondary mobilization of intracellu-
lar Ca®* in SK-N-SH cells cannot account for the abil-
ity of NaF to stimulate phosphoinositide hydrolysis.

The characteristics of NaF-stimulated inositol lipid
hydrolysis observed for SK-N-SH cells differ consider-
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ably from those obtained for brain membranes (Li et
al., 1990). For example, in the latter preparation stim-
ulation of inositol phosphate release by NaF addition
is insensitive to GDPSS and additive in the presence
of GTP+S, whereas no additional Ca®* sensitivity of
PIC is conferred in the presence of NaF. Moreover. in
brain membranes, NaF activates inositol phosphate
release to a greater extent than GTP+yS (Gonzales and
Crews, 1988:; Li et al., 1990), whereas in SK-N-SH
cells the order of effectiveness is reversed. Conceiv-
ably, some of these differences may be explained by
the presence of different forms of PIC and G, and/or
an alteration in the characteristics of G,-regulated
PIC activity following the isolation of brain mem-
branes. In the latter context, two recent studies have
indicated that G,-regulation of PIC activity in recon-
stituted systems exhibits some marked differences
from that observed in less perturbed systems such as
permeabilized cells. For example, the regulation of
PIC following G, addition does not result in any
change in the Ca®’ sensitivity of the enzyme, in-
dicating the need for other membrane components
that are removed during purification (Smrcka et al.,
1991; Taylor et al., 1991). Furthermore, following pu-
rification, G, fails to bind significant amounts of
GTP~S, an observation that accounts for the relative
inability of this guanine nucleotide to enhance PIC
activity when the latter is reconstituted with G,
(Smrcka et al., 1991; Taylor et al., 1991). In contrast,
AlF, is an effective promoter of phosphoinositide
hydrolysis in this preparation. Thus, in both reconsti-
tution assays and in brain membranes, fluoride more
effectively promotes phosphoinositide hydrolysis
than GTP~S. One possible explanation to reconcile
these observations would be that a tightly bound pool
of GDP, which is not readily displaced by GTPvS but
is still accessibie to fluoride, remains associated with
G,. Regardless of the mechanism involved, demon-
stration of an absolute requirement for the presence
of G, in the stimulation of PIC by A1F,” points to a
direct involvement of the G protein (Smrcka et al,,
1991; Waldo et al., 1991). Our results with SK-N-SH
cells are also fully compatible with a central role for
G, activation in NaF stimulation of phosphoinositide
hydrolysis.

Previous work has indicated that NaF may have
additional effects on the resynthesis of inositol lipids
(Clarb et al., 1990) and metabolism of inositol phos-
phates (Tiger et al., 1990). However, based on the re-
sults obtained in the present study, there appears little
reason to challenge a central role for G, activation in
the initiation of NaF-stimulated phosphoinositide hy-
drolysis in SK-N-SH cells.

Acknowledgment: The authors wish to thank Dr. Anne
M. Heacock for her helpful comments and Jo Ann Kelsch
for preparation of the manuscript. This work was supported
by grant NS 23831 from the National Institutes of Health
(to S. K. Fisher). A. K. Thompson and D. Slowiejko were



FLUORIDE ACTIVATION OF G, 1805

supported by training grant 5T32 GM 07767-10 from the
National Institutes of Health.

REFERENCES

Agranoff B. W_, Eisenberg F. Jr.. Hauser G., Hawthorne J. N., and
Michell R. H. (1985) Comments on abbreviations, in Inositol
and Phosphoinositides. Metabolism and Regulation (Bleasdale
J. E., Eichberg J., and Hauser G., eds), pp. xxi-xxii. Humana
Press, Clifton, New Jersey.

Akil M. and Fisher S. K. (1989) Muscarinic receptor-stimulated
phosphoinositide turnover in human SK-N-SH neuroblas-
toma cells: differential inhibition by agents that elevate cyclic
AMP. J. Neurochem. 83, 1479-1486.

Al H., Cunha-Melo J. R., and Beaven M. (1989) Receptor-me-
diated release of inositol |.4,5-trisphosphate and inositol 1.4-
bisphosphate in rat basophilic leukemia RBL-2H3 cells per-
meabilized with streptolysin O. Biochim. Biophys. Acta 1010,
88-99.

Bencherif M. and Lukas R. J. (1991) Differential sensitivity of
phosphoinositide metabolism to sodium fluoride and carba-
chol treatments in PC12 cells. Mol. Cell. Neurosci. 2,377-383.

Bigay J., Deterra P.. Pfister C., and Chabre M. (1987) Fluoride
complexes of aluminum or beryllium act on G-proteins as re-
versibly bound analogues of the y-phosphate of GTP. EMBO
J. 6,2907-2913.

Bleasdale J. E., Thakur N. R., Gremban R. S.. Bundy G. L., Fitzpa-
trick F. A., Smith R. J., and Buntin S. (1990) Selective inhibi-
tion of receptor-coupled phospholipase C-dependent processes
in human platelets and polymorphonuclear neutrophils. J.
Pharmacol. Exp. Ther. 255, 756-768.

Bradford P. G. and Rubin R. P. (1986) Guanine nucleotide regula-
tion of phospholipase C activity in permeabilized rabbit neutro-
phils. Biochem. J. 239, 97-102.

Carter H. R., Wallace M. A., and Fain J. N. (1990) Purification and
characterization of PLC-8,,, a muscarinic cholinergic regu-
lated phospholipase C from rabbit brain membrane. Biochim.
Biophys. Acta 1054, 119-128.

Claré E., Wallace M. A_, and Fain J. N. (1990) Dual effect of fluo-
ride on phosphoinositide metabolism in rat brain cortex. Bio-
chem. J. 268, 733-737.

Fisher S. K. and Snider R. M. (1987) Differential receptor occu-
pancy requirements for muscarinic cholinergic stimulation of
inositol lipid hydrolysis in brain and in neuroblastomas. Mol.
Pharmacol. 32, 81-90.

Fisher S. K., Domask L. M., and Roland R. M. (1989) Muscarinic
receptor regulation of cytoplasmic Ca** concentrations in hu-
man SK-N-SH neuroblastoma cells: Ca>* requirements for
phospholipase C activation. Mol. Pharmacol. 35, 195-204.

Fisher S. K., Heacock A. M., Seguin E. B.. and Agranoff B. W.
(1990) Polyphosphoinositides are the major source of inositol
phosphates in carbamoylcholine-stimulated SK-N-SH neuro-
blastoma cells. Mol. Pharmacol. 38, 54-63.

Fisher S. K., Heacock A. M.. and Agranoff B. W. {1992) [nositol
lipids and signal transduction in the nervous system: an up-
date. J. Neurochem. 58, 18-38.

Geiger P. J. and Bessman S. P. (1972) Protein determination by
Lowry’s method in the presence of sulphydryl reagents. Anal.
Biochem. 49, 467-473.

Godfrey P. P. and Watson S. P. (1988) Fluoride inhibits agonist-in-
duced formation of inositol phosphates in rat cortex. Biochem.
Biophys. Res. Commun. 155, 664-669.

Gonzales R. A. and Crews F. T. (1988) Differential regulation of
phosphoinositide phosphodiesterase activity in brain mem-
branes by guanine nucleotides and calcium. J. Neurochem. 50,
1522-1528.

Hepler J. R. and Harden T. K. {1986) Guanine nucleotide-depen-
dent pertussis-toxin-insensitive stimulation of inositol phos-
phate formation by carbachol in a membrane preparation
from human astrocytoma cells. Biochem. J. 239, 141-146.

Honegger P. and Richelson E. (1976) Biochemical differentiation
of mechanically dissociated mammalian brain in aggregating
cell culture. Brain Res. 109, 335-354.

Jope R. S. (1988) Modulation of phosphoinositide hydrolysis by
NaF and aluminum in rat cortical slices. J. Newrochem. 51,
1731-1736.

Li P. P., Sibony D., and Warsh J. J. (1990) Guanosine-5-O-thiotri-
phosphate and sodium fluoride activate polyphosphoinositide
hydrolysis in rat cortical membranes by distinct mechanisms.
J. Neurochem. 54, 1426-1432.

Litosch I. (1987) Guanine nucleotide and NaF stimulation of phos-
pholipase C activity in rat cerebral-cortical membranes. Bio-
chermn. J. 244, 35-40.

Martin T. F. J., Bajjalieh S. M., Lucas D. O.. and Kowalchyk J. A,
(1986) Thyrotropin-releasing hormone stimulation of poly-
phosphoinositide hydrolysis in GH; cell membranes is GTP
dependent but insensitive to cholera or pertussis toxin. J. Biol.
Chem. 261, 10141-10149.

Smith R. J., Sam L. M_, Justen J. M.. Bundy G. L., Bala G. A.. and
Bleasdale J. E. (1990) Receptor-coupled signal transduction in
human polymorphonuclear neutrophils: effects of a novel in-
hibitor of phospholipase C-dependent processes on cell respon-
siveness. J. Pharmacol. Exp. Ther. 253, 688-697.

Smrcka A. V., Hepler J. R., Brown K. O., and Sternweis P. C.
(1991) Regulation of polyphosphoinositide-specific phospholi-
pase C activity by purified G,. Science 251, 804-807.

Taylor S.J..Chae H. Z., Rhee S. G.. and Exton J. H. (1991) Activa-
tion of the 31 isozyme of phospholipase C by a subunits of the
G, class of G protein. Naiure 350, 516-518.

Thompson A. K. and Fisher S. K. (1990) Relationship between
agonist-induced muscarinic receptor loss and desensitization
of stimulated phosphoinositide turnover in two neuroblas-
tomas: methodological considerations. J. Pharmacol. Exp.
Ther. 252, 744-752.

Thompson A. K.. Mostafapour S. P.. Denlinger L. C.. Bleasdale
J. E.. and Fisher S. K. (1991) The aminosteroid U-73122 in-
hibits muscarinic receptor sequestration and phosphotnositide
hydrolysis in SK-N-SH neuroblastoma cells. J. Biol. Chem.
266, 23856-23862.

Tiger G.. Bjorklund P. E., Brannstrom G.. and Fowler C. J. (1990)
Multiple actions of fluoride ions upon the phosphoinositide
cycle in the rat brain. Brain Res. 537, 93-101.

Uhing R. 1., Jiang H., Prpic V.. and Exton J. H. (1986) Hormone-
stimulated polyphosphoinositide breakdown in rat liver
plasma membranes. Roles of guanine nucleotides and cal-
ctum. J. Biol. Chem. 261, 2140-2146.

Waldo G. L.. Bover J. L.. Morris A. J.. and Harden T. K. (1991)
Purification of an A1F, and G-protein gy-subunit-regulated
phospholipase C-activating protein. J. Biol. Chem. 266,

14217-14225.

J. Neurochem.. Vol. 60. No. 5. 1993



