Biochemical Pharmacology, Vol. 42, No. 6, pp. 1267-1271, 1991.
Printed in Great Britain.

0006-2952/91 $3.00 + 0.00
© 1991. Pergamon Press plc

PERTUSSIS AND CHOLERA TOXINS INHIBIT
PROSTAGLANDIN SYNTHESIS IN RAT ASTROCYTE
CULTURES AT DISTINCT METABOLIC STEPS

PETER J. GEBICKE-HAERTER,* ANGELIKA SCHOBERT and GEORG HERTTING

Institute of Pharmacology, University of Freiburg, Hermann-Herder-Str. S, D-7800 Freiburg i.Br.,
Germany

(Received 26 December 1990; accepted 19 May 1991)

Abstract—The influence of pertussis and cholera toxin-sensitive G-proteins in the prostaglandin synthetic
pathway has been investigated. Prostaglandin D, (PGD,) synthesis was stimulated by the calcium
ionophore A23187, the phorbol ester tetradecanoylphorbol acetate (TPA), or by extracellular ATP.
Pretreatment of cultures with pertussis toxin (Ptx) resulted in a partial inhibition of PGD, synthesis in
both stimulated and unstimulated cells. A23187-stimulated PGD, synthesis was affected less than ATP-
or TPA-stimulated synthesis. Furthermore, Ptx also inhibited A23187-, ATP-, and TPA-stimulated
arachidonic acid release. Basal and stimulated PGD, synthesis were also inhibited, when cultures
were preincubated with cholera toxin (Ctx). Here, ATP-stimulated synthesis was affected the most.
Arachidonic acid release, in contrast, was enhanced by cholera toxin, even without addition of stimuli.
These data suggest that regulation of prostaglandin synthesis in rat astrocyte cultures involves Ptx- and
Ctx-sensitive G-proteins. Pix substrates affect events at or proximal to phospholipase A,, whereas Ctx
substrates influence events proximal or distal to phospholipase A,.

A very early step in intracellular signaling pathways
entails an activation of receptor-coupled GTP-
binding proteins. Activated G-proteins are able to
either up- or down-regulate the activities of cellular
key enzymes, or regulate ion channels [1-3]. Pertussis
and cholera toxins (Ptx and Ctxt) have proved to
be an invaluable aid in elucidating the involvement
of G-proteins in intracellular signaling cascades by
their specific ability to ADP-ribosylate the a-subunits
of a variety of G-proteins, resulting in their
irreversible inactivation or long-lasting activation,
respectively [1,4]. Pertussis toxin sensitive G-
proteins have not only been implicated as inhibitors
of adenylate cyclase (G;) but also as regulators of
phospholipase C [5-8] and phospholipase A,
activities {1, 9, 10]. The present report gives evidence
of an involvement of both Ptx- and Ctx-sensitive G-
proteins in the reguiation of prostaglandin synthesis
in astroglial cultures. Pertussis toxin substrate(s),
however, appears to control some early event in
the biosynthesis of prostaglandins, whereas Ctx
substrate(s) may interfere primarily with later events.

MATERIALS AND METHODS

Materials. Ptx and Ctx were purchased from List
laboratories (Campbell, CA, U.S.A.); [*H]PGD,
and [*H]arachidonic acid were from Amersham and
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t Abbreviations: AA, arachidonic acid; BSA, bovine
serum albumin; DAG, diacylglycerol; DMEM, Dulbecco’s
modified Eagle’s medium; DPBS, Dulbecco’s phosphate
buffered saline; IP,, inositol trisphosphate; PGD,,
prostaglandin D,; LPS, lipopolysaccharide; PIP,, phos-
phoinositoldiphosphate; PLA,, phospholipase A,; Ptx,
pertussis toxin; Ctx, cholera toxin; TPA, tetradecanoyl
phorbol acetate.

Buchler, (Braunschweig, Germany); fatty acid free
BSA, ATP, TPA and A23187 were from the Sigma
Chemical Co. (Deisenhofen, Germany); LPS
(Salmonella typhii) and fetal calf serum were from
Sebak/Pan Systems (Aidenbach, Germany); and
DMEM was from Gibco (Eggenstein, Germany).
PGD, antisera were made according to a procedure
described previously [11]. Cross-reactivity with PGE,
and other prostaglandins, or with AA was less than
1%.

Cell cultures. Astroglial cultures were prepared
from newborn rats as described elsewhere [12] and
maintained at precisely 10 ng LPS/mL media [13].

Prostaglandin release and radioimmunoassays.
Cultures were preincubated in HEPES-buffered
DMEM, pH 7.4 and cells were then stimulated for
another 15min in the same media containing
substances as indicated. Reactions were stopped by
mixing supernatantsintoice-cold phosphate-buffered
gelatin solution, pH 7.4. Cells were solubilized in
0.1 M NaOH and protein was determined according
to Lowry et al. [14]. Supernatant-gelatin (200-
500pL, 0.1%) mixture was used for radio-
immunoassays specific for PGD,, as described
previously [11].

Arachidonic acid release. Cells were incubated
overnight in [*HJAA (0.25 uCi/mL,; sp. act. 207 Ci/
mmol) and 10 ng/mL unlabeled AA (maximum 3H-
incorporation was achieved at this concentration,
which probably ensured an even distribution in all
cellular compartments). After removal of the media,
they were incubated sequentially in DPBS (5 min),
DPBS/1% BSA (fatty acid-free) (Smin) and
stimulated with ATP, A23187, or TPA in PBS/
BSA (30 min). Supernatants were transferred into
scintillation vials and radioartivity determined. AA
release was calculated as the percentage of total
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Fig. 1. Pertussis toxin-mediated inhibition of basal and stimulated prostaglandin D, synthesis in astroglial

cultures. A23187, TPA [10-M] each, ATP [1073M]. Cultures were incubated with Ptx, 50 ng/mL,

overnight. In previous experiments these conditions turned out to be optimal. Experiments were each

performed three times, in triplicate (N=9). * P <0.05; ** P<0.01; *** P <0.001 compared to
controls.

radioactivity incorporated into cells. As verified in
previous experiments by HPLC and TLC, radiolabel
in those supernatants was exclusively associated with
AA. Preferential binding of AA to albumin has been
reported by others [15, 16].

Statistics. Data represent arithmetic means =
SEM. Significant differences between values were
evaluated by the Student’s ¢-test.

RESULTS

Pertussis toxin inhibits PGD, synthesis and arachi-
donic acid release

Two to three-week-old astroglial cultures were
incubated with Ptx (50 ng/mL) for 16-20hr and
subsequently stimulated with A23187 (107 M), ATP
(1073M) or TPA (107°M) for 15 min. In previous
experiments, concentrations of Ptx [17] and stimuli
were found to be in the saturation range [18, 19].
Compared to untreated controls, Ptx inhibited
both basal (non-stimulated) and stimulated PGD,
synthesis (Fig. 1). Inhibition of A23187-stimulated
synthesis was weaker than inhibition of ATP- or
TPA-stimulated synthesis. Since Ptx also reduced
basal levels, nosignificant netinhibition was observed
with A23187.

Figure 2 shows the effect of Ptx on arachidonic
acid release in astrocyte cultures. Inhibition occurred
in a similar way to that of PGD, synthesis, ATP-
and TPA-stimulated release being affected the most.
Surprisingly, basal release was unchanged. Taken
together, these results suggest an involvement
of Ptx-sensitive G-proteins at or proximal to
phospholipase A,.

Cholera toxin inhibitss PGD, synthesis but not
arachidonic acid release

Cholera toxin-preincubation (250 ng/mL, over-
night) of astroglial cultures had a strong inhibitory
effect on non-stimulated and ATP-stimulated PGD,
synthesis (Fig. 3). It also inhibited A23187- and
TPA-stimulated synthesis but to a much lesser

degree. Compared to the marked inhibition of basal
synthesis by Ctx, these reductions were not
significant.

Arachidonic acid release was in no case inhibited
by Ctx. Control values were markedly increased,
whereas stimulated values were moderatelyincreased
(Fig. 4). Apparently, Ctx did not inhibit PGD,
synthesis at the level of arachidonic acid release, as
observed above with Ptx.

DISCUSSION

Cultured astrocytes possess three Ptx substrates
with M, 41,000, 40,000 and 39,500, as reported
earlier [17]. The M, 41,000 protein is believed to be
the a-subunit of G;, whereas the functions of the
others are unknown. Quantitatively, the M, 40,000
protein predominates in astroglial cultures. The
present data clearly show an inhibition of arachidonic
acid and PGD, release by Ptx under basal and
stimulatory conditions. Since Ptx inactivates the G-
proteins by ADP-ribosylation, one can conclude that
one or more G-protein(s) is essential for normal
arachidonic acid release and biosynthesis of
prostaglandins in astrocyte cultures.

Sources of arachidonic acid are phosphatidyl
inositol, phosphatidyl choline and phosphatidyl
ethanolamine [20]. Beside the extensively studied
pathway of PIP, degradation by phospholipase C
yielding the two second messenger molecules IP;
and DAG, another signal transduction mechanism
has been described recently, mediated by a
phospholipase D that uses phosphatidyl choline as
substrate [21]. In this signaling system no IP; is
formed and consequently no increase of intracellular
calcium is observed [22]. DAG, however, containing
AA esterified to its 2'-position, is one product of
this cascade. DAG has also been reported to be
released upon stimulation of phorbol esters via
phospholipase D activation [23,24]. Finally, phos-
phatidyl choline can be used directly by PLA, to
liberate AA [25]. This depicts at least three ways of
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Fig. 2. Pertussis toxin-mediated inhibition of stimulated arachidonic acid release. Concentrations of
stimuli and Ptx as in Fig. 1. N = 9 for each condition. * P <0.05; *** P < 0,001,
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Fig. 3. Cholera toxin-mediated inhibition of basal and stimulated prostaglandin D, synthesis in astroglial

cultures. Concentrations of stimuli as in Fig. 1. Cultures were incubated with Ctx, 250 ng/mL. overnight.

Experiments were each performed three times, in triplicate (N = 9). * P < 0.05; *** P < 0.001 compared
to controls.

SHoAA g -

(% release)

6

controls Ch
ICTX 0

Fig. 4. Cholera toxin-mediated stimulation of basal and stimulated arachidonic acid release.
Concentrations of stimuli as in Fig. 1. Cultures were incubated with Ctx, 250 ng/mL overnight.
Experiments were each performed three times, in triplicate (N =9). * P < 0.05; *** P < 0.001.
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obtaining arachidonic acid for further metabolism.
Apparently, it depends on the type of stimulus which
pathway is activated. It has been reported, that
vasopressin [26] and P,-purinergic agonists [26]
stimulate both PIP, and phosphatidyl choline
hydrolysis, whereas IL-1 [27] and IL-3 [28] do not
initiate phosphatidyl inositol breakdown.

Each of these pathways generating arachidonic
acid may be under the control of G-proteins. There
are reports of Ptx-sensitive G-proteins regulating
PLA; but not PLC [29, 30] or PLC activities [31],
or influencing P,-purinergic-induced phosphatidyl
choline hydrolysis [32]. The data reported here
suggest that there are two Ptx-sensitive G-proteins
involved in PGD, synthesis, since ATP- and TPA-
stimulated arachidonic acid release and PGD,
synthesis were inhibited much more than A23187-
stimulated synthesis. From the above, one could
conclude that the direct stimulation of PLA, by
A23187 involves one Ptx substrate, whereas an
additional Ptx substrate is inserted between the P,-
purinoceptor or protein kinase C and PLA,, the
inhibition of which by Ptx results in additional
inhibition of events prior to PLA,;. ATP-stimulated
P,-purinoceptor, in particular, appears to trigger two
intracellular signaling pathways, the PLC and PLD
pathways. As reported elsewhere, the stimulation of
this receptor involves Ptx-sensitive and Ptx-
insensitive mechanisms [32]. The latter probably
apply to the PLC pathway. TPA- or DAG-activated
PKC, which has been reported to phosphorylate the
PLA,; inhibitory protein lipocortin [33], may be
compromised by ADP-ribosylation of this Ptx-
sensitive G-protein.

Cholera toxin-mediated inhibition of PGD,
synthesis clearly affects biosynthetic steps distal to
AA release, since the toxin did not inhibit this
release. On the contrary, a substantial stimulation
of AA-release was observed upon pretreatment of
cultures with Ctx. It was less pronounced when ATP
or TPA were used as stimulators but showed clearly
when no stimulus was used. The stimulation may
involve a direct effect on PLA,, on the reacylating
enzymes or on both. Since AA is reacylated very
efficiently to maintain low levels of this putative
second messenger, interference with this metabolic
cycle may result in enhanced quantities of free AA.
Arachidonic acid may well be released under steady
state conditions without addition of stimulatory
substances because cultures are maintained with LPS
throughout culture time to suppress proliferation of
microglial cells [12]. LPS is a (weak) stimulus for
prostaglandin synthesis in our and other culture
systems. Another mechanism explaining the effect
of Ctx treatment may involve the cAMP system.
Cholera toxin is able to increase markedly
intracellular cAMP in astroglial cultures. Further-
more, we have shown recently that increasing
intracellular cAMP by virtue of B-adrenoceptor
stimulation results in an inhibition of both basal and
stimulated PGD, synthesis [34]. Similar findings
have been documented elsewhere [35]. Therefore,
events related to elevations of this second messenger
molecule may be responsible for inhibition of PGD,
synthesis distal to AA release.

In conclusion, PGD, synthesis appears to be
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facilitated by more than one PTx-sensitive G-protein.
The results with Ctx suggest an involvement of Ctx
substrates in the stimulation of AA-release and
inhibition of AA-conversion into prostaglandins.

Acknowledgements—Supported by  DFG-Sonderfor-
schungsbereich 325 and DFG-Schwerpunktprogramm
“Eicosanoide”.

REFERENCES

1. Bourne H and Stryer L, Hormonal control of adenylate
cyclase. Annu Rev Cell Biol 2: 397-420, 1986.

2. Gilman AG, G proteins and dual control of adenylate
cyclase. Cell 36: 577-579, 1984.

3. Dunlap K, Holz GG and Rane SG, G proteins as
regulators of ion channel function. Trends Neurosci 10:
241-244, 1987.

4. van Dop C, Yamanaka G, Steinberg F, Sekura RD,
Manclark CR, Stryer L and Bourne HR, ADP-
ribosylation of transducin by pertussis toxin blocks the
light-stimulated hydrolysis of GTP and cGMP in retinal
photoreceptors. J Biol Chem 259: 23-26, 1984.

5. Kikuchi A, Kozawa O, Kaibuchi K, Katada D, Ui M
and Takai Y, Direct evidence for involvement of a
guanine nucleotide-binding protein in chemotactic
peptide-stimulated formation of inositol bisphosphate
and trisphosphate in differentiated human leukemic
(HL-60) cells. Reconstitution with G, or G, of the
plasma membranes ADP-ribosylated by pertussis toxin.
J Biol Chem 261: 11558-11562, 1986.

6. Burch RM, Luini A and Axelrod J, Phospholipase A,
and phospholipase C are activated by distinct
GTP-binding proteins in response to aj-adrenergic
stimulation in FRTLS thyroid cells. Proc Natl Acad Sci
USA 83: 7201-7205, 1986.

7. Gierschik P and Jakobs KH, Receptor-mediated ADP-
ribosylation of a phospholipase C-stimulating G
protein. FEBS Lett 224: 219-223, 1987.

8. Ui M, Pertussis toxin as a probe of receptor coupling
to inositol lipid metabolism. In: Phosphoinositides and
Receptor Mechanisms (Ed. Putney JW Jr), pp. 163-
195. Alan R Liss, NY, 1986.

9. Axelrod J, Burch RM and Jelsema CL, Receptor-
mediated activation of phospholipase A2 via GTP-
binding proteins: arachidonic acid and its metabolites
as second messengers. Trends Neurosci 11: 117-123,
1988.

10. Imboden JB, Shoback DM, Pattison G and Stobo JD,
Cholera toxin inhibits the T-cell antigen receptor-
mediated increases in inositol trisphosphate and
cytoplasmic free calcium. Proc Natl Acad Sci USA 83:
5673-5677, 1986.

11. Anhut H, Peskar BA, Wichter W, Griabling B and
Peskar BM, Radioimmunological determination of
prostaglandin D, synthesis in human thrombocytes.
Experientia 34: 1494-1496, 1978.

12. Keller M, Jackisch R, Seregi A and Hertting G,
Comparison of prostanoid forming capacity of neuronal
and astroglial cells in primary cultures. Neurochem Int
7: 655-665, 1985.

13. Gebicke-Haerter PJ, Bauer J, Schobert A and Northoff
H, Lipopolysaccharide-free conditions in primary
astrocyte cultures allow growth and isolation of
microglial cells. J Neurosci 9: 183-194, 1989,

14. Lowry OH, Rosebrough AL, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

15. Birkle DL and Bazan NG, Metabolism of arachidonic
acid in the central nervous system. The enzymatic
cyclooxygenation and lipoxygenation of arachidonic
acid in the mammalian retina. In: Phospholipids in the
Nervous System (Eds. Horrocks LA, Kanfer FN and



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

G-protein controlled prostaglandin synthesis

Porcellati G), Vol. 2, pp. 193-208. Raven Press, New
York, 1985.

Dieter P, Krause H and Schulze-Specking A,
Arachidonate metabolism in macrophages is affected
by albumin. Eicosanoids 3: 45-51, 1990.
Gebicke-Haerter PJ, Seregi A, Wurster S, Schobert
A, Allgaier C and Hertting G, Multiple pertussis toxin
substrates as candidates for regulatory G-proteins of
adenylate cyclase coupled to the somatostatin receptor
in primary rat astrocytes. Neurochem Res 13: 997-
1001, 1988.

Gebicke-Haerter PJ, Seregi A, Schobert A and Hertting
G, Involvement of protein kinase C in prostaglandin
D, synthesis by cultured astrocytes. Neurochem Int 13:
475-480, 1988.

Gebicke-Haerter PJ, Wurster S, Schobert A and
Hertting G, P,-purinoceptor induced prostaglandin
synthesis in primary rat astrocyte cultures. Naunyn
Schmiedebergs Arch Pharmacol 338: 704-707, 1988.
Barkai Al and Murthy LR, Arachidonate incorporation
into phospholipids in rat brain: a comparison between
slice and membrane preparation. Neurochem Int 12:
505-512, 1988.

Pelech SL. and Vance DE, Signal transduction via
phosphatidyl choline cycles. Trends Biochem Sci 14:
28-30, 1989.

Misra UK and Sahyoun N, Protein kinase C binding
to isolated nuclei and its activation by a Ca®*/
phospholipid-independent  mechanism.  Biochem
Biophys Res Commun 145: 760-768, 1987.

Daniel LW, Waite M and Wykle RL, A novel mechanism
of diglyceride formation. 12-O-tetradecanoylphorbol-
13-acetate stimulates the cyclic breakdown and
resynthesis of phosphaatidylcholine. J Biol Chem 261:
9128-9132, 1986.

Cabot MC, Welsh CJ, Cao H-t and Chabbott H,
The phosphatidylcholine pathway of diacylglycerol
formation stimulated by phorbol diesters occurs via
phospholipase D activation. FEBS Lett 233: 153-157,
1988.

Ho AK and Klein DC, Activation of a;-adrenoceptors,
protein kinase C, or treatment with intracellular free
Ca?*-elevating agents increases pineal phospholipase
A, activity. Evidence that protein kinase C may
participate in Ca?*-dependent a;-adrenergic stimulation

26.

27.

29.

30.

31.

32.

33.

34.

3.

1271

of pineal phospholipase A, activity. J Biol Chem 262:
11764-11770, 1987.

Irving HR and Exton JH, Phosphatidyl choline
breakdown in rat liver plasma membranes. Roles of
guanine nucleotides and P,-purinergic agonists. J Biol
Chem 262: 3440-3443, 1987.

Rosoff PM, Savage N and Dinarello CA, Interleukin-
1 stimulates diacylglycerol production in T lymphocytes
by a novel mechanism. Cell 54: 73-81, 1988,

. Whetton AD, Monk PN, Consalvey SD, Huang SJ,

Dexter TM and Downes CP, Interleukin-3 stimulates
proliferation via protein kinase C activation without
increasing inositol lipid turnover. Proc Natl Acad Sci
USA 85: 3284-3288, 1988.

Burch RM and Axelrod J, Dissociation of bradykinin-
induced prostaglandin formation from phos-
phatidylinositol turnover in Swiss 3T3 fibroblasts:
evidence for G protein regulation of phospholipase
A,. Proc Natl Acad Sci USA 84: 63746378, 1987.
Kaya H, Patton GM and Hong SL, Bradykinin-induced
activation of phospholipase A, is independent of
the activation of polyphosphoinositide-hydrolyzing
phospholipase C. J Biol Chem 264: 49724977, 1989.
Imamura K, Dianoux A, Nakamura T and Kufe D,
Colony-stimulating factor 1 activates protein kinase C
in human monocytes. EMBO J 9: 2423-2429, 1990.
Dubyak GR, Cowen DS and Meuller LM, Activation
of inositol phospholipid breakdown in HL 60 cells by
P,-purinergic receptors for extracellular ATP. Evidence
for mediation by both pertussis toxin-sensitive and
pertussis toxin-insensitive mechanisms. J Biol Chem
263: 18108-18117, 1988.

Touqui L, Rothhut B, Shaw AM, Fradin A, Vargaftig
BB and Russo-Marie F, Platelet activation- a role for
a 40 K anti-phospholipase A, protein indistinguishable
from lipocortin. Nature 321: 177-180, 1986.
Gebicke-Haerter PJ, Schobert A and Hertting G,
Cholera toxin and the phorbol ester TPA synergistically
stimulate adenylyl cyclase in primary astrocyte cultures.
Naunyn Schmiedebergs Arch Pharmacol 343 (Suppl
144): 1991.

Malemud CJ, Mills TM and Papay RS, Suppression of
prostaglandin synthesis by analogues of cyclic AMP
and forskolin in chondrocyte monolayer cultures.
Prostaglandins 32: 495-501, 1986.



