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Summary: The phospholipase A2 (PLA?2) inhibitors quinacrine, manoalide and scalaradial
inhibit the carbachol-stimulated secretion of the amyloid precursor protein (APP) from cells
transfected with the human mi muscarinic receptor. Conversely, activation of PLA2 by melittin
increases secretion of an apparently immature species of APP from these cells. These results
implicate PL.A2 in regulating APP processing and secretion, which may have important
implications for understanding the pathogenesis of Alzheimer's Disedse. = 1993 academic Press, Inc.

The amyloid precursor protein (APP) carries within its sequence a stretch of amino acids (APP
597 to APP 639) that, when cleaved from the parent molecule, gives rise to the B-amyloid
peptide (8/A4) (1). B/A4 is the major component of the amyloid plaque in Alzheimer’s Disease
(AD) and is thought to be a major contributor to the pathogenesis of the disease. The pathway by
which newly synthesized APP is processed determines if it will contribute to amyloid plaque
formation. APP is processed primarily for secrction by proteolytic cleavage of membrane-
associated holo-APP in the middle of its B-amyloid region, eliminating production of B/A4 (2).
Alternatively, B/A4 is produced when holo-APP is shuttled to an acidic intracellular
compartment in which proteolysis creates amyloid-containing peptides, which are then secreted
from the cells (3-5). This latter event is suspected of being critical to the development of AD.

Recent evidence suggests that amyloidogenic and non-amyloidogenic processing of APP are
influenced by second messenger systems. Activation of protein kinase C (PKC) by phorbol esters
increases the secretion of APP by cells in culture (6) and concomitantly reduces the production
of amyloidogenic peptides (7, 8). This implies that the amyloidogenic and non-amyloidogenic
pathways for APP processing are interrelated. Activation of G-protein linked receptors that
secondarily increase phosphatidyl inositol (PI) turnover and PKC activity (e.g., m1 and m3
muscarinic receptors) appear to mimic the effects of phorbol esters on APP processing (9-12).
This apparent reciprocal relation between APP secretion and /A4 production upon PKC
activation raises the question of whether activation of other second messenger systems promote
the production of /A4.
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The levels of both APP and B/A4 in brain tissue increase upon trauma (13-16), suggesting that
nerve cell injury promotes the production of amyloid and non-amyloid containing fragments of
APP. One consequence of brain trauma is the activation of the enzyme phospholipase A2 (PLA?2)
(17-19). PLA2 (E.C. 3.1.1.4) is responsible for the hydrolysis of membrane phospholipids at

their sn-2 position to produce arachidonic acid (20). This lipid can be further metabolized into
leukotrienes and prostaglandins. mediators of inflammation. PLA? exists in two forms, the low
molecular weight (14-18 kDa), secretory PLA2 and the high molecular weight (31-110 kDa),
cytoplasmic PLA2. The cytoplasmic PLA? can be activated by G-protein linked receptors.
Because the activation of cytoplasmic PLA2 influences secretion of several substances from cells
(21-25), we sought to determine if PLA) activation affects APP processing and secretion.

MATERIALS AND METHODS

Tissue culture: Stable chinese hamster ovary cells (CHO-K1) transfected with human m1
muscarinic receptor subtype (26) were grown to near confluence in 75 cm filter cap tissue culture
flasks (Costar) in DMEM containing 10% fetal bovine serum, 1% non-essential amino acids and
additional 150 pg/mL L-proline (all media and sera for culturing cells were purchased from
Gibco/BRL, Gaithersberg, MD). Cells were dislodged from the flask using trypsin-EDTA, plated
onto 100 mm tissue culture dishes (Falcon) at 2 x 10-6 cells per plate in 10 mL complete media
and incubated for 1-2 days until 80% confluence was reached. Upon reaching the desired
confluence, media was aspirated from plates and the cells were washed twice with 5 mL of Opti-
mem (Gibco/BRL). Opti-mem containing the agent to be tested was added to the plates of cells
for a 1.0 hr pretreatment. Afterward the media was replaced with fresh media containing the
agent and carbachol or melittin for a 1.0 hr incubation period. After 1.0 hr, the conditioned media
was removed from the plate to a centrifuge tube containing protease inhibitor cocktail (PMSF 10
mg/ml, EDTA 5 mM and the following at 2 mg/ml: aprotinin, leupeptin, pepstatin A, antipain).
The conditioned media was centrifuged for 30 min at 2000 x g and concentrated to 40-80 ul
using Amicon Centriprep and Centricon concentrators with a 30 kDa molecular weight cut-off
filter. Protein concentrations were determined by the Pierce Bicinchoninic acid microtiter assay
(27) on the supernatant. The supernatant was then aliquoted 4:1 with 5x sample buffer {(glycerol,
SDS., 2-mercaptoethanol and Bromophenol Blue), mixed and frozen at -20° C.

Manoalide and scalaradial were purchased from BIOMOL (Plymouthmeeting, PA).
Quinacrine, melittin and other compounds were purchased from Sigma Chemical Company (St.
Louis, MO).

Protein separation by gel electrophoresis and Western blotting: Samples of supernatant
were thawed and heated to 959 C for 2 min. Tris/glycine precast gels (4-20% from [SS/Daiichi,
Natick, MA) were loaded with equal amounts of total protein. Electrophoresis was performed at
45 mA/gel until the dyefront arrived at 0.5 ¢cm from the bottom of the gel. The gels were soaked
for 30 min in transfer buffer containing tris, glycine and 20% methanol (v/v) and stacked in
BioRad blotting cartridges. Proteins were transferred to nitrocellulose (45um), at 100 volts for
105 min. Following blotting, a monoclonal antibody ( 5 pg/ mL, MAb 22C11, Boehringer-
Mannheim, Indianapolis, IN) to the N-terminus of the APP was applied to the blots in TBS
containing 0.05 % Tween 20 (TTBS) and 1% gelatin for at least 2 hr. Excess MAb was removed
and then a second antibody goat anti-mouse IgG, conjugated to alkaline phosphatase (Biorad,
Riverside, CA) was applied for 2 hr. The blots were then rinsed and the nitrocellulose stained for
alkaline phosphatase activity. All manipulations were performed at room temperature. The blots
were then scanned vsing optical reflectance and the integrated optical density (1IOD) of each
band was calculated. All gels/blots contained an internal no-treatment control, to which
treatment lanes were compared. Molecular weights of the bands were estimated using prestained
molecular weight markers.

RESULTS
The activation of PI-linked muscarinic receptors in our m1 CHO cells affects APP secretion
(10, 11). Treatment of the m1 CHO cells with I mM carbachol increases APP secretion from 3 to
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6-fold over basal secretion (see Fig. 1). The effects are inhibited by 1.0 uM of the protein kinase
inhibitor staurosporine (data not shown) showing that carbachol-stimulated release of APP is a
protein kinase-dependent event.

The effects of various inhibitors of PLA?2 were tested on carbachol-stimulated secretion of
APP. Qur results indicate that PLA? also plays a role in APP secretion from m1 CHO celis. The
reversible PLA? inhibitor quinacrine (20) at 50 uM diminishes the carbachol-stimulated release
by about 40% (Fig. 1A). Likewise, the irreversible PLA2 inhibitors, manoalide and scalaradial
(20), have effects on APP secretion similar to quinacrine (Figs. 1B and 1C). Both inhibitors
reduce carbachol-stimulated secretion of APP by 50% to 65%, at a concentration (3.2 pg/mL.)
known to inhibit PLA> mediated Golgi transport (28). However. manoalide and scalaradial have
little effect on the basal secretion of APP (Fig. 1B and 1C) unlike quinacrine (Fig. 1A). Thus,
quinacrine-mediated reduction of basal APP secretion may be due to effects other than inhibition
of PLA2. Whether or not this is a factor in quinacrine's effects on carbachol-stimulated secretion
of APP remains to be determined.

Direct activation of PLLA2 using melittin, a 26 amino acid peptide isolated from bee venom,
also implicates PLA?2 as having a role in APP secretion. Melittin treatment (5 ug/mL) increases
secretion of APP from the m! CHO celis (Fig. 2) to a level similar to that produced by 1 mM
carbachol. However, the form of APP released by melittin and carbachol are different. The
molecular weight of APP secreted into the culture media after melittin treatment is lower (about
97 kDa) (Fig. 3, lane ¢) than that found after basal and carbachol-stimulated secretion (117 kDa
and 113 kDa) (Fig. 3, lanes a and b). The 97 kDa APP has the same molecular wetght as the cell-
associated APP found in m1 CHO cells (Fig. 3, lane d). Manoalide (3.2 M) inhibits the melittin-
induced increase in secretion of APP by more than 60% (Fig. 2). However, staurosporine at 1.0
MM fails to inhibit the melittin effect (data not shown). These results indicate that activation of
PLA?2 by melittin is required to increase APP secretion and is not dependent upon activation of

protein kinases.

DISCUSSION
Our results suggest that carbachol-stimulation of m1 CHO cells in addition to activating a
protein kinase dependent pathway also activates PLA2. Studies by Namenoff and his colleagues

APP Band Density (10D)

Basal Carbachol Basal Carbachol Basal Carbachol

Figure 1. The effects of PLLA2 inhibitors on basal and 1 mM carbachol-stimulated secretion of
APP. The open bars indicate no inhibitor and the closed bars indicate the presence of inhibitor.
(A) 50 uM quinacrine, (B) 3.2 uM manoalide, and (C) 3.2 uM scalaradial. The values in each

graph are the mean and standard error for each experimental condition (n= 3).
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Figure 2. The effects of 5 pg/ mL of melittin on APP secretion. Manoalide (3.2 uM) was used to

inhibit the melittin effect. The values represent the mean and standard error for each
experimental condition (n= 3).
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Figure 3. Immunoblot of secreted and cell-associated APP from m1 CHO cells. the sample order
of the lanes is as follows: (a) basally secreted APP, (b) 1 mM carbachol-stimulated APP, (¢) 5
ug/mL melittin-stimulated APP, and (d) m1 CHO cell-associated APP. The numbers and bars to
the right side of the figure represent the values and position of the molecular weight markers
used on the gels.

support this conclusion (29). They showed that carbachol reatment of CHO cells, transfected
with the m1 muscarinic receptor, increased cytoplasmic PLA2 activity as measured by increased
arachidonic acid release. Furthermore, down-regulation of PKC by chronic exposure to phorbol
ester inhibits the effect of carbachol on arachidonic acid release, indicating that PLA?2 activation
is downstream from the carbachol activation of PKC. The activation of PKC followed by PLA?2
activation explains how APP secretion increased by carbachol is inhibited by staurosporine.
while that produced by melittin, which activates PLA? directly, is not . Thus, our data suggest
that activation of PLA2 may provide a common pathway mediating APP secretion stimulated by
carbachol and melittin. Whether PLA?2 exclusively mediates APP secretion, or other second
messenger systems that can function independently of PLLA2 are also involved, remains to be
determined.

Activation of PLA?2 alone is not sufficient to produce secretion of mature APP. Melittin
stimulation causes a lower molecular weight form of APP (about 97 kDa) to be secreted than is
normally released under basal or carbachol-stimulated conditions. This form of APP may
correspond to the cell-associated 97 kDa form of APP found in the m1 CHO cells, representing
an immature nonglycosylated form (30). This implies that the activation of PKC may play an
important role in controlling the processing of APP other than stimulating its secretion. These
data also may indicate that the norimal maturation and secretion of APP is dependent upon a
coordinated series of processing events orchestrated by several different signal transduction
systems, not just one. This has important implications for understanding the pathogenesis of AD,
since evidence for abnormality in second messenger systems involved in protein phosphorylation
in AD brains already exists (31). Alterations in the orchestration of signal transduction systems
may indirectly affect APP maturation. This may affect, in turn, the normal function of APP and
also influence the production of /A4,
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To our knowledge, this is the first report implicating PLA?2 activity in the secretion of APP
from cells. The involvement of PLA? in secretory processes is not unusual. PLA?2 is implicated
in the secretion of neurotransmitters (21,22), amylase (23), insulin (24) and parathyroid hormone
(25). The effects of PLA? are thought to be mediated by increased arachidonic acid production
which potentiates the fusion of secretory vesicles with other intracellular vesicles and with the
plasma membrane (32). This relationship may explain how APP increases in nervous tissue at
sites of trauma, since trauma and ischemia lead to activation of PLA2 (17-19). In turn, activation
of PLA2 may increase APP release. Brain trauma also increases the accumulation of 8/A4
containing peptides (13, 16). At present, it is not known what role PLA? activation plays in this
process. However, given the increasing evidence for an ongoing inflammatory process in AD
brain (33) and the likelihood that PLA? is activated under these conditions, it is important to

investigate the possible linkage between these two events.

ACKNOWLEDGMENTS

The authors wish to express their appreciation to Drs. Peer Jacobson and Richard Dyer of
Parke- Davis for many helpful discussions during the course of this work.

REFERENCES
1. Joachim, C. and Selkoe, D.J. (1992) Alz. Dis. Assoc. Disord. 6, 7-34.
2. Anderson, J.P., Esch, F.S., Keim, P.S., Sambamurti, K., Lieberburg, I. and Robakis, N.K.

(1991) Neurosci. Lett. 128, 126-128.

Estus, S., Golde, T.E., Kunishita, T., Blades, D., Lowery, D., Eisen, M., Usiak, M., Qu, X_,

Tabira, T., Greennerg, B.D. and Younkin, S.G. (1992) Science 255, 726-728.

Haass, C., Koo, E.H., Mellon, A., Hung, A.Y. and Selkoe, D.J. (1992) Nature, 357, 500-503.

Shoji, M., Golde, T.E., Ghiso, J., Cheung, T.T., Estus, S., Shaffer, L.M., Cai, X-D., McKay,

D.M., Tintner, R., Frangione, B. and Younkin, S.G. (1992) Science 258, 126-129.

Caporaso, G.L., Gandy, S.E., Buxbaum, J.D., Ramabhadran, T.V., and Greengard, P. (1992)

Proc. Natl. Acad. Sci. 89, 3055-3059.

Fukushima, D., Konishi, M., Maruyama, K., Miyamoto, T., Ishiura, S. and Suzuki, K. (1993)

Biochem. Biophys. Res. Comm. 194, 202-207.

. Hung, A.Y. and Selkoe, D.J. (1993) VII Int. Symp. on Amyloidosis (Kingston, Ontario,
Canada) p. 109.

9. Nitsch, R.M., Slack, B.E., Wurtman, R.J. and Growdon, J.H. (1992) Science 258, 304-307.

10. Doyle, P.D., Moore, C.J., Carroll, R.T., Emmerling, M.R. and Davis, R.E. (1993) Soc.
Neurosci. Abstr. 19, 396.

11. Emmerling, M.R., Doyle, P.D., Moore, C.J., Carroll, R.T. and Davis, R.E. (1993) VII Int.
Symp. on Amyloidosis (Kingston, Ontario, Canada) p. 110.

12. Buxbaum, J.D., Oishi, M., Chen, H.L., Pinkas-Kramarski, R., Jaffe, E.A., Gandy, S.E. and
Greengard, P. (1992) Proc. Natl. Acad. Sci. 89, 10075-10078.

13. Roberts, G.W., Gentlman, S.M., Lynch, A. and Graham, D.I. (1991) Lancet 338, 1422-1423.

14. Otsuka, N., Tomonaga, M. and lkeda, K. (1991) Brain Res. 568, 335-338.

15. Ohgami, T., Kitamoto, T. and Tateshi, J. (1992) Neurosci. Lett. 136, 75-78.

16. Iverfeldt, K., Walass, S.I. and Greengard, P. (1993) Proc. Natl. Acad. Sci. 90, 4146-4150.

17. Rordorf, G., Uemure, Y. and Bonventre, J.V. (1991) J. Neurosci. 11, 1829-1836.

18. Shohami, E., Shapira, Y., Yadid, G., Resfeld, N. and Yedgar, S. (1989) J. Neurochem. 53,
1541-1546.

19. Edgar, A.D., Strosznajder, J. and Horrocks, L.A. (1982) J. Neurochem. 39, 1111-1116.

20. Glase, K.B., Mobilio, D., Chang, J.Y. and Senko, N. (1993) Trends Pharm. Sci. 14, 92-98.

21. Prabhati, R., Berman, J.D., Middleton, W. and Brendle, J. (1993) J. Biol. Chem. 268, 11057-
11064.

22. Nigishi, M., Ito, S., and Hayaishi, O. (1990) Biochem. Biophys. Res. Comm. 169, 773-779.

w

N e

296



Vol.

24.
25.

26.
27.

28.
29.
30.
31

32.
33.

197, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Grosfils, K., Gomez. F., and Dehaye, J.P. (1992) Biochem. Biophys. Res. Comm. 184, 408-

413.

Band, A.M., Jones, P.M. and Howell, S.L. (1992) J. Mol. Endocrinol. 8, 95-101.

Bourdea, A., Souberbielle, J.C., Bonnet, J.C., Herviaux, P., Sachs, C. and Lieberherr, M.
(1992) Endocrinology 130, 1339-1344,

Buckley, N.J., Bonner, T.1., Buckley, C.M. and Brann, M.R. (1989) Mol. Pharmacol. 35,
469-476.

Smith, P.K,, Krohn, R.I, Hermanson, G.T., Mallia, A K., Gamer, A K., Provenzano, M.D.,
Fujimoto, E.K., Goeke, N.M., Olson, B.J.. and Klenk, D.C. (1985) Anal. Biochem. 150, 76-
85.

Tagaya, M., Henomatsu, N., Yoshimori, T., Yamamoto, A., Tashiro, Y. and Fukui, T. (1993)
Fed. Eur. Biochem. Soc. 324, 201-204.

Namenoff, R.A.. Winitz, S., Qian, N-X_, Putten, V.V, Johnson, G.L. and L.E. Heasley, L.E.
(1993) J. Biol. Chem. 268, 196-1964.

Pahisson, P., Shakin-Eshleman, S.H.. and Spitalnik, S.L. (1992) Biochem. Biophys. Res.
Comm. 189, 1667-1673.

Katzman, R. and Saitoh, T. (1991) FASEB 1. 5, 278-286.

Cruetz, C.E. (1981) J. Cell. Biol. 91, 247-256.

Dickson. D.W. and Rogers, J. (1992) Neurobiol. Aging 13, 793-798.

297



