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B-Amyloid Fibrils Activate Parallel Mitogen-Activated Protein
Kinase Pathways in Microglia and THP1 Monocytes

Douglas R. McDonald, Maria E. Bamberger, Colin K. Combs, and Gary E. Landreth

Alzheimer Research Laboratory, Department of Neurology and Neurosciences, Case Western Reserve University School
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The senile plaques of Alzheimer’s disease are foci of local
inflammatory responses, as evidenced by the presence of
acute phase proteins and oxidative damage. Fibrillar forms of
B-amyloid (AB), which are the primary constituents of senile
plagues, have been shown to activate tyrosine kinase-
dependent signal transduction cascades, resulting in inflamma-
tory responses in microglia. However, the downstream signal-
ing pathways mediating AB-induced inflammatory events are
not well characterized.

We report that exposure of primary rat microglia and human
THP1 monocytes to fibrillar AB results in the tyrosine kinase-
dependent activation of two parallel signal transduction cas-
cades involving members of the mitogen-activated protein ki-
nase (MAPK) superfamily. AB stimulated the rapid, transient
activation of extracellular signal-regulated kinase 1 (ERK1) and
ERK2 in microglia and ERK2 in THP1 monocytes. A second
superfamily member, p38 MAPK, was also activated with sim-

ilar kinetics. Scavenger receptor and receptor for advanced
glycated end products (RAGE) ligands failed to activate ERK
and p38 MAPK in the absence of significant increases in protein
tyrosine phosphorylation, demonstrating that scavenger recep-
tors and RAGE are not linked to these pathways. Importantly,
the stress-activated protein kinases (SAPKs) were not signifi-
cantly activated in response to AB. Downstream effectors of the
MAPK signal transduction cascades include MAPKAP kinases,
such as RSK1 and RSK2, as well as transcription factors.
Exposure of microglia and THP1 monocytes to AB resulted in
the activation of RSK1 and RSK2 and phosphorylation of cAMP
response element-binding protein at Ser '3, providing a mech-
anism for AB-induced changes in gene expression.
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The senile plaques of Alzheimer’s disease (AD) are sites of
inflammatory processes, as evidenced by the presence of degen-
erating neurons and numerous reactive microglia and astrocytes
associated with the plaques (Itagaki et al., 1989). Moreover, the
plaques contain acute phase proteins, such as cytokines, comple-
ment proteins, proteases, and protease inhibitors that are secreted
by microglia (Abraham et al., 1988; Griffin et al., 1989; Itagaki et
al., 1989; McGeer et al., 1989; Cataldo and Nixon, 1990; Bauer et
al., 1991; Walker et al., 1995). The main protein component of
senile plaques is the B-amyloid protein (AB), a 39—-43 amino acid
product of the larger B-amyloid precursor (Glenner and Wong,
1984; Masters et al., 1985). Although considerable genetic evi-
dence implicates AB in the pathogenesis of AD (Selkoe, 1996), a
direct causal link remains to be established.

We have recently demonstrated that exposure of primary cul-
tures of rat microglia and human THP1 monocytes to fibrillar
forms of A resulted in the activation of protein tyrosine kinases
that initiate the activation of complex signaling pathways in these
cells. Exposure of these cells to AB led to the activation of Lyn,
Syk, and the focal adhesion kinase (FAK), resulting in the gen-
eration of toxic superoxide radicals (McDonald et al., 1997).
Exposure of microglia and monocytes to AB has also been shown
to stimulate increased expression of interleukin 18 (IL-1B)
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(Walker et al., 1995; Lorton et al., 1996). Thus, AB is capable of
directly activating inflammatory intracellular signaling pathways
in microglia and monocytic cells. The downstream components of
this ApB-stimulated inflammatory signal transduction pathway
have not been characterized. Recently, three receptors have been
identified that can interact with AB: the scavenger receptor (El
Khoury et al., 1996; Paresce et al., 1996), the receptor for glycated
end products (RAGE) (Yan et al., 1996), and the serpin-enzyme
complex receptor (Boland et al., 1996). However, these receptors
are not linked to the rapid activation of tyrosine kinases, and we
have been unable to detect the subsequent production of super-
oxide radicals after ligand binding (McDonald et al., 1997), thus
it is unclear how each of these receptors is coupled to signal
transduction pathways.

The mitogen-activated protein kinase (M APK) cascade repre-
sents a prototypic signal transduction system through which ex-
tracellular stimuli are transduced. The M APK superfamily com-
prises three distinct, but similarly organized, signaling pathways.
The central elements of these cascades are extracellular signal-
regulated kinases (ERKs), stress-activated protein kinases
(SAPKs), also termed Jun N-terminal kinases, and p38 MAPK.
Activation of the ERKs occurs in response to growth factor
stimulation and also after activation of high-affinity IgG receptors
(FcyRI) (Durden et al., 1995). Activation of the SAPKs and p38
MAPK occurs after exposure to environmental stresses, such as
UV irradiation, hyperosmolarity, and endotoxin (Freshney et al.,
1994; Han et al., 1994; Lee et al., 1994; Cano and Mahadevan,
1995; Raingeaud et al., 1995). Recently, colony-stimulating factor
1, granulocyte-macrophage colony-stimulating factor, and IL-3
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were found to activate the ERKs and p38 MAPK in mast cells
and macrophages, suggesting that the ERKs and p38 M APK are
involved in the regulation of development and function of im-
mune cells (Foltz et al., 1997). The substrates of MAPK family
members include MAPKAP kinases, such as RSK1, RSK2,
MAPKAP kinase-2, MAPKAP kinase-3, and transcription fac-
tors, such as Elk1, Jun, CHOP, activating transcription factor 2,
and MEFC2 (Pulverer et al., 1991; Stokoe et al., 1992a,b; Gille et
al., 1992; Blenis, 1993; Grove et al., 1993; Raingeaud et al., 1995;
McLaughlin et al., 1996; Wang and Ron, 1996; Han et al., 1997).
Thus, MAPK signaling cascades are one of the major pathways
linking extracellular stimuli to transcriptional activation and gene
expression.

Exposure of microglia to AB results in the generation of
superoxide radicals and elevated IL-18 expression (Walker et al.,
1995; El Khoury et al., 1996; Lorton et al., 1996; McDonald et al.,
1997). These observations led us to test whether MAPK family
members are components of an AB-stimulated signal transduction
cascade mediating these effects. We report that exposure of
microglia and THP1 monocytes to fibrillar AB peptides resulted
in the tyrosine kinase-dependent activation of the M APK family
members ERK1, ERK2, and p38 MAPK. SAPKs were not sig-
nificantly activated by exposure to AB. Furthermore, stimulation
of these cells with AB resulted in the activation of RSK1 and
RSK2 and phosphorylation of the transcription factor cAMP
response element-binding protein (CREB) at serine 133, a critical
regulatory site for transcriptional activation (Gonzalez and Mont-
miny, 1989; Ginty et al.,, 1994), providing a mechanistic link
between AB and the regulation of gene expression. Importantly,
exposure of THP1 monocytes to scavenger receptor and RAGE
ligands did not lead to significant activation of the M AP kinases.
These observations demonstrate that scavenger receptors and
RAGE are linked to signal transduction cascades distinct from
those activated by fibrillar AB and provide support for the exis-
tence of other AB-interactive receptors.

MATERIALS AND METHODS

Materials. Anti-phospho-ERK, anti-phospho-p38 M APK, anti-phospho-
CREB, anti-p38, and anti-CREB antibodies were obtained from New
England Biolabs (Beverly, MA). Anti-ERK was obtained from Zymed
(San Francisco, CA). Anti-JNKI1, anti-ERK2, anti-RSK1, anti-RSK2,
and protein G-agarose were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-FcyRII [monoclonal antibody (mAb) IV.3)] was
obtained from Medarex (West Lebanon, NH). Goat anti-mouse F(ab),
was obtained from Cappel-Worthington (Durham, NC). Affinity-purified
horseradish peroxidase-conjugated goat anti-mouse, goat anti-rabbit, and
porcine anti-goat secondary antibodies, piceatannol, and protein
A-agarose were obtained from Boehringer Mannheim (Indianapolis,
IN). Piceatannol was prepared as a 12.3 mm solution in 30% DMSO.
Anti-phosphotyrosine mAb PY20 was obtained from Transduction Lab-
oratories (Lexington, KY). Anti-phosphotyrosine mAb 4G10 and S6
peptide were obtained from Upstate Biotechnology (Lake Placid, NY).
The MEK inhibitor PD98059 was obtained from Calbiochem (La Jolla,
CA). Glutathione-Sepharose was obtained from Pharmacia (Uppsala,
Sweden). A peptide comprising amino acids 25-35 of B-amyloid (AB25-
35) was obtained from American Peptide Co. (Sunnyvale, CA), and a
peptide comprising amino acids 25-35 of B-amyloid in a scrambled
sequence (SC25-35; NAMGKILSGIG) was a kind gift from Dr. Kurt
Brunden (Gliatech, Inc., Cleveland, OH). AB25-35 and SC25-35 were
resuspended in sterile, distilled H,0 at a concentration of 2 mm and
incubated for 1 hr at 37°C to allow fibril formation (Terzi et al., 1994).
AB1-40 was a product of Bachem (King of Prussia, PA) and was
resuspended in sterile, distilled H,0 at a concentration of 2 mM and
incubated for 1 week at 37°C to allow fibril formation. Nonfibrillar
AB1-40 was prepared by dissolving the peptide in hexafluoroisopropa-
nol, lyophilizing, and resuspending in sterile, distilled H,0 at a concen-
tration of 2 mm (Jao et al., 1997). Acetylated low-density lipoprotein
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(AcLDL) was a gift from Dr. Frederick DeBeer (University of Ken-
tucky). Maleylated bovine serum albumin (mBSA) was prepared as
previously described (Haberland and Fogelman, 1985). Glycated BSA
(AGE) and iron-saturated lactoferrin (L) were obtained from Sigma (St.
Louis, MO).

Tissue culture. Human THP1 monocytic cells were grown in RPMI-
1640 (Whitaker Bioproducts, Walkersville, MD) containing 10% heat-
inactivated fetal calf serum, 5 X 10> M B-mercaptoethanol, 5 mm
HEPES, and 1.5 pg/ml gentamicin in an atmosphere of 5% CO,.
Microglia were derived from the brains of neonatal rats as previously
described (Giulian and Baker, 1986; McDonald et al., 1997).

Cell stimulation. THP1 monocytes (5 X 10° cells) or microglia (2 X 10°
cells) were suspended in 250 wl of RPMI-1640, and the cells were
stimulated by addition of peptide for the indicated times. In some
instances cells were pretreated with 50 pug/ml piceatannol in RPM1-1640
for 1 hr before stimulation or 25 um PD98059 for 20 min before
stimulation. Low-affinity (FcyRII) Ig receptors were cross-linked by
incubation of 1 X 107 THP1 monocytes with 5 g of anti-FcyRII in
ice-cold RPMI for 15 min. Cells were pelleted and resuspended in RPM 1
(37°C) and 20 ug of goat anti-mouse F(ab), for the indicated time. The
cells were collected by centrifugation and were lysed in 300 ul of ice-cold
radioimmunoprecipitation assay (RIPA) buffer (1% Triton X-100, 20 mm
Tris, pH 7.5, 100 mM NaCl, 1 mM Na;VO,, 40 mMm NaF, 5 mm EGTA,
0.2% SDS, 0.5% deoxycholate, and 0.2 mM PMSF) for Western blotting
or Triton X-100 buffer (1% Triton X-100, 20 mm Tris, pH 7.5, 100 mm
NaCl, 1 mm Naz;VO,, 40 mm NaF, 5 mm EGTA, and 0.2 mm PMSF) for
in vitro Kinase assays.

Western blotting. Protein concentrations of RIPA lysates were deter-
mined by the method of Bradford (1976) using BSA as a standard.
Sample buffer was added to aliquots (50 ug of protein) of lysates, boiled
for 5 min, and then resolved by SDS-PAGE under reducing conditions.
To examine the effect of piceatannol on AB-stimulated activation of p38
MAPK, cells were lysed in 500 ul of RIPA buffer, immunoprecipitated
with 1 ug of PY20, followed by Western blotting with anti-p38 MAPK
antibody. The proteins were transferred to PolyScreen membranes (Du-
Pont NEN, Boston, MA) and then blocked in TBS-T (10 mm Tris, pH
7.5, 100 mm NacCl, and 0.05% Tween 20) containing 3% BSA overnight
at 4°C. The blots were incubated with primary antibodies overnight and
then washed three times in TBS-T, followed by incubation for 1 hr with
goat anti-rabbit, goat anti-mouse, or porcine anti-goat secondary anti-
bodies conjugated to HRP in TBS-T containing 5% nonfat dried milk.
The blots were washed three times in TBS-T followed by detection with
an ECL detection system (DuPont NEN, Boston, MA). In some in-
stances blots were stripped by incubation in stripping buffer (62.5 mm
Tris, pH 6.8, 100 mM B-mercaptoethanol, and 2% SDS) for 30 min at
50°C and then reprobed with other antibodies.

Jun kinase assays. SAPKs were isolated by their ability to bind the N
terminus of c-Jun. A glutathione S-transferase fusion protein including
amino acids 5-89 of c-Jun (gst-Jun 5-89, a gift from Dr. J. Woodgett,
University of Toronto) was bound to glutathione-Sepharose and used to
isolate SAPKs from Triton X-100 lysates of THP1 monocytes (Pombo et
al., 1994). Cells were stimulated with AB as described above and also by
the addition of 300 mm NaCl for 30 min, followed by lysis in 300 wul
ice-cold Triton X-100 buffer. Triton X-100-insoluble material was pel-
leted by centrifugation for 10 min at 4°C. We added 40 ug of lysate
protein to 200 ul of wash buffer (0.1% Triton X-100, 10 mm Tris, pH 7.5,
150 mm NaCl, 1 mm Na;VO,, 10 mM NaF, and 5 mm EGTA) containing
40 pg of gst-Jun beads and incubated for 1 hr at 4°C. The gst-Jun beads
were washed three times in wash buffer and once in kinase buffer (10 mm
HEPES, pH 7.4, 10 mMm MgCl,, 100 um sodium orthovanadate, and 10
mM NaF). Kinase reactions were performed in duplicate by addition of
40 ul of kinase buffer containing 10 uM [y->*P]ATP (55 dpm/fmol) for 30
min at room temperature. Reactions were terminated by the addition of
sample buffer and boiled for 5 min. Samples were resolved by SDS-
PAGE, dried, and visualized by autoradiography. The gst-Jun band was
excised from the gel and incorporated radioactivity was measured by
Cerenkov counting.

RSK kinase assays. Triton X-100 buffer lysates (500 pg) were pre-
cleared with 10 ul protein A-agarose for 30 min. RSK1 was immunopre-
cipitated by incubation with 1 ug of anti-RSK1 and 20 ul of protein
A-agarose for 2 hr at 4°C. Immune complexes were washed three times
in 1 ml of Triton X-100 buffer and once in TEV buffer (20 mm Tris, pH
7.4,1mm EGTA, and 100 um NazVO,). To isolate RSK2, 1 X 107 THP1
cells were lysed by sonication in TEV buffer plus 10 mm
p-nitrophenylphosphate (PNP). Insoluble material was pelleted by cen-
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Figure 1. Fibrillar AB stimulates rapid tyrosine phosphorylation in
THP1 monocytes. THP1 monocytes were stimulated for the indicated
times with 50 um AB25-35. Western blot analysis of tyrosine phospho-
proteins was performed on RIPA lysates (50 ug of protein) using mono-
clonal anti-phosphotyrosine antibodies (4G10). The positions of the mo-
lecular weight standards (in kilodaltons) are indicated.

trifugation for 10 min at 4°C. Lysates (800 ug) were bound to 150 ul of
Mono Q resin for 5 min and washed for 5 min in 1 ml of TEV buffer plus
50 mM NaCl, and RSK2 was eluted with two washes of 300 ul of TEV
buffer plus 250 mm NaCl (Xing et al., 1996). RSK2 eluents were collected
and immunoprecipitated by incubation with 1 ug of anti-RSK2 and 20 ul
of protein G-agarose for 2 hr at 4°C. Immune complexes were washed
three times in 1 ml of Triton X-100 buffer and once in TEV buffer.
Washed immune complexes were assayed by phosphorylation of S6
peptide (Pelech and Krebs, 1987) in 50 ul of kinase buffer (20 mm Tris,
pH 7.4, 10 mm MgCl,, 2 mm MnCl,, 10 pm [y-*2P]JATP (10 dpm/fmol),
10 uM S6 peptide, and 10 mm PNP). Reactions were performed at room
temperature for 20 min and terminated by removal of supernatants from
the immune complexes and addition of 35 ul of 10% trichloroacetic acid
and 10 ul of BSA (1 mg/ml). Supernatants were incubated on ice for 15
min, and precipitated proteins were pelleted by centrifugation for 5 min.
Aliquots (20 ul) of supernatants containing S6 peptide were spotted onto
P81 phosphocellulose paper in triplicate and washed three times for 5
min each in 75 mM phosphoric acid. Incorporation of [**P]ATP into the
S6 peptide was quantitated by Cerenkov counting. Sample buffer (30 ul)
was added to immune complexes followed by boiling for 3 min for
Western blot analysis of RSK1 levels.

RESULTS

ApB peptides stimulate rapid, transient tyrosine
phosphorylation in THP1 monocytes

Signal transduction through tyrosine kinases characteristically
leads to the activation of serine—threonine kinases that constitute
downstream elements of signal transduction cascades. The inter-
action of microglia and THP1 monocytes with fibrillar forms of
APB has been shown to stimulate production of superoxide and
increased expression of IL-1p3 (Walker et al., 1995; El Khoury et
al., 1996; Lorton et al., 1996; McDonald et al., 1997). The bio-
logically active domain within AB was found to be restricted to
amino acids 25-35 at the C terminus of AB (Yankner et al., 1990;
Meda et al., 1995; Lorton et al., 1996; McDonald et al., 1997).
This region possesses a B-pleated sheet structure and forms fibrils
in aqueous solution (Terzi et al., 1994). Stimulation of THP1
monocytes with fibrillar AB25-35 rapidly elicited an increase in
protein tyrosine phosphorylation that reached maximal levels
within 1 min (Fig. 1).

Ap peptides activate ERKs in THP1 monocytes

and microglia

We tested whether AB-mediated stimulation of tyrosine ki-
nases in microglia and THP1 monocytes led to the subsequent
activation of members of the MAPK superfamily. Stimulation
of THP1 monocytes with fibrillar AB1-40 and AB25-35 led to
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the rapid, transient activation of ERK2, which reached maxi-
mal levels within 1-2 min and returned to basal levels in 5-10
min, as detected by Western blot analysis with anti-phospho-
ERK, an antibody that specifically recognizes the activated,
tyrosine-phosphorylated form of ERK (Fig. 24,C). Nonfibril-
lar AB1-40 elicited modest activation of ERK, and this stim-
ulation is likely to be attributable to the low levels of fibrils in
this preparation caused by incomplete dissolution of fibrils in
the peptide preparation and their subseqent formation after
resuspension in water (Fig. 2C,D). This finding is similar to
that previously observed with nonfibrillar preparations of
AB25-35 (McDonald et al., 1997). THP1 monocytes express
ERKI1 at much lower levels than ERK2. Stimulation of primary
cultures of rat microglia with AB25-35 led to the activation of
both ERK1 and ERK2 with similar kinetics (Fig. 2B). It is
noteworthy that the AB-induced activation of these enzymes is
consistently faster than that typically observed in growth
factor-stimulated responses. A scrambled peptide consisting of
amino acids 25-35 of AB (SC25-35) did not activate ERK, as
demonstrated by a phospho-ERK Western blot (Fig. 2C).
Cross-linking of low-affinity Fcy receptors (RII) for 5 min led
to dramatic increases in tyrosine phosphorylation (Fig. 2D);
however, ERK was not activated. Scavenger receptors and
R AGE have been shown to be capable of binding AB. There-
fore, we tested the ability of scavenger receptor ligands,
AcLDL and mBSA, and RAGE ligand, glycated BSA plus
iron-saturated lactoferrin (AGE-L), to activate ERK. Acety-
lated LDL, maleylated BSA, and glycated BSA plus iron-
saturated lactoferrin have previously been shown not to acti-
vate a tyrosine kinase-dependent pathway activated by AP
fibrils (McDonald et al., 1997). Similarly, stimulation of THP1
monocytes with SC25-35, AcLDL, mBSA, AGE-L, AGE
alone, and L alone failed to affect protein tyrosine phosphor-
ylation (Fig. 2D) and did not significantly activate ERK (Fig.
2C). Simultaneous exposure of the cells to AB25-35 and
AcLDL had no effect on the ability of AB to stimulate protein
tyrosine phosphorylation (data not shown).

Ap peptides activate p38 MAPK in THP1 monocytes
and microglia

The responses of microglia and THP1 monocytes to AB are
consistent with those observed after exposure to cellular stres-
sors. Therefore, we examined whether A activated p38 MAPK
in microglia and THP1 monocytes. Stimulation of THP1 mono-
cytes with AB25-35 led to the activation of p38 MAPK with a
time course similar to that observed with ERK2, as determined by
Western blot analysis using anti-phospho-p38 M APK, an anti-
body that specifically recognizes the activated, tyrosine-
phosphorylated form of p38 MAPK (Fig. 34,C). AB25-35 stim-
ulated maximal levels of p38 MAPK activation in 1-2 min that
returned to basal levels within 10 min. In addition, stimulation of
microglia with AB25-35 led to activation of p38 MAPK (Fig. 3B)
with similar kinetics. RAGE and scavenger ligands failed to
activate p38 MAPK, as demonstrated by a phospho-p38 MAPK
Western blot (Fig. 3C). The Ap-induced activation of p38
MAPK, like the ERKs, was very rapid; however, the magnitude
of p38 phosphorylation was not as great as that observed in
the ERKs.

Ap peptides do not significantly activate SAPKs
The SAPKs are other MAPK superfamily members that are
activated by stress, such as hyperosmolarity, UV irradiation, and
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Figure 2. Fibrillar AB stimulates rapid, transient activation of ERK1 and ERK2 in THP1 monocytes and microglia. 4, Exposure of THP1 monocytes
to 50 um AB25-35 for the indicated times leads to activation of ERK2. Activation of ERK (A-C) was determined by Western blot analysis of RIPA
lysates (50 pg of protein) using anti-phospho-ERK polyclonal antibodies (fop panels). The blots were reprobed with anti-ERK antibody (bottom panels).
B, Exposure of primary cultures of rat microglia to 50 um AB25-35 for 2 min leads to activation of ERK1 and ERK2. C, Ligand specificity of ERK
activation in THP1 monocytes. THP1 monocytes were incubated alone (control, con) or stimulated for 2 min with 50 um scrambled AB25-35 (SC25-35;
NAMGKILSGIG), AB25-35 (25-35), fibrillar AB1-40 (I-40), and nonfibrillar AB1-40 (NFI1-40) or with anti-FcyRII cross-linked with goat anti-mouse
F(ab), for 5 min (RII). The cells were also incubated with the RAGE ligands: either 20 ug/ml L, AGE, or AGE-L. The scavenger receptor ligands
AcLDL and mBSA were incubated with the cells for 2 min. D, Ligand specificity of tyrosine phosphorylation in THP1 monocytes. THP1 monocytes were
stimulated with ligands, as described in C, for 2 min. Western blot analysis of tyrosine phosphoproteins was performed on RIPA lysates (50 ug of protein)

using monoclonal anti-phosphotyrosine antibodies (4G10).

protein synthesis inhibitors (Freshney et al., 1994; Han et al,,
1994; Lee et al., 1994; Cano and Mahadevan, 1995; Raingeaud et
al., 1995). SAPK activity was assayed by use of a jun capture assay
and phosphorylation of the SAPK substrate, gst-Jun 5-89
(Pombo et al., 1994). THP1 monocytes were exposed to AB25-35
or hyperosmolar conditions (300 mm NaCl). Stimulation of THP1
monocytes with AB25-35 did not significantly alter the activity of
SAPKs, suggesting that these enzymes are not linked to the
Ap-stimulated signal transduction pathway (Fig. 4). Exposure of
THP1 monocytes to hyperosmolar conditions for 30 min led to a
greater than fourfold increase in SAPK activity.

Activation of the ERK and p38 MAPK pathways by ApB
peptides is blocked by the Syk-selective tyrosine
kinase inhibitor piceatannol

Stimulation of microglia and THP1 monocytes with A leads to
activation of parallel MAP kinase pathways including ERKs and
p38 M APK. Because protein tyrosine phosphorylation and acti-
vation of ERKs and p38 MAPK occur over similar intervals, we
examined whether the MAPK pathways were downstream effec-
tors of the ApB-activated tyrosine kinases. Exposure of THP1
monocytes pretreated with DMSO vehicle followed by stimula-
tion with AB25-35 led to dramatic activation of both ERK2 and
p38 MAPK (Fig. 54,B). We noted that pretreatment of cells with
DMSO led to small, nonspecific elevations in the basal levels of
protein tyrosine phosphorylation (compare Figs. 1, 7E). However,

pretreatment of the cells with piceatannol, a Syk-selective ty-
rosine kinase inhibitor (Oliver et al., 1994), significantly reduced
Ap-induced activation of both ERK2 and p38 MAPK (Fig. 54,B).
These data demonstrate that the activation of both MAPK path-
ways in THP1 monocytes by AB is mechanistically linked to the
activation of the tyrosine kinase Syk.

RSK1 and RSK2 are activated by Ap peptides

RSK1 and RSK2 are effectors of the ERK signal transduction
pathway. THP1 monocytes were stimulated with AB25-35, and
subsequent RSK activation was assayed by phosphorylation of S6
peptide, an RSK substrate (Pelech and Krebs, 1987). Maximal
activation of RSK1 occurred within 3 min (Fig. 64). RSK2 was
also activated after AB treatment, and its stimulation was depen-
dent on previous ERK activation, as demonstrated by the inhibi-
tion of RSK2 activation after pretreatment of the cells with
PD98059 (Fig. 6B,C). PD98059 is a specific inhibitor of the ERK
kinase MEK (Dudley et al., 1995).

Ap peptides stimulate phosphorylation of CREB on
serine 133 in THP1 monocytes

The activation of M AP kinase family members, either directly or
indirectly, leads to the phosphorylation of transcriptional factors
and activation of transcription (Ginty et al., 1994). The transcrip-
tion factor CREB has been shown to be phosphorylated and
activated by RSK2 (Sheng et al., 1991; Xing et al., 1996). RSK1
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Figure 3. Fibrillar AB stimulates the rapid, transient activation of
p38 MAPK in THP1 monocytes and microglia. 4, THP1 monocytes
were exposed to 50 um AB25-35 for the indicated times, and the
activation of p38 MAPK was detected using anti-phospho-p38 anti-
body (top panel). The blots were reprobed with anti-p38 antibody
(bottom panel ). B, Exposure of primary cultures of rat microglia to 50

p38 - - = I phospho-p38  uM AB25-35 for 2 min leads to activation of p38 MAPK. C, Ligand

p3s | > W e o e | 038

30000
25000 &
5 200001
C
E  15000-
g
g 10000
5000-

NaCl (30 min) B OO

Figure 4. Stimulation of THP1 monocytes with fibrillar AB does not lead
to significant activation of SAPKs. THP1 monocytes were stimulated for
the indicated times with 50 um AB25-35 or 300 mM NaCl. SAPK activity
was measured using c-Jun5-89 as a substrate. Proteins were resolved by
SDS-PAGE, the gel was dried, and c-Jun protein was excised and sub-
jected to Cerenkov counting.

and RSK2 are phosphorylated and activated by ERK1 and ERK2
(Blenis, 1993; Xing et al., 1996) and, thus, are regulated through
activation of the MAPK cascade. We examined whether stimu-
lation of THP1 monocytes and microglia with AB25-35 led to
phosphorylation of CREB by Western blot analysis with anti-
phospho-CREB, an antibody that specifically recognizes CREB
that has been phosphorylated on serine 133, a key regulatory site
required for the activation of transcription mediated by this
protein (Gonzalez and Montminy, 1989; Sheng et al., 1991).
Stimulation of THP1 monocytes with AB25-35 led to a rapid
increase in CREB phosphorylation that was detectable within 1
min and remained elevated through 10 min (Fig. 74). Similarly,

specificity of p38 MAPK activation in THP1 monocytes. THP1
monocytes were stimulated with 50 um AB25-35 or 20 pg/ml AcLDL,
mBSA, and AGE-L for 2 min. Activation of p38 MAPK in A-C was
determined by Western blot analysis on RIPA lysates (50 ug of
protein) using anti-phospho-p38 M APK polyclonal antibodies.
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Figure 5. The tyrosine kinase inhibitor piceatannol inhibits Ap-induced
activation of ERK and p38 MAPK. THP1 monocytes were pretreated for
1 hr with 50 pg/ml piceatannol or an equal amount of DMSO (final
concentration, 70 mM) and then exposed to 50 um AB25-35 for 2 min. A4,
Activation of ERK2 was demonstrated by Western blot analysis of RIPA
lysates (50 ug of protein) using anti-phospho-ERK polyclonal antibodies
(top panel). The blots were reprobed with anti-ERK antibody (bottom
panel). B, Activation of p38 M APK was assessed by immunoprecipitation
of tyrosine phosphoproteins using monoclonal anti-phosphotyrosine an-
tibodies (PY20) and Western blot analysis using anti-phospho-p38 M APK
antibodies.
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Figure 6. Fibrillar AB stimulates rapid, transient activation of RSK1 and RSK2 in THP1 monocytes, which is blocked by the MEK inhibitor PD98059.
THP1 monocytes were stimulated with 50 um AB25-35 for the indicated times. A4, RSK1 was isolated by immunoprecipitation with anti-RSK1 polyclonal
antibodies, and immune kinase activity was measured using the S6 peptide substrate. The data shown represent the mean * SD of triplicate
determinations. B, THP1 monocytes were pretreated for 20 min in the absence or presence of 25 um PD98059 followed by stimulation for 2 min with
50 uM AB25-35. RSK2 was isolated by immunoprecipitation with anti-RSK2 polyclonal antibodies. Kinase activity was measured using S6 peptide as a
substrate, and incorporation of **P was determined by Cerenkov counting. Immune complexes were resolved by SDS-PAGE and analyzed by Western

blot analysis using anti-RSK1 or anti-RSK2 antibodies (bottom panel).

stimulation of microglia with AB25-35 led to phosphorylation of
CREB at serine 133 (Fig. 7B). Interestingly, we consistently have
observed that the anti-phospho-CREB antibody recognizes a
doublet in Western blots of proteins from unstimulated rat mi-
croglia, but not from human THP1 monocytes. This is likely to be
the result of a species-specific difference in CREB protein or may
represent an elevated basal level of activation in cultures of
primary microglia. To examine the dependence of CREB phos-
phorylation on activation of tyrosine kinases in ApB-stimulated
THP1 monocytes, cells were pretreated with piceatannol. Pre-
treatment of THP1 monocytes with piceatannol completely
blocked AB-induced phosphorylation of CREB, linking activa-
tion of Syk to subsequent phosphorylation of CREB (Fig. 7C).
Similarly, CREB phosphorylation was dependent on MEK and
ERK activation as pretreatment of the cells with PD98059 abol-
ished the AB-stimulated phosphorylation of CREB on serine 133
(Fig. 7D). Importantly, AB-stimulated protein tyrosine phosphor-
ylation was not inhibited by PD98059, demonstrating the speci-
ficity of the drug action (Fig. 7E). These data provide a mecha-
nism through which Ap-induced, tyrosine kinase-dependent
activation of MAPK pathways in THP1 monocytes and microglia
can regulate gene expression.

DISCUSSION

The events leading to neuronal death and gliosis in Alzheimer’s
disease are incompletely understood. Gliosis has been shown to
be associated with mature senile plaques comprising fibrillar AB
(Ohgami et al., 1991). Fibrillar AB, which forms the core of senile
plaques, is capable of directly activating microglia, resulting in the
production of superoxide radicals (El Khoury et al., 1996; Mc-
Donald et al., 1997). Indeed, examination of AD-afflicted brain
tissue has revealed evidence of oxidative damage associated with
senile plaques that colocalizes with reactive microglia (Hensley et
al.,, 1995; Good et al., 1996; Smith et al., 1997). However, exam-
ination of senile plaques has also revealed the presence of cyto-
kines, such as IL-1B and IL-6, proteases, protease inhibitors, and
complement proteins (Abraham et al., 1988; Griffin et al., 1989;
McGeer et al.,, 1989; Bauer et al., 1991). The senile plaque,
therefore, is the focus of complex local inflammatory processes.
Microglia, the main immune effector cells within the brain, are
capable of secreting acute phase proteins detected in the AD
brain (Leong and Ling, 1992). The detection of microglial-
derived acute phase proteins in senile plaques is consistent with
the ability of microglia to detect fibrillar ApB, leading to activation
of signal transduction pathways, altered gene expression, and
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Figure 7. Fibrillar AB stimulates rapid, transient phosphorylation of CREB on serine 133 in THP1 monocytes and microglia that is blocked by
piceatannol and PD98059. A, THP1 monocytes were stimulated with 50 um AB25-35 for the indicated times. B, Primary cultures of rat microglia were
stimulated with 50 um AB25-35 for 2 min. C, AB-induced phosphorylation of CREB is blocked by pretreatment of THP1 monocytes with piceatannol.
THP1 monocytes were pretreated with 50 ug/ml piceatannol or an equal amount of DMSO (final concentration, 70 mm) for 1 hr, followed by stimulation
with 50 um AB25-35 for 2 min. D, AB-induced phosphorylation of CREB is blocked by pretreatment of THP1 monocytes with PD98059. THP1
monocytes were pretreated with 25 uM PD98059 or an equal amount of DMSO for 20 min, followed by stimulation with 50 um AB25-35 for 2 min.
Phosphorylation of CREB in A-D was determined by Western blot analysis on RIPA lysates (100 pg of protein) using anti-phospho-CREB polyclonal
antibodies (top panel). The blots were stripped and reprobed using anti-CREB antibody (bottom panel). E, Pretreatment of THP1 monocytes with
PD98059 does not inhibit tyrosine phosphorylation. THP1 monocytes were pretreated with 25 um PD98059 or an equal amount of DMSO for 20 min,
followed by stimulation with 50 um AB25-35 for 2 min. Western blot analysis of tyrosine phosphoproteins was performed on RIPA lysates (100 ug of

protein) using monoclonal anti-phosphotyrosine antibodies (4G10).

acquisition of a reactive phenotype. We have previously shown
that exposure of microglia and THP1 monocytes to fibrillar forms
of A leads to the activation of the tyrosine kinases Lyn, Syk, and
FAK and production of superoxide. The present studies were
initiated to identify the downstream intracellular elements medi-
ating the effects of AB on these cells.

The MAPK family of protein kinases is an important link in
the transduction of extracellular signals from the membrane into
the nucleus. ERK1 and ERK2 are positioned downstream of
growth factor receptors in ras-dependent signal transduction cas-
cades, which include raf family members and MEK (Blenis,
1993). On phosphorylation and activation, ERKs phosphorylate
other cytoplasmic effectors and are translocated into the nucleus
in which they phosphorylate transcription factors, such as Myc,
Fos, Jun, and Elkl (Blenis, 1993; Chen et al., 1993). Direct
substrates of the ERKs include two members of the RSK family
of protein serine—threonine kinases, RSK1 and RSK2. The tran-
scription factor CREB is phosphorylated on serine 133 in vivo by
RSK2 in NGF-stimulated PC12 cells (Xing et al., 1996). The
stimulation of microglia and THP1 monocytes with fibrillar AB
peptides led to activation of ERK1, ERK2, RSK1, and RSK2 and
phosphorylation of CREB on serine 133. Importantly, AB-

induced phosphorylation of CREB was inhibited by piceatannol
and the M EK inhibitor PD98059, demonstrating the dependence
of CREB phosphorylation on activation of the ERK pathway. It is
possible that other kinases, such as protein kinase A or CAM
kinases (Gonzalez and Montminy, 1989; Sheng et al., 1991) may
also contribute to phosphorylation of CREB in response to A
and other ligands. The complete inhibition of CREB phosphor-
ylation by PD98059, however, suggests that the ERK pathway is
the main signaling pathway leading to transcriptional activation
through CREB in AB-stimulated monocytic cells. The present
data provide a mechanism by which AB alters gene expression
through the transcription factor CREB. Importantly, these data
indicate that compounds that block AB-stimulated intracellular
signaling cascades in microglia may block changes in gene expres-
sion and, hence, the acquisition of an activated phenotype. Stim-
ulation of B lymphocytes through surface Ig has also been shown
to result in phosphorylation of CREB, demonstrating a role for
activation of CREB in response to immune stimuli (Xie and
Rothstein, 1995; Xie et al., 1996).

Cytokines, such as IL-1B8 and IL-6, have been detected within
senile plaques, and total IL-1p levels were shown to be elevated
in the AD brain (Griffin et al., 1989; Bauer et al., 1991). Stimu-
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Figure 8.  Working model of AB-induced intracellular signal transduc-
tion cascades in microglia and monocytic cells. On interaction of micro-
glia with fibrillar aggregates of AB, a complex signal transduction cascade
comprising tyrosine kinases and parallel MAP kinase pathways is acti-
vated, leading to respiratory burst and activation of transcription. The
generation of superoxide radicals, cytokines, and complement compo-
nents is likely to further stimulate inflammatory responses in microglia.
An asterisk denotes phosphorylation and/or activation of enzymatic
activity.

lation of microglia and THP1 monocytes with AB resulted in
increased expression of IL-1p3 (Walker et al., 1995; Lorton et al.,
1996). Recently, activation of p38 MAPK was shown to be es-
sential for the LPS-induced production of IL.-18 in monocytes, as
well as activation of the transcription factor MEFC2 (Lee et al.,
1994; Han et al., 1997). Additionally, exposure of cells to IL-1p,
stress, and heat shock leads to activation of MAPKAP kinase-2
and M APKAP kinase-3, which are direct effectors of p38 MAPK
(Rouse et al., 1994; McLaughlin et al., 1996). MAPK AP kinase-2
and M APKAP kinase-3 then phosphorylate the small heat shock
protein HSP27 in vivo (McLaughlin et al., 1996; Stokoe et al.,
1992b). We have now shown that stimulation of microglia and
THP1 monocytes with AB leads to activation of p38 MAPK,
providing a mechanistic link between the interaction of microglia
with AB and inflammatory responses, including activation of
downstream kinases and transcription factors and the elevated
levels of cytokines found in the AD brain. IL-1B, a proinflam-
matory cytokine that primes macrophage inflammatory responses
and enhances macrophage cytotoxicity, recently has been shown
to activate p38 MAPK (Erbe et al., 1990; Simms et al., 1991;
Raingeaud et al., 1995). Therefore, activation of p38 MAPK in
microglia by AB may be an initial step in a feedforward inflam-
matory process, resulting in the production of superoxide radicals
and cytokines, which further stimulates the inflammatory re-
sponses of microglia to AB. A working model of the intracellular
processes activated on interaction of microglia with AB plaques is
diagrammed in Figure 8.

We were unable to detect significant increases in SAPK activity
from Ap-stimulated THP1 monocytes. The activation of p38
MAPK and SAPKs by environmental stressors and immune
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stimuli is thought to occur in parallel, and previous studies have
demonstrated that SAPK and p38 MAPK are activated simulta-
neously (Raingeaud et al., 1995). The present data clearly docu-
ment that the activation of p38 MAPK and SAPK activation are
not mechanistically linked, and AB stimulation selectively acti-
vates the p38 MAPK pathway. The upstream elements mediating
these responses have not yet been defined and are presently
controversial. Identification of the upstream regulators of ERKs
and p38 MAPK activated by AB will allow further elucidation of
the components of MAPK signal transduction pathways and
provide potential therapeutic targets.

Recent data have shown that AB can bind RAGE and scaven-
ger receptors (El Khoury et al., 1996; Paresce et al., 1996; Yan et
al., 1996). RAGE is believed to act as a tether that binds A to
cell surfaces in which AB-generated oxygen radicals then produce
cellular damage (Hensley et al., 1994). There is presently no
compelling evidence that RAGE is directly linked to intracellular
signaling pathways. Scavenger receptors were shown to mediate
adhesion of microglia to A, resulting in production of oxygen
radicals by microglial cell lines (El Khoury et al., 1996). The
cellular mechanisms used by these receptors to stimulate the
generation of reactive oxygen species are unknown. We have
shown that specific, saturating quantities of R AGE and scavenger
receptor ligands do not stimulate the increased protein tyrosine
phosphorylation and respiratory burst observed after exposure of
THP1 monocytes to AB (McDonald et al., 1997). The present
data demonstrate that RAGE and scavenger receptor ligands do
not activate ERK or p38 MAPK in THP1 monocytes. The lack of
activation of tyrosine kinases, ERK, and p38 M APK by scaven-
ger receptor ligands is not surprising, because undifferentiated
THP1 monocytes express only low levels of scavenger receptors
(Palkama, 1991). The observations that AB fibrils activate ty-
rosine kinases, MAP kinase pathways, respiratory burst, and
transcription factors demonstrate that AB stimulates cellular re-
sponses through a receptor complex distinct from scavenger re-
ceptors and RAGE. Furthermore, characterization of the AB-
stimulated signaling pathways in microglia and THP1 monocytes
may provide more molecular targets for therapeutic interventions
as well as specific, rapid assays for testing the efficacy of thera-
peutic agents.
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