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Protein Phosphatase 2A Regulates bim Expression via the
Akt/FKHRL1 Signaling Pathway in Amyloid-␤ PeptideInduced Cerebrovascular Endothelial Cell Death
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Amyloid-␤ peptide (A␤)-induced death in cerebral endothelial cells (CECs) is preceded by mitochondrial dysfunction and signaling
events characteristic of apoptosis. Mitochondria-dependent apoptosis engages Bcl-2 family proteins, especially the BH3-only homologues, which play a key role in initiating the apoptotic cascade. Here, we report that the expression of bim, but not other BH3-only
members, was selectively increased in cerebral microvessels isolated from 18-month-old APPsw (Tg2576) mice, a model of cerebral
amyloid angiopathy (CAA), suggesting a pivotal role for Bim in A␤-induced cerebrovascular degeneration in vivo. A similar expression
profile was observed in A␤-treated CECs. Furthermore, A␤ induction of bim expression involved a pro-apoptotic transcription factor,
FKHRL1. FKHRL1 bound to a consensus sequence in the bim promoter region and was activated by A␤ before bim expression. FKHRL1
activity was negatively regulated by phosphorylation catalyzed by Akt, an anti-apoptotic kinase. Akt upregulation by adenoviral gene
transfer inhibited A␤-induced FKHRL1 activation and bim induction. In addition, A␤ increased the activity of protein phosphatase 2A
(PP2A), a ceramide-activated protein phosphatase. Suppression of PP2A activity by RNA interference or a specific inhibitor, okadaic acid,
effectively suppressed A␤-induced Akt inactivation and FKHRL1 activation, leading to an attenuation of bim expression and cell death in
CECs. Coimmunoprecipitation experiments revealed that A␤ enhanced the binding of the PP2A regulatory subunit PP2AC␣␤ to Akt.
These results implicate PP2A as an early regulator of A␤-induced bim expression and CEC apoptosis via the Akt/FKHRL1 signaling
pathway. We raise the possibility that this pathway may play a role in cerebrovascular degeneration in CAA.
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Introduction
Amyloid-␤ peptide (A␤) has been implicated in the pathogenesis
of Alzheimer’s disease (AD) (Wisniewski and Wegiel, 1995;
Yankner, 1996). In addition to parenchymal accumulation and
neuronal degeneration in AD brains (Yankner et al., 1989; Behl et
al., 1994), A␤ also accumulates in the cerebrovascular wall of
elderly individuals with or without AD, leading to cerebral amyloid angiopathy (CAA) (Perlmutter et al., 1994; Wisniewski et al.,
2000). A␤ induces death of cerebral endothelial cells (CECs)
(Price et al., 1997; Preston et al., 1998) with features suggestive of
apoptosis (Blanc et al., 1997; Suo et al., 1997; Xu et al., 2001; Yin
et al., 2002b). We have recently reported that A␤-induced CEC
apoptosis was associated with the induction of Bim, an apoptotic
initiator, to release pro-apoptotic mitochondrial molecules into
the cytosol (Yin et al., 2002b). Bim belongs to the “BH3-only
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proteins,” a subgroup of Bcl-2 apoptotic regulators that contain
only one of the bcl-2 homology regions (BH3). In response to
apoptotic stimuli, BH3-only proteins translocate to the mitochondrial membrane from other cellular compartments to interfere with the function of antiapoptotic Bcl-2 family members to
initiate apoptosis (Huang and Strasser, 2000). Although some
BH3-only proteins may be post-translationally modified by upstream death signaling events to trigger translocation (Dijkers et
al., 2000; Huang and Strasser, 2000; Whitfield et al., 2001), others
such as Bim are transcriptionally regulated to initiate apoptosis
(Bouillet et al., 2001). Bim expression is regulated by transcription factors of the forkhead in rhabdomyosarcoma (FKHR) family, which includes FKHR (also known as FOXO1) and FKHRL1
(FOXO3a) (Burgering and Kops, 2002; Gilley et al., 2003). Forkhead protein activity, in turn, is negatively regulated via phosphorylation by the survival promoting kinase Akt (Brunet et al.,
1999; Tang et al., 1999).
Akt maintains cell viability by phosphorylating pro-apoptotic
mediators including forkhead proteins (Brunet et al., 1999;
Zheng et al., 2000). Dephosphorylation of Akt by protein phosphatases disinhibits pro-apoptotic proteins to initiate apoptotic
processes (Ugi et al., 2004; Gao et al., 2005). Protein phosphatase
2A (PP2A), a member of the ceramide-activated protein phosphatases (CAPPs) family, is a serine/threonine-specific protein
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phosphatase that regulates the activities of several major protein
kinase families, including Akt to drive apoptotic processes (Millward et al., 1999; Silverstein et al., 2002).
We have shown previously that A␤ cytotoxicity is mediated by
ceramide (Xu et al., 1998; Lee et al., 2004; Yang et al., 2004), a
pro-apoptotic lipid mediator (Obeid et al., 1993; Brugg et al.,
1996; Mangoura and Dawson, 1998). This A␤-ceramide death
pathway involves the activation of neutral sphingomyelinase
(nSMase) (Lee et al., 2004; Yang et al., 2004), a ceramidesynthesizing enzyme. We also demonstrated that A␤-induced
CEC death is associated with the rapid induction of Bim and the
activation of subsequent apoptotic pathways (Yin et al., 2002b).
The link between these two cell death pathways remains to be
established. In the present study, we report that activation of
PP2A is the intermediate step between the A␤-ceramide cascade
and the subsequent inactivation of Akt, activation of FKHRL1,
and upregulation of bim.

Materials and Methods
Mouse CEC primary cultures. Mouse CECs were prepared as described
previously (Xu et al., 1992). Briefly, mouse CECs migrating from isolated
microvessel preparations were pooled to form a proliferating cell culture
that was maintained in DMEM, with high glucose and L-glutamine supplemented with 10% FBS, 0.5 mg/ml heparin, and 75 g/ml endothelial
cell growth supplements. Mouse CECs (between passages 4 and 15) uniformly positive for factor VIII, vimentin, and characteristic bradykinin
receptors (⬎95% endothelial cell purity) were grown to 85–95% confluence before use (Xu et al., 1992).
Treatment with A␤ and other chemicals. A␤1– 40 is the major component of amyloid deposits in cerebrovascular vessels in CAA. However, in
most experimental systems, the biological effects of fragment A␤25–35 are
comparable (Loo et al., 1993; Behl et al., 1994). We have shown previously that A␤25–35 has approximately the same potency as A␤1– 40 in
inducing cell death in CECs (Xu et al., 2001; Yin et al., 2002b). Based on
these data, we used A␤25–35 in most experiments in this study and confirmed key findings with A␤1– 40. Several protocols for A␤ aggregation
were used in the present studies. For A␤25–35 (Sigma, St. Louis, MO), a 1
mM peptide stock solution was prepared in sterile double-distilled H2O
and maintained for 3 d at room temperature to allow polymerization. For
A␤1– 40 (Global Peptides, Fort Collins, CO), the peptide was first dissolved in dimethyl sulfoxide to a concentration of 5 mM and then diluted
into PBS to a final concentration of 500 M. The diluted peptide solution
was allowed to aggregate at 37°C for 5 d in a 5% CO2-supplemented
atmosphere. CECs were treated with 25 M A␤25–35, 25 M A␤1– 40, or 25
M C2 ceramide (Biomol, Plymouth Meeting, PA) in serum-free growth
medium for various time intervals. In some experiments, CECs were
treated with okadaic acid (OA), a selective PP2A inhibitor, or 1,2dioleoyl-sn-glycero-3-phosphate (PA), a selective PP1 inhibitor (Upstate
Biotechnology, Lake Placid, NY) 1 h before A␤ exposure. For nSMase
inhibitor studies, CECs were treated with 1 M 3-O-methylsphingomyelin (3-OMe-SM), a specific nSMase inhibitor, for 2 h before
25 M A␤25–35 exposure for 4 h.
APPsw transgenic mice and cerebral microvessel isolation. APPsw mice
overexpress human APP695 with the familial Swedish AD mutations at
positions 670/671 under control of the prion promoter and were a generous gift from Dr. K. Hsiao-Ashe (Minneapolis, MN). The production,
genotyping, and background strain (B6/SJL) of APPsw (Tg2576) mice
used in this study have been described previously (Hsiao et al., 1996).
Cerebral microvessel isolation used previously described methods with
modifications (Pardridge et al., 1985; Zlokovic et al., 1993). Briefly, mice
were killed by decapitation under anesthesia. The brains were immediately removed from the skull and immersed in ice-cold buffer A (in mM:
103 NaCl, 4.7 KC1, 2.5 CaC12, 1.2 KH2PO4, 1.2 MgSO4, and 15 HEPES,
pH 7.4). The brain was homogenized in a fivefold volume excess of buffer
B (103 mM NaCl, 4.7 mM KC1, 2.5 mM CaC12, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 15 mM HEPES, 25 mM HCO3, 10 mM glucose, 1 mM sodium
pyruvate, and 1 g/100 ml dextran, pH 7.4) with a Teflon homogenizer.
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The homogenate was suspended in an equal volume of 25% BSA and
centrifuged at 5800 ⫻ g at 4°C for 30 min. The pellet was resuspended in
10 ml of buffer B and passed over an 85 m nylon mesh (Tetko, Depu,
NY). This filtrate was then passed over a 3 ⫻ 4 cm glass bead column
(0.45 mm glass beads) with a 44 m nylon mesh at the bottom and
washed with 400 ml of buffer B. Microvessels adhere to the glass beads,
whereas contaminants pass unimpeded. Microvessels were recovered by
repeated gentle agitation of the glass beads in buffer B. The supernatant
containing microvessels was decanted and spun at 500 ⫻ g for 5 min, and
the final pellet was stored at ⫺80°C until RNA extraction.
Real-time PCR and reverse transcription-PCR. Real-time PCR was used
to measure mRNA expression of BH3-only proteins. Total RNA from the
mouse brain microvessel fraction or cultured mouse CECs were isolated
with the RNeasy Mini kit (Qiagen, Valencia, CA). Equal amounts of total
RNA (600 ng) were reverse transcribed with 1 mol/L oligo (dT) and 0.5
mmol/L dNTPs (Qiagen), 10 U of Rnasin (Promega, Madison, WI), and
4 U of reverse transcriptase (Qiagen) for 1 h at 37°C. Ten nanograms of
cDNA were subjected to PCR using the ABI Prism 7000 Sequence Detection System and SYBR Green PCR Master Mix (both from Applied Biosystems, Foster City, CA). The primers of the BH3-only genes were designed using Primer Express software (Applied Biosystems) as follows:
bim (forward, 5⬘-CGGATCGGAGACGAGTTCA-3⬘; reverse, 5⬘TTCAGCCTCGCGGTAATCA-3⬘); bid (forward, 5⬘- GAAGACGAGCTGCAGACAGATG-3⬘; reverse, 5⬘- TGGCTCTATTCTTCCTTGGTTGA-3⬘); bad (forward, 5⬘- GCAGGCACTGCAACACAGAT-3⬘;
reverse, 5⬘- CTCCTTTGCCCAAGTTTCGAT-3⬘); bmf (forward, 5⬘TACGCAACAACACCAGCAGAA-3⬘; reverse, 5⬘- CGAGGTTTTGAAGGAAGAGGAA-3⬘); dp5 (forward, 5⬘- TGGAGGAAGCTGGTTCCTGTT-3⬘; reverse, 5⬘- CAGCTCTTTACAATTCTGCTTCCTT-3⬘); cyclophilin (forward, 5⬘-CGCTTCCCAGATGAGAACTTCA-3⬘; reverse, 5ACTGTGGTTATGAAGAACTGTGA-3⬘). A standard amplification
program was used (1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min,
45 cycles of 95°C for 15 s, and 60°C for 1 min). All quantifications were
normalized to cyclophilin to account for variability in the initial concentration and quality of total RNA and in the conversion efficiency of the
reverse transcription (RT) reaction. The expression of bim mRNA was
also detected by conventional RT-PCR (Yin et al., 2002a). cDNA was
amplified in 0.2 mmol/L dNTPs, 1 mol/L of each primer, 1.5 mmol/L
MgCl2, and 2.5 U of Taq polymerase (Roche, Indianapolis, IN). PCR was
performed for 26 cycles alternating between 95°C for 20 s, 53°C for 30 s,
followed by extension at 72°C for 1 min. Primers were designed based on
the mouse bim sequences (forward, 5⬘-ctgagtgtgacagagaaggtg-3⬘; reverse,
5⬘-gtggtcttcagcctcgcggt-3⬘). The amplified products were analyzed on a
1% agarose gel. The relative mRNA level of bim was normalized to endogenous cyclophilin mRNA for each sample. The RT-PCR was conducted within the linear ranges of PCR cycles and RNA input. The PCR
experiments were repeated at least three times.
Protein phosphatase activity assay. An immunoprecipitation phosphatase assay kit (Upstate Biotechnology) was used to measure phosphate
release as an index of phosphatase activity. Total cellular proteins from
A␤-treated mouse CECs or cerebral microvessels in APPsw transgenic
mice were extracted in radioimmunoprecipitation assay buffer. Protein
concentrations were determined using a Bio-Rad (Hercules, CA) bicinchoninic acid assay. Assays were run in 96-well plates according to the
manufacturer’s instructions. Briefly, 50 –100 g of cellular proteins was
immunoprecipitated with a mouse anti-PP2A catalytic subunit antibody
(2 g/ml; Upstate Biotechnology) or a mouse anti-PP1 antibody (2 g/
ml; Santa Cruz Biotechnology, Santa Cruz, CA) and incubated with 4.5
l of the substrate, phosphoprotein (amino acid sequence: KRpTIRR) at
a concentration of 175 M, and protein phosphatase assay buffer (20 mM
4-morpholinepropanesulfonic acid, pH 7.5, 60 mM 2-mercaptoethanol,
0.1 M NaCl, and 0.1 mg/ml serum albumin) in a final volume of 25 l.
Reactions were started with the addition of the phosphoprotein substrate
and conducted for 10 min at room temperature. Reactions were terminated by the addition of 100 l of malachite green solution, and color was
developed for 15 min before reading the plate at 650 nm.
Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) to assess DNA binding activity has been described in detail
previously (Yin et al., 2002a,b). The following FKHRL1 consensus oligo-
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Figure 1. bim expression was selectively increased in amyloid-laden vessels in vivo and in A␤treated CECs in vitro. A, Total RNA from the cerebral microvessel fraction of 18-month-old APPsw
transgenicorage-matchedwild-type(WT)micewasanalyzedbyquantitativereal-timePCRtoassess
expression of BH3-only genes. Only the mRNA level of bim was increased in amyloid-laden vessels of
APPsw transgenic mice compared with the wild-type controls (n ⫽ 3 per group). Data are expressed
asmean⫾SD.*p⬍0.05,significantdifferencefromwildtype.B,CECstreatedwith25 M A␤25–35
at0or4hwereisolatedforextractionoftotalRNAforquantitativereal-timePCR.A␤ exposurefor4h
significantly increased the mRNA level of bim but not other BH3-only genes. Data are expressed as
mean ⫾ SD *p ⬍ 0.05, significant difference from 0 h. C, Expression of the BH3-only genes in CECs
treated with 25 M A␤25–35 for the indicated times were analyzed by RT-PCR. A␤ increased the
expressionofthreeisoformsofbim(bimEL,bimL,bimS)asearlyas1hafterexposure.Upregulationof
these three isoforms was sustained for 8 h before declining to basal levels. Levels of cyclophilin mRNA
were used as an internal control. The data shown are representative of three separate experiments
withsimilarresults.D,QuantitativeanalysisofthreePCRimages(normalizedtocyclophilin)usingthe
NIH Image Analysis System graphically illustrates a time-dependent increase in the three isoforms of
bimafterA␤ treatment.Data(relativeopticaldensity)areexpressedasmean⫾SD.*p⬍0.05versus
the 0 h group.
nucleotides were used, 5⬘-AATAGATCTTAAATAAATAGATCTTTA-3⬘
and 5⬘- TAAAGATCTATTTATTTAAGATCTATT-3⬘ (Brunet et al.,
1999), and labeled with ␥- 32P-ATP. The binding reaction was performed
in a final volume of 20 l of binding buffer containing 0.0175 pmol of
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labeled probe (⬎10,000 cpm), 20 g of nuclear proteins, and 1 g of poly
dIdC. After incubation for 20 min at room temperature, the mixture was
subjected to electrophoresis on a nondenaturing 6% polyacrylamide gel
at 180 V for 2 h under low ionic strength conditions. The gel was dried
and subjected to autoradiography. For supershift assays, samples were
incubated with anti-FKHRL1 (1:100; Upstate Biotechnology) or antiBad (1:100; Cell Signaling, Beverly, MA) antibody for 1 h before the
addition of the ␥- 32P-ATP FKHRL1 oligonucleotide probe. The specificity of FKHRL1 DNA binding activity was also demonstrated by the
complete inhibition of FKHRL1 binding in the presence of a 100-fold
molar excess of the cold FKHRL1 oligonucleotide.
Western blot analysis. Cytoplasmic and nuclear proteins were isolated
from CECs after treatment as reported previously (Xu et al., 2001; Yin et al.,
2002b). Twenty to 40 g of proteins from each sample were analyzed by
10 –15% SDS-PAGE gel and transferred to polyvinylidene difluoride
(PVDF) membranes. The blot was incubated with various primary antibodies including rabbit anti-phospho-Akt (Thr308) (1;1000; Cell Signaling),
rabbit anti-phospho-Akt (Ser473) (1:1000; Cell Signaling), rabbit antiphospho-FKHRL1 (Ser253) (1;500; Upstate Biotechnology), rabbit antiphospho-FKHRL1 (Thr32) (1:1000; Upstate Biotechnology), rabbit
anti-phospho-ERK1/2 (1:1000; Cell Signaling), mouse anti-phospho-JNK
(1:1000; Cell Signaling), mouse anti-PP2A catalytic subunit (1:1000; Upstate
Biotechnology), and mouse anti-actin (1:200; Santa Cruz Biotechnology).
The membranes were then incubated with the appropriate secondary antibody (1:5000; anti-rabbit or anti-mouse IgG conjugated with alkaline phosphatase; Promega) at room temperature for 1 h. The color reaction was
developed using the AP Blot System (Promega) according to the manufacturer’s instructions.
Construction of retrovirus-mediated RNA interference of PP2A in CECs.
A retrovirus vector carrying small interfering RNAs (siRNAs) targeting
the mouse PP2A gene was prepared by the BD Knockout RNAi System
(BD Biosciences Clontech, Palo Alto, CA). The PAGE-purified complementary oligonucleotide pair for the hairpin siRNA was synthesized to
target the coding region of mouse PP2A catalytic subunit mRNA as
follows: 5⬘-gatccGTGTGTGACTTGCTGTGGTCTTCAAGAGAGACCACAGCAAGTCACACATTTTTTg-3⬘, 5⬘-aattcAAAAAATGTGTGACTTGCTGTGGTCTCTCTTGAAGACCACAGCAAGTCACACACg-3⬘. A complementary pair of oligonucleotides for a sense-only
control RNA was also designed using the following sequences: 5⬘gatccGTGTGTGACTTGCTGTGGTCTTCAAGAGATTTTTTg-3⬘, 5⬘aattcAAAAAATCTCTTGAAGACCACAGCAAGTCACACACg-3⬘.
These oligonucleotide pairs containing BamHI and EcoRI overhangs
were annealed and ligated to a linearized RNAi-Ready pSIREN-RetroQZsGreen vector digested with BamHI and EcoRI (BD Biosciences Clontech). The RNAi-Ready pSIREN-RetroQ-ZsGreen vector is a selfinactivating retroviral expression vector designed to express a small
hairpin RNA using the human U6 promoter. The resultant constructs
were amplified, purified, and sequenced. For production of high-titer
retrovirus vectors expressing PP2A small hairpin RNA, EcoPack-293 cell
lines (BD Biosciences Clontech) were plated at ⬃50 –75% confluence,
and the recombinant vectors were transfected into EcoPack-293 cells by
a modified calcium phosphate method. After incubation at 32°C for 2 d,
the supernatant fraction containing the viral vector was collected and
passed through a 0.45 m filter. CECs were infected with the retroviral
vector in the presence of Polybrene (5–10 g/ml) and incubated for 3 h.
The supernatant fraction containing the retroviral vector was removed and
replaced with normal growth medium. Cells grown for 48 –72 h were assessed by fluorescence microscopy. The ZsGreen fluorescent marker yields a
bright green fluorescence, permitting direct monitoring of the delivery efficiency in CECs. Infected populations exhibiting between 60 and 75% green
fluorescent cells were used for additional experimentation.
Construction of adenovirus-mediated overexpression of Akt in CECs. Akt
cDNAs, including a nonfunctional mutant and an overexpressing construct, were obtained from pCMV-HA-K179m-Akt (mutant Akt) and
pCMV-myr-HA-Akt by PCR amplification (Franke et al., 1995). The
PCR products were cloned into a pGEM–T Easy vector (Promega), isolated by NotI-NotI digestion, and subcloned into a p-Shuttle vector (BD
Biosciences Clontech). The p-Shuttle vectors were subcloned into the
Adeno-X expression system (BD Biosciences Clontech) using PI-SceI
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Assessment of CEC death. CEC survival or death
was assessed by the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) and
lactate dehydrogenase (LDH) assays as described
previously (Yin et al., 2002b)
Quantitative and statistical analysis. Quantitative analysis of selected bands in Western
blots, PCR images, and EMSA gels was performed using the NIH Image Analysis System.
Quantitative data were expressed as mean ⫾
SD based on at least three separate experiments
of triplicate samples. Differences among groups
were statistically analyzed by one-way ANOVA,
followed by Bonferroni’s post hoc t test. Comparison between two experimental groups was
based on the two-tailed t test. p ⬍ 0.05 was considered significant.

Results
bim mRNA expression was upregulated
in amyloid-laden vessels in vivo and in
A␤-treated CECs in vitro
In a previous study, we have shown that
A␤ induced Bim expression, leading to
Smac release from mitochondria into cyFigure 2. A␤ dephosphorylated Akt resulting in an increase in FKHRL1 DNA binding activity. A, B, CECs treated with 25 M tosol to bind XIAP, a member of the IAP
A␤25–35 for the indicated times were analyzed by immunoblotting using anti-p-Akt (Thr308 and Ser473) and anti-p-FKHRL1
(inhibitor of apoptosis protein) family.
(Thr32 and Ser253) antibodies. A decrease in p-Akt and p-FKHRL1 levels was evident at both sites within 1 h and persisted for at
least 48 h after exposure. C, D, EMSA demonstrated a time-dependent increase in FKHRL1 binding activity after A␤25–35 treat- This series of events resulted in CEC apoment in CECs, increasing 1 h after exposure and returning to the basal level by 24 h. Note the low basal level of FKHRL1 binding ptosis (Yin et al., 2002b). Bim belongs to
activity in cultures unexposed to A␤25–35 (0 h). The specificity of FKHRL1 DNA binding activity was confirmed by the complete the BH3-only subgroup of the Bcl-2 family
inhibition of FKHRL1 binding in the presence of a 100-fold molar excess of cold FKHRL1 oligonucleotide (SC) or in the absence of of apoptosis regulators (Kelekar and
nuclear protein (FP). Suppression of FKHRL1 binding activity by an anti-FKHRL1 antibody, but not a nonspecific anti-Bad antibody Thompson, 1998; Huang and Strasser,
(compare with the 2 h lane), also supports the specificity of the FKHRL1 EMSA. The data shown in A and C are representative from 2000). To examine the potential role of
three separate experiments with similar results. The relative optical density in Figure B and D is expressed as mean ⫾ SD. *p ⬍ BH3-only regulators in cerebrovascular
0.05 versus the 0 h group.
degeneration in CAA, we measured the
mRNA from various BH3-only genes including bim, bid, bad, bmf, and dp5 in ceand I-CeuI. The resultant Adeno-X-containing Akt and mutant Akt were
rebral microvessels isolated from APPsw (Tg2576) mice at age 18
transformed into Escherichia coli for amplification, purified, and anamonths when CAA is fully manifested (Fryer et al., 2003; Lee et
lyzed by PCR. Recombinant Adeno-X viral DNAs were confirmed and
al., 2003). Compared with age-matched wild-type controls, bim
amplified. The recombinant Adeno-X DNAs were linearized by digestion
mRNA was selectively elevated based on real-time PCR (Fig. 1 A),
with PacI for transfection. For production of high-titer adenoviral vector
suggesting that the induction of bim may play an important role
expressing Akt, 10 g of recombinant Adeno-X DNA vector was transfected into HEK 293 cells. The adenoviral vector was collected from the
in cerebrovascular degeneration in this animal model of CAA.
cells 10 –14 d after transfection and amplified for another 10 –14 d to
We also examined the expression of BH3-only genes in CECs
generate high-titer stocks. To concentrate adenovirus, we used a BD
treated with A␤ for 4 h. bim mRNA was also selectively induced
Adeno-X virus purification kit (BD Biosciences Clontech), and titers
(Fig. 1 B). A time course study revealed that A␤ rapidly induced
were determined with Adeno-X rapid titer kits (BD Biosciences Clonall three isoforms of bim (bimEL, bimL, bimS) in CECs, as early as
tech). Normally, we obtained titers in the range of 10 10 to 10 12 ifu/ml.
1 h after exposure; this induction was transient, because very low
10
CECs were infected with the adenoviral vectors at a titer of 10 ifu/ml for
levels of the bim isoforms were detected beyond 24 h (Fig. 1C,D).
48 h, and the culture medium was changed. Infected populations exhibiting between 85 and 95% green fluorescent cells were used for additional
experimentation.
Coimmunoprecipitation. Coimmunoprecipitation was conducted as
described previously (Yin et al., 2002b). A␤-treated CECs were homogenized in a lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris, pH
7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM sodium ortho-vanadate,
0.5% NP-40, 0.2 mM PMSF, 4 g/ml pepstatin, 4 g/ml leupeptin, and 5
g/ml aprotinin), and the supernatant was incubated with a rabbit antiAkt antibody (2 g/ml; Cell Signaling) as described above. Protein
G-Sepharose 4 fast flow (Amersham Biosciences, Uppsala, Sweden) was
added to the antigen–antibody mixture and incubated with gentle agitation for 1–2 h. The immunoprecipitate was washed with the same lysis
buffer, resuspended in 6⫻ SDS loading buffer, separated in a SDSPAGE gel, transferred to the PVDF membrane, and analyzed by Western blotting with a goat anti-PP2A-A␣, goat anti-PP2A-B␣/␤/␥, goat
anti-PP2A-B56␣, or goat anti-PP2A-C␣/␤ antibody (1:200; Santa
Cruz Biotechnology).

A␤ dephosphorylated Akt and increased FKHRL1
binding activity
FKHRL1, a member of the forkhead family of transcription factors (Burgering and Kops, 2002; Gilley et al., 2003), was recently
shown to transactivate bim in apoptotic lymphocytes in response
to cytokine withdrawal (Dijkers et al., 2000). Furthermore, overexpression of a constitutively active mutant of FKHRL1 was sufficient to increase bim expression in B-cells (Dijkers et al., 2000).
The action of forkhead family members is negatively regulated by
the phosphorylation of the serine and threonine residues.
FKHRL1 has been identified as a principal substrate of Akt in
neurons (Brunet et al., 1999; Zheng et al., 2000). Therefore, we
first examined the phosphorylation status of Akt and FKHRL1 in
mouse CECs after A␤ treatment using immunoblotting with
phospho-site-specific antibodies. Exposure of CECs to A␤ (25
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M) resulted in a substantial decrease in the levels of phosphoAkt at both Ser 473 and Thr 308, as early as 1 h after treatment,
and persisted throughout the 48 h period of exposure (Fig. 2 A).
In parallel with this decreased phosphorylation of Akt, a marked
decline in phospho-FKHRL1 levels on Ser 253 and Thr32 in the
cytoplasmic fraction was observed (Fig. 2 A, B), suggesting that
A␤ exposure resulted in a net dephosphorylation of Akt and the
subsequent reduction in FKHRL1 phosphorylation.
Phosphorylation of FKHRL1 by Akt leads to its sequestration
by the 14-3-3 protein, preventing its translocation into the nucleus to act as a pro-apoptotic transcription factor (Brunet et al.,
1999). We next examined whether FKHRL1 dephosphorylation
enhanced its specific binding to the cognate sequences in the
promoter region of bim in A␤-treated CECs using EMSA. As
illustrated in Figure 2, C and D, A␤ treatment increased FKHRL1
DNA binding activity in a time-dependent manner, starting as
early as 1 h and persisting for at least 8 h after A␤ exposure. A low
basal level of FKHRL1 binding activity was noted in CECs without A␤ treatment. Preincubation of the nuclear extract with antiFKHRL1 antibody, but not anti-Bad antibody, reduced FKHRL1
DNA binding activity (Fig. 2C). The addition of excess unlabeled
FKHRL1 oligonucleotides abolished the observed DNA–protein
complex. These results demonstrated the specificity of FKHRL1
DNA binding activity in the present study.
Viral vector-mediated gene transfer to overexpress Akt
attenuated A␤-induced dephosphorylation of FKHRL1 and
bim induction
To assess the direct role of Akt in the regulation of FKHRL1
activity and bim expression in CECs, we infected cells with an
adenoviral vector to overexpress Akt in an attempt to increase
phospho-Akt levels in CECs. CECs exhibited an infection efficiency of 70 – 80%, and no significant cell death or proliferation
was observed in control cultures (data not shown).
As shown in Figure 3, A and B, adenovirus-mediated gene
transfer overexpressing Akt reduced A␤-induced FKHRL1 binding activity and subsequent expression of bim mRNA, whereas a
nonfunctional mutant (Aktm) had no effect. Results from these
experiments support the causal role of Akt in regulating A␤induced FKHRL1 transactivation of bim expression.
A␤ increased protein phosphatase activity in cultured CECs
via nSMase activation and ceramide synthesis
The regulation of phosphorylated protein is balanced by the activity of kinases and phosphatases. A␤ dephosphorylation of Akt
and FKHRL1 raises the possibility that phosphatases may be activated in A␤-induced CEC apoptosis. In light of our previous
finding that A␤ promoted the generation of ceramide via nSMase
activation (Lee et al., 2004; Yang et al., 2004), we examined the
activities of two protein phosphatases, PP1 and PP2A, known to
be activated by ceramide (Dobrowsky and Hannun, 1993; Dobrowsky et al., 1993; Law and Rossie, 1995; Chalfant et al., 1999).
These two serine phosphatases regulate the activities of several
major protein kinase signaling pathways in a variety of cell systems, including the phosphatidylinositol 3⬘-kinase/Akt signaling
pathway (Millward et al., 1999; Silverstein et al., 2002). CECs
treated with both A␤25–35 (Fig. 4 A) and A␤1– 40 (Fig. 4 B) significantly increased PP2A activity as early as 1 h after exposure and
persisted for 24 h. A␤ peptides also induced a modest but nonsignificant increase in PP1 activity in a similar manner (Fig.
4 A, B). We further examined the effect of the ceramide analog C2
ceramide on the activities of PP2A and PP1 in CECs. Similar to

Figure 3. Adenoviral gene transfer overexpressing Akt reduced A␤ activation of FKHRL1 and
subsequent bim transactivation. A, Adenoviral gene transfer to overexpress Akt in CECs reduced
FKHRL1 binding activity, whereas an inactive mutant (Aktm) had no effect. B, Adeno-Aktinfected CECs showed a decrease in A␤-induced upregulation of the three isoforms of bim.
Adeno-Aktm-infected CECs had approximately the same level of FKHRL1 binding activity as the
noninfectced cells. Quantitative analysis of three sets of data is shown in the bottom panel in A
and B, respectively, with mean ⫾ SD. *p ⬍ 0.05 versus the A␤ or A␤/Adeno-Aktm group.

A␤ treatment, 25 M C2 ceramide increased PP2A activity as
early as 0.5 h after exposure but had little effect on PP1 (Fig. 4C).
To determine whether A␤-induced activation of PP2A was
mediated via nSMase, we blocked the activity of this ceramidesynthesizing enzyme using a selective nSMase inhibitor, 3-OMeSM. 3-OMe-SM has been shown previously to block A␤ activation of nSMase and A␤ stimulation of ceramide synthesis (Lee et
al., 2004; Yang et al., 2004). 3-OMe-SM blocked A␤-induced
increase in PP2A activity (Fig. 4 D), suggesting that A␤ activation
of nSMase is causally related to ceramide generation and PP2A
activation.
To further explore the potential involvement of CAPPs in
cerebrovascular degeneration in CAA, we measured protein
phosphatase activity in cerebral microvessels isolated from 18month-old APPsw mice. PP2A, but not PP1, activity was significantly increased compared with age-matched wild-type animals
(Fig. 4 E), implying that the induction of PP2A may also play a
regulatory role in cerebrovascular degeneration in CAA.
PP2A, but not PP1, dephosphorylated Akt, resulting in
subsequent bim induction and CEC death
To determine whether PP2A regulates Akt activity after A␤ treatment in CECs, we blocked PP2A activity applying both pharmacological and genetic strategies. OA is a selective inhibitor of
PP2A at low concentrations (0.1–10 nM) but inhibits PP1 at
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A␤ (Fig. 5D). These results suggest that the
effect of PP2A on Akt/FKHRL1/Bim cascade and subsequent CEC death is independent of the JNK/Bim signaling
pathway.
To further confirm the involvement of
PP2A in regulating A␤-induced transactivation of bim mRNA, we used a retroviral
system for delivery of siRNA into CECs.
We generated retroviral vectors expressing
hairpin siRNA of the PP2A catalytic unit
(pS-PP2A) or the corresponding nonfunctional sense siRNA control (pS-PP2Ac).
Successful delivery of both recombinant
retroviral vectors into CECs was confirmed by fluorescence microscopy, which
revealed abundant cytoplasmic staining of
the virally expressed ZsGreen (Fig. 6 A).
CECs were infected with the retroviral vectors for 48 h before A␤ exposure. PP2A
mRNA levels (Fig. 6 B), protein expression
(Fig. 6C), and activity (Fig. 6 D) were sigFigure 4. A␤ increased PP2A activity via nSMase activation and ceramide generation. A, B, CECs were treated with 25 M
nificantly repressed by treatment with pSA␤25–35 (A) or A␤1– 40 (B) for the indicated times, and PP2A activity was determined. A␤ peptides increased PP2A activity in CECs
in a time-dependent manner. C, C2 ceramide treatment at a concentration of 25 M also increased PP2A activity in a similar PP2A for 48 h, whereas the nonfunctional
manner. A–C, However, A␤ and C2 ceramide increased PP1 activity to a much lesser extent. D, Pretreatment with 3-OMe-SM, a sense siRNA control (pS-PP2Ac) had no
specific nSMase inhibitor at a concentration of 1 M, for 2 h before 25 M A␤25–35 exposure for 4 h prevented A␤ activation of effect (Fig. 6 B–D). Retroviral siRNA vecPP2A. E, Total proteins from the cerebral microvessel in 18-month-old APPsw transgenic or age-matched wild-type (WT) mice tors did not alter levels of cyclophilin
were analyzed to assess protein phosphatase activity. PP2A but not PP1 activity was increased in amyloid-laden vessels of APPsw mRNA and actin protein, suggesting spectransgenic mice in compared with the wild-type controls (n ⫽ 3 per group). The data shown are mean ⫾ SD of three separate ificity of the knock-down strategy. PP2A
experiments in triplicate. *p ⬍ 0.05, significant difference from the 0 h (A–C), A␤-treated (D), or WT (E) group.
siRNA gene transfer effectively attenuated
A␤-induced Akt/FKHRL1 dephosphorylation (Fig. 6 E), bim mRNA expression
much higher concentrations (Cohen, 1989; Cohen and Cohen,
(Fig. 6 F), and subsequent CEC death (Fig. 6G,H ), whereas pS1989; Dobrowsky and Hannun, 1992). Treatment with OA at the
PP2Ac had none of these effects. These results provide further
concentration of 0.1–100 nM resulted in a dose-dependent insupport for the contention that PP2A can actively regulate A␤crease in the levels of phospho-Akt at both Ser 473 and Thr 308 in
induced bim expression and CEC apoptosis via the Akt/FKHRL1
CECs after A␤ exposure as demonstrated by Western blot analysignaling pathway.
sis (Fig. 5A). In parallel with this increase, a marked increase in
phospho-FKHRL1 level was observed (Fig. 5A). This OAA␤ induced interaction between PP2A and Akt
induced increase in phospho-Akt/FKHRL1 level was associated
If PP2A directly dephosphorylates Akt, one might expect a physwith a dose-dependent inhibition of A␤-induced activation of
ical interaction between these two enzymes after A␤ exposure.
bim mRNA expression (Fig. 5B) and in turn resulted in an attenIndeed, a similar interaction was observed between PP2A and the
uation of A␤-induced CEC death (Fig. 5C). Because OA at higher
stress-related kinase, JNK (Shanley et al., 2001). To test this hydoses (ⱖ100 nM) may have inhibitory effects on both PP2A and
pothesis, lysates from CECs with and without A␤ treatment were
PP1, we used PA, a selective inhibitor of PP1 (Kishikawa et al.,
immunoprecipitated with anti-Akt antibodies and examined for
1999), to confirm that PP2A was the pivotal regulator of bim
the presence of a structural (PP2A A␣) or regulatory (PP2A
mRNA expression. Treatment with PA at two doses (100 and 500
B␣␤␥, B56␣, C␣␤) subunits of PP2A by immunoblotting. Levels
nM) resulted in no change in the levels of phospho-Akt and
of PP2A subunits were generally unchanged by A␤ treatment
phospho-FKHRL1, as assessed by immunoblotting (Fig. 5D).
(Fig. 7 A, B). As illustrated in Figure 7, C and D, the structural
This is in contrast to the findings with OA, a selective inhibitor of
subunit PP2A A␣ and the regulatory subunit PP2A C␣␤ exhibPP2A, at low concentrations (Fig. 5A). Furthermore, PA treatited a specific interaction in the anti-Akt-immunoprecipitated
ment did not have any effect on A␤-induced bim mRNA expresproduct (Fig. 7C,D), suggesting that these 2 PP2A subunits had
sion (Fig. 5E) and cell death in CECs (Fig. 5F ).
increased physical association with Akt after A␤ exposure.
In previous studies, we found that the JNK/AP1/Bim signaling
Discussion
pathway is activated in CECs after A␤ exposure (Yin et al.,
2002b). To determine whether the effect of PP2A was mediated
A␤ has been implicated in neuronal and vascular degeneration in
via the mitogen-activated protein kinase (MAPK) pathways, we
patients with AD and CAA. Increasing evidence suggests that A␤
examined the effect of PP2A inhibition on the expression of exinduces CEC death via apoptosis (Blanc et al., 1997; Suo et al.,
tracellular signal-related kinase (ERK) and c-Jun N-terminal ki1997; Xu et al., 2001; Yin et al., 2002b). We have reported that
nase (JNK), in CECs after A␤ exposure. OA had no effect on the
A␤-induced CEC apoptosis was associated with the induction of
levels of phospho-ERK and phospho-JNK after A␤ treatment
Bim (Yin et al., 2002b). Bim is an apoptotic initiator belonging to
(Fig. 5A). Furthermore, inhibition of PP1 with PA also had no
the BH3-only proteins. In this study, we note that bim mRNA
effect on phospho-ERK or phospho-JNK in CECs treated with
expression was selectively elevated in cerebral microvessels iso-
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lated from 18-month-old APPsw mutant
transgenic mice with phenotypic presentation of CAA compared with the agematched wild-type animals. No increased
expression of other genes in the BH3-only
family (bid, bad, bmf, and dp5) was noted.
APPsw mice develop age-dependent accumulation in parenchymal and vascular
amyloid, reproducing many of the major
pathological features of AD and CAA
(Hsiao et al., 1996). At 18 months of age,
APPsw mice demonstrate prominent
amyloid accumulation surrounding cortical arterioles, and microvascular hemorrhage is evident throughout the cortex
(Fryer et al., 2003; Lee et al., 2003), suggesting extensive cerebrovascular degeneration. Therefore, the selective induction of
bim suggests that this apoptotic initiator of
the BH3-only family may play a role in cerebrovascular degeneration. To investigate
the regulatory mechanism of bim expression in CAA, we studied the effects of A␤
on mouse CECs. Paralleling the finding in
amyloid-laden vessels in APPsw mice, selective bim induction was observed in
CECs treated with A␤; all three isoforms of
bim were induced in a time-dependent
manner, peaking at 4 h.
FKHRL1, a member of the forkhead
transcription factor family, transactivates
bim expression after its dephosphorylation
(Burgering and Kops, 2002; Gilley et al.,
2003). In viable cells, forkhead protein activity is kept in phosphorylated and inactive state by the survival-promoting kinase
Akt (Brunet et al., 1999; Tang et al., 1999). Figure 5. PP2A inhibition reduced dephosphorylation of Akt and FKHRL1, subsequent induction of bim, and CEC death. CECs,
Dephosphorylation and the consequent treated with 25 M A␤
25–35 in the presence or absence of OA, a PP2A inhibitor, or PA, a PP1 inhibitor, were fractionated and
inactivation of Akt by protein phospha- analyzed by immunoblotting with the indicated antibodies. A, OA decreased A␤-induced dephosphorylation of Akt and FKHRL1
tases releases pro-apoptotic proteins such in a dose-dependent manner. However, OA had no effect on dephosphorylation of ERK and JNK. B, OA also decreased subsequent
as forkhead proteins from the phosphory- induction of bim, including bimEL and bimL in CECs (determined by RT-PCR) after A␤ exposure. C, Moreover, treatment with OA at
lated and inactive state to initiate apopto- a concentration of 1 nM effectively reduced CEC death (LDH assay) or increased CEC survival (MTT assay) after A␤ exposure. D–F,
tic processes (Ugi et al., 2004; Gao et al., In contrast to OA, PA, at concentrations up to 500 nM, did not affect the levels of p-Akt, p-FKHRL1, p-ERK, p-JNK (D), bim expression
2005). A␤ induction of bim expression was (E), or A␤-induced CEC death (F ). The quantitative analysis of data with representative blots shown in A, B, D, and E is in the
associated with the dephosphorylation of respective bottom panels. Data are expressed as mean ⫾ SD. *p ⬍ 0.05 versus the A␤-treated group.
Akt (at Ser 473 and Thr 308). This was
nSMase to generate ceramide (Lee et al., 2004; Yang et al., 2004).
accompanied by dephosphorylation and activation of FKHRL1,
Ceramide, a lipid mediator of apoptosis, mediates A␤-induced
leading to an increase in DNA binding activity of FKHRL1. ConCEC
death (Yang et al., 2004). Here, we report that A␤ induced a
sensus binding sites for FKHRL1 are present in the promoter
rapid
activation of the CAPP PP2A. Inhibition of PP2A with a
region of bim. FKHRL1 activation (via dephosphorylation) has
selective PP2A inhibitor, OA, or PP2A gene knockdown by an
been shown to increase bim expression after cytokine withdrawal
RNA interference (RNAi) strategy attenuated A␤-induced dein lymphocytes (Dijkers et al., 2000) and IGF-I withdrawal in
phosphorylation
of Akt and FKHRL1. Furthermore, PP2A inhicerebellar granule neurons (Linseman et al., 2002). We also
bition
prevented
bim activation and subsequent CEC death infound that increasing Akt activity by viral gene transfer attenuduced by A␤. PA, a specific inhibitor of PP1, did not alter the
ated A␤-induced increase in FKHRL1 DNA binding activity and
phosphorylation of Akt and FKHRL1, induction of bim, or cell
bim induction in CECs, suggesting that FKHRL1 activity is negdeath induced by A␤. Collectively, these results demonstrate for
atively regulated via phosphorylation by Akt. These results are
the
first time that PP2A, but not PP1, is selectively involved (at
consistent with previous reports that phosphorylation of
least in part) in the induction of bim-mediated apoptosis via the
FKHRL1 by Akt results in FKHRL1 sequestration in cytosol by
Akt/FKHRL1 pathway. We also found that inhibition of cer14-3-3 (Brunet et al., 1999; Tang et al., 1999). The phorphorylaamide synthesis by a selective nSMase inhibitor (3-OMe-SM)
tion state of any protein is the result of a net balance between
prevented PP2A activation by A␤. Thus, we have established the
kinase activity and phosphatase activity.
following pathway for A␤-induced CEC apoptosis: A␤ 3
In a previous study, we have demonstrated that A␤ activated
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tion of selective substrates, including ERKs
and the JNKs. ERKs and JNKs may be activated by cellular stress or apoptotic signals (Millward et al., 1999; Shanley et al.,
2001; Silverstein et al., 2002; Kins et al.,
2003). We and other investigators have
also reported that activation of the JNK
signaling pathway may contribute to Bimmediated apoptosis in CECs in vitro (Yin
et al., 2002b) and neuronal apoptosis after
transient focal cerebral ischemia (Okuno
et al., 2004). To determine whether MAPK
signaling is actively associated with PP2A
regulation of bim-mediated apoptosis in
CECs after A␤ exposure, we examined the
effects of PP2A inhibition on dephosphorylation of ERK and JNK. Treatment of
CEC with a PP2A inhibitor (OA) or a PP1
inhibitor (PA) at different doses failed to
lead to the alteration of phospho-ERK/JNK
levels (Fig. 5A,D), implying that these pathways may not be involved in PP2A-modulated transactivation of bim in CECs. Additional studies are needed to determine the
relative importance of PP2A-dependent and
-independent mechanisms in Bim-mediated
CEC death induced by A␤.
In the present study, we found that
PP2A activity was elevated in cultured
CECs after A␤ exposure as well as in cerebral microvessels isolated from 18-monthold APPsw transgenic mice. PP2A, a
serine/threonine phosphatase, is involved
in a number of signaling pathways in
mammalian cells (Mumby and Walter,
1993). It is a heterotrimer containing a catalytic subunit (C), a structural scaffolding
subunit (A), and a regulatory subunit (B).
The catalytic and structural subunits,
forming the catalytic complex of the phosphatase, are evolutionary conserved
(Stone et al., 1987; Hemmings et al., 1990;
Figure 6. PP2A knockdown with siRNA reduced dephosphorylation of Akt and FKHRL1, upregulation of bim, and subsequent Mumby and Walter, 1993); only two
cell death. A, Effective gene transfer with retroviral vectors carrying PP2A siRNA (pS-PP2A) or sense siRNA control (pS-PP2Ac) was closely related isoforms (␣ and ␤) of both
confirmed by ZsGreen fluorescence. Magnification, 200⫻. B, Total RNA from CECs infected with retroviral vectors carrying PP2A
subunits have been identified (A␣ and C␣
siRNA (pS-PP2A) or sense siRNA control (pS-PP2Ac) was analyzed by RT-PCR 48 h after infection. PP2A siRNA reduced the mRNA
are the most abundant). However, there
level of PP2A. The sense siRNA control was without effects. Note that PP2A siRNA did not alter cyclophilin mRNA levels, suggesting
the specificity of this knockdown strategy. C, D, Total protein from CECs infected with retroviral vectors carrying PP2A siRNA are four known families of diverse
(pS-PP2A) or sense siRNA control (pS-PP2Ac) was analyzed by immunoblotting (C) and PP2A activity assay (D) 48 h after infection. B-subunits (B, B⬘, B⬙, or B family) that
PP2A siRNA reduced the level of PP2A protein and PP2A activity. The sense siRNA control had no effect. E, CECs infected with vary in expression temporally and by tissue
retroviral vector containing PP2A siRNA (pS-PP2A) for 48 h before A␤ treatment were fractionated and analyzed by immunoblot- types (Ruediger et al., 1991; Mumby and
ting with the indicated antibodies. PP2A siRNA (pS-PP2A) effectively reduced dephosphorylation of Akt and FKHRL1 in CECs at 4 h Walter, 1993; McCright and Virshup,
after A␤ treatment. The sense siRNA control (pS-PP2Ac) was without effects. F, PP2A knockdown also reduced bim EL, bim L, and 1995; Csortos et al., 1996). Substrate specbim S mRNA induction after A␤ exposure. G, H, PP2A downregulation by RNAi also protected CECs from cell death after A␤ ificity seems to be determined by the
exposure by LDH (G) and MTT (H ) assays. Data shown in the top panels of B, C, E, and F are representative of three separate B-subunits (Cegielska et al., 1994). Moreexperiments with similar results. The quantitative analysis of data in D, G, and H and in the bottom panels of B, C, E, and F is
over, there are multiple isoforms (␣, ␤, ␥,
expressed as mean ⫾ SD. #p ⬍ 0.05, significant differences compared with the sense siRNA control group (B–D); *p ⬍ 0.05
␦, etc.) and splice variants for each family,
versus A␤ cotreatment with the sense siRNA control group.
allowing for a wide variety of possible
PP2A holoenzymes. The B-subunits may
nSMase 3 ceramide 3 PP2A activation 3 Akt dephosphorylaalso target the PP2A catalytic complex to intracellular sites such
tion 3 FKHRL1 dephosphorylation 3 bim induction 3 apoas microtubules (Sontag et al., 1995) or the nucleus (McCright et
ptotic cascade 3 apoptosis.
al., 1996a,b). These features of the PP2A regulatory B-subunits
Recent studies have suggested that PP2A may play a critical
suggest that it is the B-subunit that defines PP2A isoforms and
role in the regulation of the MAPK cascades by dephosphorylatheir physiological roles. In this study, we found that mouse CECs
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express the structural subunit (PP2A A␣)
and many of the regulatory B-subunit
families: PP2A B␣␤␥ (B), B56␣ (B⬘), C␣␤
(B⬙). Protein levels of all of the subunits
remained unchanged after A␤ treatment
for up to 48 h. To determine which subunit
might be involved in the regulation of Akt,
we performed coimmunoprecipitation experiments with subunit-selective antibodies in CECs grown in the presence and absence of A␤. The structural subunit PP2A
A␣ coimmunoprecipitated with anti-Akt
antibodies in CECs treated with A␤ but
not in control cultures. Furthermore, regulatory subunits from the B (B␣␤␥), B⬘
(B56␣), and B⬙ family (PP2A C␣␤) coimmunoprecipitated with anti-Akt antibodies in A␤-treated CECs. However, only the
B⬙ subunit showed an increase in coimmuFigure 7. PP2A interacted with Akt after A␤ exposure. A, B, Immunoblotting shows the presence of various PP2A subunits in
noprecipitation after A␤ treatment, sug- CECs. Structural (PP2A A␣) and regulatory (PP2A B␣␤␥, B56␣, C␣␤) subunits were immunoblotted in whole-cell lysates at the
gesting that this subunit is selectively in- times indicated after A␤ exposure. Little change in protein levels of these PP2A subunits was noted up to 48 h of A␤ treatment.
volved in regulating Akt phosphorylation, C, D, Selected PP2A subunits coimmunoprecipitated with Akt. Whole-cell lysates were immunoprecipitated (IP) with anti-Akt
subsequent bim induction, and apoptotic antibodies and probed with the indicated anti-PP2A subunit antibodies. Unstimulated cells (0 h) demonstrated a weak association
between Akt and the four PP2A subunits. After A␤ exposure for 4 h, anti-Akt immunoprecipitate demonstrated increased density
cell death resulting from A␤ toxicity.
In conclusion, the present study sug- in the PP2A A␣ and PP2A C␣␤ bands, suggesting that A␤ increased the physical association between Akt and these two subunits
gests a novel role for PP2A, a ceramide- of PP2A. Data shown in A and C are representative of three separate experiments. Quantitative analysis of the data are shown in
activated protein phosphatase, in mediat- B and D with data expressed as mean ⫾ SD. *p ⬍ 0.05 versus the 0 h group.
ing A␤-induced apoptosis in CECs. Our
Cohen P, Cohen PT (1989) Protein phosphatases come of age. J Biol Chem
data suggest that PP2A may mediate A␤-induced bim expression
264:21435–21438.
and subsequent apoptotic cascades via the Akt/FKHRL1 signalCsortos C, Zolnierowicz S, Bako E, Durbin SD, DePaoli-Roach AA (1996)
ing pathway. That importance of bim upregulation by PP2A in
High complexity in the expression of the B⬘ subunit of protein phosphacerebrovascular degeneration is suggested by increased PP2A actase 2A0. Evidence for the existence of at least seven novel isoforms. J Biol
tivity and bim expression in microvascular preparations isolated
Chem 271:2578 –2588.
Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer PJ (2000)
from APPsw mice. The elucidation of the signaling events inExpression of the pro-apoptotic Bcl-2 family member Bim is regulated by
volved in A␤-induced CEC death may be important for underthe forkhead transcription factor FKHR-L1. Curr Biol 10:1201–1204.
standing molecular mechanisms of cerebrovascular degeneration
Dobrowsky RT, Hannun YA (1992) Ceramide stimulates a cytosolic protein
to design effective strategies to attenuate the pathogenesis of
phosphatase. J Biol Chem 267:5048 –5051.
CAA.
Dobrowsky RT, Hannun YA (1993) Ceramide-activated protein phospha-
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