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Abstract

Objective: In Alzheimer’s disease, toxic soluble and
insoluble forms of amyloid beta (AP) cause synaptic
dysfunction and neuronal loss. Given its potential
role in producing a toxic host microenvironment for
transplanted donor stem cells, we investigated the
interaction between AP and proliferation, survival,
and differentiation of bone marrow-derived mesen-
chymal stem cells (BM-MSC) in culture.
Materials and methods: We used BM-MSC that
had been isolated from mouse bone marrow and
cultured, and we also assessed relevant reaction
mechanisms using gene microarray, immunocyto-
chemistry, and inhibitors of potential signalling
molecules, such as mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK)1/2
and tyrosine protein kinase.

Results and conclusions: Interestingly, we found
that treatment with aggregated (1-40 or 1-42) and
oligomeric (1-42) AP promoted neuronal-like
differentiation of BM-MSC without toxic effects.
This was not dependent on soluble factors released
from BM-MSC progeny nor solely on formation of
AP fibrils. The effect of AP is mediated by G-protein
coupled receptors, neuropeptide Y1 (NPY1R)
and serotonin (5-hydroxytryptamine) receptor 2B, via
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phosphatidylinositol-3-OH kinase-dependent activation
of the MAPK/ERK1/2. Our results lend support to
the idea that reciprocal donor stem cell-host inter-
actions may promote a regenerative response that
can be exploited by epigenetic modulation of NPY/
serotonergic gene expression, for stem cell therapy,
in Alzheimer’s disease.

Introduction

In addition to their traditional lineages, bone marrow-
derived mesenchymal stem cells (BM-MSC) may be experi-
mentally induced to form many other cell types, including
neuronal and myogenic cells (1,2). This plasticity has
raised prospects for their potential use to treat a wide
range of diseases, including neurodegenerative disorders
such as Alzheimer’s disease (AD) (3—6). However, under-
standing of the biological mechanisms underlying this
phenotypic plasticity and whether these mechanisms are
inherently cell- and/or end-organ—specific, remain limited.
AD brain pathology is characterized by self-aggregation
of mainly insoluble fibrillar amyloid beta (AP) in the
form of senile plaques (7,8). The possibility that differing
conformations of AB may contribute to AD pathology via
different mechanisms, has been raised (9). Furthermore,
recent studies have suggested that AP, by an effect on the
protein dynamin, may be implicated in deficient synaptic
vesicle recycling resulting in early cognitive decline in AD
(10). Dynamin is essential for internalization of G-protein-
coupled receptors (GPCR) and is linked to a role in memory
and learning (10-12). Previous studies have shown that
AP can adversely affect mitotic cells, including inhibition
of proliferation of astrocytes and PC12 cells (13,14),
induction of apoptosis in microglia (15), and disruption of
neurogenesis in neuronal precursor cells (16). Conversely,
however, in vitro evidence supports a positive neurogenic
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effect for AP or its precursor (B amyloid precursor
protein), promoting differentiation into neurons of human
neural stem cells and neural stem cells isolated from rat
embryo or mouse hippocampi (17,18).

In order to predict success of cell therapy for diseases
such as AD, it is crucial to understand more fully the
effect of pathophysiological processes on survival, different-
iation and interaction with replacement cell types. In an
attempt to answer this question prior to establishing trans-
plantation procedures in an animal model of AD, we
studied the effect of AP including oligomeric and fibrillar
forms, on proliferation, survival, and differentiation of BM-
MSC:s in culture. To address the mechanism by which this
occurs, we used gene microarrays and inhibitors of signal
transduction pathways known to be involved in neurogenesis.
Here we demonstrate that aggregated ABs (AB1-40 and
1-42), which includes both oligomeric and fibrillar forms,
and AP1-42 enriched for oligomeric forms, induced
neuronal differentiation of BM-MSC, evidenced by
increased expression of neuronal markers, in the absence
of change in rate of cell death or proliferation. This effect
was not attributable to production of BM-MSC-specific
trophic factors. Gene microarray and real-time polymerase
chain reaction (PCR) analysis confirmed up-regulation
in expression of the neurotransmitter NPY, the GPCR 5-
hydroxytryptamine receptor 2B (5-HT2B), and matrix
metalloproteinase 12 (MMP12). Protein analysis demon-
strated increased expression of NPY and 5-HT2B together
with a smaller increase in MMP12. NPY is known to
attenuate learning impairment and mediate its effect via
GPCR, NPY R (19,20), whose increased expression was
also confirmed in this analysis. Inhibition of the ERK1/2-
mitogen-activated protein kinase (MAPK) cell signalling
pathway via phosphatidylinositol-3-OH kinase (PI(3)K)-
dependent activation abolished neuronal differentiation,
which suggests that action of GPCR is mediated by this
signalling cascade. In view of recent data, we have also
investigated the interaction between AP and dynamin in
our treated cells. These experiments confirmed an increase
in dynamin protein expression providing a potential
mechanistic link between GPCRs and neuroplasticity, in
response to AP in BM-MSCs which will form the focus
of further investigation.

Materials and methods

BM-MSC culture

To obtain BM-MSC, tibias and femurs were dissected from
4- to 6-week-old C57BL/6J (Harlan, Loughborough, UK),
NPY-deficient mice (Jackson Laboratories, Bar Harbor, ME,
USA). Bone marrow cells were prepared and maintained
in MesenCult™ MSC Basal Medium8 and Mesenchymal

Stem Cell Stimulatory Supplements (Stem Cell Technol-
ogies, Sheffield, UK) with antibiotics, according to our
previous report (3—5). Animals were housed and treated
according to the UK Animals (Scientific Procedures) Act
of 1986. Cell cultures were grown for 7 days, and the
plastic-adherent cell population (BM-MSC) was used
for subsequent experiments.

AP treatment/preparation

BM-MSCs were plated at a density of 18 000 cells/cm? on
eight-well glass slide chambers (Nalge Nunc International,
Rochester, NY, USA). To analyse the effects of AP treat-
ment, cells were treated with 0.1, 0.5, 1, 5, or 10 um of
APB1-40, 42, and 25-35. Cells in parallel wells received a
vehicle of sterile water of equal volume without addition
of peptide (untreated group). Immunocytochemical staining
was performed at different time points (1, 3, or 5 days
after treatment) from 2 days postplating (dpp). Lyophilized,
HPLC-purified AP was purchased from Bachem, St Helens,
UK. Peptides were reconstituted in sterile water at a con-
centration of 400 um and incubated at 37 °C for 3 days or
24 h to form aggregated AP (that is, containing oliogomeric
and fibrillar AB) or maintained at 4 °C in soluble or
non-aggregated form. Soluble oligomeric and insoluble
fibrillar AB1-42 were prepared using the method of Dahl-
gren et al. (21). For ease, the term aggregated AP is used
throughout to denote a preparation containing both oli-
gomeric and fibrillar forms.

Inhibitor treatment

The following inhibitors were used: PD98059 (a highly
selective MAP/ERK kinase (MEK) inhibitor), bisindolyl-
maleimide I (protein kinase C inhibitor) and LY294002
(PI(3)K inhibitor) were obtained from Calbiochem (San
Diego, CA, USA); U0126, which specifically inhibits
both MEK1/2 directly upstream of ERK1/2, was obtained
from Upstate (Billerica, MA, USA); 6E10 was obtained
from Signet (Dedham, MA, USA); and Genistein, an
inhibitor of tyrosine protein kinase, was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Inhibitor stocks
were diluted in dimethyl sulphoxide and stored in aliquots
at —80 °C until use. BM-MSCs were treated for 5 days
beginning 2 dpp in the presence or absence of APs.

BM-MSC conditioned medium

To obtain conditioned medium (CM), BM-MSC at 2 dpp
were treated with AP at a concentration of 5 um for a period
of 5 days, or were maintained untreated. At 7 dpp, medium
was removed and cells were fixed for immunostaining.
BM-MSC CM was added to non-treated cells at 2 dpp for
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5 days in the presence or absence of 6E10 antibody. 6E10
antibody acts to specifically block action of AP, allowing
direct discrimination between the effect of AP and soluble
factors released to the medium from BM-MSC.

Immunocytochemistry

BM-MSCs were fixed with 4% paraformaldehyde for 20 min,
permeabilized with an ethanol acetic acid solution (19 : 1)
at —20 °C for 20 min, blocked with 10% foetal bovine
serum, and incubated with primary antibodies overnight
at 4 °C. Identical negative controls were similarly processed,
with the omission of the primary antibody step. Monoclonal
anti-neuronal nuclei (NeuN), anti-oligodendrocyte (O1),
anti-B-tubulin isotype III (B-tubulin) and polyclonal anti-
glial fibrillary acid protein (GFAP) (rabbit) were obtained
from Chemicon (Temecula, CA, USA). Monoclonal anti-
dynamin 1, polyclonal anti-dynamin 2 (goat) and anti-SR-2B
(goat) for 5-HT2B, were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). After incubation,
slides were washed and incubated with appropriate second-
ary antibodies conjugated with AlexaFluor 488 (green
fluorescence) or AlexaFluor 568 (red fluorescence)
(Molecular Probes, Carlsbad, CA, USA).

Flow cytometry

Apoptosis was determined using Annexin-V-FLUOS and
propidium iodide double staining (Chemicon), according
to the manufacturer’s instructions and as previously
published (22). Cell cycle fractions were determined by
propidium iodide nuclear staining, and analysis was
performed by applying the diploid cell cycle model, using
the MODFIT LT™ (Verity Software House Inc., Topsham,
ME, USA).

BeadChip microarray analysis

Five hundred nanograms of total RNA from BM-MSC or
NIH3T3 fibroblasts treated with 5 um aggregated ABs for
5 days and time-matched cells treated with sterile water
as vehicle (control) were used to generate biotin-labelled
cRNA using the Illumina RNA Amplification kit (Applied
Biosystems, Stockholm, Sweden) and Biotin-16-UTP
(Chemicon), following the manufacturers’ instructions.
Labelled cRNA (250 ng per array) was hybridized to the
[llumina Sentrix® Mouse-6 BeadChip array according to
the manufacturer’s instructions (Illumina, San Diego, CA,
USA). After washing, scanning of the BeadChip arrays was
performed with an Illumina BeadArray Reader. Data
processing and analysis were performed with GeneSpring
(version 7.3, Agilent Technologies, Santa Clara, CA,
USA) using the absolute analysis data generated by Bead-
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Studio software (Illumina). Fluorescent intensity of each
array was normalized to median value, and then each
gene set normalized to that of BM-MSC or NIH3T3 cells
treated with vehicle only. Transcripts that had a raw signal
of greater than 50 in at least one experimental condition
were filtered by Student’s #-test at P-value of 0.05. A total
of 228 transcripts was returned and further filtered to
identify differentially regulated transcripts that differed
in expression when comparing control versus APs treat-
ment in each group. Differential expression was defined
as those transcripts that had a difference of > 1.5-fold
enriched or < 0.67-fold depleted. Statistical analyses were
performed using GeneSpring software (Student’s #-test,
significance level set at P < 0.05). In hierarchical clustering
performed with GeneSpring, we used average linkage with
elucidation distance to cluster the microarray samples on
the basis of their expression profiles.

Real-time PCR

For validation of the microarray data, cDNA was synthesized
from total RNA (1 ng) by using StrataScript® RT/RNase
Block Enzyme mixture (Stratagene, La Jolla, CA, USA)
and an oligo (dT) primer according to the manufacturer’s
instructions and used as the template for quantitative
real-time PCR. Real-time PCR was performed in a 96-well
plate using a 7300 ABI prism sequence detection system
(Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions. PCR primers used were:
NPY-forward: 5'-CCGCTCTGCGACACTACATC-3, NPY-
reverse: 5-GGCGTTTTCTGTGCTTTCCT-3; MMP12-
forward: 5-CATGAAGCGTGAGGATGTAG-3’, Mmp12-
reverse: 5-TAGTTGAAGTCTCCGTGAGC-3"; Wispl
(WNT!1 inducible signalling pathway protein 1)-forward:
5-GCCTAGGTATCTCCACTCGGATCT-3’, Wispl-reverse:
5-TGTTCCTGCGGAAGCTGAGT-3"; 5-HT2B-forward:
5-CCGATTGCCCTCTTGACAA-3", 5-HT2B-reverse:
5-TGCATGATGGAGGCAGTTGA-3"; Oligol-forward:
5-GTCCTGGATCTAGGCAGAGC-3’, Oligol-reverse:
5-CTACATCGCTCCTTGGAACA-3"; GLAST-forward:
5-TGGAAGACATGGGTGTGATT-3', GLAST-reverse:
5-TAGAGGAGAGGCAGGACGAT-3"; pax6-forward:
5-GCCAGCAACACTCCTAGTCA-3", pax6-reverse: 5'-
CATGGAACCTGATGTGAAGG-3; GAPDH-forward:
5-ACTCCCACTCTTCCACCTTCG-3’, GAPDH-reverse:
5-ATGTAGGCCATGAGGTCCACC-3". The GAPDH gene
was used as an internal standard to normalize CT values
for each sample. Relative expression between BM-MSC
control versus AB-treated BM-MSC was calculated using
the relative curve standard method as described in the
SYBR green protocol (Applied Biosystems). Statistical
analyses were performed using Prism software (version
2.0, GraphPad Software Inc., San Diego, CA, USA).
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Western blotting

BM-MSC cultures were incubated with aggregated APs for
5 days with or without inhibitors, then harvested for Western
blotting. Membranes were blocked with 5% skimmed milk
and sequentially incubated with primary antibodies against
total and phosphorylated ERK1/2 (p42/44) (Thr202/Tyr204),
total and phosphorylated MEK1/2 (Ser217/221) (Cell
Signaling Technology, Beverly, MA, USA), polyclonal anti-
SR-2B (goat) for 5-HT2B, monoclonal anti-dynamin 1 for
dynamin 1, and polyclonal anti-dynamin 2 (goat) for
dynamin 2 (Santa Cruz Biotechnology), anti-neuropeptide Y
(rabbit) for NPY and anti-neuropeptide Y1 (rabbit) for
recognizing the C- or N-terminal region of NPY 1R receptor
(Alpha Diagnostic International, San Antonio, TX, USA)
and polyclonal anti-MMP12 (rabbit) for MMP12 (Chemicon).
The MMP12 antibody used was generated to human deter-
minants and cross-reactivity to murine cells is unclear.
Standardization was performed by re-probing the blots with
all antibodies and actin (1 : 1000, Sigma). Blots were developed
using enhanced chemiluminescence detection system (ECL;
Amersham Biosciences, Buckinghamshire, UK).

Data analysis for immunocytochemistry

Results are expressed as mean + standard error of fluores-
cence intensity of positive cells for each antibody, from
several independent experiments performed in triplicate or
quadruplicate. Data were normalized in relation to their
own appropriate control group (the fluorescence intensity
of cells treated with AP divided by fluorescence intensity of
the untreated cells). In each culture, fluorescence intensity of
20 predetermined images was quantified using Zeiss Axiovert
S100 fluorescence microscopy equipped with Metamorph
6.2r4 Universal Imaging Corporation (Downingtown, PA,
USA) as described previously (23,24).

Statistical analysis

Differences among groups except for microarray and real-time
PCR analysis were examined using analysis of variance,
followed by the Tukey HSD test using SAS statistical
package (release 8.1; SAS Institute Inc., Cary, NC, USA).
P <0.05 was considered to be significant.

Results

Aggregated APs induce expression of neuronal markers in
BM-MSCs, with no change in apoptotic nor proliferation
rates

To determine the effect of AP peptides in inducing neuronal
differentiation of BM-MSCs, varying concentrations of

aggregated AB1-40, 1-42, or 25-35 were added at 2 dpp,
and cells then immunostained with antibodies to B-tubulin,
NeuN, GFAP or O1 where aggregated AP peptide prepara-
tions contained both oligomeric and fibrillar forms. Number
of cells positive for these target markers, as identified by
increase in fluorescence intensity, was analysed compared
to controls (Fig. 1a—f).

For AB1-40, 1-10 um of peptide increased the number
of cells positive for B-tubulin IIT antibody at 3 days, and
all concentrations increased the number of cells positive
compared to control, at 5 days after treatment (Fig. 1a). For
APB1-42, 0.5-10 um of peptide likewise induced increases
in number of cells positive but only at 5 days after treatment
(Fig. 1b). For both ABs, a 5-um concentration induced
a statistically significant effect at 5 days after treatment
(812 £ 37 and 834 + 19% versus control, respectively,
P <0.0001, Fig. 1a,b). For NeuN staining, as with B-tubulin,
5-uM concentration of ABs produced a statistically significant
increase in intensity of fluorescence staining compared to
controls at 5 days (378 + 38 and 339 + 28, respectively,
P <0.0001, Fig. 1c,d). We also performed experiments
using the glial cell marker GFAP and the oligodendrocyte
marker O1 at 5 uM concentration. As with B-tubulin and
NeuN, we saw a significant increase in intensity of GFAP in
response to 5 UM APs at 5 days after treatment (274 + 18
and 341 + 39, respectively, P <0.0001, Fig. le) but no
significant difference for O1 with 5 um APs (Fig. 1f).

Using this concentration 5 umM APs in subsequent
experiments, number of cells expressing target markers 3-
tubulin (Fig. 1g: control, 8.6 + 1.35; AB40, 32.6 + 1.92;
AP42, 30.4+£1.06; P<0.0001) and GFAP (Fig. lh:
control, 6.9 £0.95; AB40, 17.3 = 1.35; AB42, 17.3 = 1.25;
P <0.0001), expressed as a percentage of total number of
cells in the population, were calculated (representative
immunocytochemistry images, Fig. S1, Supporting Infor-
mation). In order to verify that this positive immunostaining
was consistent with neuronal and/or glial differentiation
pattern, quantitative real-time PCR was also performed.
This verified up-regulated expression of the neuronal and
glial markers GLAST, Oligol and pax6, in response to
both AB1-40 and 1-42 treatment (Fig. S2, Supporting
Information).

Differentiation pattern, confirming expression of a
variety of neuronal-specific markers using both immuno-
cytochemistry and quantitative PCR, strongly suggests
that BM-MSC response to APs treatment is unlikely to be
attributable to non-specific staining of non-neuronal cells.
Aggregated or non-aggregated AP25-35 (Fig. S2) and
non-aggregated forms of the APs tested under identical
experimental conditions failed to produce a statistically
significant increase in expression of any of the B-tubulin,
NeuN or GFAP markers (Fig. S3, Supporting Information).
Based on these results, we focused on BM-MSC treated
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Figure 1. Aggregated amyloid beta (AB) containing both oligomeric and fibrillar forms promote neuronal differentiation. The number of cells
staining positive for B-tubulin, NeuN and GFAP represented by an increase in fluorescence intensity compared to untreated controls is shown.
Concentrations at 5 um for both AB1-40 and 1-42 peptides produced a significant increase in fluorescence intensity compared to controls. (a,b) B-
tubulin (812 + 37 and 834 + 19%, respectively, P < 0.0001). (c,d) NeuN (378 £ 38 and 339 + 28, respectively, P <0.0001). (¢) GFAP (274 + 18 and
341 + 39, respectively, P < 0.0001). (f) Neither 5 um AB1-40 nor 1-42 produced a significant increase in O1 staining. The number of cells expressing
target neuronal markers per total number of cells, (g) B-tubulin (control, 8.6 + 1.35; AB40, 32.6 + 1.92; AB42, 30.4 + 1.06), (h) GFAP (control,
6.9 £0.95; AB40, 17.3 = 1.35; AB42, 17.3 + 1.25). Error bars: standard error of the mean from one representative of a total of three experiments done
in triplicate. *P < 0.001; **P < 0.0001, relative to control (analysis of variance followed the Tukey HSD test).

with 5 um APs at 5 days after treatment in the aggregated
form for all subsequent experiments.

To determine whether increased expression of neuronal
markers by BM-MSC in response to AP arises from
neuronal differentiation of existing cells or is indirectly
attributable to alterations in cell numbers or cell death, we
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incubated BM-MSCs with sterile water (control) or 5 um
aggregated APs for 5 days. Cell death was determined
using propidium iodide/Annexin-V staining method and
cell cycle fractions by propidium iodide staining. These
experiments demonstrated that apoptosis forward scatter
profiles in control cultures did not change with addition of
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Figure 2. Aggregated amyloid beta (AP) treatment of bone marrow-derived mesenchymal stem cells (BM-MSC) produced no significant
changes in apoptosis and cell cycling. (a) BM-MSCs treated with aggregated 5 um As at 2 dpp and analysed for apoptotic cells after 5 days incubation
by propidium iodide/Annexin-V staining and fluorescence-activated cell sorting method. BM-MSC cultures treated with Afs show no change in
apoptosis forward scatter profiles compared to controls. (b) Cell cycle profiling confirmed that there were no significant changes in the proportion of
BM-MSC at S phase of the cell cycle in treated versus control conditions. The graphs show mean + standard error of the mean from one representative

of three different experiments done in triplicate.

5 um AP1-40 or 1-42 (Fig. 2a), a finding supported by
lack of expression of apoptosis-related genes on microarray
analysis (Table 1). Cell cycle profiling confirmed that
there were no significant changes in the proportion of
BM-MSC at S phase of the cell cycle in treated versus

control conditions (Fig. 2b).

Neuronal differentiation of BM-MSC is an AB-specific
effect
Increased expression of neuronal markers could have arisen

from the ability of adult BM-MSC to spontaneously express
certain neuronal phenotype markers in culture, in the
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Figure 3. Neuronal differentiation of bone marrow-derived mesenchymal stem cell (BM-MSC) is an amyloid beta (AP)-specific effect. (a,c)
Neuronal differentiation induced by treatment with 5 um aggregated AB1-40 and 1-42 (799 +45% and 781 = 52% versus control, respectively,
P <0.0001) is completely abolished by the 6E10 anti-Af antibody (1 : 100) (5 um APs + 6E10). (b,d) The BM-MSCs exposed to conditioned medium
(CM) from APB1-40- or 1-42-treated wells (CM+; b and d, respectively) show a significant increase in neuronal number compared to cells exposed
to CM from untreated wells (CM-), as defined by B-tubulin staining. The 6E10 antibody abolishes completely the neuronal differentiation produced
by CM+ (6E10+ CM+). Data represent mean + standard error of the mean of normalized data versus control by fluorescence intensity from one
representative experiment of four done in quadruplicate. *P < 0.0001, relative to control or CM—.

Table 1. Summary of genes represented in Fig. 5b, uniquely or mutually up- or down-regulated according to amyloid beta (AB) treatment (P < 0.05)

Fold change P
GenBank

Abbreviation ~ Name accession no. AB1-40 AB1-42 AP1-40 AB1-42
NPY Mus musculus neuropeptide Y NM_023456.2 2.141 1.437 0.0276*  0.0482%
MMP12 Mus musculus matrix metalloproteinase 12 NM_008605.1 2.717 1.684 0.0182 0.03372
5-HT2B Mus musculus 5-hydroxytryptamine (serotonin) receptor2B NM_008311.1  1.683 1.556 0.0436"  0.0578

Wispl Mus musculus WNT1 inducible signalling pathway protein 1 NM_018865.1  1.404 1.523 0.0736 0.0482°
Dlgap4 Discs, large homolog-associated protein 4 (Drosophila) BC024558 1.505 1.741 0.0482¢ 0.0369°¢
Atp5l ATP synthase XM_125157.1  0.619 0.549 0.0485¢  0.0333¢
Clta Mus musculus clathrin, light polypeptide NM_016760.1  0.596 0.592 0.0447¢  0.0403¢
Fl13a Coagulation factor XIII NM_028784 0.516 0.581 0.0435¢  0.0392°¢
Gprl71 G protein-coupled receptor 171 NM_173398.1 0.471 0.651 0.0444¢  0.0498°¢
Nptn Neuroplastin, Mus musculus stromal cell derived factor receptor] ~ NM_009145.1  0.661 0.639 0.0498¢  0.0517¢
Sfrpl Secreted frizzled-related sequence protein 1 0.619 0.71 0.0381¢  0.0507¢
Usmg5 Mus musculus upregulated during skeletal muscle growth 5 XM_123431.1  0.604 0.606 0.0517¢  0.0358°¢
Zbtb7a Zinc finger and BTB domain containing 7a AKO033556 0.486 0.573 0.0225¢  0.0476¢

aMutually up-regulated genes. ®Uniquely up-regulated genes. “Mutually down-regulated genes.

absence of specialized induction regents (25,26). Since  to be a spontaneous phenomenon. However, it is possible
our previous results have confirme that the observed  that the neurogenic effect is not AP-related and arises
increase in neuronal differentiation in treated cells is over ~ non-specifically through release of a soluble factor from
and above baseline in identical control cells, it is unlikely ~ cells within the BM-MSC subpopulation. To determine
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Figure 4. Amyloid beta (AP) enriched for oligomeric and fibrillar
species have differential affects on neuronal differentiation. To test
the effect of the state of aggregation of AP on neuronal differentiation,
we prepared aggregated AP (AP42A/AB40A) and AP enriched for
soluble oligomeric (AB420/AB400) and fibrillar forms (AB42f/AB40f).
(a) Bone marrow-derived mesenchymal stem cells (BM-MSC) treated
with 5 um aggregated forms (AP42A, AP40A) showed an increase in
neuronal cell number as previously demonstrated in Fig. 1. Soluble
oligomeric forms (5 um) of AB420 but not AB40o similarly produced a
significant increase in neuronal cell number. Insoluble AB42f/AB40f
produced no significant change in percentage of neurons compared to
control. (b) To confirm that this was not a non-specific effect on non-
neuronal cells, the increase in neuronal numbers with aggregated forms
(APB42A, AB40A), soluble oligomeric (AP42 o/AB40 o) and insoluble
fibrillar forms (AP42f/AP40f) was assessed using another neuronal
marker, NeuN. Graphs show mean + SEM from one representative of four
different experiments done in quadruplicate. *P < 0.05; **P < 0.0001,
relative to control.

whether this was the case, we examined the ability of
6E10, a mouse monoclonal anti-human AP protein, to
inhibit the AB-related neurogenic effect. We obtained CM
from BM-MSCs treated with (CM+) or without (CM-)

5 um aggregated ABs for 5 days starting at 2 dpp. Under
these conditions, as expected, 5 um APs induced an increase
in number of cells expressing the neuronal marker B-tubulin
(799 £45% and 781 £ 52% versus control, respectively,
P <0.0001) and this was specifically abolished by addition
6E10 (1 : 100) (Fig. 3a,c). The CM (+ or —) was next added
to untreated 2 dpp cultures either in the presence or absence
of 6E10 antibody. Cells were fixed for immunostaining
after 5 days. These results demonstrate that only the CM
produced by AP1-40-stimulated or 1-42-stimulated
BM-MSC (i.e. CM+) produced a specific increase in neu-
rogenesis (P <0.0001) (Fig. 3b,d). Addition of anti-AB
antibody blocked this increase, suggesting that CM-
induced neuronal differentiation was caused by residual
APs in the CM and that neuronal differentiation induced
by APs was indeed a direct effect on the BM-MSCs
(Fig. 3b,d). We also stained parallel experiments using
the neuronal marker NeuN. As with B-tubulin, the results
showed a significant increase in expression of neuronal
markers by BM-MSCs exposed to the CM from A-
treated cultures and addition of anti-AP blocked this
increase (Fig. S4, Supporting Information). These results
indicate that neuronal differentiation of BM-MSC is an
APB-specific effect.

Oligomeric and fibrillar species of APs have differential
affects

Differing conformations of Af may be responsible for
neurotoxicity and cell death that are pathognomonic of AD
(9,27). Thus, we have prepared APs using a protocol that
allows enrichment for either soluble oligomeric or fibrillar
forms of AP (21), and directly compared their effects with
aggregated preparations (containing both oligomeric and
fibrillar forms) on neuronal differentiation of BM-MSC.
Aggregated 5 uM APs both produced an increase in the
percentage of neurons as identified in initial experiments
(P<0.0001, Fig. 4a,b) whereas for enriched samples, only
5 um soluble oligomeric AB1-42 produced an increase in
neuronal number that reached significance (P < 0.05). Treat-
ment of BM-MSCs with ABs enriched for fibrillar forms, and

Figure 5. Amyloid beta (AP) induces neurogenesis via the action of NPY and dynamin associated GPCR signalling and this is mediated by activation
of ERK1/2-directed signalling pathways. Hierarchical clustering and Venn diagrams demonstrate the difference in transcript distribution between
bone marrow-derived mesenchymal stem cells (BM-MSC) and NIH3T3 cells treated with either AB1-42 or AB1-40. (a) Hierarchical clustering analysis of
a list of significantly differentially expressed transcripts (228 transcripts). Transcripts that had a raw signal of greater than 50 in at least one experimental condition
were filtered by Student’s #-test at P < 0.05. Columns of BM-MSCs and NIH3T3 cells treated with A} peptides only are shown. Transcripts are ordered by
default gene trees generated in GeneSpring 7.3. (b,c) Venn diagrams showing transcript distribution in NIH3T3 and BM-MSC elicited in response to A3
treatment. AB1-42 peptide induces more gene expression change than AB1—40 in both cell types (66 and 108, BM-MSC and NIH3T3 respectively).
(d) AB1-40 induces no overlap in expressed genes in both cell types whereas (¢) AB1-42 induces minimal overlap of shared genes (14/160 = 8.8%).
The diagrams were generated from lists of transcripts that are > 1.5-fold enriched or < 0.67 depleted, relative to non-treated control. (f) Real-time
polymerase chain reaction (PCR) was used to validate microarray analysis for four genes: NPY, 5-HT2B, MMP12 and Wisp 1. There was a significant
increase in expression of the genes NPY, 5-HT2B and MMP12 for both A treatments relative to that in control untreated cells. Changes in Wisp1 expression
are not significant. For each transcript, amplicon abundance is normalized to GAPDH abundance because this housekeeping gene is approximately equal
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across all microarray chips. The normalized amplicon levels are then expressed as a mean ratio versus that measured in untreated BM-MSC + SEM
*P <0.05; ¥*P <0.01; triple asterisk, P < 0.001, relative to control (Student’s #-test). (g) Representative Western blot analysis shows increased expression of
NPY and its Y1 receptor (using antibodies NPY 1R-N-terminus, 11 kDa and NPY 1R-C-terminus, 11 kDa). NPY and the Y1 receptor are endogenously
expressed in BM-MSC. Treatment with AB1-42 and AB1-40 induced an increase in NPY and NPYIR. Protein expression for MMP12 was increased
for each AP peptide treatment compared to control. Protein expression using the 5-HT2B polyclonal antibody produced an equivocal result. (h—1) BM-MSC
cultures treated with 5 um APs for 5 days showed a significant increase in fluorescent staining intensity for both dynamin 1 and 2 staining together with
an increase in protein expression. *P < 0.0001, relative to control. (m) Quantitative real-time PCR demonstrating neuronal-specific down-regulation
of GLAST, Oligol and Pax6 genes in response to AP treatment using NPY-deficient mice. *P < 0.001, relative to control.
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Figure 6. Neuronal differentiation induced by amyloid beta (AB) is mediated by ERK1/2 via upstream activation of the PI(3)K-dependent
pathway. Bone marrow-derived mesenchymal stem cells (BM-MSC) were treated with aggregated APs in the presence or absence of U0126,
bisindolylmaleimide I or LY294002. (a,b) MEK blockade with U0126 abolishes AB-induced neuronal differentiation as determined by a decrease in
expression of the neuronal marker B-tubulin. (c,d) ABs do not induce neuronal differentiation through the protein kinase C pathway. Co-incubation
of cultures for 5 days with AP peptides in the presence of the highly specific protein kinase C inhibitor BIM-1 has no effect on the AB-induced
increase in neuronal number. (e,f) PI(3)K mediates the AP effect. Co-incubation of cells for 5 days with APs in the presence of 5 um LY294002
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non-aggregated forms, produced no significant change in
neuronal number (Fig. 4a,b and Fig. S4). These results
indicate that different conformations of A have a differential
affect on neuronal differentiation of BM-MSC and suggest
that aggregated APs forms in general, and soluble oligomeric
AP1-42 in particular, are the active species.

AP induces neurogenesis via NPY, 5-HT2B and dynamin,
and this is mediated by activation of ERK1/2-directed
signalling pathways

We were interested in determining to what extent the trans-
criptome of BM-MSC treated with aggregated APs or
control vehicle, differed from that of NIH3T3 cells (non-
neuronal cells with BM-MSC-like morphology) treated
in a similar manner. Hierarchical clustering of the whole
filtered data set generated a dendogram where each
column represents a cell type/treatment condition and
each row a transcript. The second order branching classed
peptide-treated BM-MSC samples as more closely related
to one another than to NIH3T3. In NIH3T3 cells, AB-
treated samples did not cluster together (Fig. 5a). These
analyses indicate that gene expression profiles in BM-
MSC elicited by treatment of ABs were globally distinct
from those of vehicle-treated control and AB-treated NIH3T3
cells. We next asked what is unique about the transcriptional
profile of BM-MSC treated with the peptides. Proportions
of transcripts that are differentially expressed according
to treatment and cell type are displayed in Venn diagrams
(Fig. 5b—e). The results indicate that treatment with
AP1-42 induced more gene expression change in both
BM-MSC and NIH3T3 (66 and 108 transcripts) than
AP1-40 (37 and 22 transcripts, respectively), indicating
a peptide-specific effect (Fig. 5b,c). Of note, comparing
transcript profiles between cell types (Fig. 5d,e), AR1-40
showed an absence of overlap in shared transcripts
between BM-MSC and NIH3T3, and AB1-42 produced
an overlap of only 8.8% (14/160), thereby confirming a
cell-specific effect.

Of these transcripts, only those that demonstrated a
significant change in level of expression compared to
untreated control are summarized in a subset in Table 1.
For the preliminary analysis it was decided to concentrate

Abeta-derived neuroplasticity in BM-MSC 581

further only on genes that are specifically up-regulated
and on those thought to have a particular role in relation
to neuronal differentiation. Four genes were thus of
particular interest. NPY and MMP12 were significantly
up-regulated in both treatment conditions, 5-HT2B was
significantly up-regulated in AB1-40-treated cells only, and
Wispl was significantly up-regulated in AB1-42-treated
cells only. All four of these genes have been implicated
in other studies, in regulating neuroproliferation or neuro-
genesis (19,20,28-33).

Quantitative real-time PCR analysis was used to validate
the microarray data and confirmed that levels of NPY,
5-HT2B and MMP12 were significantly increased by A
treatment. We failed to confirm up-regulation of Wisp1 in
this quantitative analysis (Fig. 5f). Subsequent Western
blot analysis confirmed expression at the protein level
for both NPY and MMP12 (Fig. 5g). Recent studies have
demonstrated that NPY regulates neuronal precursor
proliferation in the adult mammal via an effect on the
GPCR, NPY IR (19,20). To explore if neuronal different-
1ation in our cultures was NPY 1R-mediated, immunoblot
analysis was performed using antibodies raised to the N
and C-terminal proteins. The results also confirmed an
increase in expression of NPY 1R, most marked in AB1-
42-treated BM-MSC. Furthermore, we used quantitative
real-time PCR analysis in NPY-deficient mice to identify
the potential role of NPY in the BM-MSC by the AP treat-
ments. Levels of GFAP, Oligol and Pax6 were decreased
compared to control mice (Fig. 5Sm). Results for protein
expression of 5-HT2B, also a GPCR, were equivocal, but
immunocytochemical analysis is suggestive of an increase
in expression in response to APs compared to control cells
(Fig. 5g and Fig. S6, Supporting Information).

Recent experimental data have linked early cognitive
decline in AD to deleterious effects of AP on dynamin 1
degradation (10), where dynamin is a GTPase implicated
in internalization of GPCR (11). Since 5-HT2B and
NPYI1R are GPCRs, we were interested to understand
whether AP treatment also influenced dynamin expression
in our BM-MSC. The results demonstrate an increase in
expression of both dynamin 1 and 2 in response to APs
(Fig. 5Sh-k) together with an increase in protein expres-
sion in treated cells compared to control (Fig. 51).

which specifically blocks PI(3)K completely abolished the ability of AP to induce neuronal differentiation. The graphs show one representative experiment
of between three and four different experiments done in quadruplicate. *P < 0.0001, relative to control. (g) Representative Western blot analysis to
examine activation of enzymes in the ERK1/2 signalling pathway using antibodies to endogenous non-phosphorylated and phosphorylated forms of
ERK1/2 (MAP kinase) and MEK1/2. (Panel 1) p44/42 MAP Kinase antibody detects endogenous levels of total ERK1/2 (MAP kinase) protein and
shows an increase in expression in treated cells compared to controls. (Panel 2) Lanes 2 and 3 demonstrate that there is an increase in phosphorylated
forms of p42/44 MAPK compared to untreated cells with addition of AP peptide as detected by phospho-42/44 MAP kinase antibody. This antibody
detects endogenous levels of p42 and p44 ERK1/2 (MAP kinase) when phosphorylated at threonine and tyrosine residues. (Panel 3) Endogenous
MEK1/2 detected by the MEK1/2 antibody (Panel 4) confirms an increase in phosphorylated enzyme, phospho-MEK1/2 compared to untreated cells

in response to A} treatment.
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The ability of ABs to induce neuronal differentiation is
mediated by PI(3)K-dependent activation of ERK1/2

Previous studies have demonstrated that NPY can increase
neuronal precursor cell proliferation, and MMP12 has been
implicated in control of cell proliferation and migration in
the developing mouse brain. Current evidence suggests
that downstream cell signalling pathway for both these
proteins is mediated through ERK1/2-MAPK (19,34); 5-
HT2B stimulation, coincidentally, results in activation
of the same pathway (30,31). In order to elucidate further
the possible signal transduction pathways mediating Ap-
induced neuronal differentiation in our system, we used
several direct or indirect inhibitors of the ERK1/2-MAPK
pathway. Incubation of cells with 20 um U0126, a selective
inhibitor of MEK1/2, blocked AB-mediated increase in a
percentage of neurons (Fig. 6a,b). To confirm this path-
way, we also treated cells with 100 um PD98059, a highly
selective potent MEK inhibitor, producing an identical
result (Fig. S7, Supporting Information).

The ERK1/2 pathway is regulated upstream by a variety
of kinases such as PI(3)K and protein kinase C (35).
Incubation of BM-MSCs in 10 um bisindolylmaleimide I,
which specially inhibits protein kinase C, did not abolish
the effect of APs on neuronal differentiation (Fig. 6¢,d).
However, treatment with the PI(3)K inhibitor, LY294002,
at 5 uM inhibited the AB-induced increase in neurons at
both 0.5 and 1 um AP (Fig. 6e,f). Furthermore, genistein,
a general tyrosine kinase inhibitor, did not block the ability
of APs to increase neuronal number (Fig. S7). These results
indicate that ABs regulate neurogenesis of BM-MSC in vitro
by up-regulation of GPCR and the genes encoding them,
and this is mediated by activation of ERK1/2 through
the PI(3)K-dependent pathway.

Endogenous ERKs require phosphorylation by MAPK/
ERK kinases or MEKs. MEKs are themselves activated
by phosphorylation at serine residues (36,37). Thus, Western
blot analysis was undertaken using antibodies to endogenous
non-phosphorylated and phosphorylated forms of ERK1/2
and MEK1/2 to determine whether these enzymes show
specific activation via phosphorylation in response to
AP treatment. Figure 6g shows that there was an increase
in enzyme phosphorylation under the influence of AP
treatment for p42/44MAPK and MEK1/2 compared to
control cells. These results confirm the inhibitor data above
and lend further weight to the conclusion that the mechanism
of neuronal differentiation is mediated by a signal trans-
duction pathway that includes MEK1/2 and ERK1/2.

Discussion

Preliminary experimental treatments for AD have included
attempts to disrupt amyloidogenesis in human patients, by

using immunotherapy (38). Increasing knowledge of the
pathogenicity in AD now reveals that, most likely, multiple
conformations of AP, including soluble oligomeric forms,
contribute to neurotoxic damage by non-overlapping
mechanisms (9). Cell replacement strategies for AD ulti-
mately offer the prospect of replacing damaged cells or
protecting damaged neurons by delivery of essential gene
products. However, the likely success of such therapies will
be determined, in part, by reciprocal interaction between
the toxic host microenvironment and replacement cell
survival/plasticity.

BM-MSCs have been used extensively in successful
intracerebral engraftment strategies in animal models of
neurological disease, but not in AD (3-5,39). Our focus of
interest is in understanding the synergistic relationship
between host and graft in order to better predict therapeutic
success in human patients. In the present study, we used
in vitro culture of BM-MSCs as an experimental paradigm
to demonstrate that aggregated APs containing both
oligomeric and fibrillar forms promote BM-MSC plasticity
by inducing neuronal differentiation. The underlying mech-
anism involves up-regulation of GPCR and the genes
encoding them and is mediated downstream by activation
of the ERK1/2-MAPK signalling pathway.

Other authors have examined interaction between A}
and stem cells. Our findings are supported by those of
Lépez-Toledano and Shelanski, who isolated neural stem
cells from the hippocampi of postnatal day 0 mice or striata
from embryonic day 15 rats and demonstrated a neuro-
genic effect with AB1-42 oligomers but not fibrils (17). In
their study, similarly, activation of the ERK signalling
pathway was confirmed, however, dissimilarly, inhibition
of PI(3)K, did not abolish the neurogenic effect. These
results suggest that neuronal differentiation of stem cells
may be activated through a shared final common path
but that upstream cell signalling is unique between each
cell type. Unlike the study by Loépez-Toledano and
Shelanski, our study uniquely showed that for BM-MSC,
aggregated AB1-40 also induced neuronal differentiation
and this result may be attributable to a difference in the
cell type used.

Deshpande et al. have previously demonstrated that
the conformational state of AP plays a significant role in
neurotoxicity and that oligomeric forms are especially
implicated (10). Using a different protocol for enrichment,
these authors showed that oligomeric forms of AP peptides
produced massive neuronal cell death in human cortical
neurons and this was a concentration-dependent effect.
Interestingly, however, at low concentration, the neurotoxic
effect was minimal.

Fibrillization of AP is preceded by multiple conforma-
tional changes collectively known as AB-derived diffusible
ligands (40), oligomers-composed of 15-20 monomers
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(41), protofibrils (42), and dodecameric oligomers AB*56
(43). These intermediate AP species are collectively
known as ‘soluble AP’. Soluble forms of AP are known
to correlate with severity of cognitive impairment in AD
patients, suggesting that oligomeric forms are the primary
toxic species (9). In our study, we were interested in knowing
which of the oligomeric and fibrillar forms in the aggregated
preparations of AP is the active species in inducing
neuronal differentiation. We prepared both non-aggregated
and aggregated AP and enriched both for oligomeric and
fibrillar forms using an established method. Non-aggregated
preparations produced no differentiation of BM-MSC. Of
the enriched preparations, only AB1-42 containing soluble
oligomeric forms replicated the ability to induce neuronal
differentiation, suggesting that the oligomeric form within
the preparation is the active species.

Previous studies have demonstrated that despite applying
oligomer- and fibril-forming conditions to AB1-40, it remains
primarily as unassembled monomeric peptide with only
sparse oligomeric species and protofibrils (22). These results
may account for the inability of enriched oligomeric AB1-40
to produce a differentiating effect. In summary, our findings
suggest that the neurogenic effect of AP is dependent on
the state of aggregation of AP , most particularly, on the
generation of oligomeric forms.

BM-MSCs have the potential to develop into cells with
multiple lineages and can be rapidly induced in vitro to
differentiate into neurons (1,2,44). Microarray analysis of
naive BM-MSC has identified expression of mRNAs and
proteins typically associated with neuronal cells and micro-
environment is substantially influential in driving different-
iation down the neuronal pathway (45). Increase in the number
of new neurons over baseline controls in response to AP
treatment in the absence of increase in cell proliferation or cell
death in our experiments suggests that Af is acting on
neuronal-type progenitors within this population, driving
them towards a neuronal phenotype. Since 6E10, an AP anti-
body, could abolish the AB-induced neurogenic response,
it is unlikely to be due to cell death/damage signals or release
of diffusible factors or trophic factors (46) and supports
the suggestion that AP itself is the active agent.

Using gene microarray and protein expression analysis,
we observed up-regulation of MMP12, the neurotransmitter
NPY, and GPCR NPY1R and 5-HT2B, although the latter
could not be confirmed by Western blot analysis. NPY is
a neurotransmitter released by interneurons in the dentate
gyrus. Previous studies have demonstrated that NPY is a
specific neuroproliferative factor for hippocampal neuro-
genesis mediating its effect through the GPCR NPY1R
and by activation of ERK1/2 (20,21). 5-HT2B also belongs
to the GPCR family. The signal transduction pathways
activated downstream of 5-HT2B include Ras and ERK12
pathways (30,31). MMP12 is constitutively expressed in
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the developing mouse brain and is involved in cell migration.
In vitro studies have demonstrated its expression in oli-
godendrocytes in large amounts, and that this expression
correlates with periods of process extension and oli-
godendrocyte maturation (32). Therefore, one explanation
for the expression of MMP12 expressed in our treated
BM-MSC cultures is that it arises directly from oli-
godendrocyte-like cells induced by AP.

Our experiments, using specific inhibitors of the ERK1/2
and MEK1/2 signalling pathway, confirmed that NPY,
most likely acting via the NPY 1R receptor, and 5-HT2B and
MMP12 exert their influence by downstream activation of
MEK1/2 and ERK1/2 in AB-treated BM-MSC. Inhibition
of neurogenesis with LY294002 suggests that PI(3)K is
directly involved in this process. This contrasts with in vivo
experiments in the mouse where NPY induces neuronal
precursor proliferation by upstream protein kinase C-
dependent activation of ERK1/2 (19). These results suggest
that AB-directed neuronal differentiation of BM-MSC
may be mediated by a unique mechanism.

Finally, of particular interest in the light of findings from
other authors is the further observation, demonstrated here,
that expression of dynamin 1 and 2 is increased in response
to AP treatment in BM-MSC. Dynamin has a clear role in
mediating GPCR internalization (11) and AB-induced
dynamin 1 degradation has been implicated in synaptic
dysfunction and early cognitive decline in AD (10).
Increased expression of dynamin 1 (and 2) demonstrated
here is thus consistent with up-regulation of the GPGR
NPY1R, perhaps indicating increase in receptor-mediated
endocytosis in response to AP in the cultures. NPY is
known to attenuate learning impairment (19,20), and dynamin
is linked to a role in learning and synaptic plasticity via its
binding to Arc/Arg3.1 (10,47).

This work lends support to the idea that in AD, the
pathophysiological environment may significantly influence
stem cell neuroplasticity and that specific genes, NPY and
dynamin associated with GPCR signalling may be responsible.
Additional studies are required to understand more fully
the nature of the interaction between AP, GPCR and
intracellular signalling pathways together with functional
assessment to determine if AB-treated BM-MSCs have
physiological characteristics of mature central nervous
system neurons. Exploitation of such knowledge brings
with it the possibility of manipulating BM-MSC fates via
AP peptide-responsive, neuronal-modulation to prevent
cognitive decline, disrupt amyloidogenesis and protect
against neuronal damage in AD patients.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Representative immunocytochemical staining
showing increased expression of the target neuronal
markers (B-tubulin and GFAP) in response to treatment
with AB1-40 and 42 compared to control.

Figure S2. Quantitative real-time PCR demonstrating
neuronal-specific up-regulation of GLAST, Oligol and
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Pax6 genes in response to AP treatment. *P < 0.0001,
relative to control.

Figure S3. To determine the effect of AP peptides in
inducing neuronal differentiation of BM-MSCs, varying
concentrations of non-aggregated and aggregated AP25—
35 peptide were added at 2 dpp, and cells immunostained
with antibodies to (a) B-tubulin (b) NeuN or (c) GFAP
between 1 and 5 days post-treatment. No increase in
expression of neuronal markers was detected under any
treatment condition.

Figure S4. To determine the effect of non-aggregated
forms of the AP peptides in inducing neuronal different-
iation, varying concentrations of AB1-42 and AB1-40
were added at 2 dpp and cells immunostained with anti-
bodies to (a,d) B-tubulin III (b,e) NeuN or (c,f) GFAP
between 1 and 5 days post-treatment. Non-aggregated
forms of ABs did not produce increased expression of any
neuronal marker under any treatment condition.

Figure S5. Neuronal differentiation of BM-MSC is an
AB-specific effect. CM was obtained from BM-MSCs
treated with or without 5 um aggregated ABs for 5 days
starting at 2 dpp. (a,c) Under these conditions, as expected,
5 um AB1-40 and 1-42 peptides induced an increase in
the number of cells expressing the neuronal marker NeuN.
CM was added to untreated 2 dpp cultures either in the
presence or absence of 6E10 antibody. Cells were fixed
for immunostaining after 5 days. These results demonstrate
that only the CM produced by (b) AB1-40 — stimulated or
(d) AB1-42 — stimulated BM-MSC produced a specific
increase in neurogenesis (P < 0.0001). Addition of anti-AB
antibody blocked this increase, suggesting that the CM-
induced neuronal differentiation was caused by residual
ABs in the CM and that the neuronal differentiation induced
by APs is a direct effect on the BM-MSCs.

Figure S6. Immunofluorescent staining of Ap-treated
BM-MSC with polyclonal anti-SR-2B for 5-HT2B. 5 um
APB1-40 and 1-42 showing general increase in cytoplasmic
staining. Scale bar = 100 um.

Figure S7. AP-induced neuronal differentiation is mediated
by ERK1/2 but not by tyrosine protein kinase signalling.
BM-MSCs were treated at 2 dpp for 5 days at different
concentrations (0.1-1 um) of aggregated ABs in the presence
or absence of PD98059 or Genistein. (a,b) MEK blockade
with PD98059 abolishes AB-induced neuronal differentiation
as determined by a decrease in expression of the neuronal
marker B-tubulin. Incubation with 100 um PD98059
alone produced no effect on neuronal cell number. (c,d)
Tyrosine protein kinase inhibition does not alter the
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APB-induced increase in neuronal markers. Five days co-
incubation of BM-MSC with AfBs in the presence of the
tyrosine protein kinase inhibitor, genistein does not block
the AB-induced neurogenic effect. The graphs show one
representative experiment of between three and four
different experiments done in quadruplicate. *P < 0.0001,
relative to control.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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