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Abstract:

Amyloid beta-peptides (A�) aggregate during Alzheimer’s disease contributing to the development of the pathology. At micromolar

concentration A� is toxic and accumulates in neurons and in the vasculature. However, A� is found at nanomolar concentrations in

the plasma of healthy individuals and is also produced by endothelial cells. Here, we investigate the dual role exerted by A����� on

endothelial cell functions. Coronary vascular endothelial cells were utilized to study whether A� affects endothelial cell growth and

its action was compared with the effect of fibroblast growth factor-2 (FGF-2). In a range from 5 to 100 nM, A�����

concentration-dependently increased cell growth, whereas higher concentrations of A����� reduced cell number compared to control.

At nanomolar concentration, A����� also stimulated FGF-2 mRNAexpression and protein production, which was negatively affected

by micromolar concentration of the peptide. The dual role observed on endothelial cell growth, was mediated by FGF-2

biodisponibility. In fact, neutralizing anti-FGF-2 antibody inhibited A�����-induced ERK1/2 phosphorylation at 50 nM. 5 �M

inhibited ERK1/2 activation over control and this was reflected by diminished cell growth which was recovered by exogenous

FGF-2 administration. These results suggest that low A� concentrations stimulate endothelial cells to acquire an angiogenic

phenotype through interaction with endogenous FGF-2 and induction of its synthesis. In contrast, accumulation of A� results toxic

for endothelial cells and at these concentrations A� peptide looses its ability to prime FGF-2 cycle. This may be a fundamental

pathological event which might contribute to the worsening of the pathology.
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Introduction

Neurodegeneration, typified by Alzheimer’s disease

(AD), and microvascular degeneration as the cerebral

amyloid angiopathy (CAA) are often associated [7].

The frequent occurrence of this co-morbidity should

not be surprising in light of the growing evidence in-

dicating that the nervous and vascular systems share

numerous genetic pathways, during embryonic devel-

opment and in adult life, explaining the concurrent

pathologies [14]. To underscore the close linkage be-

tween the two systems, there is evidence that growth

factors – i.e. fibroblast growth factor-2 (FGF-2) –

originally characterized as promoters of angiogenesis

in the vascular endothelium, are now viewed as potent

and physiologically important stimulators of neuro-

genesis [13].

Beta amyloid peptide A�1–40, being primarily

vasculotropic, is found in the brain vasculature of

CAA patients and in experimental models of the dis-
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ease, while A�1–42, endowed with distinct trophism

for neurons, predominates in the brain parenchyma of

AD patients [4, 6, 8, 17]. Brain vascular degeneration,

typical of both sporadic and genetic variants of CAA,

is characterized by perivascular deposition of A� in

cortical and leptomeningeal vessels [6]. The hallmark

pathological lesion of these diseases is the pervasive

dysfunction of brain capillary endothelium. The dys-

function, clearly related to the toxic effects exerted by

A�1–40 on endothelial cells, has been extensively de-

scribed in cultured cells [11], in isolated vessels [16]

as well as in whole animals [1]. A� peptides induce,

at fairly high concentrations, seemingly irreversible

changes of both morphology and functions of endo-

thelial cells [10, 15], the latter resulting in reduced

survival and suppression of their inherent angiogenic

properties.

Although this association to both CAA and AD, it

has been demonstrated that A� peptides are produced

by a variety of cells and are naturally present in low

nanomolar quantities as circulating soluble monomers

in the cerebrospinal fluid and blood of healthy indi-

viduals [5, 12]. While the A�/AD/CAA connection is

firmly established, the physiological function(s) of

circulating A� peptides are still unknown.

Because, A� peptides are produced and found at

low concentrations in the blood of normal subjects,

we speculated that they may have a dual role on the

endothelium. In this study we wanted to address

whether the accumulation of A� into microvessel af-

fects endothelial cell functions, if endothelial injuries

caused by A� peptides are reversible during the early

stages of the disease and whether A� peptides may af-

fect endothelial functions by interacting with FGF-2.

Materials and Methods

Cell culture

Capillary venular endothelial cells (CVEC) were cul-

tured as described [9].

Cell growth

Cells (1.5 × 103) resuspended in 10% serum were

seeded in each well of 96 multiwell plates. After ad-

herence (5–6 h), the supernatant was replaced with

medium containing 0.1% serum to synchronize the

cell cycle. After 24 h cells were incubated with either

A�1–40, or reverse sequence peptides A�40–1 (0.5 nM

–100 �M), or FGF-2 (20 ng/ml). After 48 h, cells

were fixed in 100% methanol and stained with Diff-

Quik (Mertz-Dade). Total cell number/well was

counted at 100 x magnification.

Differential reverse transcription PCR analysis

Gene expression was assessed as reverse transcription

(RT) PCR analysis as described [9]. Serum-starved

cells (5 × 105) were stimulated for 6 h with A�1–40

(50 nM or 5 �M) and differential reverse transcription

PCR for FGF-2 toward GAPDH was performed.

Image processing and analysis of the intensity of the

bands related to the amplification products were per-

formed as described [9].

Western blot

Cells (3 × 105) were plated in 6 mm diameter dishes.

After adhesion cells were serum starved overnight

and then exposed to A� peptide (50 nM or 5 �M),

FGF-2 (20 ng/ml) or neutralizing anti-FGF-2 (6 �g/ml).

After overnight incubation, cells were scraped and

centrifuged. Supernatant – 5µl from each sample – was

used for protein assay. Proteins (30 �g) were mixed

with 4X reducing SDS-PAGE sample buffer and de-

natured at 100°C for 10 min. Electrophoresis was car-

ried out in SDS/15% for FGF-2 or 10% for ERK1/2

polyacrylamide gel. Proteins were then blotted onto

activated PVDF membranes, incubated overnight

with the antibodies and then detected by enhanced

chemiluminescence system (Amersham). Results

were normalized to those obtained by using an anti-

body to actin for FGF-2 and to total ERK1/2 for

phospho-ERK1/2.

Statistical analysis

Results are expressed as the means ± SEM. Statistical

analysis were performed using Student’s t-test, and

analysis of variance (ANOVA); p < 0.05 was con-

sidered significant.

Reagents

A�1–40, A�40–1 and reagents for cell cultures were ob-

tained from Sigma (Italy). FGF-2 was purchased from
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Peprotech (Italy), respectively. Anti-FGF-2, anti-

phospho-ERK1/2, anti-ERK1/2 and anti-actin anti-

bodies were obtained from Cell Signalling. Neutralizing

anti-FGF-2 antibody was purchased from Upstate (Italy).

Results

A�
1–40

peptide exerts a dual role on endothelial

cell growth

We first assessed the effect of A� peptides on endo-

thelial cell growth. Exposure of quiescent endothelial

cells (CVEC) to A� peptide in concentrations ranging

from nanomolar to micromolar greatly affected their

ability to proliferate, giving rise to a bell-shaped con-

centration effect curve typical of many peptides. At nano-

molar concentrations (0.5–100 nM) A�1–40 stimulated

cell growth. Maximal stimulation occurred using 50 nM

of A�1–40 which increased cell growth by 60% (p <

0.001), compared to control cells in 0.1% bovine calf se-

rum (BCS) medium (Tab. 1). The effect was comparable

to that obtained with FGF-2 (20 ng/ml).

At micromolar concentrations (0.5–100 �M) A�

peptide inhibited cell growth (Tab. 1) and caused cell

death. A�1–40 toxic effects were visible starting from

0.5 �M (p < 0.001).

In contrast, we found that the reverse-sequence

A�40–1 (50 nM or 50 �M) did not affect endothelial

cell growth (Tab.1).

A�
1–40

differently regulates FGF-2 production

in endothelial cells

Given the above results, we selected two concentrations

which were responsible for the pro-survival or toxic ef-

fect, respectively. We tested A�1–40 (50 nM or 5 �M) for

its ability to regulate gene expression, particularly that of

FGF-2, by differential RT-PCR. At 50 nM, A�1–40 mark-

edly up-regulated FGF-2 mRNA levels after 6 h (1.5 ±

0.06 optical density vs. 0.4 ± 0.02 of control) (Fig. 1A).

These data indicate a close association between the pro-

survival effects of the peptide and FGF-2 up-regulation.

In contrast, A�1–40-mediated toxicity seemed to be

linked to the inhibition of FGF-2 expression exerted

by toxic concentration of A�1–40. The peptide (5 �M)

significantly reduced FGF-2 mRNA after 6 h (0.13 ±

0.03 vs. 0.4 ± 0.02 of control) (Fig. 1A) indicating

that FGF-2 is a crucial factor in mediating A� activity.
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Tab 1. Dual effect of A�
����

on endothelial cell growth. A. Sparse,
synchronized endothelial cells (CVEC) were exposed to A�

����

(0.5–100 nM or 0.5–100 �M). The reverse peptide was tested at
50 nM or 50 �M. FGF-2 was used at 20 ng/ml. Data are reported as
cells counted/well. (n = 4) * p < 0.01 and ** p < 0.001 vs. 0.1% BCS
by Student’s t test

Cell growth (cells counted/well)

none A����� A����� FGF-2

Basal 124 ± 6 / / 242 ± 7**

0.5 nM / 130 ± 4 / /

5 nM / 156 ± 6* / /

50 nM / 199 ± 3** 116 ± 6 /

100 nM / 147 ± 5* / /

0.5 µM / 61 ± 2** / /

5 µM / 50 ± 7** / /

50 µM / 44 ± 3** 128 ± 8 /

100 µM / 21 ± 4** / /
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Fig. 1. Effect of A�
����

on FGF-2 expression and protein production.
(A) FGF-2 mRNA expression evaluated by differential RT-PCR. CVEC
were exposed to A�

����
(50 nM or 50 �M) for 6 h. Values are reported

as bar graph representing FGF-2/GAPDH (OD arbitrary units meas-
ured by computerized densitometry). (n = 2) * p < 0.01 vs. control by
Student’s t test. (B) The effect of A�

����
(50 nM or 50 �M) on FGF-2

production in CVEC was assessed by western blotting after 18 h. A
representative gel out of three with similar results is shown



Because the above experiments hinted to the de-

pendence of endothelial cell survival on FGF-2, we

examined in detail its endogenous production, follow-

ing CVEC exposure to A�1–40 at 50 nM or 5 �M con-

centration. In agreement with its expression, a detect-

able decline of FGF-2 production occurred at 5 �M

A�1–40 (60% decline compared to control), whereas

50 nM induced FGF-2 protein production after 18 h

(80% increase compared to control) (Fig. 1B).

Thus, the A� positive and negative effects on

microvascular endothelium appear to be closely inter-

twined with FGF-2 transcription.

FGF-2 plays a critical role in mediating A�
1–40

effects

We then investigated the molecular pathway involved

in the proliferative response activated by low concen-

tration of A�1–40. ERK1/2 phosphorylation was as-

sessed in CVEC challenged with A�1–40 (50 nM), or

FGF-2 (20 ng/ml) for 10 min. As shown in Figure 2,

A�1–40, as well as FGF-2, significantly enhanced

ERK1/2 phosphorylation compared to control (OD:

0.78 for A�1–40, 1.03 for FGF-2 vs. 0.43 of 0.1%

BCS). To investigate whether the effect was mediated by

FGF-2, CVEC were exposed to A�1–40 (50 nM) or

FGF-2 (20 ng/ml) in the presence of anti-FGF-2 neutral-

izing antibody (6 �g/ml). As illustrated in Figure 2A, the

presence of the antibody greatly abated both FGF-2 or

A�1–40-induced ERK1/2 activation, where an antiIgG1

antibody left ERK1/2 level unchanged. On the contrary

higher concentration of A�1–40 (5 �M) inhibited ERK1/2

phosphorylation compared to control cells (OD: 0.16 for

A�1–40 vs. 0.51 of control), the effect was reverted by ex-

ogenous administration of FGF-2 (20 ng/ml) (OD: 0.96

for FGF-2+ A�1–40 vs. 0.16 for A�1–40) (Fig. 2B).

Because FGF-2 appeared as the signal through

which A� peptide plays its dual role on endothelium,

we hypothesized that exogenous administration of

FGF-2 may counteract A�1–40-induced toxicity and

recover cell growth. CVEC were stimulated with

A�1–40 (5 �M) for 48 h in the presence/absence of

FGF-2 (20 ng/ml). As shown in Figure 2C, A�1–40

significantly (p < 0.001) reduced endothelial cell

growth, its effect being reverted by exogenous ad-

ministration of FGF-2. These results underline FGF-2

as a possible molecule capable to counteract

A�1–40-induced toxicity.
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Fig. 2. FGF-2 mediates A�
����

effects on endothelial cells. (A) ERK1/2 phosphorylation evaluated in CVEC after administration of A�
����

(50 nM)
or FGF-2 (20 ng/ml) in the presence/absence of anti-FGF-2 neutralizing antibody (6 �g/ml) for 10 min. Results were normalized to total ERK1/2.
A representative gel out of three obtained with similar results is shown. (B) CVEC were exposed to A�

����
(5 �M) in the presence/absence of

FGF-2 (20 ng/ml) for 10 min. Results were normalized to those obtained for total ERK1/2. A representative gel out of four obtained with similar
results is shown. (C) CVEC were treated with A�

����
(5 �M) in the presence/absence of FGF-2 (20 ng/ml). Results are expressed as cells

counted/well ± SEM. n = 3, * p < 0.001 vs. 0.1% BCS and
�

p < 0.01 vs. A�
����

alone by ANOVA



Discussion

This paper demonstrates that A� peptide exerts a dual

role on cultured endothelial cells.

It is known that soluble A� is constitutively se-

creted by healthy endothelial cells and can also be

found in human and animal cerebrospinal fluid [5]

and normally circulates in the blood at the nanomolar

level [12]. Conversely, A� peptides in their aggre-

gated form have been related to both neurodegenera-

tive disease (AD) and microvascular degeneration

(CAA).

Our results show that A�1–40 clearly promotes en-

dothelial cell growth at nanomolar concentration

a process which is associated with angiogenesis.

Moreover, the A�-stimulated proliferative activity

was similar to that of the well known angiogenic fac-

tor, FGF-2.

FGF-2 is a potent mitogen for different cell types,

including vascular endothelial cells and fibroblasts.

FGF-2 exerts its effect on endothelial cells through

a paracrine mode consequent on its release by cells

and/or mobilization from proteoglycans of the extra-

cellular matrix and may also play an autocrine role in

endothelial cells [2].

In order to investigate the mechanism by which A�

promoted endothelial cell growth we demonstrated

that A�1–40 increased FGF-2 mRNA expression as

well as protein production. The effect of A� on endo-

thelial cell proliferation was activated by ERK1/2. In

fact, exposure of endothelial cells to A�1–40 (50 nM)

enhanced ERK1/2 phoshorylation compared to con-

trol and the effect was mediated by FGF-2 as demon-

strated after combined administration of A�1–40 with

anti-FGF-2 neutralizing antibody.

The effect on cell growth was dual and it occurred

in a concentration related fashion. In fact, in the mi-

cromolar range of A� peptide we observed an in-

creased in cell loss.

Because at nanomolar concentration A�1–40 pro-

moted FGF-2 production and because A� positive ef-

fect seems FGF-2-mediated, we hypothesized that the

precipitating event leading to cell loss and endothelial

dysfunction is the reduced ability to produce FGF-2

by microvascolar endothelium. Indeed, 5 �M of A�1–40

abolished both FGF-2 mRNA expression and protein

production compared to 0.1% BCS and inhibited

ERK1/2 activation which was recovered by exoge-

nous FGF-2 administration. Similar results were ob-

tained in a functional test of endothelial cell growth,

in which exogenous administration of FGF-2 counter-

acts A�1–40 toxic injuries. From these results, FGF-2,

which is a growth factor acting in autocrine-paracrine

fashion to maintain the endothelium viability,

emerges as a molecule capable of preventing/repair-

ing the toxic injuries caused by A�1–40.

Together these results contribute to validate the hy-

pothesis that vascular damage may accelerate the de-

velopment of AD. In combination with a neuronal

deposition, it is known that A� accumulates in vessels

leading to endothelial cell modifications [3]. We sug-

gest that during an early phase of AD development,

A� stimulates endothelial cells to acquire an angio-

genic phenotype through interaction with endogenous

FGF-2 and induction of its synthesis. This may be

a protective mechanism to counteract hypoxia or the

diminished vascular function near the site of inflam-

mation, or, instead, may facilitate the inflammatory

process. Later A� starts to accumulate, becoming

toxic itself for endothelial cells and its aggregation

contributes to exacerbate the inflammatory process.

At these concentrations A� peptide looses its ability

to prime FGF-2 cycle, which physiologically attunes

the endothelium, preserving its integrity and promot-

ing its survival. A loss of function due to peptide ag-

gregation in AD may be a fundamental pathological

event in that loss of proper angiogenic balance and

might contribute to the worsening of the angiopathy.
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