
A

M
a

b

c

T
A
b
l
l
d
t
[
m
m
c
A
b
p
s
t

n
S

0
d

Neuroscience Letters 441 (2008) 319–322

Contents lists available at ScienceDirect

Neuroscience Letters

journa l homepage: www.e lsev ier .com/ locate /neule t

myloid beta toxicity dependent upon endothelial cell state

ercedes Balcellsa,b,∗, Joseph S. Wallinsa, Elazer R. Edelmana,c

Harvard-MIT Division of Health Sciences and Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, United States
Institut Químic de Sarrià, Ramon Llull University, Via Augusta 390, Barcelona 08017, Spain
Cardiovascular Division, Brigham and Women’s Hospital and Harvard Medical School, 75 Francis Street, Boston, MA 02115, United States
de fam
ratio
42, w

barr
injur
we ex
feren
s mo
were
O. Pr
A�42
a from
ed or
w ne
A�. T

he co
a r t i c l e i n f o

Article history:
Received 14 December 2007
Received in revised form 18 June 2008
Accepted 20 June 2008

Dedicated to the memory of Prof. Vernon
Ingram.

Keywords:
Amyloid beta
Endothelium repair
Alzheimer’s
Cerebral amyloid angiopathy

a b s t r a c t

Amyloid beta (A�), a pepti
at subnanomolar concent
produce a form of A�, A�
stress induced blood brain
cannot account for lack of
mediates A� effect. Thus,
epithelial cells (EPI) in dif
ovary cells (CHO). A� wa
sprouted and SMC and EPI
A� production by A�+CH
production and toxicity of
of A� conditioned in medi
cytotoxic to cells in injur
this protein. One may no
and exposure duration to
help understand further t

spectrum of AD.

he discovery of amyloid deposits in brains of patients with
lzheimer’s disease (AD) provides an attractive mechanistic link
etween aberrant amyloid beta protein (A�) accumulation and

ocal tissue toxicity. A� is formed from the cleavage of the amy-
oid precursor protein into forms of 39 to 42 residues [10]. Two
istinct forms of A� are produced in neurons; A�40 is generated in
he trans-Golgi network, and A�42 in the endoplasmic reticulum
16]. A� polymerizes into fibrils of many different distinct inter-

ediates, but it is the nonfibrillar small soluble oligomers that
ost toxic [10,19]. A� inhibits synaptic AMPA receptors [21] and

an induce cerebral amyloid angiopathy (CAA) characterized by
� plaque accumulation in the wall of cerebral or leptomeningeal
lood vessels [24]. A�42 inhibits specific receptors which may
lay a critical role in hippocampal memory encoding, while no
uch effects were observed from A�40 [21]. A�42 is more toxic
o rat neuromicrovascular endothelial cells than A�40 [11]. Indeed,
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ily produced and deposited in neurons and endothelial cells (EC), is found
ns in the plasma of healthy individuals. Simple conformational changes
hich creates toxic plaque in the brains of Alzheimer’s patients. Oxidative
ier degeneration has been proposed as a key factor for A�42 toxicity, but

y from the same peptide in healthy tissues. We hypothesized that cell state
amined the viability of aortic EC, vascular smooth muscle cells (SMC) and
t states in the presence of A� secreted from transfected Chinese hamster
re toxic to all cell types when they were subconfluent. Subconfluent EC
inhibited by A�. Confluent EC were virtually resistant to A� and suppressed
oducts of subconfluent EC overcame this resistant state, stimulating the
. Confluent EC overgrew ∼35% beyond their quiescent state in the presence

subconfluent EC. These findings imply that A�42 may well be even more
growth states and potentially explain the variable and potent effects of

ed to consider tissue and cell state in addition to local concentration of
he specific interactions of A� and EC in a state-dependent fashion may

mmon and divergent forms of vascular and cerebral toxicity of A� and the

© 2008 Elsevier Ireland Ltd. All rights reserved.

A�40 can even enhance coronary endothelial cell survival in low

(nanomolar) concentrations; only becoming toxic in the micromo-
lar range [5]. Yet, it remains unclear at what stage A� becomes
toxic, whether vascular toxicity predates or follows neurotoxicity,
and if A� burden correlates with cerebral and vascular disease.
The extent of A�42 capillary deposits correlate with the pres-
ence of neuritic AD [1] but senile plaque abundance does not
determine the degree of dementia exhibited by AD patients [25].
Moreover, the oxidative stress-induced blood brain barrier degen-
eration proposed as a key factor for A�42 toxicity cannot account
for lack of injury from the same peptide in healthy tissues [15]
and therapeutic targeting of amyloid alone may not be suffi-
cient to improve functional deficits over the course of the disease
[23].

Previous in vitro studies examined the effects of synthetic pep-
tides as primary cells, both neuronal and non-neuronal, secrete an
insufficient amount of A� to perform mechanistic experiments.
More recently, Chinese hamster ovary cells were stably trans-
fected to overexpress A� (A�+CHO) such that A� oligomers were
detectable in the conditioned media (CM) [27]. We hypothesized
that tissue state determines amyloid effect, postulating that health
tissues may be more resistant to A� and diseased tissues more
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susceptible. In particular, we sought to determine if endothelial
integrity affects the vascular consequences of A�.

Bovine aortic endothelial cells (EC) and Chinese hamster ovary
cells were from Promocell (Germany) and Gibco (US), respectively.
Rat lung epithelial cells (EPI) were from ATCC (VA) and bovine aortic
smooth muscle cells (SMC) were isolated from calf aortas. Amyloid-
� (1-42)-secreting Chinese hamster ovary cells (A�+CHO) were
kindly provided by Prof. Dennis J. Selkoe (Center for Neurologic
Diseases, Brigham and Women’s Hospital, Boston, MA). A�+CHO
secretion of A� (Fig. 3A) and subsequent A� fibril formation (Fig. 3B)
peak at 48 h and falls over thereafter. All cells were cultured in
DMEM (Gibco, NY) supplemented with 10% fetal bovine serum
(HyClone, UT), 200 �g/ml of G418 (Cambrex, US), 35 �M strepto-
mycin sulfate, 50 U/ml penicillin and 2 mM glutamine (Gibco) in a
10% CO2 humidified incubator.

Proliferation studies were performed using Transwell
polystyrene plates (Costar, US) with 0.4 �m-pore size polyester
membrane. A�+CHO were seeded on the membranes at 1.4*E05
cells/insert while EC, SMC and EPI were seeded at 10*E04
cells/plate on the bottom. Twenty-four hours after seeding, inserts
were placed inside corresponding plates. In studies done on con-
fluent EC, SMC and EPI, cells were allowed to proliferate and reach
confluence for 7 days prior to incorporation of the insert containing
A�+CHO. Cells were kept in co-culture for 1, 2 and 5 days. At these
time points, cell detachment was performed by trypsinization and
cell numbers measured using a Beckman Coulter counter.

CM was collected for fibril formation and proliferation studies.
For the former, media was conditioned with A�+CHO and collected
at 6, 12, 24, 48 and 120 h of culture. For the latter, media was con-
ditioned with A�+CHO in co-culture with EC, and with A�−CHO in
co-culture with EC as control. Additional controls included indi-
vidual cultures of EC and A�−CHO. CM was collected at 24, 48,
and 120 h of culture, centrifuged and added to a confluent layer
of EC. After 5 days, EC were detached and cell number deter-
mined. Immediately after collection, CM was filtered using a 30,000
NMWL eppendorf filter unit to separate fibrillar from non-fibrillar
fractions. Both initially collected samples (total A�42) and filtrate
(non-fibrillar A�42) were quantified using a commercially available
ELISA kit (Biosource, US).

Stock solutions of synthetic A�42 (Keck Facility, Yale Uni-
versity) were prepared in autoclaved water with addition of
1N NaOH to pH 11 and kept on ice. Seed-free A�42 was pre-
pared as described by Fezoui et al. [9] for A�40. The solution
was filtered through a 30,000 NMWL Eppendorf filter unit at

10,000 rpm and 4 ◦C for 10 min. Control samples were prepared
by diluting the A�42 stock solution to 10 �M in Tyrode’s/2 mMCa
buffer. Fibrils in CM were measured directly after collection or
after incubations of 4, 12, 24 and 48 h. Thioflavin T (Sigma)
was then added to each CM sample for a final concentration
of 10 �M. 100 �l-samples were aliquotted in quadruplicate in
black–black 96-well plate and fluorescence measured at Ex440
Em480 in a FLUOstar OPTIMA (BMG Labtechnologies) plate
reader.

A�42 was cytotoxic to vascular smooth muscle cells (SMC) and
lung epithelial cells (EPI) as their expected proliferation 5 days after
culturing was suppressed (Fig. 1). This reduction in cell number
was more profound when cells were subconfluent (33.7 ± 2.6% and
35.1 ± 1.4% for EPI and SMC, respectively, p < 0.05), a finding all the
more remarkable as at growth should have been even greater at
these sparse cell densities. The cell density-dependent response to
A� was especially pronounced in vascular EC. While confluent EC
monolayers remained undisturbed and quiescent, indistinct from
controls (Fig. 1) sub-confluent EC lost their normal control mecha-
nisms and overgrew and sprouted in an aberrant fashion (22.4 ± 5%,
p < 0.005, Fig. 1).
Fig. 1. A�42 was cytotoxic to vascular smooth muscle cells (SMC) and lung epithelial
cells (EPI). This reduction in cell number was more profound when cells were sub-
confluent (33.7 ± 2.6% and 35.1 ± 1.4% for EPI and SMC, respectively, p < 0.05). While
confluent EC monolayers remained undisturbed and quiescent, indistinct from con-
trols, sub-confluent EC lost their normal control mechanisms and overgrew and
sprouted in an aberrant fashion (22.4 ± 5%, p < 0.005).

Subconfluent and proliferating cells of all types interact with the
A� protein, and EC specifically regulate A� secretion by CHO cells.
Media conditioned from EC at any density had no added effect on EC
growth in the absence of A�42. Confluent EC remained quiescent
when exposed to A�+CHO conditioned media (Fig. 2) or if A�+CHO
secreted their products in the presence of confluent EC. In any of
these above conditions cell sprouting was not observed and in the
latter A� secretion by A�+CHO was even suppressed (Fig. 3A). Sub-
confluent EC had the reverse effect. Whereas media conditioned
in the presence of confluent EC suppressed A�, protein secretion
was maintained at expected elevated levels in the presence of sub-
confluent EC (Fig. 3A). While A� alone had no effects on EC, the
very same A� concentration incubated with subconfluent EC was
cytotoxic. Fibrillar and non-fibrillar A� protein levels were identi-
cal in media conditioned from A�+CHO alone or with subconfluent
EC and yet only the latter was toxic to EC. EC and A� secreting
CHO cells induced EC sprouting (Fig. 2A, 33 ± 5%, p < 0.005). The
combined media induced marked morphological changes classic
for overgrowth and disorganized sprouting in confluent EC after
5-day incubation (Fig. 2B). The already significant cytotoxic effects

of A�42 on SMC were not further enhanced by added effects of EC
CM.

Oligomers and fibrils of A� are the primary putative neurotoxin
in Alzheimer’s disease [8,22]. Selective toxicity of A�42 over the
A�40 form is thought to arise from the tendency of the former to
polymerize to stable trimeric or tetrameric structures at high con-
centrations, while the latter remains as a monomer [6]. The toxicity
of A� may arise from its ability to disrupt the extracellular matrix
[17] on the one hand and its interaction with vessels, especially EC
on the other. The extracellular matrix effects are well documented
and may explain the toxic effects of A�-secreting CHO observed on
both EPI and SMC. Yet, circulating A� protein is not significantly
toxic to normal tissues and cells [15]. We now provide added reg-
ulatory dimension to these toxic effects wherein A� cytotoxicity
is density dependent for many cells, and in EC in a manner that is
auto-regulatory. Subconfluent EC promote and confluent EC limit
A� toxicity.

Confluent cells are quiescent and present a phenotype that
reflects a functional rather than reparative or proliferative state.
Confluent SMC express a greater amount of contractile proteins and
in matched array than subconfluent or proliferative SMC [3,12,13].
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Fig. 2. (A) Effect of conditioned media (CM) obtained from A�42 secreting cells (A�+CHO
of confluent EC. Cells were counted after 5 days of incubation with CM. Independent of
the confluent EC (p < 0.005 at 24 h of CM incubation, p < 0.001 at 48 h of CM incubation,
was observed from CM obtained from A�+CHO alone, A�+CHO/confluent EC, or from A�−

sprouting in confluent EC after 5-day incubation (right) and control confluent EC monola

That A� is more toxic to the subconfluent cells may well reflect a
susceptible state or even interaction with proteins expressed in the
growing and not the quiescent cell. These effects are most profound
for the EC. EC state is an index of vascular health. EC dysfunction
and injury presages vascular disease and vascular repair directs
recovery of endothelial integrity as a means of restoring vascu-
lar vigor. The intact endothelial monolayer serves as a powerful
bioreactor that secretes factors that inhibit the growth of underly-

Fig. 3. (A) The concentration of A�42 in the CM from cultures of A�+CHO alone, A�+CHO/s
of culture. The concentration of A�42 was largest in cultures of A�+CHO alone and A�+CH
at 48 h (p < 0.005 compared to A�+CHO/sub-confluent EC). (B) CM from A�42 secreting
for various times. Fibril formation significantly increased over 48 h of collection (p < 0.00
formation, especially after 48 h of collection (p < 0.005 compared to no additional incubat
) alone, or from co-cultures with confluent or sub-confluent EC on the proliferation
the collection day, CM from A�+CHO/subconfluent EC had a stimulatory effect on
and p < 0.01 at 120 h of CM incubation, all compared to A�+CHO). No such effect
CHO controls. (B) Morphological changes classic for overgrowth and disorganized

yer (left).

ing SMC, compounds like heparan sulfate proteoglycans and TGF�
that bind and inactivate vascular growth factors, maintain vascu-
lar tone, control leukocyte adhesion and transmigration and limit
local inflammation and immune activation [20]. Vascular damage
removes these protective mechanisms and directly exposes under-
lying SMC to circulating factors without their endothelial filter.
Injured SMC, subconfluent EC and activated leukocytes produce
an array of chemokines, cytokines and growth factors that are

ub-confluent EC, and A�+CHO/confluent EC was determined after 24, 48, and 120 h
O/sub-confluent EC at 48 h, and much less in the culture of A�+CHO/confluent EC

cells (A�+CHO) were collected over 120 h, and each sample was further incubated
1 at 48 h compared to 24 h). Prolonged incubation after collection increased fibril
ion time).
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growth promoting, immune activating and vasoconstrictive. Thus,
EC state and density define vascular health and modulate vascular
repair. Confluent EC promote vascular quiescence and subconflu-
ent EC induce further vascular damage. We now show that these
density-dependent effects also regulate A� cytoxicity. Disruption
of endothelial integrity creates an EC that enhances A� toxicity,
while the intact endothelium limits not only EC response but A�
secretion.

A myriad of effects could be envisioned to explain these phe-
nomena and are worthy of future study. Damaged cells, EC in
particular, for example, release growth factors like FGF2, and CM
from these cells stimulates EC and SMC growth [2]. A�40, in low
(nanomolar) concentrations, increases mRNA expression and pro-
tein production of FGF2 [4], whereas micromolar concentrations of
A�40 have an opposite effect on FGF2 production [5]. Toxic effects
of A� can be overcome by higher levels of FGF2. EC that overex-
press FGF2 are especially resistant to any A�40 injury [7]. A�42 may
therefore increase FGF2 production in a manner which is density-
dependent. In confluent EC, cell machinery may enable FGF2 levels
to provide autoprotection but subconfluent EC may not be able to
produce such concentrations and only enough added growth factor
to promote overgrowth. Growth factor effects may be enhanced by
the heparin-binding nature of A�. Various domains on the amyloid
precursor protein are involved with the binding of heparan sulfate,
and fibrillar A� may even bind better to heparin-like compounds
[18,26]. Modulation of heparan sulfate proteoglycan function is
density dependent [14,20] to futher explain cell state control of
A� toxicity.

The physiologic release of A� from transfected cells [27,5] pro-
vides the opportunity to examine the pathobiology of AD and
related disorders. Continued elucidation of the nature of the syn-
ergistic and complimentary effects of A� and cell state may help
explain the variable but potent effects of A�. One may now need
to consider tissue and cell state in addition to local concentration
of and exposure duration to A�. The specific interactions of A� and
EC in a state dependent fashion may help understand further the
common and divergent forms of vascular and cerebral toxicity of

A� and the spectrum of AD.
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