
Abstract Amyloid-β (Aβ) deposition in cerebral blood
vessel walls is one of the key features of Alzheimer’s 
disease (AD). Aβ1–40 carrying the “Dutch” mutation
(DAβ1–40) induces rapid degeneration of cultured human
brain pericytes (HBP). To study the mechanisms of this
Aβ-induced toxicity, a comparative cDNA expression ar-
ray was performed to detect differential gene expression
of Aβ-treated versus untreated HBP. Messenger RNA ex-
pression of leukemia inhibitory factor (LIF) and insulin-
like growth factor binding protein 3 (IGFBP-3) was in-
creased in DAβ1–40-treated HBP, whereas early growth re-
sponse factor-1 (Egr-1) expression was decreased. Corre-
sponding protein expression was investigated in AD and
control brains. In all AD cases examined, LIF expression
was observed in senile plaques and cerebral amyloid an-
giopathy, whereas IGFBP-3 expression in these lesions
was only observed in a subset of cases. LIF and IGFBP-3
were also expressed in neurofibrillary tangles, as well as
in neurons in AD and control brains. Egr-1 was predomi-
nantly expressed in astrocytes. Given its known involve-
ment in both neuronal and immune responses to injury,
the cytokine LIF may be a mediator of the inflammatory
reaction seen in AD. IGFBP-3 is known to inhibit cell
proliferation and induce apoptosis and may therefore con-
tribute to neuronal degeneration in AD.
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Introduction

Senile plaques (SPs) and cerebral amyloid angiopathy
(CAA) are two of the key pathological lesions of Alzhei-
mer’s disease (AD). The major component of these le-
sions is the 39–42 amino acid amyloid β protein (Aβ)
[11], which is proteolytically cleaved from the larger amy-
loid β precursor protein (APP). CAA is also a characteris-
tic of the autosomal dominant disorder hereditary cerebral
hemorrhage with amyloidosis-Dutch type (HCHWA-D).
HCHWA-D is caused by a mutation at amino acid 22 of
the Aβ sequence [18], resulting in extensive amyloid de-
position in the small leptomeningeal arteries and cortical
arterioles, often leading to fatal hemorrhages.

Amyloid deposition in vessels causes degeneration of
human brain pericytes (HBP) and smooth muscle cells
(SMC) (i.e., cerebrovascular cells) [13, 35], while deposi-
tion of Aβ in SPs is associated with neuronal degenera-
tion [16]. Previously, we have established a cell culture
model using HBP to investigate the cellular toxicity of Aβ.
Synthetic Aβ1–42 peptide, but not Aβ1–40, caused degener-
ation of cultured HBP [31, 33] and Aβ1–40 containing the
“Dutch” mutation (DAβ1–40) induced an even more pro-
nounced degeneration of HBP and SMC [6]. Moreover,
only soluble, non-aggregated Aβ peptides are toxic to
cerebrovascular cells [7, 31, 32]. The soluble pathogenic
forms of Aβ assemble into an elaborate network of fibrils
on the SMC surface [29], prior to an increase in cell-asso-
ciated APP and subsequent cellular degeneration [19].
However, the precise pathogenic mechanism of Aβ-in-
duced toxicity remains unclear. Thus, identification of the
mediators of Aβ-induced cell death is of great importance
to unravel pathways leading to Aβ-induced toxicity.

In the present study, we used the in vitro model of Aβ-
mediated toxicity in HBP to identify potential effector
molecules. Hereto, differential gene expression analysis
was used to compare the expression level of a selected
number of genes in DAβ1–40-treated versus untreated
HBP. Several genes, 25 in total, were found to be differ-
entially expressed. Leukemia inhibitory factor (LIF), in-
sulin-like growth factor (IGF) binding protein 3 (IGFBP-3)
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and early growth response factor 1 (Egr-1) were selected
for further investigation, because of the clear difference in
mRNA expression levels, their involvement in cell sur-
vival and cell death, and because of the availability of an
antibody for immunohistochemistry. Differential expres-
sion was investigated at the protein level in cultured HBP
either treated or not with DAβ1–40. Moreover, protein ex-
pression patterns of these genes were examined by im-
munohistochemical staining in the cerebral cortex and
hippocampus of AD and control patients.

Materials and methods

Materials

Synthetic DAβ1–40, 89% pure, was obtained from Biosource (Et-
ten-Leur, The Netherlands). This peptide contains a glutamine in-
stead of a glutamic acid residue at position 22. Lyophilized peptide
was dissolved in sterile water at 250 µM and stored at –80°C prior
to use. All primary antibodies and their sources are listed in Table 1.
All biotin-labeled secondary antibodies, the avidin-biotin-peroxi-
dase complex (ABC) and sheep anti-mouse-fluorescein isothiocy-
anate (FITC) were obtained from Vector Laboratories (Burlingame,
Calif.). Swine anti-rabbit-FITC and sheep anti-mouse-peroxidase
were purchased from DAKO Corporation (Carpinteria, Calif.) and
Donkey anti-goat-peroxidase was purchased from Jackson Immu-
noresearch Laboratories (Pa.).

Cell culture

HBP were isolated and characterized as described previously [30].
Cells were maintained in Eagle’s modification of essential medium
(EMEM, Bio-Whittaker, Verviers, Belgium) supplemented with
10% human serum, 20% newborn calf serum, 1 ng/ml basic fibro-
blast growth factor and antibiotics. For comparative cDNA mi-
croarray analysis, cells were cultured in a culture flask and for all
other experiments in eight-well chamber slides (Nunc, Roskilde,
Denmark). Prior to experiments, cells were incubated in EMEM
containing 0.1% bovine serum albumin (BSA) and antibiotics for
at least 4 h. Subsequently, cells were incubated in fresh EMEM/
0.1%BSA, either supplemented or not with synthetic DAβ1–40 pep-
tide at 25 µM, for the indicated number of days.

Comparative cDNA microarray analysis

cDNA microarray analysis was performed using the Atlas human
cDNA Expression Array (Clontech Laboratories, Calif.) according
to the instructions of the manufacturer, with few alterations de-
scribed below.

This array consists of 588 human cDNAs (representing genes
of different functional classes, including transcription factors, cy-
tokines, oncogenes and tumor suppressor genes), 9 housekeeping
control cDNAs and negative controls, all immobilized in duplicate
dots on a nylon membrane. [α-32P]dCTP-labeled cDNAs were pre-

pared from total RNA of DAβ1–40-treated and untreated HBP.
These two cDNA pools were used to hybridize two identical ar-
rays. The entire experiment, beginning with treatment of HBP with
DAβ1–40, was performed in duplicate.

After a 3-day incubation, total RNA was isolated from HBP ei-
ther treated or not with Aβ using the RNAzol B protocol (Campro
Scientific, Veenendaal, The Netherlands). After isolation, the RNA
pellet was resuspended in 20 µl DEPC-treated water for 30 min at
56°C and stored at –80°C prior to use. Of the total RNA, 20 µg
was treated with RNase-free DNase I (Boehringer Ingelheim, Ger-
many, 1 U/µg RNA) at 37°C for 1 h in an air incubator in a total
volume of 50 µl, to remove possible genomic DNA contamination.
Subsequently, the RNA sample was purified using phenol:chloro-
form (1:1) and precipitated with NH4OAc and ethanol. The precip-
itate was dissolved in 5 µl of deionized water to a final RNA con-
centration of 2–5 µg/µl and then 5 µg of total RNA was converted
into a [α-32P]dCTP-labeled first-strand cDNA probe. Chromaspin-
200 DEPC-H2O columns were used to separate non-incorporated
label from the probe. The entire pool of labeled cDNA probe was
mixed with a denaturing solution (1 M NaOH, 10 mM EDTA) and
incubated for 20 min at 68°C. Then, Cot-1 DNA (to capture non-
specific DNA) and neutralizing solution (1 M NaH2PO4, pH 7.0)
was added and the incubation at 68°C was continued for 10 min.
This mixture was added to 5 ml of the prehybridization solution
containing a final radiolabel concentration of approximately 0.5×
106–2×106 cpm/ml. After prehybridization with denatured sheared
salmon testis DNA (to avoid nonspecific binding of the probe), the
Atlas Array was incubated overnight with the hybridization mix-
ture with continuous agitation at 68°C. Subsequently, the Atlas Ar-
ray was washed twice in 200 ml wash solution 1 (2× SSC, 1% SDS)
for 30 min with continuous agitation at 68°C, followed by an addi-
tional 30-min wash in 200 ml wash solution 2 (0.1× SSC, 0.1%
SDS) with continuous agitation at 68°C. The damp membrane was
immediately wrapped in plastic and exposed to a Kodak BioMax
MS film at –70°C with an intensifying screen for different time pe-
riods. All mixtures, buffers (except washing buffers) and spin
columns were provided by Clontech Laboratories.

Autopsy material

Brain tissue from patients with clinically diagnosed and neuro-
pathologically confirmed AD and from controls (without neuro-
logical disease) was obtained from autopsy material. A definite di-
agnosis of AD was based on a combination of neuropathological
[21] and clinical criteria. Tissue samples from frontal or temporal
cortex and hippocampus were obtained from 5 control patients 
[4 female, 1 male; age 74.0±8.0 years; post-mortem delay (PMD)
4.6±1.3 h] and 13 AD patients (8 female, 5 male; age 79.6±8.0 years;
PMD 4.4±2.0 h). Tissue samples were frozen in liquid nitrogen
immediately after removal and stored at –80°C.

Immunohistochemical staining of human brain cryosections

Air-dried sections from frozen tissue (5 µm thick) were fixed in
acetone for 10 min and preincubated for 30 min at room tempera-
ture with 20% animal serum, the type of which was determined by
the specific secondary antibody used. Subsequently, the sections
were incubated with the primary antibodies (for dilutions see Table 1)
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Table 1 Primary antibodies
used for IHC, IF and WB
analysis (IHC immunohisto-
chemistry, IF immunofluores-
cence, WB Western blot, Htau
hyperphosphorylated tau, LIF
leukemia inhibitory factor,
IGFBP-3 insulin-like growth
factor binding protein 3, Egr-1
early growth response factor-1)

Antigen Species Dilution IHC Dilution IF Dilution Source
raised in: WB

Aβ (6C6) Mouse 1:40,000 1:4,000 – Elan Pharmaceuticals
Htau (AT8) Mouse 1:200 1:200 – Innogenetics
LIF Goat 1:50 1:50 1:100 Santa Cruz
IGFBP-3 Goat 1:600 1:300 1:100 Santa Cruz
Egr-1 Rabbit 1:400 1:200 – Santa Cruz



overnight at 4°C, followed by an incubation with the appropriate
biotin-labeled secondary antibody, at a dilution of 1:200 for 1 h at
room temperature. Then, sections were incubated for 1 h with a
1:100 dilution of peroxidase-conjugated avidin-biotin complex
(ABC) according to the manufacturer’s description. Staining was
performed for 10 min with 0.5 mg/ml diaminobenzidine (DAB) as
chromogen in PBS with 0.25% H2O2 and stopped in tap water. The
DAB staining was enhanced with Cu2SO4, followed by counter-
staining with hematoxylin for 3 min, and then washed thoroughly
with tap water for 10 min. After dehydration in 96% alcohol and
xylol, sections were enclosed in Permount (Vector). Each incuba-
tion step was followed by extensive washing with PBS. All anti-
body dilutions were in PBS containing 0.1% BSA (PBS/0.1% BSA),
which also served as a negative control.

Immunofluorescence staining 
of human brain cryosections and Aβ-treated HBP

Air-dried sections from frozen tissue (5 µm thick) were fixed in
acetone for 10 min. For double staining, sections were simultane-
ously incubated with the two primary antibodies overnight at 4°C,
followed by an incubation with swine anti-rabbit-FITC (dilution
1:80) or sheep anti-mouse-FITC (dilution 1:200) (depending on the
first antibody used) and the appropriate biotin-labeled antibody
(dilution 1:200) for 45 min at room temperature. Subsequently, the
sections were incubated with Texas Red-labeled avidin (dilution
1:500, Vector) for 45 min at room temperature and mounted in
Vectashield (Vector). Antibodies were diluted in PBS/0.1% BSA
and each incubation step was followed by extensive washing with
PBS. The immunofluorescence staining was examined using a
confocal laser scanning microscope (Leica, Wetzlar, Germany).

HBP were cultured in eight-well chamber slides (as described
above), and incubated with or without DAβ1–40 for 3 days. There-
after, the cells were fixed with periodate-lysine-paraformaldehyde
(PLP) for 10 min and immunofluorescence staining, as described
above, was performed. Nuclei were stained with To-Pro-3 (Molec-
ular probes, Eugene, Ore., dilution 1:1,000).

Western blot analysis

HBP were incubated with DAβ1–40 for 3 days as described above,
after which supernatant was collected. Cells were washed once
with PBS and then solubilized with lysis buffer (one tablet of Com-
plete, mini Protease Inhibitor Cocktail, Boehringer, Mannheim,
Germany, dissolved in 10 ml PBS containing 1% SDS) for 15 min
at 37°C. Cell lysates and supernatants were stored at –20°C prior
to analysis. Lysates of brain tissue from AD patients as well as
control patients were obtained by solubilization of 20 cryosections
(10 µm each) in lysis buffer for 15 min at 37°C. Aliquots of the
lysates and supernatants were diluted 1:1 with dithiothreitol (DTT)-
reducing sample buffer and separated on a 12% SDS-polyacryl-
amide gel. Subsequently, proteins were electrophoretically trans-
ferred to a nitrocellulose membrane (Schleicher and Schuell, Das-
sel, Germany) in blot buffer (250 mM TRIS-glycine, 20% meth-
anol). Unoccupied sites on the membrane were blocked with 5%
non-fat milk containing 1:400 20% NaN3 in PBS containing 0.5%
Tween 20 for 2 h at room temperature. Blots were incubated over-
night with the primary antibody (for dilutions see Table 1) and
then with donkey anti-goat-peroxidase (dilution 1:50,000) or sheep
anti-mouse-peroxidase (1:2,000) depending on the type of primary
antibody used, for 1 h at room temperature. Controls for nonspe-
cific binding of secondary antibodies revealed no signals. Peroxi-
dase activity was detected using chemiluminescence, according to
the manufacturer’s protocol (Boehringer, Mannheim, Germany)
and exposure to Kodak X-Omat S films.

Results

DAβ1–40 induces degeneration of HBP

Cultured HBP were incubated with 25 µM DAβ1–40. After
3 days of incubation the first signs of cellular degenera-
tion were observed. Cell contours started to disappear, in-
dicating that plasma membranes were disrupted, but all
cell bodies remained attached to the culture dish (data not
shown). After a prolonged incubation of 6–7 days about
80% of the cells had died [31], whereas in the absence of
DAβ1–40 only approximately 2–5% of the cells are not vi-
able, the living cells remaining viable for several weeks.
Differential gene expression of a selected number of genes
between HBP, incubated with or without DAβ1–40, was
compared after a 3-day period, before the occurrence of
actual cell death.

Selection of genes for further investigation

The results of the comparative cDNA expression array
were determined by visual inspection. Out of the 25 genes
showing differences in mRNA expression levels, those
with potential involvement in either cell survival or cell
death were selected: LIF, IGFBP-3, and Egr-1. mRNA ex-
pression levels of these genes in untreated and DAβ1–40-
treated HBP are shown in Fig.1. An increase in gene ex-
pression was observed for LIF and IGFBP-3 after incuba-
tion with DAβ1–40, whereas a decrease was found for Egr-1.

Immunocytochemistry

LIF expression in cultured HBP

Immunofluorescence staining of cultured HBP showed a
filamentous staining of LIF throughout the whole cell
body, suggesting a cytoskeleton-like distribution. An in-
crease in expression was observed after incubation with
DAβ1–40. Furthermore, LIF expression followed the same
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Fig.1 Differential gene expression of LIF, IGFBP-3 and Egr-1.
Upper panels represent mRNA levels of untreated HBP, the lower
panels of HBP treated with DAβ1–40. cDNA is spotted in duplicate.
Egr-1 mRNA expression is strongly decreased, LIF and IGFBP-3
mRNA expression levels are increased upon DAβ1–40 treatment
(LIF leukemia inhibitory factor, IGFBP-3 insulin-like growth fac-
tor binding protein 3, Egr-1 early growth response factor-1, HBP
human brain pericyte, DAβ1–40 amyloid-β carrying the “Dutch”
mutation)



expression pattern as the supplemented Aβ, suggesting a
co-localization of both proteins (Fig.2A–C, white arrow).
LIF expression in HBP was also investigated using Western
blotting. One band was observed at approximately 50 kDa,
but no consistent differences were observed between HBP
incubated with or without DAβ1–40 (Fig.3, lane 1).

IGFBP-3 expression in cultured HBP

Immunofluorescence staining of IGFBP-3 revealed a gran-
ular cytoplasmic localization in cultured HBP. IGFBP-3
staining was increased after incubation of HBP with
DAβ1–40 for 3 days. Moreover, IGFBP-3 expression showed

a comparable expression pattern as the added DAβ1–40,
suggesting an extracellular co-localization (Fig.2D–F,
white arrow). Several bands were observed at molecular
masses ranging from approximately 30 to 50 kDa, and one
band at nearly 100 kDa (Fig.3, lane 2). However, again no
consistent differences were observed between HBP treated
with or without DAβ1–40.

Egr-1 expression in cultured HBP

In HBP, Egr-1 was predominantly expressed in a peri-nu-
clear location, resembling staining of the Golgi complex
(not shown). No differences in expression were observed
between DAβ1–40-treated and non-treated HBP. Egr-1 ex-
pression could not be detected by Western blotting.

Immunohistochemistry

Aβ and hyperphosphorylated tau

In the brains of all AD patients except one, diffuse as well
as classic SPs (Fig.4A) and neurofibrillary tangles (NFTs;
Fig. 4G) were observed. The remaining AD case was char-
acterized by extensive CAA, but neither SPs nor NFTs
were observed in the cortex, although classical SPs and
NFTs did occur in the hippocampus. CAA was observed
in seven AD patients (Fig.4D). Diffuse SPs were observed
in the brains of two control patients, but NFTs were absent.

LIF expression in control and AD brains

In all cases, both control and AD, LIF expression was ob-
served in the cytoplasm of large neurons in the cortex and
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Fig.2 Immunofluorescence
double staining of cultured
HBP for Aβ (6C6, monoclonal
antibody, green) (C, F) and
LIF (polyclonal antibody, red)
(A–C) or IGFBP-3 (poly-
clonal antibody, red) (D–F) 
after 3-day incubation with or
without DAβ1–40. A, D HBP
incubated without DAβ1–40 and
B, C, E, F with DAβ1–40. Nu-
clei are stained blue. White ar-
rows indicate examples of co-
localization of LIF or IGFBP-3
and Aβ. ×630

Fig.3 Western blot of LIF and IGFBP-3 in lysates of cultured
HBP. Sizes of molecular weight markers are indicated on the right
in kDa.



hippocampus (Fig.4H). Moreover, in the AD cases, LIF
was also expressed in NFTs. Immunofluorescence stain-
ing confirmed the co-localization of LIF with hyperphos-
phorylated tau (Fig.5G–I). This indicates that LIF is ex-
pressed in both unaffected neurons and neurons that con-
tain paired helical filaments of hyperphosphorylated tau.
LIF expression could not be observed in unaffected ves-
sels in cortex and hippocampus. In all AD cases and in
two control cases, LIF expression was observed in plaques
in the cortex and hippocampus (Fig.4B). If Aβ-laden ves-
sels were present, positive LIF staining could also be de-
tected in these vessels (Fig.4E). In only one AD case was
CAA-associated LIF-expression absent. Co-localization
of LIF with SPs and CAA was confirmed in both the cor-
tical and the hippocampal region by immunofluorescence
double staining (Fig.5A–F). Approximately 50–100% of
the SPs and 50–100% of the Aβ-laden vessels were posi-
tive for LIF.

The results of the semiquantitative examination of the
immunohistochemical staining for LIF, IGFBP-3 in AD
and control brains are summarized in Table 2.

IGFBP-3 expression in control and AD-brains

Similar to LIF, IGFBP-3 expression was observed in the
cytoplasm of large neurons and, in AD-cases, also in
NFTs (Fig.4I). Immunofluorescence double staining con-
firmed the expression of IGFBP-3 in NFTs (data not
shown, but staining was comparable to immunofluores-
cence staining of LIF as shown in Fig.5). IGFBP-3 ex-
pression was not observed in pericytes in the cortex and
hippocampus. IGFBP-3 was expressed in SPs in the cor-
tex of 6 out of 13 AD cases (Fig.4C) and in 3 AD cases
staining was observed in CAA. However, only a fraction
(0–50%) of SPs and Aβ-positive vessels were stained for
IGFBP-3 (Fig.4F, example of a vessel affected by CAA
but not stained for IGFBP-3). Again, co-localization of
IGFBP-3 with Aβ in SPs and CAA was confirmed by im-
munofluorescence double staining (data not shown). In
the hippocampus, IGFBP-3 expression in SPs and CAA
was absent.

Egr-1 expression in control and AD brain

Egr-1 expression was observed in astrocytes (Fig. 6), but
there was no difference in expression between AD and the
control group in both the cortex and hippocampus. Stain-
ing for Egr-1 was absent in the characteristic lesions of
AD, as confirmed by immunofluorescence double stain-
ing (Fig.5J–L). Furthermore, Egr-1 expression was not al-
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Fig.4 Immunohistochemical staining of an SP (black arrow) in
serial sections from AD cortex for Aβ (A), LIF (B), and IGFBP-3
(C). An Aβ-laden vessel (arrowhead) is stained in serial sections
from AD cortex for Aβ (D), LIF (E), and IGFBP-3 (F). Staining of
neurons (random sections) from AD cortex for hyperphosphory-
lated tau (G), LIF (H), and IGFBP-3 (I) (AD Alzheimer’s disease,
SP senile plaque). A–F ×250, G–I ×400
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Fig.5 Immunofluorescence
staining of an SP (A–C) and
CAA (D–F) for both Aβ
(green) and LIF (red). NTFs
(G–I) are stained for both hy-
perphosphorylated tau (green)
and LIF (red) in AD cortex.
Staining for both Egr-1 (green)
and Aβ (red) in AD cortex
(J–L). The panels on the right
show the results of the double
staining. LIF co-localized with
SPs, CAA and NFTs. Egr-1
did not co-localize with SP or
NFTs (CAA cerebral amyloid
angiopathy, NFT neurofibril-
lary tangle). A–L ×630

Senile plaques CAA

Cortex Hippocampus Cortex Hippocampus

AD LIF +/++ 12/13 +/++ 8/11 ++/+++ 5/7 +/++ 4/4
IGFBP-3 + 6/13 – 0/11 +/++ 3/7 – 0/4

Control LIF + 2/2 ++ 1/2 – 0/0 – 0/0
IGFBP-3 – 0/0 – 0/0 – 0/0 – 0/0

Table 2 Expression of LIF and IGFBP-3 in cortex and hippocam-
pus. Positive fractions (% of senile plaques or CAA-effected ves-
sels stained by a specific antibody compared with Aβ-positive
staining) were scored in the following categories: 0% (–), 0–50%

(+), 50–100% (++), or 100% (+++). The number of cases with se-
nile plaques or CAA (x) that are positively stained for either LIF or
IGFBP-3 (y) is also indicated as a ratio (y/x) (CAA cerebral amy-
loid angiopathy)



tered in reactive astrocytes surrounding SPs and CAA.
Thus, Egr-1 may be a general marker for both nonacti-
vated and activated astrocytes.

Discussion

Aβ is thought to play an important role in the pathogene-
sis of AD. The toxic properties of Aβ in vitro and in vivo
are well established, although the mechanisms of action
remain unclear. To uncover some of the effector molecules
that mediate Aβ-induced toxicity, a comparative cDNA ex-
pression analysis was conducted. Three genes, LIF, IGFBP-3
and Egr-1 were selected for further analysis because of the
difference in their mRNA expression levels after Aβ-
treatment and their potential role in cell death and sur-
vival. The increase in cellular LIF and IGFBP-3 mRNA
expression was confirmed on protein level by immuno-
staining of cultured HBP after incubation with DAβ1–40.
Although both LIF and IGFBP-3 could be detected by
Western blotting, we could not confirm the increase in pro-
tein levels after DAβ1–40 treatment. This may be caused by
intimate association of LIF and IGFBP-3 with fibrillar Aβ,
leading to reduced solubility. Consequently, in our hands
Western blotting appeared to be an unsuitable method to
detect differential expression of these proteins in HBP
cultures.

No expression of LIF or IGFBP-3 was observed in peri-
cytes in capillaries unaffected by Aβ deposition. How-
ever, as discussed previously [30], cross sections of peri-
cytes may be too thin to allow visualization by immuno-
staining, or HBP may express these proteins only during
activation and proliferation, i.e., when they are exposed to
culture conditions or in response to Aβ as in the case of
CAA.

LIF, and in some cases IGFBP-3, co-localized with
vascular Aβ as well as with Aβ in SPs in all AD cases.
The cellular origin of either protein remains unclear. Nev-
ertheless, from our in vitro studies, it can be concluded
that LIF and IGFBP-3 are produced locally, e.g., by peri-
cytes, SMC or as suggested by other studies, endothelial
cells [20]. Accumulation of Aβ in the cerebral vascular
wall, eventually leading to CAA, may lead to the degen-
eration of pericytes and SMC with a concomitant increase
in LIF and IGFBP-3 expression by these cells. Although

we were unable to visualize the expression of these pro-
teins in pericytes in brain tissue, it is possible that, in Aβ-
laden vessels, it is difficult to distinguish the expression of
LIF and IGFBP-3 in HBP from their accumulation in
CAA. Moreover, both LIF and IGFBP-3 are also ex-
pressed by neurons, as suggested by other studies [5, 25],
therefore neurons may be the cellular source of these pro-
teins in SPs. Neuronal LIF and IGFBP-3 may be trans-
ported by interstitial fluid drainage towards the vascula-
ture [34], leading to its accumulation in Aβ-laden vessels.

The neuropoietic cytokine LIF is related, both in struc-
ture and in its mechanism of action, to the interleukin
(IL)-6 family of cytokines, which also includes IL-11, cil-
iary neurotrophic factor (CNTF), oncostatin M, and car-
diotrophin [22]. LIF is involved in both neuronal and im-
mune responses to injury [17]. For example, LIF saved
sensory, motor, and cholinergic neurons [4] from axo-
tomy-induced cell death and its expression increased in
response to peripheral nerve injury [27]. On the other
hand, LIF has been described to induce an inflammatory
response, e.g., LIF induced expression of both IL-1 and
IL-6 [36], and, vice versa, both IL-1 and IL-6 can induce
LIF [15]. IL-1 and IL-6 are expressed by activated mi-
croglia cells [12] and in SPs in AD brain [1]. In addition,
LIF may be a mediator of astrocyte activation [3, 20], a
process that is observed in AD brains surrounding SPs. In
summary, the increase in LIF expression that is evoked 
as a response to Aβ-mediated injury in our cell culture
model, may also occur in AD brains in an attempt to sur-
vive Aβ-induced toxicity. This increased LIF expression
may, in turn, generate an inflammatory response [28],
which has been described to be tightly associated with SP
formation [10] (Fig.7).

IGFBPs are a complex family of seven closely related
proteins that bind to IGFs and thereby act as modulators
of IGF availability. Increased expression of IGFBP-3 has
been related to the inhibition of cell growth and the in-
duction of apoptosis [2]. IGF-1 may have neurotrophic
activity, since it protects and even rescues rat hippocam-
pal primary neurons from Aβ-induced toxicity [9]. The
neuroprotective actions of IGF-1 may be inhibited by
IGFBP-3, by sequestering IGF-1 from its receptor, and
thereby inhibiting cell proliferation and inducing apopto-
sis [26]. In summary, Aβ-induced expression of IGFBP-3
may lead directly to cell death or to inhibition of cell
growth, either by a direct mechanism or indirectly by coun-
teracting the neuroprotective effects of IGF-1. However,
given the expression of IGFBP-3 in only a fraction of
CAA and SPs, IGFBP-3 seems to play a less prominent
role in AD pathogenesis than LIF.

The pleiotrophic immediate early gene Egr-1 appears
to be a bifunctional protein that is capable of either the ac-
tivation or repression of transcription [14]. Egr-1 has been
reported to be pro-apoptotic [24] and to be increased after
injury [8], but, on the other hand, Egr-1 has also been de-
scribed as an anti-apoptotic molecule [23]. In this study,
we found a clear down-regulation of Egr-1 mRNA levels
in HBP incubated with DAβ1–40. However, this was not
reflected by a differential expression in AD versus control
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Fig.6 Immunohistochemical staining of Egr-1 in AD brain, show-
ing that Egr-1 is expressed in astrocytes (arrow). ×250



brains. Therefore, the role of Egr-1 in the pathogenesis of
AD remains controversial.

In conclusion, the increase in mRNA and protein ex-
pression levels in cultured HBP incubated with Aβ sug-
gest that Aβ may also induce excessive LIF production in
AD brains, which in turn may be part of an inflammatory
response including activation of astrocytes and production
of several cytokines such as IL-6 and IL-1 (Fig.7). On the
other hand, LIF may be produced as a response of cells to
protect them against Aβ-induced cell death. Aβ may also,
albeit to a lesser extent, induce the production of IGFBP-
3, which may mediate the cellular degeneration observed
in AD brains. Finally, differential gene expression analy-
sis in a culture system can indeed be a useful tool to iden-
tify possible mediators involved in SP and CAA formation.
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