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Since passive immunization with serum-derived immunoglobulins (intravenous immunoglobulins) showed
several positive effects in some patients with Alzheimer‘s disease (AD), intravenous immunoglobulins (IVIG)
are discussed as a possible treatment option. IVIG, an antibody product derived from human plasma,
contains natural antibodies against amyloid �(A�) peptide. Until now it is not known, how IVIG interferes
with pathogenesis in AD, but several proposed mechanisms are in discussion. Receptor types which are
involved in transport processes at the BBB are LRP, RAGE and hFcRn. We were looking for an in vitro BBB
model expressing these receptors and studied the alteration of transport of A� peptides across this model
under the influence of immunoglobulins. Cell line ECV304 was found to be suitable for our experiments. We
found evidence for involvement of an improved clearance of A� across the BBB as well as a decreased A�

influx from blood to the brain probably following complex formation of immunoglobulins with free A� in the
periphery. Furthermore, we were able to confirm the activity of IVIG preparations which acted the same way
but showed slightly less efficacy in comparison to monoclonal anti-A� antibodies. Based on these results
we suggest multiple mechanisms responsible for the efficacy of immunotherapy in Alzheimer’s disease.

1. Introduction

Alzheimer’s disease (AD) is a neuropathological degenera-
tive condition with ongoing decline in cognitive functions and
memory. It is one of the most common causes of dementia.
Pathological hallmarks are neuronal cell loss, neurofibrillary
tangles, senile plaques and cerebrovascular amyloid deposits
as well as neuroinflammation.
The major constituents of senile plaques and deposits are amy-
loid � (A�) peptides. There are different forms of the peptide
and these differ in length and in their neurotoxic properties.
Amyloid � 1-42 (A�(1-42)) is the major component of senile
plaques and the more amyloidogenic form of the peptide (Tanzi
et al. 2004), whereas soluble amyloid � 1–40 (A�(1-40)) is the
major form of circulating A� peptides in the blood (Marco and
Skaper 2006). In Alzheimer’s disease the concentration of both
peptides in the CNS is elevated and therefore they are common
targets of AD therapy.
The mechanism by which A� levels in the CNS are increased
in AD is not clarified up to now. One suggestion is an increased
endogenous secretion of the peptide by neurons in contrast to
disturbances in the clearing mechanisms of the peptide out of
the brain and accumulation and deposition in brain parenchyma
(Deane et al. 2004).
In this context, the blood-brain barrier (BBB) possesses differ-
ent receptors which interact with A� peptides and maintain the
transport of these peptides from brain to blood and vice versa.
The low-density lipoprotein receptor-related protein (LRP) is
nowadays known to mediate the clearance of A� peptides out

of the brain into the plasma via transport across the BBB. In con-
trast to LRP, the receptor for advanced glycation end products
(RAGE), a multiligand receptor in the immunoglobulin super-
family, binds soluble A� peptides in the periphery and transports
them into the CNS (Zlokovic 2004). Except for these transport
mechanisms, A� is not able to pass the blood-brain barrier in
healthy individuals (Clifford et al. 2007). In Alzheimer patients
and in transgenic animal models of AD there is an imbalance
in the expression of LRP and RAGE at the blood-brain barrier.
RAGE is upregulated whereas LRP is downregulated, which
favors the accumulation of A� peptides in the brain (Shibata
et al. 2000).
Recently, another receptor is discussed to play an important role
in A� transport mechanisms at the BBB. The Fc receptor neona-
tal (FcRn) (Deane et al. 2005; Schlachetzki et al. 2002), which
is a Fc gamma receptor, is usually involved in the placental
transfer of maternal IgG into the fetal circulation, as well as in
the regulation of serum levels of IgG. It is composed of two
subunits: an integral membrane glycoprotein, the alpha-chain
(MW ∼ 45 kDa), and ß2-microglobulin. The FcRn is function-
ally and structurally distinct from the other Fc gamma receptors
and is an MHC class I related receptor (Simister and Mostov
1989).
Schlachetzki et al. (2002) found evidence for the expression
of the FcRn at the brain microvascular endothelium and the
choroid plexus epithelium and suggested it to play a crucial role
in antibody-based therapies in the case of Alzheimer’s disease.
The BBB FcRn mediates transport of IgG molecules only in
brain to blood direction (Zhang and Pardridge 2001).
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Under physiological conditions IgG transport across the BBB is
restricted (Bouras et al. 2005) and how antibodies gain access to
the brain is unclear. Some antibodies use extracellular pathways
to enter the brain (Banks et al. 2002) or undergo adsorptive-
mediated transcytosis (Bickel 1995). However, once they are in
the brain, anti-A�-antibodies bind to soluble A� peptides and
these A�-IgG complexes can be eliminated through the BBB via
the FcRn (Deane et al. 2005). This provides one possible expla-
nation how immunotherapy in AD is able to enhance clearance
of brain A� peptides.
Both active (Janus et al. 2000; Morgan et al. 2000; Schenk et al.
1999) and passive (Bacskai et al. 2001; Bard et al. 2000; Bredza
et al. 2005) immunization in mouse models of AD resulted
in significant reduction in plaque burden, neuritic dystrophy
and gliosis and improved cognitive performance and functional
outcome of the disease. Since active immunization approaches
resulted in some severe adverse inflammatory symptoms in the
brains of volunteers (Schenk 2002), the importance of passive
immunotherapy increased regarding the issue of safety.
For passive immunization specified monoclonal antibodies
(Bard et al. 2000; Bredza et al. 2005) as well as intravenous
immunoglobulins (IVIG) (Dodel et al. 2004; Hack and Scheltens
2004; Istrin et al. 2006) are under investigation. The effective-
ness of serum-derived or intravenous immunoglobulins (IVIG)
has been evaluated in a small number of patients with AD and
they were shown to stabilize cognitive decline and improve
cognition in treated patients (Dodel et al. 2004; Weksler et al.
2004). IVIG preparations, which are prepared from plasma of
healthy individuals, contain natural antibodies against A� pep-
tides (Dodel et al. 2002; Du et al. 2003). These antibodies are
able to reduce neurotoxic effects and fibril formation of A� pep-
tides (Du et al. 2003). Similar results were shown by Istrin et al.
(2006), who studied the interaction of A� peptides and IVIG in
vitro using a microglial cell line. They found that IVIG increased
cellular tolerance to A� aggregates, enhanced microglial migra-
tion and mediated phagocytosis of A� peptides. Dodel et al.
(2004) investigated the impact of IVIG on A� levels in CSF
and serum of AD patients and confirmed a reduction of total A�
levels in the brain.
The aim of the presented study was to investigate transport
mechanisms of A� peptides at the BBB using an already estab-
lished in vitro BBB model based on the human cell line ECV304
cultured in astrocyte conditioned medium (ACM). Under the
influence of glial factors, BBB properties are inducible in
this model, as the upregulation of the glucose transporter
GLUT-1 and �-glutamyl transpeptidase. Additionally, it exhibits
increased transendothelial electrical resistance (TEER) and
restricted permeability (Neuhaus et al. 2008). This indicates that
ECV304 layers are able to form tight junctions (Kiessling et al.
1999) and thus they can be used for BBB permeability studies
(Garberg et al. 2005; Neuhaus et al. 2008).
In regard to examine A� transport, the cells should exhibit the
main receptors interfering with transport processes at the BBB.
Therefore, ECV304 cells were analyzed for the expression of
RAGE, LRP and human FcRn.
After assessing the transport rate of A� peptides alone, it should
be investigated whether immunoglobulins (monoclonal anti-
A�- antibodies or IVIG) are able to alter A� permeation across
the in vitro BBB in both directions (blood to brain and brain to
blood).
We found that both immunoglobulin preparations interfered with
A� transport processes, whereas monoclonal antibodies exerted
a stronger impact than IVIG regardless of transport direction.
Influx of A� peptides from blood to the brain compartment of
the in vitro system was markedly decreased when antibodies
were added. Moreover, we were able to show an enhanced
clearance of A� peptides, when transport experiments were per-

formed in the opposite direction, from brain to blood. These
results are in concordance with the often stated “sink” hypoth-
esis, which suggests an interaction of A� peptides with specific
antibodies in plasma creating a concentration gradient across
the BBB and therefore promoting efflux of A� peptides from
brain into blood and on the other hand lead to a reduction of A�
permeation into the brain because of a limited present amount of
free A� peptides. Additionally, as already shown in former stud-
ies (Bard et al. 2000; Deane et al. 2005), we propose an active
receptor mediated clearance of A� peptides after passover of
circulating antibodies across the BBB.

2. Investigations and results

In order to study the transport rate of A� peptides across the
blood-brain barrier the ECV304 BBB in vitro model was used.

2.1. Detection of LRP, RAGE and hFcRn

To investigate whether the ECV304 BBB in vitro model is suit-
able to study the transport of A� peptides, the expression of the
three main receptors interfering with these transport processes at
the BBB was assessed using immunofluorescence and western
blot analysis.
Indirect immunofluorescence was used to detect LRP, RAGE
and hFcRn. Cells were grown on glass coverslips until conflu-
ence, permeabilized with cold methanol, washed and incubated
with the primary and afterwards the FITC-conjugated secondary
antibody solution. For the detection of LRP and RAGE mono-
clonal primary antibodies were used and for hFcRn a polyclonal
affinity-purified anti-hFcRn antibody (Leitner et al. 2006) was
used. In ECV304 cells, a bright fluorescent staining was con-
sistently present within the cytoplasm regarding especially the
receptor types LRP and RAGE (Fig. 1A and B). When staining
hFcRn, the labelling mainly appeared as fluorescent dots, which
leads to the suggestion of an association of that receptor type
with vesicular structures (Fig. 1C and D). This is consistent with
earlier observations concerning expression of FcRn in endothe-
lial as well as epithelial cells (Borvak et al. 1998; Ellinger
et al. 1999). A similar staining pattern was obtained when
staining BeWo/hFcRn cells. BeWo/FcRn is a Trophoplast-
derived cell line transfected with hFcRn (Ellinger et al. 2005)
and was used as a positive control for hFcRn expression
(Fig. 1E).
No labeling was obtained in control experiments in which the
primary antibodies were omitted (data not shown).
To verify these results, another technique to control the expres-
sion of LRP, RAGE and hFcRn in ECV304 cells was applied.
For this purpose SDS-Page and subsequent Western blotting was
performed. For the detection of hFcRn polyclonal anti-hFcRn
antibodies were used. As shown in Fig. 2A, the antibody reacted
with a protein of about 45 kDa in ECV304 and BeWo/hFcRn
cells. In ECV304 cells another band with somewhat lower
molecular weight was detected, probably representing either a
degradation product or a precursor of hFcRn (Ellinger et al.
2005).
When applying anti-RAGE antibodies an immunoreactive band
was detected in ECV304 cells at about 43 kDa, corresponding
to the molecular weight of the receptor protein (Fig. 2B). No
positive control was available. Tubulin was used as a loading
control and bands appeared at the molecular weight of about
55 kDa (Fig. 2A and B).
ECV304 cells were found to be negative in LRP expression
using western blotting because no band could be detected at the
corresponding molecular weight of the receptor protein (data
not shown).
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Fig. 1: Detection by immunofluorescence of LRP (Fig. 1A), RAGE (Fig. 1B) and hFcRn (Fig. 1C and D) in ECV304 cells. Transfected BeWo/hFcRn cells (Ellinger et al. 2005)
were used as a positive control for the expression of hFcRn (Fig. 1E). No positive control was available for the expression of RAGE and LRP. Control staining where the
first antibody was omitted resulted in no detectable staining (images not shown)

In conclusion, the expression of RAGE and hFcRn was con-
firmed using two independent techniques, immunofluorescence
and western blotting. LRP was not detected when western blot
analysis was applied, but its expression in ECV304 could be
confirmed with the slightly more sensitive immunofluorescence
technique, which indicates a lower expression level of LRP than
of the other two receptor types in ECV304 cells.

2.2. Aβ(1–40) transport experiments

In order to study transport properties of A� peptides across the
in vitro BBB model, the ECV304 cell layers were cultured in

PBMEC growth medium for 14 days to achieve a tight barrier,
according to the results published by Neuhaus et al. (2008).
Permeability of A�(1–40) was investigated over a time period
of 5 h (sampling after 60, 120, 300 min), and the flux to the
acceptor compartment was analyzed by ELISA.
A slight but no significant increase of permeability over time
was detectable. Thus, it was confirmed, that the integrity
of the cell layers was stable over the experimental time
(Fig. 3).
Experiments were performed bidirectionally, either from the
apical to the basolateral (influx studies) or the basolateral to
the apical compartment (efflux studies).
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Fig. 2: Western blot analysis of hFcRn and RAGE in ECV304 cells. Fig A: Transfected BeWo/hFcRn cells (Ellinger et al. 2005) were used as a positive control for the expression
of hFcRn and a band was detected in ECV304 at the same MW as shown in BeWo/hFcRn Fig B: No positive control was available for the expression of RAGE, but a
immunoreactive band appeared at about 43 kDa, corresponding to the molecular weight of the receptor protein

Fig. 3: Permeability coefficients (Pe) of A�(1–40) across the blood-brain barrier
ECV304 in vitro model either in blood-to-brain or brain-to-blood direction.
Permeability of A�(1–40) to the acceptor compartment was investigated over
a time period of 5 h and Pe after 60, 120, 300 min as well as the mean
permeability coefficient were calculated (mean ± SD, n = 6)

The difference between influx and efflux of A�(1–40)
was not significant and the mean permeability coefficient
(Pe) was 1,00 ± 0,16 × 10−5 cm/s from blood to brain and
1,12 ± 0,18 × 10−5 cm/s in the opposite direction (Fig. 3).
In order to see whether immunoglobulins are able to interfere
with A� transport, the above mentioned experiments were per-
formed in the same manner but with addition of either IVIG or
monoclonal anti-A�-antibodies. For this reason, IVIG (5 �M,
final concentration) or the monoclonal anti-A� antibody 6E10
(100 nM, final concentration) were added to the apical side
(blood side) of the in vitro system at the same time as A�(1–40).
A�(1–40) was either applied together with the immunoglobu-
lins at the apical side of the system, or when performing efflux
experiments, immunoglobulins were added to the apical and
A�(1–40) to the basolateral compartment. Then A� transport
studies were performed as already described.
As a control, A�(1–40) permeability across cell layers without
addition of immunoglobulins was determined with each trans-
port experiment and the mean relative differences of A�(1–40)
permeation coefficients were calculated (Fig. 4). These exper-
imental settings resulted in significant alterations in A�(1–40)
transport, showing enhanced clearance of A� peptides out of
the brain and a decline in A� blood to brain transport. In detail,

Fig. 4: Mean relative difference of A�(1–40) permeation alone in comparison to
permeation after co-incubation with either Intravenous Immunoglobulins
(IVIG) or monoclonal anti-A�(1–40) antibodies (mAb) across the
blood-brain barrier ECV304 in vitro model in brain-to-blood (Fig A) and
blood-to-brain (Fig B) direction (mean ± SEM, n = 3). Fig A shows a high
increase in A�(1–40) transport out of the brain after addition of
immunoglobulins. The opposite was observed when transport was performed
in blood-to-brain direction, where inward transport of A�(1–40) was
declined after addition of immunoglobulins

Fig. 4A shows an increase in A�(1–40) permeation from brain
to blood of 25.76 ± 2.67% when IVIG was added. With the
monoclonal antibody 6E10 the permeability was elevated by
52.20 ± 13.48%. The opposite phenomenon was observed when
A�(1–40) blood to brain transport was measured. Here the
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immunoglobulins caused a reduction in A�(1–40) permeation
across the in vitro BBB. IVIG addition resulted in a decline of
14.36 ± 1.83% and the application of the monoclonal antibodies
in a reduction of 75.25 ± 1.29%, respectively (Fig. 4B).

3. Discussion

Immunotherapy is nowadays a promising approach to reverse
cognitive signs and diminish plaques, which are consequence of
the degenerative Alzheimer’s Disease (AD), in transgenic ani-
mals as well as AD patients (Hack and Scheltens 2004; Janus
et al. 2000; Schenk et al. 1999; Weksler et al. 2004). Two
strategies are under investigation, the active and the passive
immunization approach. Active immunization, where A� pep-
tides are administered to generate an anti-A� antibody response
in treated individuals, appeared to be problematic because
of safety concerns about autoimmune reactions in humans
(Orgogozo et al. 2003). This phenomenon was not observed
after passive immunization using generated monoclonal anti-
A�-antibodies or human intravenous immunoglobulins (IVIG).
Another advantage of passive immunization is that treatment
can be discontinued if needed (Sigurdsson et al. 2002) and in
case of IVIG, a safe use has been confirmed in treating many
immune and inflammatory diseases since a long time (Jordan
et al. 2009).
For this reason, we investigated the ability of IVIG as well
as monoclonal anti-A� antibodies to interfere with A� trans-
port processes at the BBB. We were able to confirm a strong
influence of both types of immunoglobulins on A� brain levels,
using a BBB in vitro model expressing the three main receptors
regarding A� transport (LRP, RAGE, hFcRn).
That antibodies have the efficacy to reduce the amyloid burden
in the brain was confirmed in several other studies (Bacskai et al.
2001; Bard et al. 2000; Janus et al. 2000). Backsai et al. (2001)
who used a novel technique, the in vivo multiphoton microscopy,
which allows visualization of distinct brain structures in living
anesthetized mice, applied anti-A�-antibodies directly to the
cortex of these transgenic AD mice and showed a remarkable
clearing of amyloid-deposits within a few days.
How antibodies might act in reducing the amyloid level in the
brain and how they get access into the CNS is not clarified by
now but there are several theories. The main proposed mecha-
nisms are either a direct interaction of immunoglobulins and A�
peptides in the brain followed by rapid clearance of the complex
across the BBB or an interaction of the antibodies with circulat-
ing A� peptides in the blood and so prevent them from entering
the brain. A reduced influx of A� after administration of specific
immunoglobulins was confirmed in a couple of studies (Banks
et al. 2005; Deane et al. 2005; Pan et al. 2002).
This is in concordance with our results, which showed a dimin-
ished transport rate of A�(1–40) across the in vitro BBB in
blood-to-brain direction after simultaneous application of anti-
A� antibodies to the blood compartment of the in vitro system.
This effect was significantly high when monoclonal antibodies
were used, but a measureable activity was also exerted when
using IVIG.
Whether circulating antibodies, normally restricted by the
blood-brain barrier, are able to enter the brain or not, is of great
importance regarding the hypothesis of facilitated A� efflux by
antibody entry into the CNS, binding of A� within the CNS and
efflux of the ligand–antibody complex from brain to the blood.
Banks et al. (2002) suggested that the ability of antibody to
first enter and then exit the brain would provide an effective
mechanism for removing ligands from the brain.
The study showed that antibodies directed against A� peptides
crossed the BBB at a very low rate by way of the extracellular

pathways, but in amounts that are therapeutic for other sub-
stances (about 0.11% of an intravenous dose by 1 h). Over time
the role of efflux mechanisms increased but the antibody was
still detectable 3 days after administration.
A passive immunization approach in a mouse model with AD-
like amyloid pathology supported both mechanisms and at the
one hand showed prevention of blood borne A� transport across
the BBB into the brain and at the other hand resulted in increased
clearance of brain A� to the blood after systemic antibody
administration (Deane et al. 2005). This is in agreement with
our in vitro results, where immunoglobulins based at the blood
side of our model system enhanced A� efflux across the cell
layer.
Deane et al. (2005) demonstrated that IgG-assisted A� efflux
was mainly mediated via the neonatal Fc receptor (FcRn), in
contrast to LRP clearance, which decreased with aging. These
findings support the use of our in vitro model, which expresses
LRP at a lower extent than the human FcRn and therefore
reflects similar conditions of receptor expression at the BBB
in Alzheimer’s disease in vivo.
In contrast to our results, another in vitro approach could not
find evidence that antibodies inhibit reuptake of A� peptides
which has before been effluxed from brain (Banks et al. 2005).
Here a murine BBB in vitro model using freshly isolated mouse
brain endothelial cells was employed. The expression pattern of
FcRn, LRP and RAGE was not tested. It can be suggested it was
altered due to the isolation procedure.
Our model, although cells are not of cerebral origin, clearly
reveals advantage over the above mentioned murine model,
because it is of human origin and shows an expression pat-
tern of the main A� related transporters similar to that seen in
Alzheimer diseased brains, which means upregulation of RAGE,
downregulation of LRP and expression of human FcRn.
In summary, the present work introduces an already known
in vitro model (Neuhaus et al. 2006; Youdim et al. 2003) which
might be useful in studying A� transport processes across the
BBB in vitro in order to discover detailed mechanisms and
participation of specific transporters. Based on our results, for
efficacy of Alzheimer’s immunotherapy we suggest an assump-
tion of multiple mechanisms, involving an improved clearance
of A� across the BBB as well as a decreased A� influx from
blood to the brain following complex formation of immunoglob-
ulins with free A� in the periphery.
Furthermore, we were able to confirm the activity of IVIG which
acted the same way but showed slightly less efficacy in com-
parison to monoclonal anti-A� antibodies. In consideration of
safety, IVIG might provide a useful and rather secure vaccina-
tion strategy in AD because it is widely used in other indications
and an assured safety profile is established.

4. Experimental

4.1. Materials

Iscove’s modified Dulbecco’s medium (IMDM), Ham’s F-12, newborn
bovine serum, L-glutamine and penicillin/streptomycin were obtained from
Invitrogen Life Technologies (Gibco, Carlsbad, CA, USA). Amphotericin
B, transferrin and gelatin were purchased from Sigma (St. Louis, MO, USA).
Heparin was purchased from MP Biomedicals (Irvine, CA, USA) and Col-
lagen from ICN Biomedicals Inc. (Aurora, OH, USA). Transwell® inserts
(12–well, PTFE-membrane 0,4 �m) and culture plates (Falcon, Bedford,
MA, USA) were obtained from Costar and BD Biosciences. A�(1–40) and
A�(1–42) peptides were purchased from American Peptide. Acrylamide,
ammonium persulfate, DTT research grade, TEMED research grade, TRIS
research grade and glycine anal. Grade was obtained from Serva Elec-
trophoresis GmbH (Heidelberg, Germany). Acetonitrile was purchased from
Malinchrodt Baker B.V. (Deventer, Holland) and molecular weight stan-
dard (Precision Plus ProteinTM) from Biorad Laboratories (Hercules, CA,
USA).
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4.2. Antibodies

Anti-RAGE (rabbit polyclonal) and anti-LRP (5A6, mouse monoclonal)
antibodies were purchased from Abcam (UK). Secondary FITC-conjugated
goat anti rabbit IgG and goat anti-mouse IgG were obtained from Invit-
rogen (Vienna, Austria) and secondary HRP-conjugated goat anti-mouse
IgG and goat anti-rabbit IgG were from Santa Cruz and purchased from
Szabo-Scandic (Vienna, Austria).
A rabbit polyclonal anti-hFcRn antibody was kindly provided from the
Medical University of Vienna, Austria (Leitner et al. 2006). A monoclonal
anti-A� antibody 6E10, which recognizes the amino terminus of A�, was
purchased from Signet (SIG 39320-99). IVIG was obtained from Baxter
(Vienna, Austria) as Gammagard liquid.

4.3. Cell culture

The ECV304 cell line was purchased from the European Collection of Cell
Cultures (ECACC, Wiltshire, UK). The rat glioma cell line C6 was obtained
from the German Cancer Research Center (DKFZ, Heidelberg, Germany).
C6 cells were used to produce astrocyte conditioned medium (ACM). They
were grown in 175 cm2 tissue flasks (Greiner Bio-One GmbH, Fricken-
hausen, Germany) and maintained in the so-called C6-medium, which
consisted of IMDM and Ham’s F-12 (1:1 mixture), 7.5 vol % new born calf
serum, 1.0 vol % penicillin/streptomycin (104U/ml), 7 mM L-glutamine,
5 mg/mL transferrin, 0.5 U/mL heparin and 0.25 mg/mL amphotericin B.
ECV304 cells were grown in gelatin coated 25 cm2 tissue culture flasks
(Greiner Bio-One GmbH, Frickenhausen, Germany) and maintained in
PBMEC medium, which consists of C6 medium mixed in equal amounts
with ACM, which was obtained from the supernatant of culturing C6 cells
(Neuhaus et al. 2006). All cells were cultured at 37 ◦C in a 95% humidified
atmosphere containing 95% air and 5% CO2. Subcultivation was performed
via trypsinisation every 4 to 5 days.

4.4. Immunofluorescence

Cells were seeded on cover slips (diameter 10–13 mm) and grown for
5–10 days until they reached confluence in PBMEC growth medium.
Thereafter, cells were fixed with −20 ◦C methanol for 20 min on ice and
then washed 3 times with PBS. For rehydratisation cells were incubated in
PBS for 20 min at RT.
Afterwards cells were incubated with the primary antibody solution for 1 h
at 37 ◦C (anti-RAGE, anti-LRP or anti-hFcRn diluted 1:100 in blocking
buffer, 1% BSA in PBS). Cell layers were washed with PBS three times
and then incubated with a FITC-conjugated secondary antibody (anti-mouse
antibody for LRP or anti-rabbit antibody for hFcRn and RAGE, 1:100 diluted
in blocking buffer) for 30 min at 37 ◦C.
After washing with PBS, cells were embedded using Gel MountTM

Aqueous Mounting Medium (Sigma) and viewed under the microscope
(Nikon Eclipse 50i microscope).

4.5. SDS-PAGE and Western blotting

In brief, samples were electrophoresed on 10% SDS gels and transferred onto
PVDF (polyvinyldifluorid) membranes using a semi dry blotter at 50 mA/gel
for 1 h. PVDF membranes were washed twice with aqua bidest. and blocked
with 5% dry milk powder in TBS (25 mM Tris-HCl, pH 7.8, containing
145 mM NaCl) and Tween 20 0,1% at RT for at least 1 h. After washing the
membranes with TBS-T (TBS and 0,1% Tween20) three times, they were
incubated with the primary antibody solution for 1 h at RT (anti-LRP 1:1000,
anti-RAGE 1:1000 and anti hFcRn 1:500 in milk powder solution). Blots
were washed, followed by incubation with a secondary HRP-conjugated
goat-anti-rabbit (1:10000) or goat-anti-mouse antibody (1:5000) for 1 h at
RT. Thereafter, blots were washed again using TBS-T and were devel-
oped using the ECL plus western blotting detection system (Amersham
Bioscience).

4.6. Aβ(1–40) quantification

Human � Amyloid 1–40 Immunoassay Kits were purchased from Biosource
and performed according to the manufacturer’s instructions. Reaction prod-
ucts were quantified using a spectrophotometer (Platereader 400ATX, SLT
Labinstruments Austria) measuring the difference in absorbance at 450 nm.
All ELISA detections were conducted in duplicate.

4.7. Transport studies

ECV304 cells were seeded at a density of ∼83 000 cells/cm2 in collagen
coated 12-well Transwell® inserts and grown until they built up a confluent
cell layer with appropriate barrier properties.
This was controlled by assessing the TEER every 2 to 3 days after seeding.
TEER measurement was performed with a Millipore Millicell Electrical

Resistance System (ERS, Millipore, Vienna, Austria) after changing the
medium. Additionally, TEER of coated inserts without cells was also deter-
mined. These blank values were subtracted from cell values to calculate the
TEER of the cell layer only (Neuhaus et al. 2006).
Transport studies were performed on day 14 after seeding. At this time point
cell layers showed sufficient barrier properties according to Neuhaus et al.
(2008) and were used for permeability experiments. For transport experi-
ments growth medium without serum was used. The medium was exchanged
shortly before the beginning of the experiment. 500 �l were added in the
apical and 1500 �l in the basolateral compartment. Then, the system was
allowed to equilibrate for 30 min at 37 ◦C before the test compound was
added. To measure transport of A� peptides, A�(1–40) was used at a final
concentration of 50 nM (250 ng/ml).
To start the transport experiment in blood-brain direction the medium of the
apical chamber was removed and the A�(1–40) solution (1:100 of aqueous
5 �M A�(1–40) stock solution in serum free medium) was added immedi-
ately. To perform experiments in brain-blood direction, the medium of the
basolateral compartment was exchanged against the A�(1–40) solution.
Samples (150 �l or 50 �l) were taken after 60, 120 and 300 min from the
acceptor compartment, which was either the basolateral or the apical com-
partment, dependent on transport direction (blood to brain or brain to blood).
The taken volume was immediately replaced with the same volume of fresh
serum free medium. For blank values, inserts without cells were used and
the experiment was performed in the same way as already described.
To address whether IVIG or monoclonal anti-A� antibodies can influence
A� transport properties, immunoglobulins were added to the apical side
(blood side) of the in vitro system at the beginning of the transport experiment
and A� transport studies were performed as already described above. IVIG
and the monoclonal anti-A� antibody 6E10 were used at a final concentration
of 5 �M and 100 nM.
As control, A� transport without the presence of immunoglobulins was
additionally determined with each transport experiment in order to enable
direct comparison and hence avoid influence of daily variations.

4.8. Calculation of the permeability coefficient

The permeability of A�(1–40) across the in vitro BBB was expressed as per-
meability coefficient (Pe, cm/s) and calculated as described in more detail
before (Neuhaus et al. 2006) with some slight modifications. A� concentra-
tion of the stock solution and of samples was assessed by ELISA (Human
� Amyloid 1–40 Immunoassay Kits, Biosource).
During the sampling procedure 150 �l or 50 �l were removed from the baso-
lateral or apical chamber, dependent on transport direction, and the same
amount of fresh medium was immediately added. Consequently, substance
concentration was diluted at every sampling step and the concentration gra-
dient from donor to the acceptor side was artificially increased. Considering
these changes the data points had to be corrected by means of Eq. (1). ct
values were calculated for each raw data:

ct = craw data ∗ Vacc − Vsample

Vacc

+ cmedium ∗ Vsample

Vacc

(1)

craw data was the determined concentration of the donor chamber at time t,
cmedium represented the substance concentration in fresh medium, which was
usually zero. Vacc (1500 �l or 500 �l) and Vsample (150 �l or 50 �l) meant
the volumes of the acceptor chamber and the sample.
After calculating ct values using Eq. (1), a corrected permeation curve was
obtained by substracting ctn values from craw datan+1 for each time point.
Clearance was then calculated using these new corrected data points accord-
ing to Eq. (2):

clearance[μL] = CA
∗VD

CD −
(

VD
VA

∗∑
CA−1

) (2)

CA referred to the substance concentration in the acceptor chamber, CD

was the concentration in the donor compartment. VA and VD were the cor-
responding volumes of the chambers. Since the amount of the test compound
in the donor insert decreases over time under conditions of unidirectional
flux, the CD value for each time point (each well) had to be corrected. Thus,
the summed up total amount of substance found in each acceptor compart-
ment before the actual one (

∑
CA-1) was related to the donor volume and

subtracted from CD.
The slope of clearance vs. time was determined by linear regression analysis
and the permeability coefficient (PE) across the cell layer was calculated
using Eq. (3).

1

PEcell

= 1

PEall

− 1

PEblank

(3)

PEcell refers to the permeability coefficient of the ECV304 cell layer,
whereas PEall describes the permeability across the membrane filter and
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the cell layer. PEblank represents the permeability coefficient through the
filter without cells (blanks).
Values were divided by the surface area of the filter (=0.9 cm2) to generate
the cell permeability coefficient in centimeters per second.
The permeability coefficient for the cell layer only (PEcell) can be calcu-
lated with Eq. (3). Thus, the reciprocal value of the average permeability
coefficient without cell layer (PEblank) was subtracted by the permeability
coefficient of the experiment with cell layer (PEall) to gain the reciprocal
value for the cell layer only.

Acknowledgements: We gratefully acknowlegde the financial support pro-
vided by the Austrian Science Fund FWF (project # P-14582 CHE).

References

Bacskai BJ, Kajdasz ST, Christie RH, Carter C, Games D, Seubert P,
Schenk D, Hyman BT (2001) Imaging of amyloid-� deposits in brains
of living mice permits direct observation of clearance of plaques with
immunotherapy. Nat Med 7: 369–372.

Banks WA, Terrell B, Farr SA, Robinson SM, Nonaka N, Morley JE
(2002) Passage of amyloid ß protein antibody across the blood–brain
barrier in a mouse model of Alzheimer’s disease. Peptides 23: 2223–2226.

Banks WA, Pagliaric P, Nakaokea R, Morleya JE (2005) Effects of
a behaviorally active antibody on the brain uptake and clearance of amy-
loid beta proteins. Peptides 26: 287–294.

Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H (2000)
Peripherally administered antibodies against amyloid ß-peptide enter
the central nervous system and reduce pathology in a mouse model of
Alzheimer disease. Nat Med 6: 916–919.

Bickel U (1995) Antibody delivery through the blood-brain barrier. Adv
Drug Deliv Rev 15: 53–72.

Borvak J, Richardson J, Medesan C, Antohe F, Radu1 C, Simionescu M,
Ghetie V, Ward ES (1998) Functional expression of the MHC classI-
related receptor, FcRn, in endothelial cells of mice. Int Immunol 10:
1289–1298.

Bouras C, Riederer BM, Kfvaria E, Hof PR, Giannakopoulosa P (2005)
Humoral immunity in brain aging and Alzheimer’s disease. Brain Res
Rev 48: 477–487.

Brendza RP, Bacskai BJ, Cirrito JR, Simmons KA, Skoch JM, Klunk WE,
Mathis CA, Bales KR, Paul SM, Hyman BT, Holtzman DM (2005) Anti-
A� antibody treatment promotes the rapid recovery of amyloid-associated
neuritic dystrophy in PDAPP transgenic mice. J Clin Invest 115: 428–433.

Clifford PM, Zarrabi S, Siu G, Kinsler KJ, Kosciuk MC, Venkataraman V,
D’Andrea MR, Dinsmore S, Nagele RG (2007) A� peptides can enter
the brain through a defective blood–brain barrier and bind selectively to
neurons. Brain Res 1142: 223–236.

Deane R, Wu Z, Zlokovic BV (2004) RAGE (yin) versus LRP (yang)
balance regulates Alzheimer amyloid �-peptide clearance through trans-
port across the blood–brain barrier. Stroke 35: 2628–2631.

Deane R, Sagare A, Hamm K, Parisi M, LaRue B, Guo H, Wu Z
(2005) IgG-assisted age-sependent clearance of Alzheimer’s amyloid
ß peptide by the blood-brain neonatal Fc receptor. J Neurosci 25:
11495–11503.

Dodel R, Hampel H, Depboylu, Lin S, Gao F, Schock S, Jäckel S, Wie
X, Buerger K, Höft C, Hemmer B, Möller HJ, Farlow M, Oertel WH,
Sommer N, Du Y (2002) Human antibodies against amyloid � pep-
tide: a potential treatment for Alzheimer’s disease. Ann Neurol 52:
253–256.

Dodel RC, Du Y, Depboylu C, Hampel H, Frölich L, Haag A,
Hemmeter U, Paulsen S, Teipel SJ, Brettschneider S, Spottke A, Nölker
C, Möller HJ, Wie X, Farlow M, Sommer N, Oertel WH (2004) Intra-
venous immunoglobulins containing antibodies against �-amyloid for
the treatment of Alzheimer’s disease. J Neurol Neurosurg Psychiatry 75:
1472–1474.

Du Y, Wei X, Dodel R, Sommer N, Hampel H, Gao F, Ma Z, Zhao L,
Oertel WH, Farlow M (2003) Human anti-b-amyloid antibodies block
b-amyloid fibril formation and prevent b-amyloid-induced neurotoxicity.
Brain 126: 1935–1939.

Ellinger I, Schwab M, Stefanescu A, Hunziker W, Fuchs R (1999) IgG
transport across trophoblast-derived BeWo cells: a model system to study
IgG transport in the placenta. Europ J Immunol 29: 733–744.

Ellinger I, Reischer H, Lehner C, Leitner K, Hunziker W, Fuchs R
(2005) Overexpression of the Human Neonatal Fc-receptor alpha chain
in Trophoblast derived BeWo cells increased cellular retention of �2-
microglobulin. Placenta 26: 171–182.

Garberg P, Ball M, Borg N, Cecchelli R, Fenart L, Hurst RD,
Lindmark T, Mabondzo A, Nilsson JE, Raub TJ, Stanimirovic D, Terasaki
T, Öberg JO, Österberg T (2005) In vitro models for the blood-brain
barrier. Toxicol in Vitro 19: 299–334.

Hack CE, Scheltens P (2004) Intravenous immunoglobulins: a treatment
for Alzheimer’s disease? J Neurol Neurosurg Psychiatry 75: 1374–1375.

Istrin G, Bosis E, Solomon B (2006) Intravenous immunoglobulin
enhances the clearance of fibrillar amyloid-b peptide. J Neurosci Res 84:
434–443.

Janus C, Pearson J, McLaurin J, Mathews PM, Jiang Y, Schmidt SD,
Chishti MA, Horne P, Heslin D, French J, Mount HTJ, Nixon RA, Mer-
cken M, Bergeron C, Fraser PE, George-Hyslop P, Westaway D (2000)
A� peptide immunization reduces behavioural impairment and plaques
in a model of Alzheimer’s disease. Nature 408 (6815): 979–982.

Jordan SC, Toyoda M, Vo AA (2009) Intravenous immunoglobulin a natural
regulator of immunity and inflammation. Transplantation 88: 1–6.

Kiessling F, Kartenbeck J, Haller C (1999) Cell-cell contacts in the human
cell line ECV304 exhibit both endothelial and epithelial characteristics.
Cell Tissue Res 297: 131–140.

Leitner K, Ellinger I, Grill M, Brabec M, Fuchs R (2006) Efficient apical
IgG recycling and apicalto-basolateral Transcytosis in polarized BeWo
cells overexpressing hFcRn. Placenta 27: 799–811.

Marco S, Skaper SD (2006) Amyloid beta-peptide 1-42 alters tight junction
protein distribution and expression in brain microvessel endothelial cells.
Neurosci Lett 401: 219–224.

Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardyk J,
Duff K, Jantzen P, DiCarlo G, Wilcock D, Connor K, Hatcher J, Hope
C, Gordon M, Arendash GW (2000) A� peptide vaccination prevents
memory loss in an animal model of Alzheimer’s disease. Nature 408:
982–985.

Neuhaus W, Bogner E, Wirth M, Trzeciak J, Lachmann B, Gabor F, Noe
CR (2006) A novel tool to characterize paracellular transport: the APTS-
dextran ladder. Pharm Res 23: 1491–1501.

Neuhaus W, Plattner VE, Wirth M, Germann B, Lachmann B, Gabor F, Noe
CR (2008) Validation of in vitro cell culture models of the blood-brain
barrier: Tightness characterization of two promising cell lines. J Pharm
Sci 97: 5158–5175.

Orgogozo JM, Gilman S, Dartigues JF, Laurent B, Puel M, Kirby LC,
Jouanny P, Dubois B, Eisner L, Flitman S, Michel BF, Boada M, Frank
A, Hock C (2003) Subacute meningoencephalitis in a subset of patients
with AD after Abeta42 immunization. Neurology 61: 46–54.

Pan W, Solomon B, Maness LM, Kastin AJ (2002) Antibodies to �-amyloid
decrease the blood-to-brain transfer of β-amyloid peptide. Exp Biol Med
227: 609–615.

Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, Hu K,
Huang J, Johnson-Wood K, Khan K, Kholodenko D, Lee M, Liao Z,
Lieberburg I, Motter R, Mutter L, Soriano F, Shopp G, Vasquez N,
Vandevert C, Walker S, Wogulis M, Yednock T, Games D, Seubert P
(1999) Immunization with amyloid-� attenuates Alzheimer-disease-like
pathology in the PDAPP mouse. Nature 400 (6740): 173–177.

Schenk D (2002) Opinion: Amyloid-beta immunotherapy for Alzheimer’s
Disease: the end of the beginning. Nat Rev Neurosci 3: 824–828.

Schlachetzki F, Zhu C, Pardridge WM (2002) Expression of the neonatal Fc
receptor (FcRn) at the blood-brain barrier. J Neurochem 81: 203–206.

Shibata M, Yamada S, Kumar SR, Calero M, Bading J, Frangione B,
Holtzman DM, Miller CA, Strickland DK, Ghiso J, Zlokovic BV (2000)
Clearance of Alzheimer’s amyloid-b1–40 peptide from brain by LDL
receptor–related protein-1 at the blood-brain barrier. J Clin Invest 106:
1489–1499.

Sigurdsson EM, Wisniewski T, Frangione B (2002) A safer vaccine for
Alzheimer’s disease? Neurobiol Aging 23: 1001–1008.

Simister NE and Mostov KE (1989) An Fc receptor structurally related to
MHC class I antigens. Nature 337: 184–187.

Tanzi RE, Moir RD, Wagner SL (2004) Clearance of Alzheimer’s A� pep-
tide: the many roads to perdition. Neuron 43: 605–608.

Weksler ME, Gouras G, Relkin NR, Szabo P (2004) The immune system,
amyloid-beta peptide, and Alzheimer’s disease. Immunol Rev 205: 244–
256.

Youdim KA, Dobbie MS, Kuhnle G, Proteggente AR, Abbott NJ, Rice-
Evans C (2003) Interaction between flavonoids and the blood–brain
barrier: in vitro studies. J Neurochem 85: 180–192.

Zhang Y, Pardridge WM (2001) Mediated efflux of IgG molecules from brain
to blood across the blood–brain barrier. J Neuroimmunol 114: 168–172.

Zlokovic BV (2004) Clearing amyloid through the blood–brain barrier.
J Neurochem 89: 807–811.

Pharmazie 65 (2010) 273


