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Choroid Plexus Megalin Is Involved in Neuroprotection by
Serum Insulin-Like Growth Factor I
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The involvement of circulating insulin-like growth factor I (IGF-I) in the beneficial effects of physical exercise on the brain makes this
abundant serum growth factor a physiologically relevant neuroprotective signal. However, the mechanisms underlying neuroprotection
by serum IGF-I remain primarily unknown. Among many other neuroprotective actions, IGF-I enhances clearance of brain amyloid �
(A�) by modulating transport/production of A� carriers at the blood– brain interface in the choroid plexus. We found that physical
exercise increases the levels of the choroid plexus endocytic receptor megalin/low-density lipoprotein receptor-related protein-2 (LRP2),
a multicargo transporter known to participate in brain uptake of A� carriers. By manipulating choroid plexus megalin levels through
viral-directed overexpression and RNA interference, we observed that megalin mediates IGF-I-induced clearance of A� and is involved in
IGF-I transport into the brain. Through this dual role, megalin participates in the neuroprotective actions of IGF-I including prevention
of tau hyperphosphorylation and maintenance of cognitive function in a variety of animal models of cognitive loss. Because we found that
in normal aged animals, choroid plexus megalin/LRP2 is decreased, an attenuated IGF-I/megalin input may contribute to increased risk
of neurodegeneration, including late-onset Alzheimer’s disease.
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Introduction
Increasing evidence points to a physiological role of insulin-like
growth factor I (IGF-I), a widely potent neuroprotective hor-
mone, in the adult brain. Because IGF-I is produced locally by
brain cells (Bondy and Lee, 1993), it has been considered a clas-
sical paracrine growth factor. However, different lines of evi-
dence strongly suggest that blood-borne IGF-I is an important
neuro-surveillance factor (Torres-Aleman, 2000). In response to
physiological stimuli such as exercise, circulating IGF-I enters
into the brain (Carro et al., 2000) and participates in many of the
beneficial actions of exercise, including protection against injury
(Carro et al., 2001), enhanced hippocampal neurogenesis (Trejo
et al., 2001), or increased brain vessel growth (Lopez-Lopez et al.,
2004). Serum IGF-I is probably also underlying the beneficial
actions of exercise and environmental enrichment (which in-
cludes physical exercise) on brain amyloidosis (Adlard et al.,
2005; Lazarov et al., 2005), because it also regulates brain amyloid
(A�) levels (Carro et al., 2002) by enhancing A� clearance. In

addition, IGF-I protects against amyloid toxicity (Niikura et al.,
2001) and influences other Alzheimer’s disease (AD) traits, such
as the rate of tau phosphorylation in neurons, by inhibiting the
tau kinase glycogen synthase kinase-3 (GSK-3) (Hong and Lee,
1997). Indeed, impaired IGF-I/insulin signaling in mouse brain
leads to the appearance of hyperphosphorylated tau (Hpf-tau)
and cognitive loss (Schubert et al., 2003, 2004), whereas treat-
ment with systemic IGF-I ameliorates amyloidosis and cognitive
derangement in mouse models of AD (Carro et al., 2002, 2005a).

Together, these observations prompted us to analyze the pro-
cesses whereby IGF-I enters into the brain and promotes A�
clearance. We have focused on the brain barrier at the choroid
plexus epithelium (the best characterized brain barrier is formed
by brain vessels), because this specialized structure is involved in
exercise-induced brain uptake of serum IGF-I (Carro et al., 2000)
and is actively participating in A� clearance (Zlokovic, 2004).
The latter process involves megalin [or low-density lipoprotein
receptor-related protein-2 (LRP2)], an endocytic receptor ex-
pressed in numerous epithelia. Megalin/LRP2 belongs to the LRP
family of multicargo receptors, in which LRP1, the best-studied
member of the family, has already been implicated in A� clear-
ance and amyloidosis (Deane et al., 2004; Zerbinatti et al., 2004).
Megalin/LRP2 also participates in A� clearance through the
blood– brain barrier and blood–CSF barrier at the choroid plexus
(Zlokovic et al., 1996; Hammad et al., 1997). Megalin is involved
in the endocytic uptake of dozens of ligands, including many of
the known carriers of A� (Christensen and Birn, 2002). As a
promiscuous receptor, megalin is also able to transcytose insulin
(Orlando et al., 1998) and possibly IGF-I, at least in kidney epi-
thelium (Obermuller et al., 2001). Therefore, serum IGF-I may
cross the choroid plexus barrier through megalin. At the same
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time, megalin may enhance transport of A� in response to IGF.
These possibilities make megalin a plausible effector at the cho-
roid plexus of the actions of serum IGF-I in the brain.

Materials and Methods
Viral vectors. Lentiviral vectors using a four-plasmid transfection system
were produced as described previously (Dull et al., 1998). cDNA con-
structs were inserted downstream of the mouse phosphoglycerate kinase
1 (PGK) promoter in a self-inactivating human immunodeficiency
virus-1 (HIV-1) vector containing the woodchuck hepatitis virus post-
transcriptional element (Zufferey et al., 1997). The packaging construct
and the vesicular stomatitis virus G-protein envelope included the
pCMV�R-8.92, pRSV-Rev, and pMD.G plasmids, respectively (Dull,
1988). The cDNA coding for green fluorescent protein (GFP) was sub-
cloned in the BamHI/SalI site of the HIV-1-PGK transfer vector. A
dominant-negative (KR) human IGF-I receptor (IGF-IR) kinase-dead
mutant was inserted in the same site of the transfer vector. A cDNA
coding for a portion corresponding to the two C-terminal extracellular
cysteine-rich domains, the transmembrane part, and the entire cytoplas-
mic region of the megalin gene (miniMegalin) was subcloned in the
BamHI–SalI site of the HIV-1-PGK transfer vector. A megalin small
interfering RNA (siRNA) was ligated into the HIV-1 transfer vector be-
tween the XhoI and SalI sites. In this case, the HIV-1 vector included
instead a human H1 promoter and a random DNA stuffer sequence.
Candidate megalin siRNA sequences were designed with an OligoEngine
(Seattle, WA) automated design tool. The sequence used in the present
study comprised the 201–220 bp nucleotides of the megalin gene (Gen-
Bank accession number, L34049) in both sense and antisense orientation,
separated by a nine nucleotide spacer sequence.

The transfer vector (13 �g), the envelope (3.75 �g), and the packaging
plasmids (3.5 �g) were cotransfected with calcium phosphate in human
embryonic kidney 293 T cells (5 � 10 6 cells per dish) cultured in DMEM
(Invitrogen, San Diego, CA) with 10% FCS, 1% glutamine, and 1% pen-
icillin/streptomycin. Medium was changed 2 h before transfection and
replaced after 24 h. Conditioned medium was collected 24 h later, cleared
(1000 rpm for 5 min), and concentrated �100-fold (19,000 rpm for
1.5 h). The pellet was resuspended in PBS with 1% bovine serum albu-
min, and the virus was stored at �80°C. Viral title was determined by
HIV-1 p24 ELISA (PerkinElmer, Wellesley, MA). Empty vector (no in-
sert) was used as control (void vector) in all experiments.

Experimental design. Adult (3 months of age) and aged (�30 months
of age) Wistar rats and adult C57BL/6 mice were used from our inbred
colony. Liver-IGF-I-deficient (LID) mice (6 –21 months of age) were
from our inbred colony. Double-transgenic amyloid precursor protein/
presenilin-1 (APP/PS1) mice (1 year of age), a cross of Tg2576 (overex-
pressing human APP695) and mutant PS1 (M146L) mice, were used as a
model of AD amyloidosis. Animals were used following European Eco-
nomic Community guidelines. To minimize animal use, we initially
compared responses of intact (sham) animals with those obtained in
void-vector-treated animals (see below), and because no differences were
appreciated, we used only void-vector animals as controls.

Vector suspensions (140 �g HIV-1 p24 protein/ml; 6 �l per rat and 2
�l per mouse) were stereotaxically injected in each lateral ventricle [brain
coordinates (mm from bregma): rat, 1 posterior, 1.2 lateral, 4 ventral;
mouse, 0.6 posterior, 1.1 lateral, 2 ventral] with a 10 �l syringe at 1
�l/min. In experiments to block the action of HIV-KR, similar amounts
of HIV–wild-type IGF-IR were injected. Recombinant IGF-I (GroPep,
Adelaide, Australia) was labeled with digoxigenin (Dig; Pierce, Rockford,
IL) as described previously (Carro et al., 2000) and administered as a
bolus injection either into the brain parenchyma [1 �g per rat; stereotaxic
coordinates (mm from bregma): 3.8 posterior, 2 lateral, and 3.2 ventral] or
through the carotid artery (10 �g per rat). CSF was collected under anesthe-
sia from the cisterna magna. Animals were perfused transcardially with saline
buffer or 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for bio-
chemical and immunohistochemical analysis, respectively.

A double-chamber choroid plexus epithelial cell-culture system mim-
icking the blood–CSF interface was used for in vitro studies, as described
previously (Carro et al., 2002). Fresh DMEM containing vector particles

(�1 �g/ml) and 8 �g/ml polybrene (Sigma, St. Louis, MO) was added to
the cultures and replaced after 24 h. Cells were incubated another 24 h,
and thereafter IGF-I or Dig-labeled IGF-I (100 nM) was added to the
lower chamber, and/or Dig-albumin (1 �g/ml), transthyretin (TTR; 1
�g/ml), or A�1-40/A�1-42 (10 �g/ml) were added to the upper chamber.
Twenty-four hours later, lower chamber medium was collected, and con-
tent of A� or A� carriers was determined by immunoblotting (see be-
low). In other experiments, kinase inhibitors bisindolylamide (100 nM),
Ro320432 (10 nM), wortmannin (100 nM), or 2�-amino-3�-
methoxyflavone (PD98059) (25 �M) were added 1 h in advance in the
upper chamber. Lower-chamber medium was collected and cells lysed
and processed. IGF-I and albumin were labeled with digoxigenin-3-O-
methylcarbonyl-aminocaproic-acid-N-hydroxy-succinimide ester (Boehr-
inger Mannheim, Mannheim, Germany), as indicated by the manufacturer.
Dig labeling of either IGF-I or albumin was done to distinguish the highly
abundant endogenous IGF-I or albumin from those exogenously added.
Treatments were done in duplicate–triplicate wells per experiment.

Results are shown as means � SEM. One-way ANOVA followed by
post hoc Student’s t test was used to compare between groups.

Behavioral evaluation. Spatial memory was evaluated with an standard
water maze test (Morris, 1984), as described in detail previously (Carro et
al., 2001). Briefly, after a 1 d habituation trial (day 1) in which preferences
between tank quadrants were ruled out, for the subsequent 2–5 d (rats) or 6 d

Figure 1. Modulation of choroid plexus megalin. A, Photomicrograph, Megalin immunore-
activity (red) is highly abundant in rat and mouse choroid plexus (CP). Histograms, IGF-I levels in
cerebellum of C57BL/6 mice were increased after exercise (n � 3– 4; *p 	 0.05 vs sedentary
mice by Student’s t test). Error bars represent SEM. Blot, Exercised mice show significantly
increased megalin levels in choroid plexus, whereas levels of IGF-IRs in choroid plexus remained
unchanged. A representative blot is shown. Quantitative densitometry showed a more than
twofold increase in megalin levels (n � 5; p 	 0.05 vs sedentary mice by Student’s t test). Scale
bars, 20 �m. B, Injection of IGF-I (10 �g) into the carotid of adult Wistar rats stimulates
auto-phosphorylation of IGF-IRs in choroid plexus as well as phosphorylation of Akt, a canonical
downstream signal of IGF-I. Levels of IGF-IRs and Akt remain unchanged (n � 4). p, Phosphor-
ylated. C, Exposure of rat choroid plexus epithelial cells to IGF-I (100 nM) resulted in significantly
increased levels of megalin 24 h later. A representative blot is shown. Levels of megalin were
normalized to PI3K levels in choroid plexus. Quantitative densitometry showed a twofold in-
crease (n � 5; p 	 0.05 vs control).
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(mice), the animals learned to find a hidden platform (acquisition), followed
by 1 d of probe trial without the platform, in which swimming speed was
found to be similar in all groups, and the preference for the platform quad-
rant was evaluated. Nine to 10 d later, animals were tested for long-term
retention (memory) with the platform placed in the original location. Reten-
tion was assessed for 2 consecutive days to avoid false extinction effects
(Morris, 1984). On the last day, a cued version protocol was conducted to

rule out possible sensorimotor and motivational
differences between experimental groups. No al-
terations were found in any of the experimental
groups. All animals were tested in four trials per
day. Individual means for escape latency of the
four trials were obtained previously to obtain
group mean escape latency. Both path length and
swim speed were measured for each animal in ev-
ery trial with EthoVision software (Noldus Infor-
mation Technology, Wageningen, The Nether-
lands). No significant differences were found
between groups in any of the experimental
groups, neither during acquisition nor retention.
Behavioral data were analyzed by ANOVA and
Student’s t test.

Animals were submitted to daily exercise on
the treadmill as described in detail previously
(Carro et al., 2000). C57BL/6 mice ran in the
afternoon for 1 h/d at 17 m/min for 4 weeks (5
d/week). Control sedentary animals remained
in the treadmill without running. Animals were
killed 24 h after the last run, and tissue was pro-
cessed immediately.

Immunoassays. Western blot (WB) and im-
munoprecipitation were performed as de-
scribed previously (Carro et al., 2002). WB
membranes were reblotted with either the same
antibody used for immunoprecipitation or
with unrelated proteins [phosphatidylinositol
3-kinase (PI3K), IGF-IR] as internal standards
and to normalize for protein load. Levels of the
protein under study were expressed relative to
protein load in each lane. Densitometric analy-
sis was performed using Quantity One software
(Bio-Rad, Hercules, CA). To analyze A� depos-
its, coronal brain sections were cut serially and
preincubated in 88% formic acid and immuno-
stained, as reported previously (Carro et al.,
2002). For ELISA of total A�, we used the 4G8
antibody (Sigma) in the lower layer and anti-
A�1-40 or anti-A�1-42 (Calbiochem, La Jolla,
CA) in the top layer. Both soluble and insoluble
forms of A� were extracted with formic acid
and assayed as described previously (Suzuki et
al., 1994). Brain IGF-I levels were measured by
radioimmunoassay as described previously
(Carro et al., 2000). As reported by Deane et al.
(2004), megalin binds with greater affinity to
A�1-40 than to A�1-42 (data not shown); there-
fore, we only analyzed megalin interactions
with A�1-40. Mouse anti-A� (Medical Biologi-
cal Laboratory, Nagoya, Japan), which recog-
nizes rodent and human N-terminal A� forms,
anti-albumin (Bethyl Laboratories, Montgom-
ery, TX), anti-calbindin (Swant, Bellinzona,
Switzerland), anti-digoxigenin (Boehringer
Mannheim), anti-phospho-tau (AT8; Innoge-
netics, Gent, Belgium), anti-megalin, anti-
transthyretin, anti-caveolin-1, anti-early endo-
some antigen-1, anti-lysosome-associated
membrane protein-2, anti-clathrin, and anti-
Dab2 (all from Santa Cruz Biotechnology,
Santa Cruz, CA) were used at 1:500 –1:1000 di-

lution. Secondary antibodies were Alexa-coupled (Invitrogen) or biotin-
ylated (Jackson ImmunoResearch, West Grove, PA).

Results
Because IGF-I is involved in the actions of exercise in the brain
(for review, see Trejo et al., 2002), we determined in C57BL/6

Figure 2. Megalin is involved in IGF-I-induced transport of A� through choroid plexus. A, Blots, Immunoprecipitation with
anti-megalin of rat choroid plexus cell extracts followed by blotting with respective antibodies revealed association of megalin
with exogenously added A�, digoxigenin-labeled albumin (Dig-Alb), and TTR. No bands are seen in control cultures treated with
vehicle. Immunoprecipitation with nonspecific serum [normal rabbit serum (NRS)] showed no unspecific association of A�.
Reciprocal coimmunoprecipitation confirmed these interactions (data not shown, but see Fig. 3A). Representative blots are shown
(n � 4). Micrographs, Megalin colocalizes with exogenously added A� and the A� carriers albumin (Dig-Alb) and TTR in choroid
plexus cultures. Confocal analysis shows merging of immunostaining signals. Scale bars, 10 �m. IP, Immunoprecipitation. B,
Albumin and TTR bind to A� in choroid plexus cultures. Choroid plexus cultures were treated with either TTR plus A� or Dig-Alb
plus A� and cell lysates immunoprecipitated with either anti-TTR (top blots) or anti-digoxigenin and blotted with anti-A�.
Duplicate treatments are shown (n � 4). C, Levels of choroid plexus megalin in rats are modified by viral expression of megalin
siRNA (top blot) or miniMegalin (bottom blot). Note that levels of the unrelated protein PI3Kp85 remain undisturbed after
expression of siMegalin, suggesting specificity of RNA interference. Two animals per group are shown (n � 6). D, In vitro
double-chamber well used to mimic the blood (lower chamber)–CSF (upper chamber) interface. Choroid plexus epithelial cells
were grown in the floor of the upper compartment on top of a porous membrane. Cells were infected with either empty virus (HIV) or HIV
vector expressing either siRNA megalin or miniMegalin. IGF-I was added to the lower chamber, whereas A�and/or its carriers were added
in the upper chamber. E, In HIV-infected rat cells, IGF-I promotes translocation of A� from the upper to the lower compartment. This effect
is blocked in cells infected with megalin siRNA (2 replicates are shown in siMegalin-treated cultures; n � 4). F, siMegalin also blocks
translocation of albumin induced by IGF-I (n�4). G, H, Increased levels of megalin after infection of cells with HIV-miniMegalin enhances
IGF-I-induced transport of A� (G) and albumin (H ) across rat choroid plexus epithelial cells. Representative blots are shown in duplicate
wells. At least three independent experiments were run for each condition.
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mice whether prolonged exercise affects
megalin/LRP2 in choroid plexus (Fig. 1A)
and found that, together with the expected
increase in brain IGF-I (Fig. 1A, histo-
grams), megalin levels in choroid plexus
were augmented over twofold after 1
month of moderate running (Fig. 1A)
( p 	 0.05 vs sedentary animals; n � 5).
Because exercise stimulates brain uptake
of serum IGF-I at least in part through the
choroid plexus (Carro et al., 2000), we de-
termined whether serum IGF-I targets
choroid plexus cells. We found that IGF-
IRs in rat choroid plexus epithelium,
which are highly abundant (Lee et al.,
1993), become activated in response to
systemic IGF-I (Fig. 1B). Furthermore,
when rat choroid plexus epithelial cells are
exposed to IGF-I, megalin levels increased
twofold (Fig. 1C) (n � 5; p 	 0.05 vs con-
trols). Together, these observations sug-
gest a link between choroid plexus mega-
lin/LRP2 and serum IGF-I.

IGF-I regulates brain A� clearance: role
of choroid plexus megalin/LRP2
Most A� carriers share megalin/LRP2 as a
common cargo receptor that binds A�/
carrier complexes (Zlokovic et al., 1996;
Sousa et al., 2000; Barth and Argraves,
2001). Indeed, megalin from rat choroid
plexus cells binds to A�1-40 (Fig. 2A) and
to A� carrier proteins such as albumin or
TTR (Fig. 2A). To facilitate its transport by
megalin/LRP2, A� binds to its different
carriers (Fig. 2B), as reported previously
(Zlokovic et al., 1996; Deane et al., 2004).
Because megalin has a greater affinity for
A�1-40 than for A�1-42 (Deane et al., 2004
and data not shown), in these studies we
used the former, more soluble form of A�.

We found that megalin is involved in
IGF-I-induced transport of A�1-40 across
rat choroid plexus epithelial cells. RNA in-
terference of megalin (siMegalin), which
results in low megalin levels in rat choroid
plexus cells (Fig. 2C), blocks IGF-I-
induced transport of A� across an epithe-
lial monolayer, mimicking the CSF– blood
interface at the choroid plexus (Fig. 2D,E
and supplemental Fig. 1A, available at
www.jneurosci.org as supplemental mate-
rial). IGF-I-induced transcytosis of an A�
carrier such as albumin was also impaired
in the presence of siMegalin (Fig. 2F and
supplemental Fig. 1B, available at www.
jneurosci.org as supplemental material).
[Analysis of the effects of siMegalin on
transport of another A� carrier such as TTR (supplemental Fig.
1E, available at www.jneurosci.org as supplemental material) was
confounded by the fact that TTR is endogenously produced by
choroid plexus cells (Schreiber, 2002), and its production is in-
creased by IGF-I (supplemental Fig. 1F, available at www.

jneurosci.org as supplemental material).] On the contrary, when
rat choroid plexus cells overexpress miniMegalin (Fig. 2C), a fully
functional shorter version of megalin (Larsson et al., 2003), IGF-
I-induced translocation of A� (or albumin) across the epithelial
monolayer was enhanced (Fig. 2G,H and supplemental Fig. 1C,D,

Figure 3. Mechanism of IGF-I-induced transport of A�1-40 through choroid plexus cells. A, IGF-I does not modulate the
association of A� with megalin. The amount of A� complexed with megalin did not change after exposure of rat choroid plexus
cultures to IGF-I. Cells were immunoprecipitated with anti-A� and blotted with anti-megalin. B, Megalin in rat choroid plexus
cells is constitutively associated with caveolin-1. Megalin coimmunoprecipitated and colocalized by immunocytochemical confo-
cal analysis with caveolin-1. Scale bars, 10 �m. C, Megalin-mediated transport of A� across rat choroid plexus cells involves
association of the A�/carrier complex with caveolin. Top blots, Caveolin-1 coimmunoprecipitates with exogenous A� in choroid
plexus cultures. No association is seen in untreated cultures (Control). Middle blots, The amount of caveolin-1 present in the
membrane (Mb) of choroid plexus cells is increased after addition of A�, whereas the cytoplasmic fraction (Cy) is not modified.
Bottom blots, In cultured choroid plexus cells, caveolin-1 associates with albumin, an A� carrier (Carro et al., 2002), as determined
by coimmunoprecipitation. Dig-Alb, Digoxigenin-labeled albumin. Right micrographs, Peri-membrane localization of caveolin-1
staining is apparent in control rat cultures. After adding A�, caveolin-1 colocalizes with it. Scale bars, 10 �m. D, IGF-I increases the
amount of A� associated with caveolin-1. E, Megalin coimmunoprecipitates with Dab2 in choroid plexus epithelial cell cultures.
Reciprocal coimmunoprecipation confirmed association of Dab2 with megalin. F, IGF-I induces transient Ser-dephosphorylation of
Dab2 in rat choroid plexus cells. Total Dab2 levels remained unchanged. p, Phosphorylated. G, IGF-I induces transient decoupling of Dab2
and megalin. Note that the time course coincides with dephosphorylation of Dab2 by IGF-I. Total Dab2 levels remain constant. H, IGF-I-
induced dephosphorylation of Dab2 is blocked by bisindolylamine (BIS), a PKC inhibitor, whereas wortmannin (Wort; which inhibits PI3K)
or PD98059 (PD; which blocks MAPK activation) did not affect IGF-I action. I, Blockade of PKC activity with bisindolylamine (BIS) abrogates
IGF-I-induced translocation of A� across the epithelial monolayer. Representative blots are shown throughout. A minimum of four
experiments were performed for each condition shown in this figure. IP, Immunoprecipitation.
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available at www.jneurosci.org as supple-
mental material). IGF-I may enhance
translocation of A� across the choroid
plexus epithelium by increasing the asso-
ciation of A� to megalin, by increasing the
internalization of the A�/megalin com-
plex, or both. The association of A� with
megalin was not modulated by IGF-I (Fig.
3A). However, endocytic transport of A� by
megalin was increased after exposure to
IGF-I. Megalin is associated to caveolin-1
(Fig. 3B), a protein present in caveolas that
interacts with megalin (Sargiacomo et al.,
1993). Accordingly, megalin-mediated
transport of A� across choroid plexus cells
involves association of the A�/carrier com-
plex with caveolin (Fig. 3C) but not with
clathrin or early endosomes (data not
shown). Thus, caveolin-1 in rat choroid
plexus cells exposed to A� associates with it,
whereas the amount of caveolin in the cell
membrane is increased (Fig. 3C). After addi-
tion of albumin, caveolin-1 also becomes as-
sociated with it (Fig. 3C). Furthermore, asso-
ciation of A� with caveolin was enhanced by
IGF-I (Fig. 3D).

Transport of cargo through megalin re-
quires its internalization. This process is
regulated by phosphorylation– dephos-
phorylation of docking proteins such as
Dab2 (Oleinikov et al., 2000), which assso-
ciates with megalin (Fig. 3E). IGF-I in-
duced both dephosphorylation of Dab2
(Fig. 3F) and uncoupling of megalin to
Dab2 (Fig. 3G) with a similar time course.
Significantly, Dab2 uncoupling is required
for megalin internalization (Morris et al.,
2002). IGF-I required PKC activity to de-
phosphorylate Dab2, because bisin-
dolylamine, a PKC inhibitor, abrogated
this effect (Fig. 3H). Ro320432, another
PKC inhibitor, confirmed the involve-
ment of PKC in the action of IGF-I on Dab
(data not shown). Other kinase inhibitors
targeting canonical signaling by IGF-I
such as PI3K or MAPK (mitogen-activated
protein kinase) were ineffective (Fig. 3H).
In agreement with a role of PKC in IGF-I
induced internalization of megalin, inhi-
bition of PKC resulted in abrogation of
IGF-I-induced transport of A� across a rat
choroid plexus monolayer (Fig. 3I).

The above data indicate that IGF-I-
induced transport of A� through the cho-
roid plexus involves megalin internalization
complexed to A�. Hence, we explored the bio-
logical significanceof thisprocess. Invivo inter-
ferenceofchoroidplexusmegalinthroughinjectionintothe lateralven-
tricles (Fig. 4A) of a lentiviral vector coding for megalin siRNA (HIV-
siMegalin), which decreased choroid plexus content of megalin (Fig.
4A), led to a significant increase in A�1-x levels in adult rat cortex 6
months later (Fig. 4B) together with the appearance of scarce and small
Congo red
 deposits, a marker of A� deposits (Fig. 4B). High A�1-x

levels are probably related to reduced clearance caused by lower brain
levels of A� carriers such as albumin (Biere et al., 1996), transthyre-
tin (Schwarzman et al., 1994), or apolipoprotein J (Hammad et al.,
1997) after siMegalin injection (Fig. 4C).

Because amyloidosis may be associated with impaired cogni-
tion (Cleary et al., 2005), we determined whether HIV-

Figure 4. Blockade of megalin in choroid plexus of adult rats. A, Photomicrograph, GFP expression in rat choroid plexus cells 3 months
after a single intracerebroventricular injection of HIV-GFP (n�6). Blot, Intraventricular HIV-siMegalin (siMeg) administration resulted in
marked decrease in choroid plexus megalin levels 6 months later compared with HIV-injected controls. CP, Choroid plexus. Scale bar, 30
�m. B, Levels of A�1-40 and A�1-42 in rat brain cortex are markedly increased 6 months after blockade of choroid plexus megalin by
intracerebroventricular injection of HIV-siMeg. Scarce and small Congo red
 deposits were found only in brain cortex of siMeg rats. Scale
bar, 20 �m. C, Brain cortex levels of A� carriers albumin, TTR, and apolipoprotein j (Apo J) were significantly decreased in siMeg rats 6
months after injection of the viral vector. D, Performance in the water maze was also impaired by siMeg administration. Both learning
(acquisition phase) and memory (retention) in the water maze were significantly deteriorated 6 months later in siMeg-injected rats (n�
6). Probe trials indicate that whereas control (HIV) rats spent significantly longer time in the platform quadrant than in the rest of
quadrants, siMeg animals were swimming in each quadrant the same time (no significant preference for the platform quadrant). Conse-
quently,wealsofoundsignificantdifferencesbetweencontrolandsiMeganimals inplatformquadrantpreferences(n�4 – 6pergroup).
*p 	 0.05; **p 	 0.01 versus HIV-injected controls, by ANOVA followed by post hoc Student’s t test. E, Brain Hpf-tau levels significantly
increased after blockade of choroid plexus megalin (representative blot and quantitation histograms), with Hpf-tau-positive deposits
present only in HIV-siMeg treated animals (top photomicrographs). Thyoflavin staining of Hpf-tau deposits were present only in megalin-
blocked rats (bottom). Scale bars, 20 �m. *p 	 0.05; **p 	 0.01 versus HIV-injected controls, by Student’s t test. n � 4 – 6 in all
experiments. Error bars represent SEM.
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siMegalin-injected rats show learning and memory distur-
bances. Using the water maze test (Morris, 1984), we found
slightly but significantly impaired performance in rats as early
as 3 months after HIV-siMegalin injection (data not shown),
which was maintained for at least 6 months, compared with
HIV-injected controls (Fig. 4 D). Thus, siMegalin rats show
decreased ability to learn the location of the hidden platform
(acquisition phase of the Morris test) and memorize it (as
evidenced in the retention test and probe trials). No differ-
ences in swim speed (13.6 � 1.8 cm/s in controls vs 14.5 � 2.1
in siMegalin rats) or total path lengths (855 � 58 cm in con-
trols vs 869 � 81 cm in siMegalin; probe trial paths) were
observed to account for these deficits.

Because amyloidosis is associated to brain deposits of Hpf-
tau in AD brains, we determined whether Hpf-tau was present
in siMegalin-treated rats. Using the AT-8 anti-Hpf-tau anti-
body, we found abundant immunoreactive deposits of small
size and increased levels of Hpf-tau in rats treated for 6
months. The appearance of thyoflavin-positive aggregates, a
histochemical marker of Hpf-tau (Fig. 4 E), confirmed the
presence of abnormal tau.

Megalin mediates transport of IGF-I through the
choroid plexus
Blood-borne IGF-I enters into the brain at least in part through
the choroid plexus (Carro et al., 2000), but the mechanisms in-
volved are not clear (Carro et al., 2000; Pulford and Ishii, 2001).
As shown above, low megalin levels after siMegalin in the rat
choroid plexus are associated to the appearance of Hpf-tau in
brain and cognitive loss. Because megalin may transport IGF-I
(Obermuller et al., 2001), entrance of serum IGF-I into the brain
through the choroid plexus could be compromised in the absence
of normal megalin levels, because low IGF-I input is related to tau
hyperphosphorylation (Schubert et al., 2003) and cognitive loss
(Sytze and Aleman, 2004).

Indeed, megalin binds to IGF-I, as determined by coimmu-
noprecipitation analysis and immuno-colocalization in rat
choroid plexus epithelial cells (Fig. 5A). Furthermore, siMega-
lin interferes with translocation of IGF-I through an epithelial
rat choroid plexus cell monolayer (Fig. 5B), whereas in cho-
roid plexus cells expressing miniMegalin, IGF-I translocation
is enhanced (Fig. 5C). Therefore, megalin is required not only
for transport of A� out of the brain, as already suggested
(Zlokovic et al., 1996), but also for translocation of IGF-I into
the CSF across choroid plexus epithelial cells. We further ex-
amined this latter aspect in vivo. When megalin function is inter-
fered in the rat choroid plexus by intraventricular injection of HIV-
siMegalin, IGF-I blood-to-CSF transport is interrupted (Fig. 5D).
Significantly, abolition of this blood-borne IGF-I flux partially im-
pairs serum IGF-I signaling on brain tissue. Whereas in control rats
(void-vector infected), intracarotid administration of IGF-I stimu-
lates Akt phosphorylation in brain parenchyma (hippocampus), this
stimulation is slightly but significantly reduced when choroid plexus
transport of serum IGF-I is blocked by intracerebroventricular HIV-
siMegalin (Fig. 5E) ( p 	 0.05 vs HIV plus IGF-I-injected rats).
Transport of IGF-I across the choroid plexus does not exclusively
depend on megalin; proper IGF-IR function is also required. In rats
in which the choroid plexus expresses a KR IGF-IR, transport of
IGF-I into the CSF is also interrupted (Fig. 5F). Because IGF-I still
stimulates Akt phosphorylation in choroid plexus, whereas
megalin levels are interfered with siMegalin (Fig. 5G), this sug-
gests that transport of IGF-I through the IGF-IR/megalin path-
way is independent of IGF-IR signaling through Akt. In fact,

inhibition of PKC with bisindolylamine, but not inhibition of
PI3K/Akt with wortmannin or MAPK with PD98059, inhibits
IGF-I transcytosis by megalin in a choroid plexus monolayer
(Fig. 5H).

Figure 5. Transport of IGF-I across the choroid plexus. A, Megalin in rat choroid plexus cells
interacts with IGF-I. Blots, Reciprocal coimmunoprecipitation of megalin with IGF-I after adding
the latter to choroid plexus cultures. Photomicrographs, Megalin (green) and IGF-I (red) colo-
calize in cultured choroid plexus epithelial cells. Scale bar, 10 �m. B, Rat choroid plexus cells
expressing siMegalin translocate significantly less IGF-I from the lower to the upper culture
chamber (see Fig. 1 E). **p 	 0.01 versus HIV-infected cells by Student’s t test. C, When rat
choroid plexus cells express miniMegalin, the amount of translocated IGF-I is significantly in-
creased. **p 	 0.01 by Student’s t test. D, Rats infected with HIV-siMeg in the choroid plexus
translocate significantly less Dig-IGF-I from the blood into the CSF. Representative blot and
quantitative histograms are shown. *p 	 0.05 versus HIV-infected rats by Student’s t test (n �
4). E, In rats expressing siMeg in the choroid plexus, intracarotid injection of IGF-I (10 �g per
rat) results in significantly lower stimulation of Akt in brain parenchyma (hippocampus) 1 h
later. Representative blots and quantitation histograms are shown. Total Akt remained un-
changed. F, Rats expressing a KR IGF-IR in choroid plexus (HIV-KR rats) did not translocate
Dig-IGF-I from the blood into the CSF. The blot shows Dig-IGF-I in CSF of HIV (control) and
HIV-KR rats. Two rats per treatment are shown (n � 5). G, Megalin is not required for IGF-I-
induced activation of Akt in rat choroid plexus. After infection of choroid plexus with HIV-siMeg,
intracarotid IGF-I is still able to stimulate phosphorylation of Akt in choroid plexus. H, Inhibition of PKC
with bisindolylamine (Bis), but not of PI3K/Akt with wortmannin (Wort) or MAPK with PD98059 (PD),
abrogates passage of Dig-IGF-I across a rat choroid plexus epithelial monolayer. Representative blots
are shown. At least three independent in vitro experiments were run for each condition. IP, Immuno-
precipitation; siMeg, siMegalin; miniMeg, miniMegalin; p, phosphorylated.
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Choroid plexus megalin and blood-
borne IGF-I neuroprotection
Because brain amyloidosis (Cleary et al.,
2005) and low serum IGF-I levels are asso-
ciated with cognitive impairment (Sytze
and Aleman, 2004), if megalin is involved
in brain A� clearance and at the same time
in entrance of serum IGF-I into the CSF,
experimental manipulation of its activity
may help understand the role of A� clear-
ance and serum IGF-I in cognitive
disturbances.

First, we aimed to ameliorate cognitive
loss in different rodent models of cognitive
disturbance by enhancing A� clearance
and entrance of serum IGF-I through in-
creased megalin levels. As described above,
we delivered a lentiviral (HIV) vector cod-
ing for miniMegalin to the choroid plexus
by intracerebroventricular injection. This
resulted in increased choroid plexus levels
of megalin 6 months later (Fig. 6A). In
these different rodent models, we deter-
mined performance in the water maze,
brain amyloid, and Hpf-tau levels (using
the AT-8 antibody). The results are sum-
marized in Table 1, Figure 6, and sup-
plemental Figure 2 (available at www.
jneurosci.org as supplemental material).
In APP/PS1 mice, a well established model
of AD-like cognitive loss associated with
very high amyloid levels (Borchelt et al.,
1997), increasing choroid plexus megalin
resulted in a significant improvement in
learning (acquisition) scores compared
with void-vector-injected littermates
(supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material).
In parallel, Hpf-tau deposits were less ap-
parent (Fig. 6C, compare c,i) and Hpf-tau
levels significantly decreased (Table 1),
whereas amyloid content did not change
(Table 1). Next, we analyzed LID mice, a
model of cognitive loss associated with
premature brain amyloidosis and low se-
rum IGF-I (Carro et al., 2002). Mini-
megalin injection in LID mice elicited a
reduction in A�1-40 (but not A�1-42) (Ta-
ble 1), disappearance of scarce Hpf-tau de-
posits (using the AT-8 antibody) (Fig.
6Cd,Ce), a significant reduction in Hpf-
tau levels (Table 1), and restored water-
maze learning and memory (supplemental
Fig. 2B, available at www.jneurosci.org as
supplemental material). We also analyzed
whether animals with severe cognitive im-
pairment (unable to learn the location of
the platform in the water maze) (sup-
plemental Fig. 2C, available at www.
jneurosci.org as supplemental material),
as found in very old rats (30 months of
age), were amenable to the beneficial ac-
tions of megalin overexpression. However,

Figure 6. Role of megalin in choroid plexus. A, HIV-directed expression of miniMegalin (miniMeg) in choroid plexus of old rats
results in increased megalin levels 6 months after injection, compared with HIV-injected controls. Representative blot is shown (n�4). B,
Oldratshavedecreasedmegalincontentinchoroidplexuscomparedwithadultanimals.Representativeblotandquantitationhistograms.
**p	0.01 versus adult rats by Student’s t test (n�4). Error bars represent SEM. C, Hpf-tau deposits (red) within the pyramidal cell layer
of the hippocampus in different rodent models of cognitive deterioration after modulation of megalin levels in choroid plexus. Neurons are
stained with calbindin (green). Ca, Cb, Hpf-tau staining, readily detectable in aged rats (30 months of age), is less prominent in aged rats
expressing miniMeg in choroid plexus for 6 months. The left inset shows magnification of deposits in Ca. Cc, Cf, Ci, Scattered Hpf-tau
deposits in APP/PS1 mice become more apparent after reduction of megalin levels with siMeg (Cf ), whereas they are not substantially
modified after miniMeg expression (Ci). The right inset shows magnification of deposits in Cf. Cd, Ce, LID mice have low levels of Hpf-tau
deposits that disappear after miniMeg expression for 3 months. The right inset shows magnification of small deposits in Cd. Cg, Ch,
Injection of HIV-siMeg to adult rats resulted in the appearance of scattered Hpf-tau deposits in the hippocampus. The inset in Ch shows
magnification of the deposits. Representative hippocampal sections are shown. Changes in Hpf-tau levels were quantified by Western blot
(see Results). Control animals received void HIV vector intracerebroventricular injections in all cases. Scale bar, 20 �m. min Meg, mini-
Megalin;siMeg,siMegalin. D,Functional interactionsbetweenserumIGF-Iandchoroidplexusmegalin.SerumIGF-Istimulates its receptor
at epithelial choroid plexus cells to induce its own transport across the cell via megalin. Serum IGF-I also enhances transport by megalin of
A� complexed with its carriers from the CSF to the blood through a caveolin-dependent endocytic pathway involving IGF-I-induced
decouplingofDab2tomegalin. IGF-IrequiresPKCactivity,bothtofavortransportofA�/carriercomplexesaswellastobetransporteditself
by megalin. Whether megalin binds IGF-I bound to the IGF-I receptor or free IGF-I requires additional analysis.
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no correlation was found between cognition and biochemical
changes in response to increased megalin. Overexpression of
miniMegalin in choroid plexus of very old rats did not improve
learning, although brain A�1-40 levels were significantly de-
creased (but not A�1-42) (Table 1), Hpf-tau deposits were less
obvious (Fig. 6Ca,Cb), and Hpf-tau levels were significantly low-
ered (Table 1).

Notably, intact old rats have very low levels of megalin in the
choroid plexus, compared with adult animals (Fig. 6B). Finally,
we examined whether reduced megalin could contribute to
progress of cognitive loss. APP/PS1 mice infected with HIV-
siMegalin showed significantly worsened memory (Table 1), in-
creased Hpf-tau levels (Table 1), Hpf-tau deposits become more
apparent (Fig. 6Cc,Cf), and A�1-40 content increased (Table 1
and supplemental Fig. 2A, available at www.jneurosci.org as sup-
plemental material).

Discussion
The present findings indicate that megalin/LRP2 in choroid
plexus epithelium is involved in regulation of A� clearance by
serum IGF-I and in transport of this abundant serum growth
factor from the bloodstream into the CSF. Because both exercise
and IGF-I increase megalin in choroid plexus, it is possible that
megalin participates in the role of serum IGF-I in exercise neu-
roprotection. For example, both exercise and IGF-I lower amy-
loidosis in mouse models of AD (Carro et al., 2002, 2005a; Adlard
et al., 2005). Conceivably, exercise may ameliorate amyloid load
by stimulating the IGF-I/megalin pathway in choroid plexus.
Therefore, pharmacological stimulation of this pathway may
mimic the beneficial actions of exercise and environmental en-
richment on amyloid load (Adlard et al., 2005; Lazarov et al.,
2005). This possibility warrants additional study.

Megalin/LRP2 is a cargo receptor involved in polarized trans-
port of widely different proteins. Its biological role is best char-
acterized in renal epithelium, participating in blood– urine ho-
meostasis (Christensen and Birn, 2002). At the blood–CSF
interface, its role is not well known, although previous work in-
dicated the involvement of megalin, together with endothelial
LRP1, in A� clearance (Zlokovic et al., 1996; Deane et al., 2004;
Tanzi and Bertram, 2005). The present findings support and ex-
tend these observations, suggesting a bifunctional activity of cho-
roid plexus megalin. As summarized in Figure 6D, we suggest
that in response to IGF-IR activation by serum IGF-I, megalin
will transport A�/carrier complexes from the CSF into the blood
through a PKC-dependent pathway. This endocytic route in-
volves IGF-I-induced increases in the interaction of megalin A�/
carrier complexes with caveolin through IGF-I-induced decou-
pling of megalin to the cytoplasmic docking protein Dab2. In
turn, blood-borne IGF-I will be transported into the CSF through
megalin, also in a PKC-dependent manner. The latter is not sur-
prising in view of the ability of megalin to transport different

growth factors and hormones (Chris-
tensen and Birn, 2002). This poses megalin
as an important effector of serum IGF-I
neuroprotection and as a possible new tar-
get in Alzheimer’s research. Indeed, en-
hancement of megalin/LRP2 activity in the
choroid plexus may represent a novel way
to increase cognitive performance. An ad-
ditional theoretical possibility would be
gene therapy via intravenous injection of
megalin–Trojan horse vectors (Schla-
chetzki et al., 2004) in dementia disorders.

This dual action of megalin may be es-
sential for neuro-surveillance by serum IGF-I (Torres-Aleman,
2000), including brain A� clearance (Carro et al., 2002), inhibi-
tion of tau phosphorylation (Hong and Lee, 1997) or amyloid
neurotoxicity (Niikura et al., 2001), and maintenance of cogni-
tive function (Sytze and Aleman, 2004). Clearance of A� will
diminish its accumulation in brain and consequently its neuro-
toxicity (Cleary et al., 2005), probably including the appearance
of Hpf-tau staining (Hoshi et al., 2003). Entrance of serum IGF-I
into the brain, which results in stimulation of IGF-I-dependent
pathways such as Akt, will inhibit GSK-3, a tau kinase involved in
AD (Hanger et al., 1992), and in this way will contribute to low
levels of Hpf-tau. Many studies link Hpf-tau and dementia (Avila
et al., 2004). Although mechanisms relating cognitive function to
serum IGF-I levels are not established, many of the known neu-
roprotective actions of IGF-I are in all probability involved. These
not only include inhibition of amyloid toxicity (Niikura et al.,
2001) and Hpf-tau accumulation (Schubert et al., 2003), as al-
ready mentioned. Stimulation by IGF-I of brain perfusion
(Lopez-Lopez et al., 2004), neurogenesis (Aberg et al., 2000; Trejo
et al., 2001), neuronal excitability (Carro et al., 2000), synaptic
plasticity (Nunez et al., 2003), neuronal resilience (Carro et al.,
2001), glucose uptake (Bondy and Cheng, 2002), neurotrophins
(Carro et al., 2000), and probably many other effects still to be
characterized surely contribute to functional preservation.

The above conclusions are based on brain disturbances ob-
served after manipulating megalin levels. Thus, lowering choroid
plexus megalin in adult rats originates large increases in brain A�
content and reduction of serum IGF-I entrance into the CSF.
These observations are corroborated by reduced in vitro A� or
IGF-I passage through a choroid plexus monolayer expressing
megalin siRNA. Significant increases in AT-8
 Hpf-tau in brain,
together with loss in spatial learning and memory, are also seen
after reducing megalin levels in vivo. On the other hand, in ro-
dents in which cognition is already compromised, enhanced
megalin expression in choroid plexus corrects moderate, but not
severe, cognitive deficits. In all instances, Hpf-tau is reduced,
whereas the (modest) reduction of amyloidosis observed in
some, but not all, cases depends on its severity and only affects
A�1-40. The latter agrees with the observation that megalin pref-
erentially binds A�1-40 (Deane et al., 2004). These findings sug-
gest that lowering Hpf-tau, rather than reducing amyloidosis,
correlates better with cognitive improvement and confirm that
the choroid plexus participates in clearance of A�1-40 (Zlokovic,
2004). However, when brain A� levels are very high, such as in
APP/PS1 mice, potentiation of this megalin route is insufficient,
suggesting that overall A� clearance may be disrupted in condi-
tions of severe amyloidosis. Nevertheless, costimulation of other
A� clearance pathways, such as endothelial LRP1 (Deane et al.,
2004), may prove an efficient way to eliminate excess A� under
pathological circumstances.

Table 1. Modification of choroid plexus megalin activity in rodent models of cognitive impairment and its effect
on A� levels, Hpf-tau, and cognition

Model Megalin A�1-40* A�1-42* Hpf-tau* Cognition**

APP/PS1 plus miniMeg 1 � � 2 1
Old rat plus miniMeg 1 2 � 2 �
LID plus miniMeg 1 2 � 2 1
APP/PS1 plus siMeg 2 1 � 1 2

Before treatment, all animal models had significantly high A� and Hpf-tau levels and deteriorated cognition. Arrows indicate significant changes in each
parameter tested after modulation of megalin levels. �, Impairment remains; miniMeg, miniMegalin; siMeg, siMegalin.

*p 	 0.05 versus respective control (HIV)-injected animals, by Student’s t test; **p 	 0.05, one-way ANOVA followed by Student’s t test; n � 6 – 8 animals
per experimental group.
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These findings indicate that the brain barrier at the choroid
plexus epithelium (and most likely at the brain vessel endothe-
lium as well) (Lopez-Lopez et al., 2004) constitutes a major target
of circulating IGF-I. Activation of IGF-IR in the choroid plexus
by blood-borne IGF-I will lead to its transport into the CSF (in
the presence of dominant-negative IGF-I receptor this transport
is blocked), enhanced outward transport of A�/carrier com-
plexes (together with inward transport of A� carriers) (Carro et
al., 2002), increased megalin levels, and augmented transthyretin
production. As shown by pharmacological inhibition of PKC,
IGF-I stimulates cargo activity of megalin through this kinase
(Fig. 6D). Therefore, activation of PKC by IGF-I may be an im-
portant pathway in downstream activation of IGF-IRs at the cho-
roid plexus. However, additional molecular dissection of this
pathway is required. Because the choroid plexus, together with
brain vessels, contains the highest levels of IGF-IRs in brain tissue
(Lee et al., 1993), further insight into the pathways of IGF-IRs at
the blood– brain barriers will advance our understanding of the
neuroprotective role of IGF-I. This will help develop new thera-
peutic targets.

These data argue for a crucial role of choroid plexus megalin
in neuroprotection by IGF-I, suggesting that megalin dysfunc-
tion may be involved in the pathogenesis of late-onset AD. The
latter is reinforced by the fact that megalin is reduced with age,
which in turn is the major risk factor in AD. These findings also
suggest that targeting megalin expression may be an effective
therapeutic strategy for treating AD. Because modulating the ac-
tivity of the IGF-IR at the choroid plexus originates a similar
pattern of biochemical and functional modifications in the brain
(Carro et al., 2005b), we conclude that the IGF-IR/megalin path-
way in the choroid plexus is of remarkable neuroprotective
significance.
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