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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia,
currently affecting 20 million people worldwide with 4.6 million
new cases of dementia every year (Ferri et al., 2005; Roberson and
Mucke, 2006). According to the United Nations population
projection and other statistics, this number may exceed 100
million in the next 50 years (Liu et al., 2006; Suh and Checler,
2002). Although AD is a multi-factorial disorder, only 3–5% cases
are known to be associated with familial or genetic factors (Wu
et al., 2008) suggesting the contribution of non-genetic, environ-
mental causes of the disease.

Histopathologically, one of the distinguishing hallmarks of AD
is the presence of abundant extra-neuronal deposits of beta-
amyloid (Ab). Strong evidence suggests that increases in

extracellular concentrations of Ab peptides result in neuronal
alterations such as changes in synaptic plasticity, decreased long-
term potentiation, and impaired hippocampal function in both
humans and animal models (Brody et al., 2008; Shankar et al.,
2008; Walsh et al., 2002). Ab accumulation in brains of AD patients
may occur by one or more processes, including overproduction by
neurons, inadequate metabolic clearance within the brain, and/or
an improper balance of import and export of Ab at brain barriers
(Crossgrove et al., 2005; Deane et al., 2003, 2008). There are
primarily two brain barriers separating brain cells and cerebral
fluids from the blood, namely the blood–brain barrier (BBB) and
the blood–cerebrospinal fluid barrier (BCB). The BBB is tightly
connected with cerebral capillary endothelia and is present
between the blood and cerebral interstitial fluid. Ab transport
across this barrier has been extensively studied (Deane et al., 2003,
2008).

The BCB comprises relatively leaky epithelial cells, separating
blood from the cerebrospinal fluid (CSF). The choroid plexus (CP), a
major component of the BCB, has been shown to be immunoreac-
tive to antibodies against Ab and its precursor protein, APP
(Crossgrove et al., 2007; Sasaki et al., 1997) and is involved in
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A B S T R A C T

The choroid plexus (CP), constituting the blood–cerebrospinal fluid barrier, has the capacity to remove

beta-amyloid (Ab) from the cerebrospinal fluid. Our previous work indicates that exposure to lead (Pb)

results in Ab accumulation in the CP by decreasing the expression of low density lipoprotein receptor

protein-1 (LRP1), a protein involved in the transport and clearance of Ab. The current study was designed

to explore the relationship between Ab accumulation, protein kinase C (PKC) activity, and LRP1 status in

the CP following Pb exposure. Confocal microscopy revealed that LRP1 was primarily localized in the

cytosol of the CP in control rats and migrated distinctly towards the apical surface and the microvilli

following acute Pb exposure (27 mg Pb/kg, i.p., 24 h). Co-immunostaining revealed a co-localization of

both PKC-d and LRP1 in the cytosol of control rats, with a distinct relocalization of both towards the

apical membrane following Pb exposure. Preincubation of the tissues with PKC-d inhibitor rottlerin

(2 mM) prior to Pb exposure in vitro, resulted in abolishing the Pb-induced relocalization of LRP1 to the

apical surface. Importantly, a significant elevation in intracellular Ab levels (p < 0.01) was observed in

the cytosol of the CP following Pb exposure, which was abolished following preincubation with rottlerin.

In addition, rottlerin caused a relocalization of Ab from the cytosol to the nucleus in both Pb-treated and

control CP tissues. Finally, co-immunoprecipitation studies revealed a strong protein-protein interaction

between LRP1 and PKC-d in the CP. These studies suggest that Pb exposure disrupts Ab homeostasis at

the CP, owing partly to a Pb-induced relocalization of LRP1 via PKC-d.
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clearing Ab from the CSF (Crossgrove et al., 2005, 2007). Recent
studies from this laboratory have shown that exposure to toxic
metal lead (Pb) increases the accumulation of Ab in the CP,
possibly by interferring with the expression of low density
lipoprotein receptor protein 1 (LRP1) (Behl et al., 2009), a major
Ab transporter implicated in AD etiology (Deane et al., 2008;
Donahue et al., 2006; Johanson et al., 2006). Although the use of Pb
in paints, ceramic products and pipe solder has been dramatically
reduced in recent years due to health concerns, it is still receiving
continued public attention due to its indispensable and growing
use in several sectors of industry including smelting, battery
manufacture, paints, plastic materials and other consumer
products (Schwartz and Stewart, 2007; Staudinger and Roth,
1998). Recent findings indicate that workers occupationally
exposed to Pb demonstrate an increase in neurodegeneration
and cortical atrophy along with behavioral deficits similar to those
seen in AD patients (Shih et al., 2007; Stewart et al., 2002, 2006)
with the persistence of its toxicity even 16 years post-exposure
(Jiang et al., 2008). Elevated concentrations of Pb were found in
diffuse neurofibrillary tangles, a form of pre-senile dementia, in 10
AD cases compared with 9 controls (Haraguchi et al., 2002). Animal
studies corroborate human findings in that Pb exposure during
early development has been associated with alterations in the
expression and regulation of amyloid precursor protein (APP) in
mice, rats and non-human primates, with increased memory
impairments later in life (Wu et al., 2008; Basha et al., 2005a,b;
Kuhlmann et al., 1997; Prince, 1998). Although Pb toxicity has long
been associated with learning deficits in children, its direct
deleterious effects on neurodegeneration in adults have only
recently been identified (Stewart et al., 2002, 2006; Counter et al.,
2005; White et al., 2007).

One of the major target regions of the brain for selective Pb
accumulation is the CP. This finding was demonstrated as early as
1983 based on a study on brain autopsies of 51 human subjects
who had lived in New York City and died from causes other than
Pb-induced encephalopathy (Friedheim et al., 1983). These
observations were independently confirmed by Manton and his
colleagues (Manton et al., 1984) who reported a 100-fold increase
of Pb in the human CP compared with that in the brain cortex.
Studies in rodents showed a similar accumulation of Pb in the CP at
concentrations 57- and 70-fold greater than the brain cortex and
CSF, and were found to be dose-dependent and time related (Zheng
et al., 1991, 1996).

In addition to being a target for Pb accumulation, the CP, where
the BCB resides, has shown to mediate the transport and clearance
of Ab from the CSF (Crossgrove et al., 2005; Sasaki et al., 1997;
Monro et al., 2002). Interestingly, Ab has also been detected in the
CP of AD patients (Miklossy et al., 1999). However, the relationship
between Ab transport/metabolism in response to Pb deserves
further exploration. Recent findings from our laboratory reveal
that Pb exposure results in a significant accumulation of Ab in the
CP, possibly by decreasing the expression of LRP1 (Behl et al.,
2009), a transmembrane glycoprotein previously implicated in Ab
export from the brain at the BBB (Goto and Tanzi, 2002; Knauer
et al., 1996; Kounnas et al., 1995; Moir and Tanzi, 2005) as well as
in receptor-mediated endocytosis and cell signaling (Hyman et al.,
2000). However, the mechanism of Pb-induced effects on Ab and
LRP1 remain unknown. Hence, as an extension of our previous
findings, we sought to explore the relationship between the Pb-
induced Ab accumulation in the CP, subcellular distribution of
LRP1, and the status of protein kinase C-delta (PKC-d).

PKC-d belongs to a ‘‘novel’’ isoform of the PKC family, a class of
Ca2+ and phospholipid-dependent protein kinases that catalyze the
transfer of the phosphate in ATP to phosphor-acceptor serine or
threonine residues in protein and peptide substrates (Giorgione
et al., 2006; Zhao et al., 1998). The importance of studying the role

of PKC in AD stems from several studies in literature including a
cross-sectional human study among Korean workers who were
occupationally exposed to Pb. These workers showed decrements
in neurobehavioral test scores, mainly in the domains of manual
dexterity and psychomotor function with a correlation of neuronal
dysfunction with high blood PKC levels (Hwang et al., 2002). Other
studies on human autopsy or animal experiments have also
established that a malfunction in PKC or PKC-mediated activities,
such as PKC-dependent phosphorylation, neurotransmitter release
and neuronal plasticity, may contribute to the etiology of AD
(Akers et al., 1986; Huynh et al., 1989; Pascale et al., 1998; Wehner
et al., 1990; Weiss et al., 1989). More recently, some studies have
suggested that PKC-d is activated in the LRP1-mediated signaling
pathway, where it induces the shedding of the extracellular
domain of LRP1, thereby releasing the intracellular domain in the
cytoplasm (Hayashi et al., 2007; Zurhove et al., 2008). Although
PKC has been associated with AD, the role of the PKC-d isoform in
mediating LRP1 function at the brain barriers remains unexplored.

Our rationale for studying the involvement of PKC in Pb-
mediated elevations in Ab stemmed from findings in literature
which suggest that low concentrations of Pb modulate PKC activity
in brain barrier systems by translocating the kinase from the
soluble cytosolic fraction to the membrane-associated particulate
component of cells (Zhao et al., 1998; Huang and Huang, 1993;
Markovac and Goldstein, 1988a,b). Although several isoforms of
PKC have been identified and studied in the CP (Zhao et al., 1998),
the PKC-d isoform has neither been identified nor characterized at
this barrier. The involvement of Pb in the activation of several
isoforms of PKC coupled with findings implicating PKC-d in LRP1-
mediated cell signaling, provided sound basis to investigate a
potential linkage between Pb toxicity, PKC-d status and LRP1
function, which may ultimately contribute to an intracellular Ab
accumulation in the CP. Thus, the purpose of this study was to
investigate (1) whether Pb exposure affected the subcellular
location of LRP1, (2) whether the subcellular distribution of LRP1
was mediated by PKC-d, (3) whether Pb-induced LRP1 malfunction
was associated with the effect of Pb on PKC-d, and finally (4) how
the alteration of this signaling pathway affected intracellular Ab
levels in the CP. Since the current U.S. Occupational Safety and
Health Administration (OSHA) regulations generally require the
removal of workers from Pb exposure when whole-blood Pb
concentrations exceed 50 or 60 mg/dL (OSHA, 2002; OSHA, 2005),
our current study employed a concentration of 27 mg/kg Pb i.p. in
rats which corresponded to blood Pb levels of 350 mg/dL (Zheng
et al., 1991). This dose was approximately six times higher than the
current occupational exposure guidelines in humans and was in-
line with toxicity testing doses which take into consideration
animal-to-human uncertainty factors. It should be kept in mind
that the purpose of this dose regimen was not to mimic real life
exposure, but instead, to produce a condition in which the amount
of Pb in the choroid plexus could build up significantly during a
fairly short period of time.

2. Materials and methods

2.1. Materials

Chemicals and assay kits were purchased from the following
sources: FAM-labeled Ab (catalog # 23514-01) from Anaspec (San
Jose, CA), rabbit anti-LRP1 antibody (catalog # ARP32793) from
Aviva (San Diego, CA), Alexa-labeled secondary antibody from
Molecular Probes (Eugene, OR), mouse anti-PKC-d (catalog # 41-
0030) from Invitrogen (Carlsbad, CA), anti-mouse Texas Red
(catalog # sc-2781) from Santacruz (Santacruz, CA), protein A-
agarose beads (catalog # P-7786), rottlerin (catalog #R5648) and
RIPA buffer (catalog # R0278) from Sigma Aldrich (St Louis, MO),
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and Dulbecco’s modified essential medium (DMEM), fetal bovine
serum (FBS), penicillin, streptomycin and gentamycin from Gibco
(Grand Island, NY). The polyclonal anti-rabbit LRP1 and anti-
mouse monoclonal LRP1 antibodies were a kind gift from Dr.
Dudley Strickland, University of Maryland. All reagents were of
analytical grade, HPLC grade or the best available pharmaceutical
grade.

2.2. Animals and treatment

Male Sprague–Dawley rats at the time they were used were 8–9
weeks old (250–300 g). The animals were housed in a tempera-
ture-controlled, 12:12 light/dark room, and were allowed free
access to tap water and food. For in vivo studies, rats received an
intraperitoneal (i.p.) injection of 50 mg/kg Pb acetate (i.e., 27 mg
Pb/kg) or an equivalent molar concentration of Na acetate (i.e.,
15 mg acetate/kg) as controls. Twenty-four hours post-injection
the rats were sacrificed using ketamine/xylazine (75:10 mg/mL,
1 mL/kg body weight), the CP was isolated, and immunohis-
tochemistry was performed. For in vitro studies, the CP was
isolated and treated with 10 mM Pb in artificial CSF (aCSF) based on
cytotoxicity tests and previously published data from this group
(Behl et al., 2009; Shi and Zheng, 2007). All treatments were
conducted in a 35-mm dish as described in the section below.

2.3. In vitro incubation studies

Fresh CP tissues were isolated from rats and incubated in aCSF
containing Pb (10 mM) at 37 8C for 1 h while being bubbled with a
95% air–5% CO2. For PKC inhibition studies, the tissues were pre-
treated with 2 mM rottlerin, a PKC-d inhibitor, for 20 min, followed
by incubation with 10 mM Pb for 1 h. The tissues were incubated
with FAM-labeled Ab (5 mM) in aCSF for 1 h and live Ab uptake
was determined using a laser-scanning microscope. Immunohis-
tochemistry was performed on another set of treated tissues as
described below.

2.4. Immunohistochemistry

Following CP isolation and treatments, the tissues were fixed
with 3% paraformaldehyde/0.25% glutaraldehyde in PBS for
10 min. They were permeabilized with 0.5% Triton X-100 for
20 min at room temperature, followed by 5 washes of PBS. After
blocking with 1% bovine serum albumin (BSA) in PBS for 1 h at
room temperature, tissues were double immunostained with
rabbit anti-LRP1 (1:350) and mouse anti-PKC-d (1:250) in 1% BSA
for 2 h at 37 8C, washed with PBS in 1% BSA, and then incubated
with goat anti-rabbit Alexa-488 conjugated secondary antibody
(1:5000) and goat anti-mouse Texas Red (1:3500) in 1% BSA at
37 8C for 2 h. After additional washing in PBS with 1% BSA, the
tissue was transferred to a 35-mm dish (MatTek, Ashland, MA), a
few drops of PBS were added to prevent drying, and observed
immediately using an inverted confocal fluorescent microscope as
described below. Negative controls were treated similarly except
that they were not exposed to any of the primary antibodies.

2.5. Confocal immunofluorescence microscopy

To acquire images, the chamber containing the CP specimen
was mounted on the stage of an Olympus, FV1000 inverted
confocal laser-scanning microscope and viewed through a 40�
water-immersion objective (numeric aperture = 1.2), with 488-nm
(green) and 543-nm (red) laser lines for excitation (Ar-ion laser).
The CP was examined under reduced transmitted-light illumina-
tion to avoid photo bleaching and an area containing undamaged
epithelium with underlying vasculature was selected. Confocal

images (512 � 512 � 8 bits, 4 frames averaged) were obtained at a
rate of one frame per second and care was taken to expose all the
tissues for the same period of time. The fluorescence intensity was
further quantified using software Image J and reported in arbitrary
units (a.u.). Data reported, unless otherwise stated, are the results
of single experiments representative of three to four replicate
experiments.

2.6. Culture of choroidal epithelial Z310 cells

The characteristics of immortalized rat choroidal epithelial Z310
cells have been described in a previous publication (Zheng and Zhao,
2002). Briefly, cells were maintained in DMEM medium supple-
mented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomy-
cin, and 40 mg/mL of gentamycin in a humidified incubator with 95%
air–5% CO2 at 37 8C and were passaged twice a week.

2.7. Immunoprecipitation studies

Z310 cells were seeded in 10-cm cell culture plates at a density
of 1 � 106 cells/plate and were allowed to grow for 2–3 days until
they reached 85–90% confluence. They were washed twice with
cold PBS and lysed in 0.5 ml of RIPA buffer. Lysates were
centrifuged at 10,000 rpm at 4 8C, and the supernatants were
incubated with 200 mL of polyclonal anti-rabbit LRP1 for 1 h on ice,
and subsequently with 40 mL of 10% protein A-agarose overnight at
4 8C on an agitator. Agarose beads were collected by centrifugation
at 6000 rpm for 10 min and washed 4 times with PBS in 0.5%
Tween-20. A negative control was prepared by precipitating the
beads with an irrelevant antibody (b-actin); cell lysate was used as
a positive control. Immunoprecipitates were boiled for 5 min in
SDS sample buffer and resolved by SDS-PAGE.

2.8. Immunoblotting

The samples obtained above were transferred to polyvinylidene
difluoride membranes (PVDF) using a Bio-Rad blotting apparatus
at 30 V overnight at 4 8C. Membranes were blocked for 1 h with
10 mM Tris/Cl, pH 7.4, 150 mM NaCl, 0.2% Tween-20 (TBST)
containing 5% dried milk and incubated with 1:200 dilution of
monoclonal anti-mouse PKC-d in TBST with 5% milk for 1 h at room
temperature. Blots were washed three times for 15 min with TBST.
Membranes were then incubated for 1 h with horseradish
peroxidase goat anti-mouse (Bio-Rad) diluted 1:7500 in TBST
and washed as before. Reactive proteins were visualized by ECL
reagent.

2.9. Statistical analysis

Statistical analyses of the differences between groups were
carried out by a one-way ANOVA with post hoc comparisons by the
Dunnett’s tests (Kaleidagraph 3.6) Quantification of fluorescent
signals were performed using Image J software and the fluores-
cence was reported in arbitrary units (a.u). All data are expressed
as mean + SD. Differences between two means were considered
significant when p was equal or less than 0.05.

3. Results

3.1. Exposure to Pb alters the subcellular localization of LRP1 in rat

choroid plexus

Immunostaining of the normal rat CP tissue revealed a distinct
staining of LRP1 in the choroidal epithelia with the LRP1 staining
being relatively evenly distributed in the cytosol surrounding the
nuclei, yet somewhat toward the apical surface facing the CSF
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(Fig. 1A and C). When rats were injected with 27 mg Pb/kg i.p. for
24 h, a visible subcellular relocalization of LRP1 in the choroidal
epithelia was observed. Most of the LRP1-associated fluorescent
signal was concentrated at the apical surface immediately beneath
the brush border of the choroidal epithelial microvilli with much
less in the cytosol (Fig. 1D and F). The striking difference in the
subcellular distribution of LRP1 between controls and Pb-treated
animals existed consistently. Noticeably also, the transmission
images (Fig. 1B and E) revealed a normal morphology of CP tissues
following acute in vivo Pb exposure.

3.2. PKC-d is involved in the Pb-induced subcellular relocalization of

LRP1

To understand the mechanism by which Pb prompted the
relocalization of LRP1, we investigated the participation of the PKC
family enzymes, because Pb is known to activate PKC (Pascale et al.,
1998; Wehner et al., 1990; Weiss et al., 1989). Immunohistochem-
istry in rat CP tissues revealed a distinct co-localization of LRP1 and
PKC-d in the cytosol of control rats (Fig. 2A–C). An acute single dose
of Pb (27 mg Pb/kg i.p.) not only migrated LRP1 towards the apical
surface of the tissues (Fig. 2D), but also prompted PKC-d signals
moving from the cytosol to the apical membrane (Fig. 2E). Both
LRP1 and PKC-d signals apparently overlapped (Fig. 2F), suggesting
a possible interaction between the two proteins following Pb
exposure.

3.3. Inhibition of PKC-d activity by rottlerin abolishes the Pb-induced

relocalization of LRP1 in vitro

To confirm the involvement of PKC-d in Pb-induced relocaliza-
tion of LRP1, freshly isolated CP tissues were pre-incubated with
rottlerin (2 mM, 20 min), a PKC-d inhibitor, followed by Pb
treatment (10 mM, 1 h). Immunohistochemical studies revealed
a cytosolic distribution of LRP1 and PKC-d (Fig. 3A and B) with a
distinct co-localization of both (Fig. 3C). Following 1-h Pb
exposure, the fluorescent signals of LRP1 (Fig. 3D) and PKC-d
(Fig. 3E) migrated towards the apical membrane; a significant
overlap of both was evident (Fig. 3F). When the tissues were
incubated with 2 mM rottlerin in the absence of Pb, there was no
evident alteration in the localization of either LRP1 or PKC-d
(Fig. 3G–I). However, when the tissues were pre-incubated with
rottlerin followed by Pb exposure, the shift in LRP1 and PKC-d to
the apical side of the choroidal epithelia was completely abolished
(Fig. 3J–L), suggesting again, the involvement of PKC-d in the Pb-
induced relocalization of LRP1.

3.4. Interaction between PKC-d and LRP1 in the choroid plexus

To provide further evidence to support the involvement of PKC-
d in the subcellular relocalization of LRP1, we examined the
potential binding of PKC-d and LRP1 in choroidal epithelial cells
using a co-immunoprecipitation approach. After the cell lysates

[(Fig._1)TD$FIG]

Fig. 1. Intracellular distribution of LRP1 in rat CP tissues following in vivo acute Pb exposure. Rats received a single i.p. injection of Pb at a concentration of 27 mg Pb/kg as Pb

acetate. The control rats received an equivalent concentration of Na acetate. Twenty-four hours later, the CP tissues were collected. (A and B) Representative CP tissues from a

control rat. The arrow indicates a relatively even distribution of LRP1 in the cytosol of choroidal epithelia. (D and E) Representative CP tissues from Pb-exposed rats. The arrow

indicates relocalization of LRP1 from the cytoplasm towards the apical pole and in the brush border of the choroidal epithelia. (C and F) Overlays of (A and B) and (B and E),

respectively. (G) Represents a negative control. The tissue was treated similarly except that it was not exposed to any of the primary antibodies. (B, E and H) Representive

corresponding transmission images. The data indicate a normal morphology of the tissues. All images are representative of experiments performed in triplicates.
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were treated with anti-LRP1 antibody and the precipitated
complexes were separated using SDS-PAGE, not only did we find
LRP1 protein in cell precipitates (Fig. 4A), but more interestingly,
we found a distinct PKC-d band in the precipitate (Fig. 4B). These
data suggest a physical binding of PKC-d to LRP1 in the CP. Non-
specific binding was ruled out by the absence of a band in the
negative control group which was precipitated by an irrelevant
antibody (b-actin).

3.5. Rottlerin abolishes the Pb-induced intracellular Ab accumulation

and potentiates Ab accumulation in nuclei

Since rottlerin apparently blocked the Pb-induced LRP1 reloca-
lization, an interesting question raised was whether rottlerin also
prevents against Pb-initiated cellular accumulation of Ab in the CP.
To test this hypothesis, we used a similar immunohistochemical in
vitro approach to study Ab accumulation in CP tissue. The CP tissues
when exposed with Pb (10 mM, 1 h) showed a distinct increase in
cytosolic intracellular Ab levels (Fig. 5D–F) compared with
untreated controls (Fig. 5A–C). Preincubation with rottlerin
(2 mM, 20 min) alone did not seem to reduce the Ab in CP tissues
(Fig. 6); interestingly, it caused an apparent concentration of Ab
from the cytosol to the nucleus (Fig. 5G–I). When the CP tissues were
pre-incubated with rottlerin followed by Pb treatment, there was a
visible and significant reduction in Ab in the CP (Fig. 6). However, it
remains unclear as to why rottlerin did not simply abolish the Pb-

induced increase in cellular Ab, but instead, actively reduced Ab
concentrations below levels seen in untreated controls (p < 0.01).

4. Discussion

The data from the current study confirm our previous findings
that Pb exposure increases Ab accumulation in the CP (Behl et al.,
2009). Furthermore, we demonstrated that Pb exposure, both in
vivo and in vitro, prompted the relocalization of LRP1 to the apical
side of the choroidal epithelial membrane; this effect appeared to
be associated with Pb-induced alteration in PKC-d in the CP.

The finding that the Pb-mediated translocation of LRP1 appears
to involve PKC-d is supported by several critical pieces of
experimental evidence: (1) when the CP tissues were pre-
incubated with PKC-d inhibitor rottlerin, the relocalization of
LRP1 initiated by Pb exposure was completely blocked, suggesting
the involvement of the PKC-d signal transduction in intracellular
LRP1 migration. (2) In cell fractions that were immunoprecipitated
by anti-LRP1 antibody, there was an evident presence of PKC-d
proteins; this provides direct evidence of a protein-protein
interaction between LRP1 and PKC-d. (3) Inhibition of PKC-d
activity by rottlerin ultimately abolished the Pb-induced cellular
accumulation of Ab. Since LRP1 is responsible for expelling Ab
from the cells, it appears that Pb exposure may affect LRP1 function
via the action of Pb on PKC-d, subsequently affecting Ab transport/
clearance at the BCB.

[(Fig._2)TD$FIG]

Fig. 2. Co-localization of LRP1 and PKC-d in the rat CP tissues following acute Pb exposure in vivo. (A–C) Confocal image of LRP1 and PKC-d in the cytosol of a representative CP

tissue from a control rat. (D–F) Confocal image of LRP1 and PKC-d in a representative CP tissue from a Pb-exposed rat. LRP1 is stained in green (A and D) and PKC-d in red (B

and E). (G–I) Represents a negative control which was treated similarly except that it was not exposed to any of the primary antibodies. (C and F) Represents an overlay of LRP1

and PKC-d in controls and Pb-treated rats, respectively. Please see the legend in Fig. 1 for Pb-dose regimen. The data are representative of experiments performed in

triplicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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The above findings raise several important questions with
respect to Ab homeostasis at the BCB and its dysregulation
following Pb exposure. First, what is the role of PKC-d in Pb-
induced translocation of LRP1? Although the exact mechanism
whereby Pb acts on PKC remains unknown, it has long been shown
that Pb can activate PKC and translocate it from the cytosol to the
membrane in various tissues (Markovac and Goldstein, 1988a,b;

Laterra et al., 1992), including the CP (Zhao et al., 1998). The
current study supports findings in literature that the action of Pb
does not appear to be due to competition with Ca2+, but instead,
may occur on its catalytic domain (Murakami et al., 1993). This is
because PKC-d, a novel isoform of PKC, does not have a Ca2+

binding domain and responds only to diacylglycerol (DG), in
contrast to the conventional PKC isozymes which are recruited to

[(Fig._3)TD$FIG]

Fig. 3. Inhibition of Pb-induced migration of LRP1 by rottlerin. Rat CP tissues were isolated and pre-treated with rottlerin (2 mM, 20 min) alone or followed by Pb (10 mM, 1 h)

exposure in vitro. (A–C) Confocal image of LRP1 and PKC-d in the cytosol of a representative CP tissue from a control rat. (D–F) Confocal image of LRP1 and PKC-d in a

representative CP tissue from a Pb-exposed tissue in absence of rottlerin pre-treatment. (G–I) Confocal image of a representative CP tissue pre-treated with rottlerin in the

absence of Pb. (J–L) Representative image of a CP tissue pre-treated with rottlerin followed by Pb exposure. LRP1 is stained in green (A, D, G and J), and PKC-d in red (B, E, H and

K). The data are representative of experiments performed in triplicate. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

[(Fig._4)TD$FIG]

Fig. 4. Co-immunoprecipitation of LRP1 and PKC-d for protein–protein interaction. Lysates from control Z310 cells were captured with anti-LRP1 in the presence of protein A-

agarose beads and the complex was run on SDS-PAGE. (A) Immunoblot with anti-LRP1. (B) Immunoblot with anti-PKC-d. The data are representative of experiments

performed in triplicate.

M. Behl et al. / NeuroToxicology 31 (2010) 524–532 529



Author's personal copy

membranes by two modules, a C1-DG domain, and a C2 domain
comprising a Ca2+-triggered phospholipid-binding module (Gior-
gione et al., 2006). The activated PKC-d could then potentially
phosphorylate LRP1 and relocalize the complex to the membrane
(Hayashi et al., 2007). Further studies using subcellular fraction-
ation and the role of PKC-d activation are warranted in order to
accurately determine the cellular compartments for the shift in
LRP1 protein following Pb exposure.

It may be noteworthy that due to a lack of substantial quantity
of fresh choroid plexus tissues, our immunoprecipitation studies
were conducted on Z310 cells. Although this cell line has been well
characterized, it may be of future interest to assess protein-protein
interaction between LRP1 and PKC-d in the CP tissues using a
different technique.

Second, is the PKC-d-mediated relocalization of LRP1 transient
or relatively long-lasting? Previous studies from this laboratory
have shown that while Pb translocates PKC in plexus epithelial
cells in vitro, there was no evidence of a relocalization of PKC in CP
tissues following chronic Pb exposure in vivo (Zhao et al., 1998). It
should be pointed out that our previous study assessed a chronic,
low level of Pb exposure as compared to the current study which
employed an acute, much higher concentration of Pb. Hence, it is
possible that PKC activation may be seen as an initial response of
the cells to Pb in the CP following acute exposure while other brain

[(Fig._5)TD$FIG]

Fig. 5. Rottlerin attenuated the Pb-induced increase in Ab accumulation. (A and C) Confocal image from a representative CP tissue of a control rat demonstrating the

accumulation of Ab primarily in the cytosol with minimal staining in the nuclei. (D and F). Confocal image from a representative CP tissue in a Pb-exposed rat demonstrating

an increase in Ab signal. (G and I) Confocal image from a representative CP tissue pre-treated with rottlerin in absence of Pb. (J and L) Confocal image from a representative CP

tissue pre-treated with rottlerin in presence of Pb. (B, E, H and K) represent transmission images revealing normal morphology of the tissues. Please see the legend to Fig. 3 for

Pb-dose regimen. The data are representative of experiments from four replicates.

[(Fig._6)TD$FIG]

Fig. 6. Quantification of the fluorescent signals using Laser-Scanning Cytometry.

The fluorescent signals in Fig. 5 were quantified using software Image J. The bar

designated Pb (�)/rottlerin (�) represents untreated controls, Pb (+)/rottlerin (�)

represents treatment with Pb in absence of rottlerin, Pb (�)/rottlerin (+) represents

incubation with rottlerin in absence of Pb, and Pb (+)/rottlerin (+) represents tissues

pre-treated with rottlerin followed by Pb. Data represent mean � SD, n = 16 (a total

of 16 cells per group taken from 4 tissue samples with fluorescence averaged from 4

cells per sample). Bars with different superscripts labeled as a, b and c indicate

significant difference from one another.

M. Behl et al. / NeuroToxicology 31 (2010) 524–532530



Author's personal copy

regions such as the hippocampus may be affected in a delayed
pattern following chronic Pb exposure. In fact, studies in literature
have shown a distinct translocation of PKC from the cytosol to the
membrane in the hippocampus of a chronic Pb-exposed animal
model which correlates with memory deficits (Chen et al., 1997).
However, further studies to verify the effects of chronic Pb
exposure on PKC-d activation in the CP should be performed in
order to explore the transient versus long-term effects of Pb-
induced activation of PKC.

Finally, what are the implications of preventing PKC-d
activation and attenuating Pb-induced increase in Ab levels in
the CP? Studies have shown that activation of PKC-d results in the
generation of oxidative stress and cell death (Anantharam et al.,
2002; Kanthasamy et al., 2003), whereas its inhibition by rottlerin
can exert a neuroprotective effect and prevent cell death in
dopaminergic neurons and MPTP animal models of Parkinson’s
disease (Kaul et al., 2003; Kitazawa et al., 2003; Yang et al., 2004;
Zhang et al., 2007). As seen in Fig. 3 H, IHC signals are relatively lost
with rottlerin exposure alone. Although the exact mechanism for
this finding remains unknown, we speculate that this could
perhaps be due to a down-regulation of PKC-delta following
rottlerin exposure or due to a possible alteration in its conforma-
tion. Interestingly, our observation that rottlerin prevents the Pb-
induced relocalization of LRP1 and reduces Pb-initiated cellular
accumulation of Ab appears in agreement with the above reports.
As seen in Fig. 3J, treatment with rottlerin appears to abolish the
Pb-induced subcellular relocalization (Fig. 3D). It is interesting to
note that the signals for PKC-d are relatively lost with rottlerin
treatment alone (Fig. 3H). Although the exact mechanism for this
finding remains unknown, we speculate that this could be due to a
down-regulation of PKC-d by rottlerin treatment or due to a
possible rottlerin-induced alteration in PKC-d conformation. By
attenuating the Pb-induced relocalization of Ab transporter LRP1
to the membrane, more LRP1 would be retained in the cytoplasm
for it to bind to and clear Ab. Hence, rottlerin may elicit a
‘‘protective’’ effect against Ab toxicity and the subsequent
development of AD. Interestingly, while rottlerin treatment
reduces the overall amounts of Ab in CP tissues, it concentrates
Ab in the nucleus (Fig. 5G). The implication of this observation
remains unknown. Clearly, future studies are required to explore
the molecular mechanisms whereby PKC mediates the phosphor-
ylation of LRP1 and the implications for rottlerin to induce
relocalization of Ab to the nucleus.

5. Conclusions

In summary, this study confirms that the intracellular
distribution of LRP1 is mediated by PKC-d. Pb exposure prompts
the relocalization of LRP1 from the cytosol to the apical
membrane of the choroidal epithelial cells and this effect is
possibly due to Pb activation of PKC-d. The combined effect of a
reduction in LRP1 protein expression and loss-of-function in
mobilizing intracellular Ab following Pb exposure may underlie
the Pb-induced increase of Ab levels in the BCB; a damaged
clearance of Ab from the brain may ultimately impair brain
homeostasis of Ab.
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