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Abstract

Formation of amyloid plaques is the hallmark of Alzheimer’s disease. Our early studies show that 

lead (Pb) exposure in PDAPP transgenic mice increases β-amyloid (Aβ) levels in the cerebrospinal 

fluid (CSF) and hippocampus, leading to the formation of amyloid plaques in mouse brain. Aβ in 

the CSF is regulated by the blood-CSF barrier (BCB) in the choroid plexus. However, the 

questions as to whether and how Pb exposure affected the influx and efflux of Aβ in BCB 

remained unknown. This study was conducted to investigate whether Pb exposure altered the Aβ 
efflux in the choroid plexus from the CSF to blood, and how Pb may affect the expression and 

subcellular translocation of two major Aβ transporters, i.e., the receptor for advanced glycation 

end-products (RAGE) and the low density lipoprotein receptor protein-1 (LRP1) in the choroid 

plexus. Sprague-Dawley rats received daily oral gavage at doses of 0, 14 (low-dose), and 27 (high-

dose) mg Pb/kg as Pb acetate, 5 d/wk, for 4 or 8 wks. At the end of Pb exposure, a solution 

containing Aβ40 (2.5 μg/mL) was infused to rat brain via a cannulated internal carotid artery. 

Subchronic Pb exposure at both dose levels significantly increased Aβ levels in the CSF and 

choroid plexus (p<0.05) by ELISA. Confocal data showed that 4-wk Pb exposures prompted 

subcellular translocation of RAGE from the choroidal cytoplasm toward apical microvilli. 

Furthermore, it increased the RAGE expression in the choroid plexus by 34.1% and 25.1% over 
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the controls (p<0.05) in the low- and high- dose groups, respectfully. Subchronic Pb exposure did 

not significantly affect the expression of LRP1; yet the high-dose group showed LRP1 

concentrated along the basal lamina. The data from the ventriculo-cisternal perfusion revealed a 

significantly decreased efflux of Aβ40 from the CSF to blood via the blood-CSF barrier. 

Incubation of freshly dissected plexus tissues with Pb in artificial CSF supported a Pb effect on 

increased RAGE expression. Taken together, these data suggest that Pb accumulation in the 

choroid plexus after subchronic exposure reduces the clearance of Aβ from the CSF to blood by 

the choroid plexus, which, in turn, leads to an increase of Aβ in the CSF. Interaction of Pb with 

RAGE and LRP1 in choroidal epithelial cells may contribute to the altered Aβ transport by the 

blood-CSF barrier in brain ventricles.
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1. Introduction

Alzheimer’s disease (AD) is the leading neurodegenerative disorder and one of the most 

common causes of dementia worldwide. Accumulation of β-amyloid (Aβ) within 

extracellular spaces of the brain is believed to be the critical event in AD etiology [1, 2]. Aβ 
can also stimulate hyperphosphorylation of tau, which facilitates the formation of 

neurofibrillary tangles in nerve terminals [3]. From a kinetic point of view, the processes that 

may contribute to the aggregation of Aβ in brain extracellular space include, but not limited 

to, (i) an increased supply of Aβ peptides from brain internal sources, (ii) a decreased 

degradation by Aβ-cleavage enzymes in the brain, (iii) disrupted influx or efflux transport of 

Aβ through brain barrier systems, or (iv) the combination of all of the above.

The choroid plexus in brain ventricles, where the blood-cerebrospinal fluid (CSF) barrier is 

located, regulates the material transport between the blood and CSF[4]. The tight junctions 

between choroidal epithelial cells provide the structural basis of the barrier between two 

fluid compartments, with the apical microvilli stretching into the CSF and the basal lamina 

facing the blood circulation. The choroid plexus functions to secrete the CSF, transport 

nutrients and peptides into the CSF and remove brain metabolites and unwanted materials 

from the CSF, so as to maintain the homeostasis of the central milieu. Aβ in the brain 

extracellular space can freely enter into the CSF, because of a direct continuity between the 

cerebral interstitial fluid and CSF [5]. Several reports in literature have established that Aβ 
in the CSF can be transported by the blood-CSF barrier [6–8]. Early studies in this group 

have shown that the choroidal epithelial cells are capable of transporting Aβ in either 

direction of the blood-CSF barrier, but more favorable in transporting Aβ from the CSF to 

blood[6]. Moreover, the choroid plexus possesses various enzymes that participate in Aβ 
degradation [9]. Noticeably, Aβ has been detected in the choroid plexus of AD patients [10] 

and the CSF concentration of Aβ42 to Aβ40 has been suggested as a biomarker for AD 

diagnosis [11].

Shen et al. Page 2

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since more than 90% of AD cases are sporadic AD, it is reasonable to postulate that 

environmental exposure to toxic materials may contribute to the pathogenesis of AD. Lead 

(Pb), an environmental neurotoxin, is known to be associated with detrimental effects in the 

nervous system. Workers occupationally exposed to Pb display an increase in 

neurodegeneration and cortical atrophy, as well as behavioral deficits similar to the 

manifestation in AD patients [12–15]. Animal studies also demonstrate that Pb exposure 

during early life stage is 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 [16–18]. Evidence from this group has shown that chronic 

Pb exposure in PDAPP transgenic mice increases Aβ levels in the CSF and brain 

hippocampus and facilitates the aggregation of Aβ in mouse brain. Moreover, our 

synchrotron X-ray fluorescent microscopic data reveal a clear presence of Pb in the formed 

amyloid plaques [19, 20].

The choroid plexus is one of the main targets for Pb accumulation in human brains [21]. Our 

own study in rodents suggests a substantial accumulation of Pb in the choroid plexus upon 

acute exposure to Pb [22]. Far more than simply being sequestered in plexus tissue, Pb in the 

choroid plexus has been shown to alter the choroid plexus functions such as by reducing the 

production of an Aβ-transporter transthyretin[23], altering thyroxin transport by the blood-

CSF barrier[4], and interfering with the expression of low density lipoprotein receptor 

protein-1 (LRP1) [24]. Thus, it is possible and even likely that Pb accumulated in the 

choroid plexus after exposure may interfere with the transport processes in the blood-CSF 

barrier that govern Aβ movement between the two fluid compartments and impair the Aβ 
homeostasis in the CSF.

To the best of our knowledge, the primary transporter at the blood-brain barrier that takes up 

Aβ (i.e., influx) from the blood to brain parenchyma is RAGE, whereas the main transporter 

for the efflux of Aβ from brain to the blood is LRP1 [25, 26]. While the presence of RAGE 

and LRP1 in the choroid plexus has been verified in literature [24, 27], their subcellular 

distribution in choroidal epithelia and how Pb may interact with these two transporters and 

therefore affect Aβ transport by the blood-CSF barrier remains unknown. Thus, the purposes 

of the present study were to investigate (1) whether in vivo subchronic Pb exposure in rats 

affected the influx transport of Aβ from the blood to the choroid plexus and CSF by in situ 

brain infusion of Aβ40; (2) whether the subchronic Pb exposure impaired the efflux of Aβ40 

through the blood-CSF barrier by using an in situ ventriculo-cisternal (VC) perfusion 

technique; (3) whether subchronic Pb exposure altered the expression and subcellular 

location of RAGE and LRP1 in the choroid plexus; and (4) whether in vitro Pb exposure had 

the similar impact on the expression and cellular trafficking of RAGE in the choroid plexus. 

Understanding the regulatory mechanism of Aβ at the blood-CSF barrier with or without Pb 

exposure will help uncover the mechanisms by which Pb exposure contributes to the 

pathoetiology of AD.
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2. Material and methods

2.1. Materials

Chemical reagents were purchased from the following sources: Mn chloride tetrahydrate 

(MnCl2·4H2O) from Fisher Scientific (Pittsburgh, PA); Cu chloride (CuCl2), calcium 

chloride (CaCl2), Dextran-70, hydroxyethyl piperazineethanesulfonic acid (HEPES), 

monoclonal anti-mouse β-actin antibody, 2-mercaptoethanol, phenylmethylsulfonyl fluoride 

(PMSF), polyacrylamide and tetramethyl-ethylenediamine (TEMED) from Sigma 

Chemicals (St Louis, MO); ultrapure nitric acid from VWR international (Chicago, IL); 

Fluor Alexa-488 conjugated secondary antibody from Life Technologies (Carlsbad, CA); 

protease inhibitor cocktail from Calbiochem (San Diego, CA); Tris base, glycine, sodium 

dodecyl sulfate (SDS), 2xLaemmli sample buffer, Triton X-100, and clarity Western ECL 

substrate from Bio-Rad (Hercules, CA); Aβ40 pure PTD human protein and Aβ40 human 

ELISA kit from Invitrogen (Waltham, MA); anti-RAGE antibody and anti-LRP1 antibody 

from Abcam (Cambridge, MA); Anti-Aβ40 antibody from Biolegend (San Diego, CA); rat 

LRP1/CD91 ELISA Kit and rat AGER/RAGE ELISA Kit from LifeSpan BioSciences 

(Seattle WA); Radioactive 14C-sucrose (specific activity: 495 mCi/mmol) from Moravek 

Biochemicals (Brea, CA); and Eco-lite-(+) scintillation cocktail from MP Biomedicals 

(Irvine, CA). All reagents were of analytical grade, HPLC grade, or the best available 

pharmaceutical grade.

2.2. Animals, Pb administration, and experimental design

Male and female Sprague Dawley rats were purchased from the Harlan Sprague Dawley Inc. 

(Indianapolis, IN). At the time of use, the rats were 10 weeks old weighing 220–250 g. Upon 

arrival, the rats were housed in a temperature-controlled room under a 12-h light/12-h dark 

cycle and allowed to acclimate for one week prior to experimentation. Rats had free access 

to deionized water and pellet rat chow (Teklad Dlobal 18% Protein Rodent Diet, 2018s; 

Envigo). The study was conducted in compliance with standard animal use practices and 

approved by the Animal Care and Use Committee of Purdue University.

Pb acetate (PbAc) was dissolved in sterile saline. Rats received oral gavages at the dose of 

14 and 27 mg Pb/kg (as low and high dose groups, respectively), once daily, 5 days per 

week, for 4 or 8 consecutive weeks. The dose was determined based on earlier Pb 

neurotoxicity studies conducted in this laboratory [20]. The same volume of saline was 

given to the control group.

Two separate experiments were designed to investigate the uptake and clearance of Aβ by 

the choroid plexus following subchronic Pb exposure. Experiment 1 was designed to 

characterize the effect of Pb on the transport of Aβ from blood to the choroid plexus. After 

subchronic Pb exposure, rat brains were in situ infused with Aβ40, followed by 

determination of Aβ40 concentrations in the choroid plexus and CSF, and the subcellular 

location and expression of RAGE and LRP1 in the choroid plexus (Fig. 1A). Experiment 2 

was designed to study Pb-induced alterations in Aβ clearance by the blood-CSF barrier. At 

the end of subchronic Pb exposure, an in situ ventriculo-cisternal (VC) perfusion technique 

was used to determine changes of Aβ40 clearance by the blood-CSF barrier (Fig. 1B). 
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Detailed technical approaches for in situ brain infusion and in situ VC perfusion are 

provided below.

2.3. Determination of Pb concentrations by atomic absorption spectrophotometry (AAS)

Brain samples (200 mg of wet weight) were digested in a MARSX press microwave-

accelerated reaction system with 0.20 mL ultrapure concentrated nitric acid at 200°C for 4 

hrs. Blood samples (200 μL) were digested with nitric acid in the oven at 55°C overnight. 

The AAS technique to quantify Pb has been used in this lab since 1996 [28], following the 

procedure by Fernandez and Hilligoss[29]. An Agilent Technologies 200 Series SpectrAA 

with a GTA 120 graphite tube atomizer was used to quantify Pb concentrations. Digested 

samples were diluted by 50, 500, or 1000 times with 1.0 % (vol/vol) ultrapure HNO3 in 

order to keep the reading within the concentration range of standard curves. The standard 

curves were prepared daily at concentrations of 0, 4, 8, 12, 16, and 20 μg/L with correlation 

coefficient of r2=0.9869. The detection limit was 1.35 ng Pb/ml of assay solution. The intra-

day and inter-day precisions of the method were 1.5 % and 2.9 %, respectively.

2.4. In situ brain infusion

The in situ brain infusion technique has been well established and routinely used in our 

laboratory [30, 31]. Twenty-four hours after the last gavage, the rat was anesthetized with 

ketamine/xylazine (75:10 mg/kg, l mg/kg, ip), and placed on an electrical warming pad. The 

right common carotid artery was exposed and a small cut on the artery was made. After 

insertion of a polyethylene catheter (PE-10) tubing (toward the brain), ligations of the 

pterygopalatine, occipital, superior thyroid and external carotid arteries were made to ensure 

the perfusate entering exclusively to the internal carotid artery. The brain was perfused with 

a 95% O2 −5% CO2 saturated and continuously gassed 37°C Ringer’s solution (in 1000 mL: 

NaCl 7.31 g, KCl 0.356 g, NaHCO3 2.1 g, KH2PO4 0.166 g, MgSO4.7H2O 0.3 g, glucose 

1.5 g, sodium pyruvate 0.11 g, and CaCl2 0.278 g, pH 7.4) at a flow rate of 9 mL/min 

(Heidolph Pump drive 5201). The “Aβ ” solution containing 25 μg/ml Aβ40 in pre-gassed 

Ringer’s solution in a separate second syringe was perfused in the cannulated internal 

carotid artery via a second syringe pump (Harvard Compact Infusion Pump, Model 11 Plus) 

at a flow rate of 1 mL/min. The total flow rate of the perfusion was therefore 10 mL/min. To 

prevent recirculation of the rat blood, the left ventricle of the heart was cut at the start of the 

perfusion.

After 2 min of “Aβ” perfusion, the Harvard syringe pump was turned off and the brain 

vascular system was washed for 1 min with the Ringer solution to remove Aβ40 adsorbed to 

the luminal surface. At the end of brain infusion, the CSF sample was collected from the 

cisterna magna; blood collected from the caudal vein; the brain removed from the skull, and 

the choroid plexus subsequently dissected. Collected samples were stored at −80°C for 

future analyses.

2.5. Determination of intracellular location of RAGE and LRP1 in the choroid plexus

At the end of the in situ infusion of Aβ40, the choroid plexus from one of the lateral 

ventricles was used for immunofluorescent staining to determine the cellular location of 

RAGE and LRP1 in the tissue and quantify Aβ40 by the signal intensity. The plexus from the 

Shen et al. Page 5

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



other lateral ventricles was removed to extract proteins for measurement of the RAGE and 

LRP1 concentrations by enzyme-linked immunosorbent assay (ELISA).

Choroid plexus tissues were fixed with 4% paraformaldehyde for 15 min, followed by 

permeabilization with 0.3% Triton X-100+PBS for 30 min at room temperature and then 

blocked in normal goat serum for 1 hr at room temperature. The tissues were double-

immunostained at 4°C with primary antibodies against LRP1 (1:500 for 1-day) and Aβ 
(1:500 for 4 days), or primary antibodies against RAGE (1:500 for 2-days) and Aβ (1:500 

for 4 days), followed by incubation with goat anti-rabbit Alexa-488 conjugated secondary 

antibody (1:800) and goat anti-mouse Texas Red (1:800) at room temperature for 1 h. The 

plexus tissues were mounted to the objective slides using prolong Gold Anti-Fade to avoid 

fluorescent bleaching for confocal microscopy examination. The negative control was 

established by using only the secondary antibody to reflect nonspecific staining on the 

background. Image were obtained by a Nikon inverted confocal laser-scanning microscope 

and viewed with a 488-nm laser and a 562-nm laser source for excitation with magnification 

at 600×. The field containing epithelium with underlying vasculature was selected for 

analyses.

2.6. Quantification of RAGE and LRP1 in the plexus and Aβ40 in CSF by ELISA

The plexus tissues were homogenized in homogenization buffer containing 20mM Tris, pH 

7.5, 5 mM EGTA, 1% Triton X-100, 1% SDS, Protease Inhibitor Cocktail (Calbiochem, San 

Diego, CA). The protein concentration was determined by using a Bradford assay according 

to the manufacturer’s instruction. Samples were then diluted 1:10 with sample dilution 

buffer (1% BSA with 0.05% Tween-20). Levels of RAGE and LRP1 were determined by rat 

AGER/RAGE ELISA Kit and rat LRP1/CD91 ELISA Kit purchased from LifeSpan 

BioSciences. The CSF samples were diluted 1:3 with the dilution buffer. Concentrations of 

Aβ40 were determined by Aβ40 human ELISA kit from Invitrogen.

2.7. In vitro plexus tissue incubation with Pb and RAGE intracellular trafficking

To verify the effect of Pb exposure on the subcellular relocation of RAGE in the choroidal 

epithelial cells, the freshly isolated choroid plexus tissues were incubated in the artificial 

CSF (aCSF) containing PbAc (50 μM) for 30 or 60 min, followed by incubation with Aβ40 

(5 μM) for 1 h. At the end of the incubation, plexus tissues were fixed in 4% 

paraformaldehyde for immunofluorescent staining and confocal microscopic studies.

2.8. In situ ventriculo-cisternal (VC) perfusion

The VC perfusion technique has been well established and routinely used in our 

laboratory[30–33]. Prior to surgery, animals were fully anesthetized with ketamine/xylazine 

(75:10 mg/mL, 1 mL/kg, i.p.) and placed in a stereotaxic frame. A longitudinal incision was 

made in the scalp to expose the surface of the skull. A cranial burr hole (1 mm) was drilled 

into the skull of the right hemisphere with the coordinates of 0.8 mm posterior to bregma 

and 1.4 mm lateral to the midline. This was followed by the insertion of a guide cannula at 

3.5 mm vertical from the skull surface (Fu et al., 2016; Wang et al., 2008). An internal 

cannula connected to PE50 tubing was inserted into the guide cannula for lateral ventricle 

perfusion controlled by the pump-driven syringe filled with pre-gassed artificial CSF 

Shen et al. Page 6

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(aCSF). The aCSF containing 0.5 μCi/mL of [14C] sucrose and 2.5 μg/mL of Aβ40 was 

delivered to the lateral ventricle at a rate of 27 μL/min by a syringe pump (Harvard Compact 

Infusion Pump, Model 11 Plus). A 26G butterfly needle was inserted into the cisterna magna 

to collect the perfusion outflow. The cisternal outflow samples were collected at 5 min 

intervals throughout the perfusion time (60 min). The CSF volume was determined by 

measuring its weight assuming the CSF density was 1 g/mL. Core body temperature was 

maintained at 37°C during the surgery using a rectal probe feedback-controlled heating pad. 

CSF outflow samples were analyzed for Aβ40 concentrations by ELISA; the radioactivity of 

[14C] sucrose was counted on a Packard Tri-Carb 2900 TR Liquid Scintillation Analyzer 

(counting efficiency for [14C]: 94%) after the samples were mixed with Eco-lite cocktail.

3.9. Statistical analyses

All data are presented as mean + SD. Statistical analyses of the differences between control 

and Pb-exposed groups were carried out by a Student’s t-test. Comparisons of differences 

between the control and Pb-exposed groups within the 4- and 8-week time points were 

analyzed by one-way ANOVA with post hoc comparisons by the Dunnett’s test. All the 

statistical analyses were conducted using IBM SPSS for Windows (version 22.0). The 

differences between two means were considered significant if p values were equal or less 

than 0.05.

3. Results

3.1. Increased Pb concentration in blood and brain tissues in Pb-exposed animals

Following subchronic oral exposure to Pb at 14 or 27 mg Pb/kg, the blood Pb levels (BLL) 

were between 10–25 μg/dL. There was a dose-related increase in BLL, as the BLL in the 

high exposure group was significantly higher than that in the low exposure group (p<0.05). 

However, the duration of Pb exposure, i.e., 4-week vs. 8-week, did not affect BLL (Table 1). 

Pb concentrations in brain tissues also showed a dose-dependent increase in both 4-week 

and 8-week exposure groups. Consistent with our previous finding[22], subchronic Pb 

exposure significantly increased Pb concentrations in the choroid plexus (Table 1). By per 

gram of wet tissue basis, the choroid plexus contained Pb at nearly 80 fold higher levels 

compared to brain tissues.

3.2. Increased Aβ40 levels in the CSF and the choroid plexus after in situ brain infusion of 
Aβ40 in Pb-exposed animals

ELISA analyses revealed that Aβ40 levels in the CSF were increased in a Pb-exposure dose-

related fashion after in situ brain infusion of Aβ40 in the 4-week exposure group (Fig. 2A); 

the increases were 16.5% and 21.1% in the low and high exposure groups, respectively. 

Prolonged Pb exposure for 8 weeks did not further increase Aβ concentrations in the CSF 

(Fig. 2A).

Data from quantitation of the Aβ40 fluorescent intensity in the choroid plexus showed that 

Pb exposure for 4 weeks significantly increased Aβ in the choroid plexus by 26.1% 

(p<0.001) and 15.8% (p<0.05) in the low and high exposure groups, respectively. After 8-

week exposure, Aβ signals in the choroid plexus were increased by 60.7% (p<0.001) and 
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58.0% (p<0.001) in the low and high exposure groups, respectively (Fig. 2B). These 

observations suggested that the choroid plexus was able to acquire Aβ40 from the blood and 

transport Aβ40 from blood to CSF, and Pb accumulated in the choroid plexus may facilitate 

Aβ uptake by the choroid plexus.

3.3. Increased expression of RAGE in the choroid plexus in Pb-exposed animals

RAGE is known to mediate the influx of Aβ from blood to brain at the BBB, while LRP1 

does the reversal to efflux Aβ from brain to blood[32]. To determine Pb effect on RAGE and 

LRP1, ELISA was used to quantify the protein expression in the choroid plexus. Data in Fig. 

3A demonstrate that after 4-weeks Pb exposure, the expression of RAGE was increased by 

34.1% and 25.1% in the low and high Pb exposure groups (p<0.05), respectively. Prolonged 

exposure for 8 weeks did not further increase the RAGE expression (Fig. 3A). In contrast, 

Pb exposure for 4 weeks did not affect the expression of LRP1 in the choroid plexus (Fig. 

3B). However, an 8-week treatment showed a 22–24% increase of LRP1 expression in the 

choroid plexus (p<0.05).

3.4. Intracellular trafficking of RAGE and LRP1 in choroid plexus in Pb-exposed animals

The choroid plexus separates two fluid compartments, with the apical microvilli in touch 

with the CSF and the basal lamina facing the blood. Thus, the status of intracellular 

trafficking of Aβ transporters, i.e., RAGE and LRP1, is essential to understanding of how 

the blood-CSF barrier regulates the Aβ homeostasis in the CSF. The confocal data in Fig. 

4A showed that under the normal condition (i.e., control), RAGE signals were evenly 

distributed inside the choroidal epithelial cells around the nuclei. Subchronic in vivo Pb 

exposure for 4 weeks (without in situ brain infusion of Aβ) appeared to render the RAGE 

signals moving toward the choroidal microvilli; this became even more apparent in the high 

exposure group (Fig. 4A). Similarly, the LRP1 signals in the control animals were also 

evenly distributed around the nuclei in choroidal cells; in vivo Pb exposure without in situ 

Aβ infusion did not seem to affect the intracellular location of LRP1 (Fig. 4A).

Subchronic Pb exposure followed by in situ brain infusion of Aβ prompted the subcellular 

translocation of RAGE from the cytoplasm toward the apical microvilli (Fig. 4B). The same 

treatment did not affect the LRP1 movement at the low dose; however, at the high dose with 

Aβ infusion, LRP1 signals apparently were concentrated in the basal lamina region facing 

the blood (Fig. 4C).

3.5. Increased expression of RAGE in plexus tissues following in vitro Pb incubation

To further verify the effect of Pb exposure on the expression of RAGE in the choroid plexus, 

the freshly isolated plexus tissues were incubated with Pb for 30 or 60 min, followed by 

incubation with 10 μM Aβ40. The immunofluorescent data did not show an evident 

subcellular relocation of RAGE following Pb exposure (Fig. 5A). By quantifying the 

intensity of RAGE fluorescent signals, incubation with 10 and 50 μM Pb for 30 min resulted 

in 21% (p<0.05) and 50% (p<0.001) increases in RAGE expression, respectively. Incubation 

with 10 and 50 μM Pb for 50 min led to an even larger expression of RAGE by 102% 

(p<0.001) and 93% (p<0.001), respectively (Fig. 5B).
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3.6. Reduced Aβ40 clearance by the BCB in Pb-exposed animals

The in situ VC perfusion technique allows determining the clearance of Aβ40 by the choroid 

plexus. With a slow perfusion of Aβ40 along with a space marker [14C]sucrose into the 

lateral ventricle and constant monitoring of the CSF outflow from the cisterna magna, the 

lost Aβ40 in the distance from the ventricle to cisterna magna, after correcting for the 

diffusion factor by [14C]sucrose, is considered to be removed by the choroid plexus’s efflux 

mechanism. Data from counting [14C]sucrose radioactivity showed that subchronic Pb 

exposure did not change the kinetic behavior of this space marker (Fig. 6A). In control 

animals, Aβ40 in the CSF outflow reached the steady-state concentration (Css) of 56 pg/mL. 

Subchronic Pb exposure, however, greatly increased Aβ40 concentrations in the CSF 

outflow; the Css was 821 pg/mL and 374 pg/mLin the low and high exposure groups, 

increased by 11.7 and 5.34 fold, respectively. A higher percentage of Aβ40 recovered from 

the CSF outflow implied a lower in vivo uptake of Aβ40 molecules by the choroid plexus. 

Thus, it seemed likely that in vivo Pb treatment significantly reduced the efflux of Aβ40 by 

the blood-brain barrier.

4. Discussion

The data from current study indicated that: (1) by in situ brain infusion of Aβ40, the uptake 

of Aβ40 from blood to the choroid plexus and CSF was significantly increased in Pb-

exposed animals as compared to controls; (2) the efflux of Aβ40 from the CSF to blood by 

the VC perfusion was significantly decreased; (3) subchronic Pb exposure significantly 

upregulated the expression of RAGE in the choroid plexus and promoted its intracellular 

trafficking from the cytoplasm toward the microvilli; and (4) subchronic Pb exposure did not 

significantly affect the expression LRP1; yet it translocated LRP1 to the basal lamina in 

choroidal epithelial cells.

Previous studies from our group have established that Pb exposure in Tg-SWDI APP 

transgenic mice results in elevated levels of Aβ in brain tissues and CSF; further analyses by 

synchrotron X-ray fluorescent microscopy reveals the presence of Pb ions in amyloid 

plaques [20]. Evidently, the increased Pb ions in brain parenchyma following Pb exposure 

participate directly in the formation of amyloid plaques. The data presented in this study 

support these previous findings, and further indicate that beyond the direct interaction with 

amyloid proteins, Pb exposure may increase the influx of Aβ from blood to the CSF (based 

on the in situ brain infusion data) and hamper the removal process of Aβ in the choroid 

plexus (based on the VC perfusion data). Thus, a combination of interactions of Pb with Aβ 
molecules and with their uptake and removal processes seems likely to potentiate the 

formation of amyloid plaques in brain in Pb-exposed animals.

The choroid plexus has long been known to accumulate Pb. Friedheim and his colleagues are 

among the first to report a significant age-related Pb accumulation in human choroid plexus 

based on the autopsy data from 51 New York residents (Friedheim et al., 1983). Another 

human study by Manton et al. (1984) further shows that the Pb concentration is 100 fold 

higher in human choroid plexus than in their brain cortex. Animal studies also support a 

dose-dependent and time-related accumulation of Pb in the choroid plexus (O’Tuama et al., 

1976; Zheng et al., 1991, 2001). In the current study, the blood Pb concentration reached 
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10.2 μg/dL and 23.1 μg/dL following 8-week Pb oral gavages in low and high dose groups, 

respectively, which was at the similar blood Pb level (18 μg/dL) after 12-week chronic Pb 

exposure in drinking water (50 mg/mL) (Zheng et al., 2001). Similarly, Pb concentration in 

the choroid plexus in the current subchronic exposure dose regimen was greatly increased as 

compared to controls. A high accumulation of Pb in brain choroid plexus allows Pb to 

selectively interact with the cellular processes that govern Aβ transport between the blood 

and CSF. Our early studies also show that the choroid plexus has the capability to acquire 

Aβ from the CSF [6]. Acute high-dose exposure to Pb causes an increased uptake of Aβ 
from the CSF to the choroid plexus, and the effect is due partly to the suppressed expression 

of LRP1 by Pb exposure [24]. The results from our present study support the view that Pb 

accumulated in the choroid plexus interferes with the Aβ regulation by the blood-CSF 

barrier.

Brain Aβ is mainly regulated by the brain barrier systems including the blood-brain barrier 

between the blood and brain parenchyma and the blood-CSF barrier between the blood and 

CSF. By using in situ brain infusion technique, we demonstrated that Pb exposure 

significantly increased the CSF concentration of Aβ40. This increase could be due to a 

facilitated influx of Aβ from the blood to CSF and/or due to a hampered efflux (removal) of 

Aβ from the CSF which is mediated by the choroid plexus. Our previous studies have 

established that the choroid plexus is capable of transporting Aβ molecules between the 

blood and CSF in both directions; however, it favors the pathways from the CSF to blood 

more than those in the opposite direction (Crossgrove et al., 2006). The VC perfusion 

followed by assessing Aβ in the CSF efflux showed a great amount of Aβ remaining in the 

CSF efflux, suggesting an impaired Aβ removal by the choroid plexus. The observation that 

subchronic Pb exposure increased the Aβ accumulation in the choroid plexus from our in 

situ brain infusion study strengthens a critical role of the choroid plexus in transporting Aβ 
between the blood and CSF; it provides the direct evidence to support the mechanism that a 

detrimental effect on Aβ clearance by the blood-CSF barrier may underlie the Pb-induced 

formation of amyloid plaques[19].

How, then, did Pb in the choroid plexus interfere with Aβ transport by the blood-CSF 

barrier? In the blood–brain barrier, RAGE, a 35kD transmembrane receptor of the 

immunoglobulin superfamily [34, 35], is known to promote the influx of circulating Aβ 
from the blood to brain parenchyma [36]. Blocking RAGE uptake at the blood-brain barrier 

decreases Aβ concentrations in the brains of aged APP mice [37]. Literature data also 

suggest that the Aβ-RAGE interaction at the blood-brain barrier may accelerate the oxidative 

stress, leading to the inflammatory reaction in barrier cells; the damaged blood-brain barrier, 

in turn, facilitates more Aβ accumulation in the blood-brain barrier or brain parenchyma 

[38]. LRP1, on the other hand, has been shown to facilitate the efflux of Aβ in the blood-

brain barrier from brain parenchyma to the blood[37]. Our data clearly showed that both 

RAGE and LRP1 were present in the blood-CSF barrier in the choroidal epithelial cells. 

Under normal conditions, both Aβ transporters seemed to be evenly distributed in 

cytoplasm. Subchronic Pb exposure, however, visibly moved RAGE toward the apical 

microvilli extending in the CSF, while it translocated LRP1 to the basolateral membrane 

facing the blood. The exact role of this intracellular trafficking of both transporters within 

choroidal epithelial cells in transporting Aβ molecules between the two fluid compartments 

Shen et al. Page 10

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remains unknown. Noticeably, subchronic Pb exposure significantly upregulated the 

expression of RAGE in the choroid plexus. Thus, it seems possible that as a consequence of 

Pb exposure, an increased RAGE may facilitate Aβ uptake with an ensuing Aβ 
accumulation in the choroid plexus, which, in turn, promotes the translocation of LRP1 so as 

to remove Aβ from the choroidal epithelial cells to the blood. This hypothetical mechanism, 

however, needs further experimental verification.

The current study has two major limitations. First, in addition to RAGE and LRP1, the 

choroid plexus possesses enzymes and proteins involving Aβ production and metabolism, 

such as amyloid precursor protein (APP), α- and β-secretase, insulin degrading enzyme 

(IDE), endothelin-converting enzyme-1 (ECE), and neprilysin[9]. Thus, Pb toxicity on these 

enzymes and proteins cannot be excluded. Second, through in situ brain infusion, Aβ may 

enter the CSF en route the blood-barrier barrier. Thus, an increased CSF Aβ may not be 

uniquely contributed by the blood-CSF barrier. A study to understand the action of Pb on the 

blood-brain barrier and the relationship to brain Aβ status has been planned in this lab.

In conclusion, our data presented in this report provide the first-hand evidence that 

subchronic Pb exposure in rats results in a substantial Pb accumulation in the choroid 

plexus, which, in turn, decreases the clearance of Aβ from the CSF to blood by the blood-

CSF barrier in the choroid plexus, leading to an increased Aβ level in the CSF. Both RAGE 

and LRP1 in choroidal epithelial cells play a critical role in response to environmental 

insults such as Pb exposure, in regulating Aβ transport by the blood-CSF barrier. Pb 

interaction with RAGE and LRP1 in the choroid plexus may underlie Aβ accumulation in 

this tissue in brain ventricles.
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Highlights:

• Subchronic Pb exposure increases Aβ levels in the CSF and choroid plexus.

• In vivo Pb exposure prompted subcellular translocation of RAGE in choroidal 

epithelia from the cytoplasm toward apical microvilli.

• Subchronic Pb exposure reduces the clearance of Aβ from the CSF to blood.

Shen et al. Page 15

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Schematic illustration of the experiment design.
(A). In situ brain infusion. Rats received oral gavages at the doses indicated for 4 or 8 weeks. 

The in situ brain infusion of Aβ40 was performed 24 hours after the last dose. The CSF and 

choroid plexus were collected for determination of Aβ40 concentration and the expression of 

RAGE and LRP1. (B). Ventriculo-cisternal (VC) perfusion. Rats received oral gavages at the 

doses indicated for 4 weeks. The in situ VC perfusion was performed 24 hours after the last 

dose. Aβ40 along with a space marker [14C]sucrose was infused into the lateral ventricle; the 

CSF outflow was collected from the cisterna magna to determine the concentration both of 

[14C]sucrose and Aβ40.
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Fig. 2. Uptake of Aβ40 in the CSF and choroid plexus following subchronic Pb exposure.
See Fig. 1A for exposure regimen. (A). Aβ40 levels in the CSF as determined by the ELISA 

following Pb treatment and Aβ40 infusion. (B). Aβ40 levels in the choroid plexus tissue as 

determined by fluorescent intensity following Pb treatment and Aβ40 perfusion. Data 

represent mean ± SD, n = 7; *: p<0.05, **: p<0.001.
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Fig. 3. Expression of RAGE and LRP1 in the choroid plexus following subchronic Pb exposure.
See Fig. 1A for exposure regimen. (A). RAGE expression in the choroid plexus following Pb 

treatment and Aβ40 infusion. (B). LRP1 expression in the choroid plexus following Pb 

treatment and Aβ40 infusion. Data represent mean ± SD, n = 7; *:p<0.05, **: p<0.001.
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Fig. 4. Intracellular trafficking of RAGE and LRP1 in choroid plexus following subchronic Pb 
exposure.
See Fig. 1A for exposure regimen. (A). Intracellular translocation of RAGE and LRP1 

following Pb exposure for 4 weeks. Pb exposure moved RAGE signal from the cytoplasm 

toward the apical microvilli (arrow heads), while LRP1 signals were translocated to the 

basolateral membrane. (B). Double stain RAGE or LRP1 with Aβ40 following subchronic 4-

week Pb exposure and Aβ40 infusion.
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Fig. 5. intracellular trafficking of RAGE in the choroid plexus following in vitro Pb incubation.
Freshly dissected rat choroid plexus tissues were incubated with 0, 10 and 50 μM PbAc in 

aCSF for 30 and 60 min, followed by incubation with Aβ40 (10 μM) in aCSF for 1 hr. (A). 
No subcellular relocation of RAGE was observed following PbAc and Aβ40 exposure. (B). 

Increased fluorescent signals intensity of RAGE after incubation with 10 μM or 50 μM Pb in 

aCSF for 30 or 60 min. Data represent mean ± SD, n = 7; *:p<0.05, **: p<0.001.
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Fig. 6. Aβ40 clearance by the choroid plexus by the VC perfusion.
Aβ40 together with space marker [14C]sucrose was infused into the lateral ventricle; the CSF 

outflow was collected from the cisterna magna to determine the concentration both of 

[14C]sucrose and Aβ40. (A). % 14C radioactivity in the CSF outflow. (B). Aβ40 

concentrations in the CSF outflow. Data represent means ± SD, n=6; *: p<0.05, as compared 

with the control.
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Table 1

Pb concentrations in blood and brain tissues following subchronic in vivo Pb exposure

Weeks Tissue Control Pb (14 mg/kg) Pb (27 mg/kg)

4 Blood (μg/dL) 0.29±0.27 15.82±5.39** 24.76±6.25**,#

Choroid Plexus (μg/g) 1.58±0.16 45.06±14.95** 64.14±5.75**,#

Brain Tissue (μg/g) 0.02±0.001 0.27±0.021** 0.48±0.012**,#

8 Blood (μg/dL) 0.32±0.14 10.21±3.29** 23.12±2.73**,#

Choroid Plexus (μg/g) 1.32±0.26 38.49±15.68** 62.59±8.03**,#

Brain Tissue (μg/g) 0.02±0.01 0.29±0.14* 0.54±0.23**,#

Note: Rats received PbAc by oral gavage once daily for 4 or 8 weeks. Data represent mean ± S.D., n= 8.

*:
p < 0.05,

**:
p < 0.01, as compared to controls;

#:
p < 0.05, as compared with the low dose group (14 mg/kg).
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