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Abstract

Decreased clearance of potentially toxic metabolites, due to aging changes, likely plays a 

significant role in the accumulation of amyloid-beta peptides (Aβ) and other macromolecules in 

the brains of the elderly and in Alzheimer’s disease (AD). Aging is the single most important risk 

factor for AD development. Aβ transport receptor proteins expressed at the blood-brain barrier 

(BBB) are significantly altered with age: the efflux transporters LRP-1 and P-gp are reduced, 

whereas the influx transporter RAGE is increased. These receptors play an important role in 

maintaining brain biochemical homeostasis. We now report that, in a rat model of aging, gene 

transcription is altered in aging, as measured by Aβ receptor gene mRNA at 3, 6, 9, 12, 15, 20, 30 

and 36 months. Gene mRNA expression from isolated cerebral microvessels was measured by 

qPCR. LRP-1 and P-gp mRNA were significantly reduced in aging, and RAGE was increased, in 

parallel with the changes seen in receptor protein expression. Transcriptional changes appear to 

play a role in aging alterations in BBB receptor expression and Aβ accumulation.
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1. INTRODUCTION

Many macromolecular metabolites and other potentially toxic solutes are transported into 

and out of the central nervous system (CNS) across the blood-brain barrier (BBB). Diffusion 

of solutes across the BBB is severely restricted by endothelial tight junctions, unlike 

systemic capillaries which are permeable to most solutes (Mann et al. 1985; Zlokovic 1995; 

Zlokovic et al. 1985; Zlokovic et al. 1987; Mackic et al. 2002). Metabolite movement across 

the BBB, therefore, occurs via energy-dependent active transport at certain specific 

“scavenger” receptors that transport a wide range of molecules (Herz and Strickland 2001; 

Schmidt and Stern 2001; Sarkadi, et al. 2006).

Good markers for such transport are the amyloid-beta peptides (Aβ), which are also 

implicated in cognitive loss in aging and Alzheimer’s disease (AD) (Selkoe 2000; Zlokovic 

2004; Hardy 2006). The efflux transport receptors for Aβ at the BBB are the low density 

lipoprotein receptor-related protein 1 (LRP-1) and P-glycoprotein (P-gp) (Shibata et al. 

2000; Lam et al. 2001; Cirrito et al. 2005; Yamada et al. 2008). The main influx transporter 

is the receptor for advanced glycation end-products (RAGE aka AGER) (Vitek et al. 1994; 

Deane et al. 2003). Expression of these transport receptors is significantly altered in human 

aging and AD (Donahue et al. 2006; Miller et al. 2008; Chiu et al. 2015), aging being the 

single most important risk factor in developing AD (Lu et al. 2004; Yankner et al. 2008). 

These macromolecule transport receptors are highly conserved throughout mammalian 

evolution and play an important role in maintaining brain biochemical homeostasis. It also 

appears that the expression levels of these transporters are related. Changing expression of 

one transporter may alter the expression of the others (Cirrito et al. 2005). At present we 

know very little about how and why their expression at the BBB changes significantly with 

aging and AD.

In 2010 it was demonstrated that significant age-related alterations in the expression of the 

Aβ transport receptor proteins at the BBB in the Fischer 344/Brown-Norway (F344/BN) 

hybrid rat was associated with increasing concentrations of Aβ40 and Aβ42 (Silverberg et 

al. 2010a, 2010b). There was an early (6–9 months) and progressive decrease in LRP-1 

expression and a later decrease in P-gp expression (30–36 months). RAGE expression 

increased between 12 and 20 months. In association with these BBB amyloid transporter 

alterations, brain Aβ 40 and Aβ 42 concentrations increased significantly, and measureable 

cognitive decline occurred between 12 and 20 months (Silverberg et al. 2010a; 2010b; 

Church et al. 2014). Decreased neurogenesis preceded the cognitive decline (Church et al. 

2014).

This study demonstrates a relationship between BBB amyloid transporter gene mRNA 

expression and previously reported BBB receptor protein expression as a function of aging. 

Amyloid transporter gene mRNA changed with age, anticipating the BBB receptor protein 

expression. The data suggest that gene transcription is altered with aging by some upstream 

event(s) rather than a post-transcriptional, translational or direct effect on these cell surface 

receptors. Transcriptional alterations of gene expression may occur via modification of the 

gene promoter (Christensen et al. 2009) or by histone modification (Rumbaugh and Miller 

2011). Histone modifications are normally seen in development and aging, usually turning 
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on or turning off a series of related genes. However, histone acetylation and methylation 

have been shown to alter brain-derived neurotrophic factor expression in neurons as a 

function of aging and AD (Walker et al. 2013).

2. METHODS

2.1 Animals

One hundred male F344/BN hybrid rats with similar characteristics were used in this study. 

Sample size was based upon a power analysis and prior receptor protein studies (Silverberg 

et al. 2010a; 2010b). They were randomly allocated into age groups 3, 6, 9, 12, 15, 20, 30 

and 36 months. These rats are relatively long-lived and suffer less from neoplasia than the 

more inbred strains (Turturro et al. 1999). They were obtained at each age group tested from 

the NIA colony. The rats were euthanized by intraperitoneal pentobarbital (125mg/kg). The 

brains were rapidly removed and the cerebral microvessels were separated (Yousif et al. 

2007; Silverberg et al. 2010a). The cerebellum, most subcortical structures and choroid 

plexus tissues were also removed, leaving the cortex and hippocampus. To obtain sufficient 

microvessels for analysis, we used two rat brains for a single “n” at each age point, i.e., an 

“n” of 5 equals 10 brains. Microvessels were isolated by homogenizing cortex and 

hippocampus (approximately 500 mg) in Hanks’ Balanced Salt Solution (all chemicals from 

Sigma, St. Louis, MO, USA) (Silverberg et al. 2010a, 2010b). Briefly, we separated the 

microvessels by a basic mechanical separation technique with repeated centrifugation at 4°C 

and re-suspension of the pellets in 17.5% dextran/microvessel isolation (MVI) buffer. The 

resulting pellet was re-suspended in Hanks’ Balanced Salt Solution containing 1% bovine 

serum albumin (BSA). The homogenate was then passed through a 100 μm nylon mesh cell 

strainer (BD Falcon, Bedford, MA, USA). Large vessels (20–30 μm) from the fraction 

retained on the 100 μm nylon mesh were collected, while the filtrate was passed through a 

20 μm nylon mesh. The microvessels (4–6 μm) retained by the 20 μm nylon mesh were 

again collected. All samples were frozen at −80°C. Only MVI’s with no glial cell membrane 

or neuronal membrane contamination were used for assessment of RNA expression. 

Microvessel purity and integrity were evaluated by Hematoxylin and Eosin (H&E) staining. 

These MVI preparations were free of neuronal and glial cell membranes (Silverberg et al. 

2010a; 2010b).

2.2 Real time RT-PCR

Samples were immediately extracted using the Aurum Total RNA Mini Kit (Bio-Rad, 

Hercules, CA, USA). This kit was used, per the manufacturer’s instructions, to extract the 

RNA. RNA concentrations were measured by a NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific, Wilmington, DE, USA) and stored at −80°C until further use. 50ng of 

RNA were used with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) to 

synthesize 20μL of cDNA. The extracted RNA was reverse transcribed into cDNA and then 

quantified using TaqMan® real time PC 4. TaqMan® Gene Expression Assays (P/N: 

4331182, Thermo Fisher Scientific, Applied Biosystems, Grand Island, NY USA) was 

utilized in this study. Reactions were run in an ABI 7900 Fast Sequence Detection (Life 

Technologies, Carlsbad, CA, USA) using an ABI suggested protocol. TaqMan probes for 

LRP-1, RAGE/AGER and P-gp were selected from a list of predesigned assays (Assays-on-
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Demand, Thermo Fisher Scientific, Applied Biosystems): LRP-1 (Cat # Rn01503901-m1), 

RAGE (Cat # Rn01525753-g1), P-gp (Cat # Rn01529252-g1) and β-Actin (Cat # 

Rn00667869_m1). All samples were run in triplicate, and all runs contained an inter-run 

calibrator to account for any differences between runs. Calibrators selected based on our 

earlier study (Pascal et al. 2011) corresponding to each gene were as follows: β-actin (β-

ACT): rat cerebral cortex; LRP-1 and RAGE: rat lung; P-gp: rat liver. The same calibrator 

sample (3mos age group) was measured for each target gene throughout the study. All data 

were normalized to the housekeeping gene (endogenous control), β-ACT, in each sample 

before statistical analysis was performed. We employed the ΔΔCT method to calculate 

normalized expression of each gene sample. Briefly, all reactions were run in triplicate and 

the average values of Cts were used for quantification of the gene of interest and the 

endogenous gene for the same sample. The Ct (threshold cycle) values of target genes were 

normalized to an average Ct of β-ACT (ΔCT = Cttarget—Ctendo) and compared with a 

calibrator: ΔΔCT = ΔCtSample—ΔCtCalibrator. Relative expression (RQ) was calculated using 

the formula is RQ = 2−ΔΔCT.

2.3. Statistical methods

All statistical analyses were conducted using SAS software (V.9.4, SAS Institute, Cary, NC, 

USA). Analysis was performed on raw data using non-parametric methods such as Kruskal-

Wallis (KW) and on transformed data using parametric methods such as Analysis of 

Variance (ANOVA). Age group comparisons for each amyloid transporter were initially 

analyzed for significant differences in percent mRNA expression using the Kruskal-Wallis 

Test (Nonparametric ANOVA). A Dunn’s test for multiple comparisons was performed to 

determine significant differences for all pairwise comparisons. Before performing any 

parametric analysis, Shapiro Wilk’s (SW) and Levene’s tests were used to assess normality 

and homogeneity of variances, respectively. Due to the lack of normality and unequal 

variation across age groups, for each of the transporters, a natural log transformation was 

applied to stabilize variances and to make the data more normal. Since assumptions of 

normality and homoscedasticity were satisfied for all log transformed transporters, one way 

analysis of variance (ANOVA) was used to assess differences in means across ages.

When a mean difference between ages was indicated by a one way analysis of variance, 

Tukey’s test for all pairwise comparisons was used to investigate significant pairwise 

differences between age groups. Conclusions from nonparametric and parametric methods 

were similar, and since parametric methods are more powerful, most of the results presented 

in later sections are for log transformed and parametric approaches to analysis. Significance 

for the overall one way analysis of variance was set at the 5% level. Tukey’s tests for all 

pairwise comparisons controls for experiment-wise error rate and was set up to achieve a 

combined type I error rate of 0.05. Regression/Correlation analysis was also used to assess 

associations between variables, e.g., whether expression of one receptor mRNA influences 

mRNA expression of other receptors.
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3. RESULTS

3.1

Despite rapid brain removal, separation of the BBB microvessels and BBB mRNA 

extraction under cold conditions, mRNA data displayed considerable within-group variance 

and noise between groups in the results, due, at least in part, to the fragile nature of mRNA. 

These wide variances and noise can be explained by the time it takes to separate the cerebral 

microvessels and the stresses on the microvessels by the separation procedures. However 

there were still significant differences between age groups for individual transporter gene 

mRNA expression and significant differences in the age-related trends for two transporters: 

LRP-1 (p=0.0001) and RAGE (p<0.0021). For lnLRP-1 and lnRAGE, p=0.0001. Because of 

the biphasic nature of P-gp expression, the trend line is relatively flat though there are a 

number of significant differences between age groups. Figure 1A shows the means and 

standard error of the mean (SEM) for each normalized transporter gene mRNA as a function 

of age group.

Correlations between variables can give important insights into the relationship between the 

mRNA expression and their protein products. However, these mRNA experiments were 

conducted using a different set of F344/BN rats than the western blot and immunostained 

surface area density of receptor protein studies, though the age groups, gender and 

characteristics of the rats analyzed were similar. The methodology for western blots and 

immunostaining have been previously published (Silverberg et al. 2010a, 2010b). As the 

results for both parameters were from different animal sets, one cannot do correlation studies 

on the complete data set, but the similar trend lines for each suggest a functional correlation.

3.2. LRP-1 mRNA expression with aging

There was a marked decrease in mean LRP-1 levels after three months of age. LRP-1 mean 

levels rose again after the initial decrease and then decreased again to 30 months of age. The 

normalized value of LRP-1 at 3 months (n=8) was 24.08±2.6; at 6 months (n=6) mRNA fell 

to 5.06±0.9; at 9 months (n=6) it was 9.92±1.3; at 12 months (n=5) it was 11.01±3.4; at 15 

months (n=7) 12.96±1.1; at 20 months (n=5) 10.86±1.4; at 30 months (n=5) LRP-1 fell to 

3.77±0.7; and at 36 months (n=5), it was 4.92±0.7. Departure from normality was 

borderline, Shapiro-Wilk’s (SW: p-value <0.05) but heterogeneity of variances was 

significant at the 1% level (p-value=0.01), hence data was transformed to the log scale. 

Conclusions from analysis on LRP-1 were consistent when a parametric approach was used 

on the log transformed data or the nonparametric approach was carried out on the raw data. 

For consistency, subsequent results will be given for log transformed data.

The average lnLRP-1 expression value at age 3 months was significantly higher than all ages 

except for 15 months. Mean lnLRP-1 was significantly lower at 6 months when compared to 

9 (p-value < 0.05), 15 (p-value=0.0008) and 20 (p-value <0.03) months. At ages 9 and 12 

months, lnLRP-1 was higher than at 30 months of age: 9 vs 30 months (p-value <0.002), 12 

vs 30 months (p-value=0.004). lnLRP-1 at ages 15 and 20 months were significantly higher 

than mean lnLRP-1 at 30 and 36 months: 15 vs 30 months (p-value <0.0001), 20 vs 30 

months (p-value= 0.0009), 15 vs 36 months (p-value <0.002), 20 vs 36 months (p-value 
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<0.04). Lastly, there was no difference in mean lnLRP-1 between ages 30 and 36 months. 

Figure 2 shows the graphic representation of mean lnLRP-1 mRNA with age plotted along 

with the western blot mean measure of receptor protein at the BBB. The western blot and 

immunohistochemistry data comes from a separate set of F344/BN male rats at similar age 

groups and other characteristics and was previously published (Silverberg et al. 2010b). 

There was also a positive correlation (Pearson’s correlation coefficient) between the 

expression of LRP-1 and P-gp mRNA with aging (p<0.02).

3.3. RAGE mRNA expression with aging

RAGE mRNA expression began at a very low level at 3–6 months and trended upwards, 

though somewhat noisily, to a very high level at 30 months and then dropped between 30 

and 36 months. At 3 months (n=9), normalized RAGE mRNA expression was 0.50±0.07; at 

6 months (n=6) it was 0.16±0.05; at 9 months (n=5) it was 4.78±2; at 12 months (n=5) it 

was 0.61±0.4; at 15 months (n=7) it was 8.60±0.3; at 20 months (n=5) it was 3.28±0.6; at 30 

months (n=5) it was 13.12±4.9 and at 36 months (n=5) it was 3.39±0.6. SW indicated non-

normality in RAGE (p-value < 0.0001) and Levene’s test indicated heterogeneity of 

variances across age groups (p-value <0.004), hence a log transformation of the data.

In making comparisons of the means of the log transformed data, Tukey’s test indicated 

strong significant differences between the age group at 3 months with 15 and 30 months; age 

group 6 months with 9, 15, 20, 30 and 36 months; at 12 months with 15 and 30 months, all 

with a p-value <0.0001. Other significant differences existed between ages 3 and 6, 9, 20 

and 36 months; 9 and 12 months; 12 with 20 and 36 months, all with p-values <0.003. It is 

interesting to note that the mean of the log transformed RAGE expression in the higher age 

groups (15 months and older) did not show any statistical differences (p–values >0.3). 

Figure 3 shows the parallel expressions of RAGE mRNA and receptor protein expression at 

the BBB. The western blot and immunohistochemistry data comes from a separate set of 

F344/BN male rats at similar age groups and other characteristics and was previously 

published (Silverberg et al. 2010a). There was also significant correlation between RAGE 

and P-gp expression (p-value<0.03). The raw data also showed a correlation (p-value=0.02).

3.4. P-gp mRNA expression with age

P-gp mRNA expression initially decreased from a high level at 3 months, and then rose 

again to 30 months followed by a marked decrease at 36 months. At 3 months P-gp mRNA 

expression was 4.18±0.4 (n=9); at 6 months (n=5), it fell to 0.41±0.08; at 9 months (n=6) it 

was 1.23±0.08; at 12 months (n=5) it was 0.78±0.2; at 20 months (n=3) it was 3.63±0.8; at 

30 months (n=4) it rose to 8.02±3.03 and at 36 months (n=5) it fell to 0.44±0.1.

A log transformation for P-gp was justified on the basis of non-normality (SW p-

value<0.0001) and heterogeneity of variances (Levene’s, p-value=0.001). At 3 months, the 

mean of the log transformed data showed a sharp decrease to 6 months (p<0.0001) and an 

overall increase from 6 to 30 months and then sharp decrease to 36 months (p<0.0001). 

Significant increased differences were seen between 6 and 9 months (p-value<0.02), and 

between 6 months and 20 and 30 months (p-value<0.0001). There was a significant increase 

from 9 to 30 months (p-value=0.0005) and then a decrease at 36 months (p value<0.0001). 
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An increase in lnP-gp expression was observed from 12 months to 20 months (p-

value=0.0015) and a further increase at 30 months (p-value<0.0001). Both 20 and 30 months 

showed a marked decrease to 36 months (p-value<0.0001). This biphasic expression of P-gp 

is also seen in the BBB P-gp receptor protein expression, as shown in Figure 4. The western 

blot and immunohistochemistry data comes from a separate set of F344/BN male rats at 

similar age groups and other characteristics and was previously published (Silverberg et al. 

2010b).

4. DISCUSSION

Clearance of potentially noxious metabolites, such as Aβ, via the BBB receptors LRP-1, P-

gp and RAGE, and the cerebrospinal fluid (CSF) circulation is critical to maintaining brain 

homeostasis. Failure to clear such macromolecular solutes because of age-related changes in 

BBB transporter expression appears to lead to the accumulation of these substances, e.g., 

Aβ, in the brain (Selkoe 2000; Silverberg et al. 2010a, 2010b; Zlokovic et al. 2010; Pascale 

et al. 2011; Chiu et al. 2012, 2015). As aging is the single most important risk factor for 

developing AD (NIH 2002; Lu et al. 2004; Yankner et al. 2008), and the accumulation of Aβ 
is felt to be central to AD pathogenesis (Selkoe 2000; Hardy 2006; Querfurth and LaFerla 

2010), it is of more than passing interest to understand the mechanisms involved in the 

expression alterations of the Aβ transport receptors at the brain barriers that occur in the 

non-demented elderly as well as in the AD population (Arriagada et al. 1992; Davis et al. 

1999).

LRP-1, RAGE and P-gp are the main transporters of Aβ and a wide variety of other 

macromolecules at the BBB (Ambudkar et al. 1999; Herz and Strickland 2001; Schmidt et 

al. 2001; Deane et al. 2003; Zlokovic 2004). We have shown that the expression of these 

scavenger transport receptor proteins is significantly impacted by age in the accepted rat 

model of human aging, the F344/BN hybrid (Church et al. 2014): LRP-1 and P-gp are 

significantly down-regulated whereas RAGE is significantly up-regulated with age 

(Silverberg et al. 2010a, 2010b). Aging, AD and hydrocephalus of the elderly (NPH) also 

decrease CSF production and turnover in both rats and humans (Chiu et al. 2012, 2015; 

Silverberg et al. 2001, 2002, 2003). Although there is evidence that Aβ transport at the 

blood-CSF barrier (choroid plexus) favors Aβ clearance from the CSF, it is not sufficient to 

decrease Aβ accumulation with age (Ghersi-Egea et al. 1996; Pascale et al. 2011; Silverberg 

et al. 2010a). Analysis of mRNA expression of LRP-1, P-gp and RAGE gives an insight into 

how these age-related alterations occur. Although there was variability in the mRNA 

measurement results, it appears that transcriptional events play a major role in the BBB 

receptor protein changes in the rat model of aging.

LRP-1 receptor protein at the BBB is expressed primarily on pericytes, the BBB layer 

abutting the interstitial fluid (Daneman et al. 2010). The LRP-1 receptor gene promoter has 

been previously characterized (Kutt et al. 1989). LRP-1 antisense blockade of LRP-1 

function at the BBB reduced Aβ clearance, increased Aβ brain levels and impaired learning 

and memory in mice (Jaeger et al. 2009). LRP receptor overexpression decreased Aβ 
deposition and increased Aβ clearance (Kim et al. 2009). In AD patients and mouse models 

of AD, overexpression of serum response factor and myocardin in cerebral vascular smooth 
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muscle cells generates an Aβ non-clearing vascular smooth muscle cell phenotype through 

transactivation of sterol regulatory element binding protein-2, which downregulates LRP-1 

(Bell et al. 2009). Also acting through LRP1, reduced expression of PICALM (rs541458, an 

endocytosis gene) in AD and murine brain endothelium correlated with Aβ pathology and 

cognitive impairment. Moreover, PICALM deficiency diminished Aβ clearance across the 

murine BBB and accelerated Aβ pathology (Zhao et al. 2015). Interestingly, reduced levels 

of LRP-1 expression and increased RAGE expression could be reversed. Under conditions of 

hypoxia and hypoglycemia in tissue culture LRP-1 mRNA expression was decreased and 

RAGE increased, similar to what is seen in aging and AD, and these effects could be 

partially reversed by a ginko biloba extract (Yan et al. 2008). In hypoxic vascular smooth 

muscle cells LRP-1 regulation was mediated by promoter modification and was reflected in 

LRP-1 mRNA expression (Castellano et al. 2011). In human studies, it has been shown that 

LRP-1 promoter polymorphisms play a significant role in LRP-1 expression in brain vessels 

(Glaser et al. 2004). Our measurements of LRP-1 mRNA show an overall trend of decreased 

mRNA expression that is reflected in our LRP-1 measures of receptor protein expression at 

the BBB.

In the CNS, P-gp is expressed only on endothelial cells of the BBB and plays a functional 

part in denying certain pharmaceuticals and other potentially noxious solutes access to the 

brain. In human brain tissue P-gp expression at the BBB is age and AD dependent and is 

related, through aging, to amyloid accumulation (Chiu et al. 2015). P-gp mRNA also tracks 

protein expression in human brains. In several multidrug resistant (MDR) leukemic cell lines 

increased MDR transcription and P-gp expression are associated with promoter 

demethylation (Moreira et al. 2014). It appears that activation of P-gp protein is preceded by 

an increase in P-gp mRNA which is also associated with activation of the nuclear factor 

kappa B (NF-kB) (Zhang et al. 2014; Fan et al. 2015). In isolated rat and human brain 

microvessel endothelium, vitamin D3-liganded vitamin D receptor increases P-gp mRNA 

expression and increases P-gp transporter expression (Durk et al. 2012). It has been shown 

that fetal expression of P-gp is very high and falls progressively with age in the post-natal 

period. This increased expression is associated with increased transforming growth factor 

beta 1 (TGF-B1) activity (Baello et al. 2014). It is not known whether the early decrease in 

P-gp expression in adult aging is also associated with TGF-B1 levels. It has also been 

demonstrated in capillaries affected by amyloid angiopathy that decreased expression of P-

gp receptor protein is associated with decreased P-gp mRNA expression (Carrano et al. 

2014). In our study, the biphasic nature of age-related P-gp protein expression seen in both 

rats and humans is related to a similar biphasic expression of P-gp mRNA in the rat model 

(Chiu et al. 2015).

RAGE is expressed on the endothelial cells of the BBB and is known to be an influx 

transporter of Aβ along with a number of glycated proteins and other metabolic end-

products (Vitek et al. 1994; Schmidt et al. 1994; 1998; 2001). Of the three primary Aβ 
transport receptors, it is the only one to be up-regulated with advancing age. In this study, we 

found that RAGE mRNA was increased at the BBB with aging up until 36 months of age 

when the accumulation of Aβ42 appears to have significantly reduced all Aβ transporter 

mRNA (Brenn et al. 2011). Of interest, anesthesia (Sevoflurane) also decreases LRP-1 

mRNA and increases RAGE mRNA (Liu et al. 2013). It has also been shown on human 
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autopsy brain tissue that increased RAGE expression is associated with RAGE promoter 

demethylation (Tohgi et al. 1999).

In this study, we show that Aβ transporter mRNA expression at the BBB is markedly altered 

with age. LRP-1 and P-gp are decreased significantly and RAGE mRNA is increased. Age-

related alterations in one transporter influences the expression of the others. However, at the 

end of the F344/BN rat lifespan, all of the Aβ transporter mRNAs are reduced in expression. 

In a prior study, this reduction was induced by subcutaneous infusion of Aβ42 (Brenn et al. 

2011). The changes we show in mRNA expression are paralleled by similar changes in 

receptor protein expression seen in two prior publications (Silverberg et al. 2010a; 2010b). 

The data indicate that the alterations in receptor protein expression at the BBB are, at least in 

part, transcriptional in nature. Of the many signaling pathways and epigenetic factors that 

impinge upon these Aβ transporter genes, it will be critical to discover which ones are 

related to these aging changes and how can they be returned to an earlier rate of expression 

(Li et al. 1997; Tohgi et al. 1999; Kang et al. 2000; Herz 2001; Vogelgesang et al. 2002; Liu 

et al. 2007; Pilorget et al. 2007; Hong et al. 2009; Liu et al. 2009; Chouliaras et al. 2010). 

This study, as well as other human and animal studies, helps to explain the marginal 

responses or actual failure of recent intravenous Aβ antibody (e.g., Solanezumab, 

Bapineuzumab, Crenezumab) infusion clinical trials. These trials appear to depend upon the 

Aβ antibodies enhancing efflux transport of Aβ across the BBB (Prins and Scheltens, 2013; 

Castello, et al. 2014; Toyn, 2015; Godyn, et al. 2016; Bouter, et al. 2015; Fuller et al. 2015). 

Alternatively the poor performance of Aβ antibody therapy may be the multi-morbidity of a 

number of pathologies seen in the brains of the AD and non-demented elderly, e.g., Lewy 

body disease, various tauopathies and cerebrovascular disease (Dugger et al, 2014; Attems et 

al. 2013; Echavarri et al. 2012). Targeting Aβ only may not be an adequate solution for such 

patients.
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Highlights

• Three rat blood-brain barrier amyloid transporter mRNA measures at ages 3 –

36 months are presented.

• The altered expressions of the amyloid transport receptors are related to gene 

transcription.

• LRP-1 and P-gp mRNAs are reduced and RAGE is increased, most likely due 

to promoter modifications.

• Transporter alterations may explain why clinical trials of amyloid antibodies 

in AD have failed.
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Figure 1. 
Expression of LRP-1, RAGE and P-gp with age. (A) Bar graph of untransformed LRP-1, P-

gp and RAGE (means ± SEM) for each age group. (B–D) Ninety five % confidence intervals 

for the means of the log transformed data for each transporter at each age group. (B) LRP-1 

mRNA expression trended downward from a high at 3 months to a low at 30 and 36 months 

(p<0.0001). (C) Significant difference was seen in mean RAGE levels across age groups 

(p<0.001). RAGE mean levels indicated an overall upward trend with advancing age. (D) P-

gp appears to have a biphasic expression pattern with differences in mean P-gp levels across 

the ages (p < 0.0001). P-gp expression dropped early, recovered and then decreased again by 

36 months.
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Figure 2. 
(A). Graph of mean LRP-1 mRNA (squares) and western blot optical density (OD) 

measurements (diamonds) of BBB protein expression. In order to plot them together on the 

same XY plot, the western blot OD measures were multiplied by a factor of 10. The graph 

shows the very close parallel between mRNA expression (solid line) and LRP-1 protein 

synthesis (dashed line) trend that strongly relate the two: the genetic message and the protein 

response as a function of aging. Note that we omitted the 15 month data as we had no 

western blot data to compare. (B). Mean normalized LRP-1 microvessel surface area with 

95% confidence interval plotted as a function of age at sacrifice with a linear trend line. 

There is a significant decreasing linear trend of j0.35 Km2/mo (95% confidence interval, 

j0.48 to j0.23 Km2/mo; p = 0.0004). Again the trend in LRP-1 protein expression and 

mRNA expression is clearly downward. (C) Representative LRP-1 immunostaining at three 

months (left) and 34 months (right). At three months there is a robust expression of LRP-1 

on the basal surface of endothelial cells (arrow), and evidence of neuronal staining 

(asterisks). At 34 months LRP-1 expression on endothelium is significantly reduced (arrow), 

whereas neuronal expression appears to be somewhat increased (asterisks). (D) 

Representative western blots for LRP-1 and β-Actin. The western blot OD data and the 

immunostaining data in figure 2 has been previously published (Silverberg et al. 2010a, 

2010b).
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Figure 3. 
(A) RAGE mRNA expression (squares) plotted with RAGE protein expression (diamonds) 

measured by western blot. Western blot OD x10. There is a general upward trend in both 

mRNA and protein beginning between 12 and 15 months. (B) Immunohistochemistry 

surface area shows no significant decrease from 3 to 12 months followed by a substantial 

increase in RAGE expression up to 34 months (p < 0.0001). (C) RAGE immunostaining at 

three months (left), is primarily neuronal (gray arrow) in distribution, and much less staining 

is seen in microvessels (black arrow). At 30 months (right), microvessel RAGE 

immunoreactivity (black arrow) is increased whereas neuronal staining (white arrow) is less 

evident. (D) Representative western blots for RAGE and β-Actin proteins. The western blot 

OD data and the immunostaining data in figure 3 have been previously published (Silverberg 

et al. 2010a, 2010b).
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Figure 4. 
(A) Graph of mean P-gp mRNA and mean western blot measure of P-gp protein expression 

at the BBB. Western blot OD x10. Note the similar biphasic pattern of expression for both 

the P-gp mRNA and protein. (B) Mean normalized P-gp microvessel surface area staining 

with 95% confidence interval plotted with means joined as a function of age at sacrifice; 36-

month-old rats were significantly lower than all other ages (adjusted p G 0.05 for all 

comparisons). No other age groups differed significantly (adjusted p Q 0.05). P-gp mRNA 

did correlate with P-gp receptor protein expression (Pearson correlation of means) r= 0.69, 

p<0.05. (C) Expression of endothelial P-gp from three (left) to 36 months (right). At three 

months there is abundant capillary P-gp staining evident (arrows). At 36 months there is a 

significant decrease in endothelial P-gp staining. (D) Representative western blots for P-gp 

and β-Actin proteins. The western blot OD data and the immunostaining data in figure 4 

have been previously published (Silverberg et al. 2010a, 2010b).
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