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Abstract
Inheritance of the ε4 allele of ApoE is the only confirmed and consistently replicated risk factor
for late onset AD. ApoE is also a key ligand for LRP, a major neuronal LDL receptor. Despite the
considerable converging evidence that implicates ApoE and LRP in the pathogenesis of AD, the
precise mechanism by which ApoE and LRP modulate the risk for AD remains elusive. Moreover,
studies investigating expression of ApoE and LRP in AD brain have reported variable and
contradictory results. To overcome these inconsistencies, we studied the mRNA expression of
ApoE and LRP in the postmortem brain of persons who died at different stages of dementia and
AD-associated neuropathology relative to controls by qPCR and Western blotting. Clinical
dementia rating scores were used as a measure of dementia severity, whereas, Braak
neuropathological staging and neuritic plaque density were used as indices of the
neuropathological progression of AD. ApoE and LRP mRNA expression was significantly
elevated in the postmortem inferior temporal gyrus (area 20) and the hippocampus from
individuals with dementia compared to those with intact cognition. In addition to their strong
association with the progression of cognitive dysfunction, LRP and ApoE mRNA levels were also
positively correlated with increasing neuropathological hallmarks of AD. Additionally, Western
blot analysis of ApoE protein expression in the hippocampus showed that the differential
expression observed at the transcriptional level is also reflected at the protein level. Given the
critical role played by LRP and ApoE in Aβ and cholesterol trafficking, increased expression of
LRP and ApoE may not only disrupt cholesterol homeostasis but may also contribute to some of
the neurobiological features of AD, including plaque deposition.

1. Introduction
In humans, there are three common alleles of the apolipoprotein E (ApoE) gene, ε2, ε3 and
ε4. Other than age, the ε4 allele of ApoE is the strongest risk factor for late onset AD
(LOAD) (Corder et al., 1993; Strittmatter et al., 1993a). ApoE ε4 allele increases the risk for
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developing AD by three times in heterozygotes and by 12 times in homozygotes (Bertram,
2009; Roses, 1996). The effects of ε4 allele on AD risk are maximal between 60 and 70
years of age (Blacker, 1997). ApoE ε4 is also associated with an earlier age of AD onset
(Gomez-Isla, 1996; Roses, 1996) relative to persons with the ε2/ε3 genotype (Corder, 1994;
Corder et al., 1993). Human ApoE is a 34 kDa glycoprotein, with the highest expression in
the liver and brain. In the brain, ApoE is predominantly synthesized by astrocytes and to
some extent by microglia (Grehan et al., 2001; Pitas et al., 1987) while neurons
preferentially express the receptors for ApoE, the low-density lipoprotein (LDL) receptor
family (Beffert et al., 2004). In the central nervous system, ApoE is the principal cholesterol
carrier protein and after binding to LDL receptor family members on neuronal cell surfaces,
lipidated ApoE facilitates synaptogenesis and modulates neurite outgrowth in an isoform-
specific manner, with ε4 inhibiting and ε3 stimulating neurite outgrowth (Mauch et al.,
2001; Nathan et al., 1994). Following receptor-mediated endocytosis, ApoE may be either
degraded or recycled back to the cell surface (Rensen et al., 2000). ApoE also avidly binds
amyloid beta (Aβ) peptide and has been found to codeposit with amyloid plaques in AD
brains. Complete absence of fibrillar Aβ in apoE-null AD transgenic mice (Bales et al.,
1997; Holtzman et al., 2000) strongly suggests that ApoE is a key participant in in vivo Aβ
fibrillization.

Converging evidence also implicates the LDL receptor-related protein (LRP), a key
metabolic ApoE receptor, in the pathogenesis of AD. LRP is synthesized as a single
glycosylated protein of (~600 kDa) and then cleaved by furin in the trans-Golgi network to
generate a 515 kDa extracellular subunit and an 85 kDa transmembrane subunit, which
remain covalently associated with one another. LRP is one of the largest endocytic receptors
identified to date (Herz et al., 1988; Krieger and Herz, 1994; Oleinikov et al., 2000) that is
highly expressed in neuronal cell bodies and dendritic processes (Bu et al., 1994; Moestrup
et al., 1992). LRP undergoes rapid endocytosis (t1/2 < 30 s) (Li et al., 2001) to transport its
ligands including those associated with AD (ApoE, Aβ and α2-macroglobulin [α2M]), from
the cell surface to intracellular compartments. LRP has also been shown to interact with
amyloid precursor protein (APP) and modulate its endocytic trafficking and processing
(Kounnas et al., 1995; Ulery et al., 2000). Finally, the finding that LRP is a prominent
component of compact senile plaques and colocalizes exclusively with ApoE, and that
several of its ligands are present in senile plaques (Arelin et al., 2002; Rebeck et al., 1995)
underscores the importance of LRP mediated endocytosis in AD. Although the precise
mechanism by which ApoE and LRP modulate the risk for AD is not understood, prevailing
data suggest that by inducing LRP expression, ApoE can influence not only receptor
mediated trafficking but also Aβ metabolism, trafficking and aggregation, which in turn
contributes to some of the many neurobiological features of AD, including the deposition of
neuritic plaques (NPs).

Given the strong association of ApoE with the risk of AD, numerous studies have
investigated whether the levels of ApoE are altered in AD. Previous studies of ApoE levels
in cerebrospinal fluid (Landen et al., 1996; Lefranc et al., 1996; Sihlbom et al., 2008) and
brain parenchyma (Beffert et al., 1999; Bertrand et al., 1995; Bray et al., 2004; Harr et al.,
1996; Hesse et al., 1999; Lambert et al., 1997; Pirttila et al., 1996a; Pirttila et al., 1996b) of
individuals with AD have yielded conflicting results. Likewise, studies investigating
expression of LRP in AD brain have reported variable and contradictory observations. One
study reported that LRP levels were reduced in mid frontal regions of AD brains. It was
proposed that impaired LRP-mediated Aβ clearance could be a causative factor in AD
pathogenesis (Kang et al., 2000). That study also reported that a genetic polymorphism
(C766T) in exon 3 of the LRP gene is under-represented in AD and is associated with
increased soluble Aβ levels and amyloid deposition. In contrast, Causevic et al. (2003)
determined LRP protein levels in the frontal cortex and found no significant relationship
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between the levels of LRP, the status of the LRP exon 3 polymorphisms and progressive
dementia. Another discordant study reported dramatic increase in LRP levels in AD frontal
cortex along with increased levels of LRP ligands, ApoE and α2M (Qiu et al., 2001).
Because LRP ligands increased LRP expression in vitro, it was proposed that elevated levels
of LRP ligands could induce the increased expression of LRP in AD brain.

Many of the discordant results reviewed above could have arisen from differences in the
specimens and brain regions studied, the degree of neuropathology, the presence or absence
of non-AD neuropathology, levels of cognitive compromise, and the clinical and
neuropathological diagnostic systems used. More specifically, protein quantification by
Western blotting is characterized by inherently lower reproducibility and higher variability
relative to qPCR. Interestingly, results of studies of ApoE mRNA levels have been more
consistent and have shown ApoE mRNA levels to be elevated in AD brain (Ishii et al., 1997;
Wolf et al., 1998; Zarow and Victoroff, 1998). To overcome these potential sources of
variability, we studied the gene expression of ApoE and LRP in multiple brain regions of a
relatively large cohort of cognitively, clinically and neuropathologically well-characterized
cases. Additionally, Western blot analysis of ApoE protein expression in the hippocampus
was performed to determine whether they were convergent with the mRNA expression.
These protein-based assays were performed to determine whether in addition to mRNA
expression protein expression levels were altered as well. They were not intended to
recapitulate the larger gene expression studies. The use of detailed quantitative cognitive
compromise measures and neuropathological lesion density data provided a unique
opportunity to relate LRP levels with its ligand ApoE, along a continuum of cognitive and
neuropathological changes/disease progression. Further examination of ApoE and LRP
mRNA levels in the inferior temporal gyrus (area 20) and hippocampus enabled us to extend
the previous findings to brain regions that show the earliest (Haroutunian et al., 2009) and
most severe pathologic changes (Berg et al., 1998; Braak and Braak, 1991; Giannakopoulos
et al., 1995; Mitchell et al., 2002) during the course of disease.

2. Materials and Methods
2.1. Study Cohort

The cohort included in this study was part of a larger clinical and neuropsychological
investigation of early AD. These individuals were extensively evaluated for their cognitive
function. Their cognitive status during the 6 months proximal to death was used to define
the absence, presence and extent of dementia at the time of death, as previously described
(Davis et al., 1999; Haroutunian et al., 1998; Haroutunian et al., 1999). Cases were selected
from a pool of over 600 donors with either no discernable neuropathology or only those
neuropathological lesions associated with AD alone (e.g., exclusion of cases with vascular
lesions, Lewy body inclusions, normal pressure hydrocephalus). Because postmortem
intervals (PMI) (Barton et al., 1993; Johnson et al., 1986) and tissue pH (a proxy measure
for agonal state) (Lipska et al., 2006; Vawter et al., 2006) are important issues for
consistency and reproducibility of quantitative gene and protein expression studies, brain
samples were obtained from cases who met the following criteria: postmortem delay of less
than 24 hrs, brain tissue pH of 6.3 or greater no perimortem coma longer than 6 hrs, no
evidence of seizures in the 3 months preceding death. Controls were derived from persons
who, on extensive medical record review and/or neuropsychological examination and
caregiver interview, showed no evidence of neurological or neuropsychiatric diseases, died
of natural causes (myocardial infarction, various non-brain non-hepatic cancers, and
congestive heart failure) and had no discernable neuropathology (Purohit et al., 1998). None
of the subjects had a history of licit or illicit drug abuse (tobacco use excepted). All
diagnostic and cognitive assessment procedures were approved by the Mount Sinai Medical
Center (New York, NY)/J. J. Peters Veterans Administration Medical Center (Bronx, NY)
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Institutional Review Boards, and postmortem consent for autopsy and research use of tissue
was obtained from the next of kin or a legally authorized official.

2.1.1. Classification of Subjects into Dementia Severity Groups—In order to
perform post-assay analyses based on a clinical index of disease severity, the subjects were
classified with respect to the clinical dementia rating (CDR) score at the time of death
(Burke et al., 1988; Dooneief, 1996; Hughes et al., 1982; Morris, 1993) (Table 1). The
assessments, on which these classifications were based, were performed blind to clinical or
neuropathological disease diagnosis. Table 2 describes the sample size, sex, age at the time
of death, pH and PMI of the study cohort when grouped on the basis of CDR.

2.1.2. Neuropathological Assessment—The neuropathological assessment procedures
used have been previously described in detail (Haroutunian et al., 1998; Haroutunian et al.,
1999). Neuropathological assessments were performed on the right hemisphere and
consisted of microscopic assessment of paraffin embedded blocks from multiple brain
regions using hematoxylin and eosin, modified Bielschowski, modified thioflavin S, and
anti-amyloid, anti-tau immunohistochemistry. All neuropathology data regarding the extent
and distribution of neuropathologic lesions were collected blind to the subject’s dementia
status. Specimens for this study were dissected from the frozen, never-thawed, left
hemisphere, using previously described procedures (Haroutunian, 2007).

For pathologic staging of AD, neurofibrillary tangle density was assessed using the
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (Mirra et al., 1987;
Mirra et al., 1991) criteria. Each case was assigned a Braak neuropathological score for
progression of neurofibrillary using the criteria by Braak and Braak (Braak and Braak, 1991)
(Table 1). NPs were identified as the dystrophic neurites arranged radially and forming a
discrete spherical lesion about 30 mm in diameter with amyloid cores. A composite score of
NPs counts in 5 cortical regions was used for the stratification of individuals into groups
based on the severity of NP neuropathology (Table 1). Previous studies have indicated that
this composite measure of NP density corresponds closely to the average NP densities in
most cortical regions examined (Haroutunian et al., 1998).

2.2.1. RNA Isolation—Total RNA was isolated from 50 mg of microdissected pulverized
frozen brain samples from inferior temporal gyrus and the hippocampus with the
guanidinium isothiocyanate method (Chomczynski and Sacchi, 1987) using ToTALLY
RNA kits (Ambion, Austin, TX) according to the manufacturer’s protocol as described
previously (Katsel et al., 2009). To remove genomic DNA contamination, isolated RNA
samples were treated with 40 units of DNase I (Ambion, Austin, TX) in the presence of 120
units of RNaseOUT (Gibco BRL, Grand Island, NY) for 1 hour at 37°C. The quality of the
isolated total RNA for each case was assessed using a combination of 260 nm/280 nm ratio
obtained spectrophotometrically (Beckman Instruments, Fullerton, CA) and by Bioanalyzer
2100 (Agilent Technologies, Palo Alto, CA) before proceeding with cDNA synthesis. Only
specimens with an RNA integrity number (RIN) ≥ 5.5 were included in the analyses.

2.2.2. Reverse Transcriptase Reaction—cDNA synthesis was performed with iScript
cDNA Synthesis kit (BioRad Laboratories, Hercules, CA) which uses both random and
poly-dT priming for the reverse transcription (RT) reaction. Total RNA (1 μg) was
employed for each 20 μl reaction. The resulting cDNA was diluted 25 times for qPCR.

2.2.3. qPCR—LRP and ApoE mRNA expression was measured by quantitative polymerase
chain reaction (qPCR) using an ABI Prism 7700 Sequence Detector (Applied Biosystems,
Foster City, CA) and gene-specific fluorogenic TaqMan® probes (Applied Biosystems).
Each 20 μl PCR reaction contained 5 μl of the relevant cDNA, 20X TaqMan® assay (used at

Akram et al. Page 4

Neurobiol Aging. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a final concentration of 0.5X), and 10 μl of TaqMan® Universal PCR Reaction Mix which
contains ROX as a passive internal reference (Applied Biosystems). The thermal cycling
program consisted of 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C
and 1 min at 60 °C. The reactions were quantified by selecting the amplification cycle when
the PCR product of interest was first detected (threshold cycle, Ct). Tests of primers and
probes sensitivity and assay linearity were conducted for all real-time PCR assays by
amplification of mRNA in 10-fold serial dilutions of pooled cDNA as previously described
(Dracheva et al., 2001). Each reaction was performed in triplicate and the average Ct value
was used in all analyses.

The relative gene expression level was calculated using the Relative Standard Curve Method
(see Guide to Performing Relative Quantitation of Gene Expression Using Real-time
Quantitative PCR, Applied Biosystems) which accounts for differences in the efficiencies of
the target and control amplifications, thereby, producing accurate, quantitative results.
Standard curves were generated for target assay and for each endogenous control assay by
the association between the Ct values and different quantities (5 serial dilution steps) of a
“calibrator” cDNA. The “calibrator” was prepared by mixing small quantities of all
experimental samples. Expression values of the target and the control genes were
extrapolated from their respective standard curves. Relative expression of target genes was
computed as the ratio of the target mRNA levels to the geometric mean of the four
endogenous controls: β-glucuronidase (GUSB), cyclophilin A (PP1A), β2-microglobulin
(β2M), and ribosomal protein, large, P0 (RPLP0) which were picked for their stability using
geNorm (Byne et al., 2008; Vandesompele et al., 2002). Samples with Ct values > 33 were
considered outside the range of sensitivity of the assay and were not included in the
analyses.

2.3. Protein Quantitation
Protein expression studies were carried out to determine whether different levels of ApoE
gene expression were reflected in the expression level of ApoE protein. Because of the
inherently lower reproducibility and higher variability characteristic of Westerns in
postmortem tissue relative to qPCR and because we wished to determine whether mRNA
expression was faithfully reflected in protein expression, we restricted ApoE protein
analyses to cases with robust changes in gene expression. Therefore, a subset of the
hippocampal samples (N = 30) studied for mRNA expression was analyzed by Western
blotting to reflect broad variations in gene expression. As fewer protein analyses were
performed than gene analyses, adjacent categories for all three indices of disease severity for
gene expression analyses were combined to achieve sufficiently large sample sizes for
reliable comparisons (Table 3).

2.3.1. Tissue Lysate Preparation—Total tissue lysates were prepared from frozen
hippocampal specimens from sister aliquots of the same brain samples as those used for
qPCR analysis as described previously (Akram et al., 2010). Total protein concentration of
the lysate was determined using a CBQCA Quantitation Kit (Molecular Probes, Eugene,
OR) with fluorescence measured on a SpectraMAX Gemini XS spectrofluorometer
(Molecular Devices, Sunnyvale, CA).

2.3.2. Western Blot Analysis—For gel electrophoresis, 10 μg of total protein was mixed
with loading buffer and loaded onto pre-cast 10–20% Tris-glycine gels (Bio-Rad
Laboratories, Hercules, CA), and run at 150 V for 1 hr. Each gel was loaded with three
experimental samples in triplicate and “standard tissue homogenate” (the mix of small
aliquots of tissue from all samples), run in quadruplicates. Separated proteins were
transferred to polyvinylidene difluoride membranes at 100 V for 1 hour and probed with anti
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ApoE antibody (Abcam, Cambridge, MA) diluted 1:20,000 in 3 % non-fat dry milk in TBS
overnight at 4°C with gentle shaking. To ensure equal protein loading between individual
samples, membranes were also incubated with an anti-valosin containing protein (VCP)
antibody. VCP, a 97 kDa protein, has been previously validated as reliable internal standard
(Akram et al., 2010; Bauer et al., 2009). Following 1 hour incubation with the secondary
HRP conjugated antibodies, blots were developed using SuperSignal® West Femto
Maximum Sensitivity Substrate (Pierce Biotechnology, Rockford, IL). Images made on
Hyperfilm ECL (GE Healthcare, Piscataway, NJ) were digitized with Alpha ChemImager™

5500 Imaging System and quantitated with AlphaEaseFC software version 4.0 (Alpha
Innotech, San Leandro, CA). The average digital signal per band was measured after
subtraction of the appropriate background. Optical density for each ApoE band was first
normalized to the corresponding average signal for the standard tissue homogenate and then
for the VCP band from the same sample. The linearity of the dose responses for the
antibodies used was established in preliminary experiments.

2.4. Statistical Analyses
We performed a logarithmic transformation of ApoE and LRP gene expression to eliminate
heterogeneity, and used the transformed gene expression values for all subsequent statistical
analyses. A preliminary analysis assessed linear associations with sex, pH, PMI and RIN to
evaluate their use as covariates. In addition, age, the most significant risk factor for
dementia, was used as a covariate in all analyses regardless of its association with the
dependent variable.

We determined the linear association of ApoE and LRP gene expression with CDR, Braak
stages and NP density by partial correlation analyses, controlling for potential covariates if
preliminary analyses showed significant correlation with the expression level of the gene
under analysis. Because the associations of each of these interrelated scales with gene
expression is at least partly mediated through the associations with the other two scales,
additional partial correlation analyses assessed each scale controlling also for the other two
scales.

In order to determine non-linear association of CDR Braak stages, and NP density with
ApoE and LRP gene expression, each of these disease severity indices was classified as a
categorical variable. ANCOVA was performed for each categorical variable controlling for
age and any other potential covariates. Another ANCOVA for each categorical variable
controlled also for other two variables as scales, similar to the partial correlation analyses.

For each categorical variable, some individuals were classified as controls: CDR = 0, Braak
stages = 0 and I, and NP Density = 1. For each categorical variable, ANCOVA compared
controls with individuals with varying degree of dementia (CDR ≥ 0.5) and AD associated
neuropathology (Braak stage ≥ II, NP density ≥ 2). Analyses for protein expression were the
same as for gene expression. All analyses were performed with SPSS 17.0 (SPSS, Chicago,
IL).

3. Results
3.1. qPCR analysis of LRP mRNA expression in area 20

Comparison of individuals with and without dementia by the CDR criterion showed higher
levels of LRP gene expression (F1,85 = 25.40, p < 0.0005) in individuals with varying
dementia severity (Figure 1). The partial correlation analysis of LRP mRNA expression
controlling for age demonstrated significant associations with CDR (r = 0.344, df = 85, p =
0.001), Braak neuropathological stages (r = 0.227, df = 85, p = 0.035) and NP density (r =
0.232, df = 85, p = 0.031). In ANCOVAs controlling for age, the levels of LRP varied
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significantly as a function of dementia severity (F5,81 = 4.97, p = 0.001) and NP density
(F4,82 = 4.29, p = 0.003). Although, the association of Braak score with LRP gene
expression was not significant (F6,80 = 1.33, p = 0.255), polynomial contrast revealed a
significant linear association with gene expression (p = 0.001). The association of LRP gene
expression with CDR, controlling also for Braak neuropathological score and NP density,
remained strong (F5,79 = 3.63, p = 0.005). Figure 2 presents the estimated means and
standard error of mean (SEM) from the ANCOVAs, adjusting for the covariates.

3.2. qPCR analysis of ApoE mRNA expression in area 20
Gene expression analysis in cognitively intact elderly controls and persons with dementia
(CDR 0.5–5) showed higher levels of ApoE gene expression in individuals with dementia
(F1,84 = 10.31, p = 0.002; Figure 1A). Comparisons of controls and individuals with AD-
associated neuropathology also showed more ApoE gene expression as a function of
increasing NP density (F1,84 = 8.02, p = 0.006) and Braak neuropathological staging (F1,84 =
3.95, p = 0.050; Figures 1B and C). The partial correlation analysis of ApoE mRNA
expression controlling for age and RIN demonstrated significant associations with CDR (r =
0.254, df = 84, p = 0.018), Braak neuropathological stages (r = 0.229, df = 84, p = 0.034)
and NP density (r = 0.319, df = 84, p = 0.003). In ANCOVAs controlling for age and RIN,
CDR (F5,80 = 2.27, p = 0.055) and Braak score (F6,79 = 2.06, p = 0.067) showed trend level
associations with ApoE mRNA expression. Polynomial contrast revealed a significant linear
trend for CDR (p = 0.038) and Braak scores (p = 0.008). The association of NP density
(F4,81 = 3.38, p = 0.013) with ApoE gene expression was significant and also showed strong
linear association with gene expression (p = 0.004) in the polynomial contrast. Figure 1
presents the estimated means and SEM from the ANCOVAs, adjusting for the covariates.

3.3. qPCR analysis of LRP mRNA expression in the hippocampus
Comparison of gene expression in individuals with and without dementia showed
significantly increase in LRP gene expression (F1,69 = 6.35, p = 0.014) in individuals with
varying dementia severity (Figure 3). The partial correlation analysis of LRP mRNA
expression controlling for age and pH demonstrated significant associations with CDR (r =
0.254, df = 69, p = 0.032) and NP density (r = 0.236, df = 69, p = 0.048) but not with Braak
neuropathological stages (r = 0.133, df = 69, p = 0.267). However, in ANCOVAs controlling
for age and pH, when CDR (F5,65 = 1.73, p = 0.141), Braak score (F6,64 = 0.41, p = 0.867)
and NP density (F3,67 = 0.82, p = 0.488) were treated as categories rather than as scales, the
associations were not significant (Figure 4).

3.4. qPCR analysis of ApoE mRNA expression in hippocampus
Gene expression analysis in individuals with and without dementia or AD-associated
neuropathology showed higher levels of ApoE gene expression by the CDR (F1,70 = 8.91, p
= 0.004), the Braak neuropathological staging (F1,70 = 8.25, p = 0.005) and NP density
(F1,70 = 4.17, p = 0.045; Figure 3). The partial correlation analysis of ApoE mRNA
expression controlling for age demonstrated significant associations with CDR (r = 0.350, df
= 70, p = 0.003) Braak neuropathological stages (r = 0.304, df = 70, p = 0.009) and NP
density (r = 0.251, df = 70, p = 0.034). In ANCOVAs controlling for age, when CDR (F5,66
= 2.45, p = 0.043) and Braak score (F6,65 = 3.30, p = 0.007) were treated as categories, the
associations were similarly evident. However, the association of NP density (F3,68 = 2.11, p
= 0.107) with ApoE gene expression was not significant. Figure 4 presents the estimated
means and SEM from the ANCOVAs, adjusting for the covariates.
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3.5. ApoE protein expression
Western blot analysis revealed robust ApoE protein expression in hippocampal tissue
homogenates (Fig. 5A). ApoE protein expression was highly correlated with mRNA levels
of ApoE (r = 0.71, p < 0.0001). These findings suggest coordinated transcription and
translation modulation of ApoE during the course of dementia and AD-associated
neuropathology. Comparison of controls and individuals with dementia or varying degree of
AD-associated neuropathology showed higher levels of ApoE protein by the CDR criterion
(F1,26 = 14.38, p = 0.001; Fig 5B) and Braak neuropathological staging (F1,26 = 4.37, p =
0.047). The partial correlation analysis of ApoE protein expression controlling for age were
comparable to those of gene expression for CDR (r = 0.541, df = 26, p = 0.003) but not
significant for Braak score (r = 0.276, df = 26, p = 0.155) and NP density (r = 0.118, df = 26,
p = 0.549). Even after controlling also for Braak score and NP density, ApoE protein
expression was still significantly correlated with CDR (r = 0.440, df = 24, p = 0.031).

3.6. Association between LRP and ApoE gene expression
The partial correlation analysis of LRP and ApoE gene expression controlling for age and
RIN in area 20, indicated strong association (r = 0.768, df = 84, p < 0.0001; Figure 6A).
Similarly, strong association between LRP and ApoE gene expression controlling for age
and pH was observed in the hippocampus (r = 0.681, df = 69, p < 0.0001; Figure 6B). All
data were used for comparison of LRP and ApoE mRNA expression.

4. Discussion
The studies described provide evidence that ApoE and LRP gene expression is upregulated
in the inferior temporal gyrus (area 20) and in the hippocampus of persons with varying
severity of dementia and AD-associated neuropathology. In order to determine whether
ApoE and LRP expression was upregulated early in the course of AD pathogenesis,
individuals were grouped based on dementia severity (CDR score) at the time of death,
progression of NFT pathology (Braak neuropathological staging) and severity of NP
pathology. Subsequent analyses indicated that the expression of ApoE and LRP was
significantly correlated with these indices of disease progression. Specifically, alteration in
gene expression was strongly correlated with cognitive impairment. Additionally, highly
coordinated upregulation of ApoE mRNA and protein were observed in AD hippocampus.

The observed changes in ApoE and LRP gene expression in hippocampus and area 20 are
particularly intriguing in light of the susceptibility of these regions at early stages of disease.
Hippocampus shows most severe and early pathogenic changes during the course of AD
(Berg et al., 1998; Braak and Braak, 1991; Giannakopoulos et al., 1995; Mitchell et al.,
2002). Similarly, area 20 undergoes transcriptional dysregulation at the onset of dementia
(CDR 0.5) (Haroutunian et al., 2009). Moreover, longitudinal studies examining rate of
atrophy in cases with mild cognitive impairment who progressed to AD have consistently
found atrophy in the inferior temporal gyrus (Chetelat et al., 2005; Desikan et al., 2008;
McDonald et al., 2009). Therefore, differential expression of genes that have critical roles in
pathogenesis of AD may underlie early or increased vulnerability of these regions.
Furthermore, mild to moderate cognitive deficits identified by the CDR scale represent some
of the earliest manifestations of the disease process (Bennett, 2005; Morris, 2001) and this is
borne out in our data.

As mentioned earlier, several studies have addressed the expression of LRP protein in AD
brain albeit with conflicting results (Kang et al., 2000; Qiu et al., 2001; Causevic et al.,
2003; Donahue et al., 2006; Matsui et al., 2007). The results presented here are consistent
with those of Matsui et al. (2007) and Qiu et al. (2001) who reported an increase in ApoE
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and LRP mRNA in temporal neocortex and frontal cortex, respectively of individuals with
AD compared to nondemented controls brains (Qiu et al., 2001). Based on increased
expression of LRP by its ligands in vitro, it was proposed that elevated levels of LRP ligands
could induce the increased expression of LRP in AD brain. Because increased levels of LRP
and of its ligands α2M and ApoE were observed in the brains from cases with severe AD
pathology, Qiu et al. (2001) concluded that the changes in LRP levels occur during late
stages of AD. Using a carefully characterized cohort of individuals presenting a continuum
of cognitive and neuropathological changes the present findings show that LRP and ApoE
gene and protein expression changes occur very early in the course of disease. In addition,
examination of ApoE and LRP mRNA levels in hippocampus enabled us to extend these
previous findings to one of the most vulnerable brain regions to AD pathology. The current
results show that upregulation of LRP and ApoE gene expression is coordinated such that
their levels are highly correlated with each other when measured in the same samples.
Interestingly, very preliminary analyses suggest that the dysregulation of LRP levels in
individuals with dementia is accentuated among homozygous ApoE4 allele carriers (data not
shown). However, the sample size was too small for confident conclusions (N =3). Although
LRP protein levels were not evaluated in this study, elevated levels of LRP ligands have
been shown to induce expression of LRP in vitro (Qiu et al., 2001).

There is considerable converging evidence that implicates LRP and ApoE in the
pathogenesis of AD. The ε4 allele of ApoE is a strong genetic risk factor for LOAD (Corder
et al., 1993; Strittmatter et al., 1993a). ApoE is a key ligand for LRP (Rebeck et al., 1995;
Strittmatter et al., 1993a) and LRP is a major neuronal receptor for ApoE. In addition, LRP
binds and internalizes several molecules associated with AD such as α2M, APP and Aβ
(Herz and Strickland, 2001). Furthermore, several genetic studies have reported an
association between polymorphisms within the LRP gene and AD (Kang et al., 1997;
Lendon et al., 1997). The genetic associations of ApoE and LRP to LOAD are particularly
interesting, considering the fact that ApoE is the best characterized Aβ chaperone (Jordan et
al., 1998). Upon forming a stable complex with Aβ, ApoE promotes LRP-mediated
internalization of Aβ (Beffert et al., 1999; Jordan et al., 1998; Winkler et al., 1999).
Receptor mediated Aβ endocytosis has been hypothesized to be an efficient way of reducing
brain Aβ load (Kang et al., 1997; LaDu et al., 1994; Rebeck et al., 1995). In particular, LRP-
mediated transport of Aβ/ApoE complex across the blood brain barrier (BBB) is a major
pathway of Aβ clearance from the brain to the periphery (Shibata et al., 2000; Tanzi et al.,
2004).

We have previously reported significant increases in ATP-binding cassette, sub- family A,
member 1 (ABCA1) expression in the hippocampus of persons with varying severity of AD
(Akram et al., 2010). ABCA1 is an integral membrane protein that mediates the efflux of
cellular cholesterol and phospholipids to lipid-deficient apolipoprotein acceptors such as
ApoE (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Repa and Mangelsdorf, 2002).
Increased expression of ABCA1 and ApoE, together with the critical role played by ABCA1
in ApoE lipidation, suggest that lipidation of ApoE is increased in subjects with dementia.
Interestingly, ApoE lipidation status has also been shown to have a pronounced effect on Aβ
transport and metabolism because lipidated ApoE interacts with Aβ with a significantly
higher affinity than lipid-poor ApoE (LaDu et al., 1995; Strittmatter et al., 1993b; Tokuda et
al., 2000). Accumulating recent evidence suggests that lipidation of ApoE strongly disrupts
Aβ clearance across the BBB (Bell et al., 2007; Deane et al., 2008). These observations
suggest that increased lipidation of ApoE-Aβ complex may reduce the fraction of Aβ that is
cleared via LRP. Concomitant retention of ApoE-Aβ complexes in the brain is likely to
exacerbate the extracellular Aβ load (DeMattos et al., 2004; Fryer et al., 2005).
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It is noteworthy that the involvement of LRP and ApoE in Aβ metabolism is not limited to
facilitating the clearance of Aβ. Aged PDAPP and Tg2576 APP transgenic mice with
considerable amyloid deposits, when crossed onto a mouse with an ApoE knockout
background, showed a significant decrease in Aβ deposits and an almost complete lack of
true amyloid plaques and neuritic dystrophy (Bales et al., 1997; Holtzman et al., 1999;
Holtzman et al., 2000; Irizarry et al., 2000). Later studies with APP transgenic mice carrying
human ApoE isoforms show an isoform specific effect on Aβ accumulation (murine
apoE>ApoE4>ApoE3>ApoE2), and supported the hypothesis that ApoE is critical for the
development of fibrillar, compact amyloid plaques. LRP has also been shown to interact
directly with the extracellular domain of APP through its Kunitz-type serine protease
inhibitor (KPI) domain and also indirectly with the cytoplasmic tail of APP through a
common adaptor protein FE65 (Kinoshita et al., 2001; Knauer et al., 1996; Kounnas et al.,
1995; Pietrzik et al., 2004; Trommsdorff et al., 1998). Interestingly, an increase in KPI
containing isoforms of APP protein levels has been reported in AD (Harrison et al., 1996;
Moir et al., 1998; Preece et al., 2004). Furthermore, it has been shown that LRP facilitates
APP endocytic trafficking and amyloidogenic processing by bringing both APP and β-
secretase into close proximity (Pietrzik et al., 2002; Ulery et al., 2000). The slightly acidic
pH of the endosomes also favors β-secretase mediated amyloidogenic processing (Vassar
and Citron, 2000). On the other hand, retention of APP at the cell surface favors the non-
amyloidogenic processing of APP (Koo et al., 1996; Koo and Squazzo, 1994; Perez et al.,
1999). Although Aβ is produced intracellularly, once secreted, it can be internalized via
receptor mediated endocytosis and targeted for degradation. It has been shown that a
fraction of Aβ that is internalized by neurons can lead to intraneuronal Aβ accumulation
(Zerbinatti et al., 2006) which is toxic (Billings et al., 2005). Recent evidence suggests that a
large portion of intracellular Aβ accumulates because of the interaction between Aβ, ApoE
and LRP (LaFerla et al., 2007). The accumulation of Aβ inside neurons has also been
observed in both AD patients and mice with brain amyloid deposition (Chui et al., 1999;
Gouras et al., 2000; Mochizuki et al., 2000; Oddo et al., 2003; Shie et al., 2003).
Intraneuronal Aβ accumulation appears to occur prior to extracellular amyloid deposition
and is a prominent neuropathological feature in brain regions that are vulnerable in AD, such
as hippocampus. Specifically, intraneuronal Aβ accumulation is believed to be toxic
(Billings et al., 2005) and to contribute to early cognitive deficits in transgenic AD mouse
model (Oddo et al., 2003; Zerbinatti et al., 2004). These in vitro and animal model studies
are completely consistent with those of the current analyses. Therefore, upregulated
expression of LRP (reported here) is likely to facilitate increased amyloidogenic processing
of APP, and the resulting intraneuronal accumulation of Aβ may contribute to cognitive
decline in individuals harboring dysregulated LRP expression. However, it is important to
note that postmortem and homogenate nature of the current study permits only the inference
of progression and not a cause and effect measurement. As such it is possible that the
observed transcriptional changes represented “compensatory” upregulation to overcome Aβ
neurotoxicity presumably through the modulation of membrane cholesterol efflux and
increased ApoE lipidation. The validation of these two critically important alternative
hypotheses must rest with future studies of physiologically relevant and appropriate animal
models.

In summary, the present study has shown that LRP and ApoE expression is upregulated in
individuals with varying severity of dementia. This association is present even after
controlling for various potential confounding factors such as age, pH and RIN. In addition,
the relationship between LRP and ApoE dysregulation and AD extends not only to cognitive
dysfunction but to its neuropathological hallmarks. In light of the critical role played by LRP
and ApoE in APP processing, Aβ and cholesterol trafficking, these data suggest that
cholesterol homeostasis is altered at the earliest recognizable stage of cognitive impairment.
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Figure 1.
LRP (Black bars) and ApoE mRNA (white bars) expression in individuals with and without
dementia or AD-associated neuropathology in area 20. Mean values ± standard error of the
mean (SEM) are shown. *, p < 0.05; **, p < 0.01; ****, p < 0.0001. Number within the
parentheses indicates the individuals within each group.
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Figure 2.
Normalized LRP (Black bars) and ApoE mRNA (white bars) expression in area 20 plotted
against CDR scores, Braak neuropathological stages and NP density groups. ANCOVA was
used to compare gene expression in individuals with varying degree of dementia (CDR 0.5–
5) and AD associated neuropathology (Braak stage I-VI, NP density 2–5) relative to the
control group. Mean values ± SEM are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p < 0.0001. Number within the parentheses indicates the individuals within each
group.
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Figure 3.
LRP (Black bars) and ApoE mRNA (white bars) expression in individuals with and without
dementia or AD associated neuropathology in the hippocampus. Mean values ± SEM are
shown. *, p < 0.05;**, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Number within the
parentheses indicates the individuals within each group.
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Figure 4.
Normalized LRP (black bars) and ApoE mRNA (white bars) expression in the hippocampus
plotted against CDR scores, Braak neuropathological stages and NP density groups.
ANCOVA was used to compare gene expression in individuals with varying degree of
dementia (CDR 0.5–5) and AD associated neuropathology (Braak stage I–VI, NP density 2–
5) relative to the control group in the hippocampus. Mean values ± SEM are shown. *, p <
0.05; **, p < 0.01. Number within the parentheses indicates the individuals within each
disease severity group.
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Figure 5.
Western blot analysis of ApoE in the hippocampus of cognitively intact controls and
individuals with varying severity of dementia. A, Representative immunoblots of ApoE
protein expression are shown. Total tissue homogenates were separated by reducing SDS-
PAGE and probed with mouse anti-ApoE and mouse anti-VCP antibodies. Tissue lysate
from each individual were loaded in triplicate and pooled tissue lysate (last 4 lanes) were run
in quadruplicates. B, Protein quantification was done by assessing the ratio of APOE and
VCP signal. Mean values ± SEM are shown. *, p < 0.05; **, p < 0.01. Number within the
parentheses indicates the individuals within each group.
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Figure 6.
Association between ApoE and LRP gene expression. A. Partial correlation of LRP and
ApoE gene expression controlling for age and RIN in area 20 is (r = 0.768, df = 84, p <
0.0001). B. Partial correlation of LRP and ApoE gene expression controlling for age and pH
in hippocampus is (r = 0.681, df = 69, p < 0.0001).
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Table 1

Group classifications for gene expression analyses.

Gene Expression Analysis

CDR Groups Dementia Severity
Number of individuals

Hippocampus Area 20

0 No dementia 18 18

0.5 Questionable dementia 13 13

1 Mild dementia 9 8

2 Moderate dementia 9 13

3 Severe dementia 12 18

4–5 Very severe/terminal dementia 12 18

Braak Groups Braak stages

0 None 7 9

I Mild transentorhinal 8 9

II Severe transentorhinal 15 16

III Limbic 10 12

IV Limbic/Hippocampal CA1 8 8

V Isocortical 12 15

VI Isocortical/Primary sensory areas 13 19

NP Density Groups Plaques (number/mm2)

0 0 24 26

1 1–5 10 13

2 6–10 20 23

3 11–20 14* 14

4 21 and more 5* 12

*
NP density groups 4 and 5 were pooled for gene expression analyses in hippocampus.
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Table 3

Group classifications for protein expression analysis.

Protein Expression Analysis in the hippocampus

CDR Groups Dementia Severity Number of individuals

0 No dementia 8

0.5–5 Questionable dementia/terminal dementia 22

Braak Groups Braak stages

0–I None/Mild transentorhinal 8

II–VI Severe transentorhinal/Isocortical 22

NP Density Groups Plaques (number/mm2)

1 0 12

2–5 1 and more 18
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