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Abstract
While the clinical and neuropathological characterization of Alzheimer’s Disease (AD) is well
defined, our understanding of the progression of pathologic mechanisms in AD remains unclear.
Post-mortem brains from individuals who did not fulfill clinical criteria for AD may still demonstrate
measurable levels of AD pathologies to suggest that they may have presented with clinical symptoms
had they lived longer or are able to stave off disease progression. Comparison between such
individuals and those clinically diagnosed and pathologically confirmed to have AD will be key in
delineating AD pathogenesis and neuroprotection. In this study, we expression profiled laser capture
microdissected non-tangle bearing neurons in 6 post-mortem brain regions that are differentially
affected in the AD brain from 10 non-demented individuals demonstrating intermediate AD
neuropathologies (NDAD; Braak stage of II through IV and CERAD rating of moderate to frequent)
and evaluated this data against that from individuals who have been diagnosed with late onset AD
as well as healthy elderly controls. We identified common statistically significant expression changes
in both NDAD and AD brains that may establish a degenerative link between the two cohorts, in
addition to NDAD specific transcriptomic changes. These findings pinpoint novel targets for
developing earlier diagnostics and preventative therapies for AD prior to diagnosis of probable AD.
We also provide this high-quality, low post-mortem interval (PMI), cell-specific, and region-specific
NDAD/AD reference data set to the community as a public resource.
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1. Introduction
With its increasing incidence, Alzheimer’s Disease (AD) has become a major concern for both
the research community as well as the aging global population. Because identification of
pathological markers is currently the only approach to confirming diagnosis, physicians and
researchers have begun to focus on developing early diagnostic tools to allow for earlier
preventative measures. One potential approach is to consider earlier stages of AD in which
individuals do not demonstrate clinical criteria for AD dementia but may demonstrate
intermediate levels of AD neuropathology (Braak stage of II, III, or IV with moderate to
frequent neuritic plaques) evaluated post-mortemly. This characterization suggests that these
individuals may have developed clinical AD symptoms had they lived longer, or are able to
stave off disease progression. Evaluating such individuals compared to those who had been
clinically diagnosed and histopathologically confirmed to have AD will help to elucidate the
neuronal processes that may drive disease progression or neuroprotection. To begin to elucidate
this putative relationship, we expression profiled laser capture microdissected non-tangle
bearing cortical neurons from six functionally discrete post-mortem brain regions. These
regions, which have been found to display differential susceptibilities to AD pathologies, were
collected from 10 non-demented individuals that demonstrate intermediate levels of AD
neuropathology (NDAD). This analysis builds upon the global neuronal expression resource
(Liang et al., 2008) we have established focusing on healthy elderly controls and patients who
had been diagnosed with late onset AD, and aims to provide a catalog of expression signatures
that characterizes transcriptomic changes across control, NDAD, and AD brains.

The six regions profiled have differential susceptibilities to AD pathologies and include the
entorhinal cortex (EC), hippocampus (HIP), middle temporal gyrus (MTG), posterior cingulate
cortex (PC), superior frontal gyrus (SFG), and primary visual cortex (VCX). Based on analysis
consolidating statistically significant gene expression changes in NDAD patients compared to
controls and AD patients compared to controls, we have identified significant common
expression changes in both NDAD and AD brains in addition to expression signatures that
account for regional changes across NDAD and AD brains. These findings provide insight into
pathogenic mechanisms that may link the progression from NDAD to AD in different parts of
the human brain and also identifies novel targets for developing improved diagnostics and
preventative therapeutics against AD.

2. Methods
2.1. Tissue collection

Brain samples were collected at two Alzheimer’s Disease Centers (Washington University and
Sun Health Research Institute) from clinically classified non-demented individuals who
demonstrate intermediate levels of AD pathologies (6 males and 4 females) with a mean age
of 86.6±5.3. Individuals were matched as closely as possible for their mean age at death and
gender. Subjects in this group have a Braak stage of II to IV with a CERAD neuritic plaque
density of moderate or frequent. Tissue collection from healthy elderly control and AD samples
was previously described (Liang et al., 2008; Liang et al., 2007). Samples were collected (mean
post-mortem interval (PMI) of 2.5 h) from six brain regions that are either histopathologically
or metabolically relevant to AD—these include the EC (BA 28 and 34), SFG (BA 10 and 11),
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HIP, VCX (BA 17), MTG (BA 21 and 37), and the PC (BA 23 and 31). Following dissection,
samples were frozen, sectioned (8 µm), and fixed on glass slides.

Brain sections were stained with a combination of Thioflavin-S (Sigma; Dallas, TX) and 1%
Neutral Red (Fisher Scientific; Chicago, IL) and pyramidal neurons were identified by their
characteristic size, shape, and location within the region of interest, while tangles were
identified by the fluorescence of Thioflavin-S staining. In the EC, the large stellate neurons
lacking Thioflavin-S staining were collected from layer II and pyramidal cells lacking
Thioflavin-S staining were collected from CA1 of the HIP. The CA1 region was selected for
study because this area is the most affected and earliest affected region in the hippocampus in
terms of tangle formation, and this region has already been expression profiled in
neurologically healthy elderly individuals. In all other regions, cortical layer III pyramidal
neurons lacking Thioflavin-S staining were collected (for all collected neurons, cell bodies
were extracted). For each individual, approximately five hundred histopathologically normal
pyramidal neurons were collected from the EC, HIP, MTG, PC, SFG, and VCX using LCM
with the Arcturus Veritas Automated Laser Capture Microdissection System (Mountain View,
CA). Cells were collected onto Arcturus CapSure Macro-LCM Caps and extracted according
to the manufacturer’s protocol. Total RNA was isolated from the cell lysate using the Arcturus
PicoPure RNA Isolation Kit with DNase I treatment using Qiagen’s RNase-free DNase Set
(Valencia, CA).

2.2. Expression profiling
Expression profiling, hybridization, and array scanning was performed as previously described
(Liang et al., 2008; Liang et al., 2007). Isolated total RNA from each sample of ~500 neurons
was double round amplified, cleaned, and biotin-labeled using Affymetrix’s GeneChip Two-
Cycle Target Labeling kit (Santa Clara, CA) with a T7 promoter and Ambion’s MEGAscript
T7 High Yield Transcription kit (Austin, TX) as per manufacturer’s protocol. Amplified and
labeled cRNA was quantitated on a spectrophotometer and run on a 1% TAE gel to check for
an evenly distributed range of transcript sizes. Twenty micrograms of cRNA was fragmented
to approximately 35–200 bp by alkaline treatment (200 mM Tris-acetate, pH 8.2, 500 mM
KOAc, 150 mM MgOAc) and run on a 1% TAE gel to verify fragmentation. Separate
hybridization cocktails were made using 15µg of fragmented cRNA from each sample as per
Affymetrix’s protocol.

Two hundred microliters (containing 10µg of fragmented cRNA) of each cocktail was
separately hybridized to an Affymetrix Human Genome U133 Plus 2.0 Array for 16h at 45°C
in the Hybridization Oven 640. The Affymetrix Human Genome Arrays measure the
expression of over 47,000 transcripts and variants, including 38,500 characterized human
genes. Arrays were washed on Affymetrix’s upgraded GeneChip Fluidics Station 450 using a
primary streptavidin phycoerythrin (SAPE) stain, subsequent biotinylated antibody stain, and
secondary SAPE stain. Arrays were scanned on Affymetrix’s GeneChip Scanner 3000 7G with
AutoLoader. Scanned images obtained by the Affymetrix GeneChip Operating Software
(GCOS) v1.2 were used to extract raw signal intensity values per probe set on the array.
MAS5.0 was used to calculate detection calls (absent, marginal, or present) and to scale all
raw chip data to 150 to normalize signal intensities for inter-array comparisons. Reports
generated by GCOS were reviewed for quality control—we looked for at least 20% present
calls, a maximum 3′/5′ GAPDH ratio of 30.5, and a scaling factor under 11. Thirteen arrays
that failed to pass these standards were not included in further analyses.
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2.3. Pyramidal cell quality control
To ensure neuronal cell purity in the samples, expression of GFAP, an astrocyte cell marker,
was evaluated. Five samples that had GFAP expression greater than 2 S.D. from the mean were
removed from statistical analyses.

2.4. Statistical analysis
Data for samples from neurologically healthy elderly controls and AD-afflicted individuals
were generated in previous studies (Liang et al., 2008; Liang et al., 2007). Microarray data
files of the normal samples are available on the Gene Expression Omnibus (GEO) site at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5281 (project accession#GSE5281)
and regional analyses are posted at http://www.tgen.org/neurogenomics/data/). A summary of
the mean ages, gender numbers, and number of samples used for statistical analyses (across
all groups) are shown in Table 1. As a metric of quality, R-squared values were calculated and
averaged for each region within each sample group—these values are posted on the
supplementary data site at http://www.tgen.org/neurogenomics/data.

Direct comparisons between brains of neurologically healthy and NDAD brains were
performed between all brain regions to analyze expression differences. For each analysis, genes
that did not demonstrate at least approximately 10% present calls for each region-specific
comparison were removed using Genespring GX 7.3 Expression Analysis software (Agilent
Technologies; Palo Alto, CA). A two-tailed unpaired t-test, assuming unequal variances (with
multiple testing corrections using the Benjamini and Hochberg False Discovery Rate (FDR)),
was applied to each comparison in Excel to locate genes that are statistically significant in
differentiating expression between healthy and NDAD brains: for each analysis, genes that had
a maximum P-value of 0.01 were collected and those genes whose average NDAD signal and
average control signal were both below a threshold of 150 were removed. Fold change values
were determined by calculating the ratio between the average scaled expression signal (for all
samples) for a gene from the NDAD sample region and the average scaled expression signal
for the same gene from the normal samples.

Using this approach we identified sets of genes that were specifically up or down-regulated
between normal and NDAD brains for each of the six brain regions-of-study. Maps for genes
showing the greatest statistically significant (P < 0.01, corrected) changes in the NDAD versus
controls analysis were assembled. For the EC, a minimum (increased or decreased) fold change
of 6 was applied, for the HIP a 5.4-fold change, for the MTG an 6.2-fold change, for the PC a
4-fold change, for the SFG a 4.8-fold change, and for the VCX a 2.9-fold change. Heat maps
for each brain region were created using GeneCluster v2.0 with no gene or sample clustering
applied and are located on a supplementary data site at
http://www.tgen.org/neurogenomics/data.

To find common statistically significant expression changes in AD and NDAD brains, each
regional analysis (P < 0.01 with multiple testing corrections) for NDAD cases versus controls
was compared against the parallel regional analysis for AD versus controls (Liang et al.,
2008). Genes showing the greatest fold changes from the intersection lists were used to generate
heat maps with GeneCluster v2.0 (Reich et al., 2004) (Fig. 1). For the EC, a minimum
(increased or decreased) fold change of 5.0 was applied (for both the NDAD versus control
analysis and AD versus control analysis), for the HIP a 4.3-fold change, for the MTG an 4.5-
fold change, for the PC a 2.5-fold change, for the SFG a 3.0-fold change, and for the VCX a
1.8-fold change. To evaluate NDAD-specific alterations, genes showing statistically
significant (P < 0.01 with corrections applied) expression changes only in the NDAD analyses,
and not the AD analyses, were identified. Analyses are posted on the supplementary data site
at http://www.tgen.org/neurogenomics/data/.
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To identify expression patterns that account for the greatest amount of variance across disease
states (healthy controls, NDAD, and AD) in each region, principle components analysis (PCA)
was applied. PCA reduces a multi-dimensional data set to two dimensions by performing
covariance analysis across the three sample groups. Genes showing at least ~10% present calls
for each region were input into Genespring GX 7.3 for PCA analysis. For each region, three
principle components were identified (the number of components is determined by the number
of sample groups). The first component accounts for the greatest amount of variance across
healthy control, NDAD, and AD brains, while the third component accounts for the least
amount of variance. For each component, correlation values are measured for each gene in the
input list—correlation values range from 0 to 1 with a value of 1 indicating that the gene has
an identical expression signature to the specific component. Genes demonstrating a correlation
value of 1 to component 1 for each region are listed in Table 5 and regional component graphs
are shown in Fig. 2—the percentage of expression variance accounted for by each component
is shown. Additional correlation data is listed on the supplementary data site.

2.5. Data posting
MIAME-compliant microarray data files are located on the Gene Expression Omnibus (GEO)
site at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5281 (project
accession#GSE5281). Fold change and P-value data for each of the six regions across healthy
control, NDAD, and AD brains are available online at:
http://www.tgen.org/neurogenomics/data/. Posted lists show region-specific P-values and fold
changes, and expression signals for genes that have at least approximately 10% present calls
across regional samples with a maximum P-value of 0.01 with multiple testing corrections
applied (no fold change thresholds have been applied on these lists).

2.6. RT-PCR validation of neuron-specific candidate genes
Total RNA was isolated from cortical grey matter from unprofiled MTG (controls: n = 9,
NDAD cases: n = 8, AD cases: n = 9) and PC (controls: n = 8, NDAD cases: n = 8, AD cases:
n = 11) frozen tissue using the RNAspin Mini kit (GE Healthcare Life Sciences; Piscataway,
NJ) using manufacturers protocol modified by increasing initial volume of buffer RA1 to 500
µl to prevent subsequent column blockage. RNA quality was assessed on an Agilent 2100
Bioanalyzer (Santa Clara, CA) using Agilent RNA Nanochips. RIN numbers of 6.5 (range 6.5–
9.0) and above were considered sufficient for this analysis. cDNA was generated using the
Superscript First Strand Synthesis kit (Invitrogen; Carlsbad, CA) using 1 µg of total RNA in
a 40 µl reaction. Quantitative RT-PCR was performed using Taqman primer/probe sets
(Applied Biosystems; Foster City, CA) to amplify the following neuron-specific gene
transcripts; MAP1B (microtubule-associated protein 1B; Hs00195485_m1), GRIA1
(glutamate receptor, ionotropic, AMPA 1; Hs00181348_m1) and GRIA3 (glutamate receptor,
ionotropic, AMPA 3; Hs00241485_m1). Five assays for non-neuronal mRNA transcripts were
performed, of which the first four are AD-related; APOE (apolipoprotein E;
Hs0003037354_mH), APP (amyloid precursor protein; Hs00169098_m1), BACE1 (beta-site
APP-cleaving enzyme 1; Hs00201573_m1), COX5B (cytochrome c oxidase subunit Vb;
Hs00426948_m1) and MAP4 (microtubule-associated protein 4; Hs01104794_m1). Levels of
β-Gluconuridase (GUSB 4333767F) mRNA were used for normalization of samples; this gene
transcript did not show significant expression changes between AD and ND in the gene array
analysis, and has been successfully employed for this purpose previously (Barrachina et al.,
2006; Kuwano et al., 2006). qRT-PCR reactions were performed in 30 µl reactions using
Taqman Gene Expression Master Mix (Applied Biosys-tems) according to manufacturers
protocol on a BioRad iCycler IQ qPCR system (Hercules, CA). Threshold values were
calculated using the maximum curvature approach. Ct values were used to calculate fold
changes using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Significance of observed
changes was ascertained using the Student’s t-test.
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3. Results and discussion
In this study, we gene expression profiled non-tangle bearing cortical neurons from the post-
mortem brains of non-demented individuals who have been histopathologically confirmed to
demonstrate intermediate pathologies associated with AD through Braak and CERAD staging.
This study completes a high-quality expression data set that we have established to evaluate
neuronal gene expression changes that characterize healthy elderly controls, non-demented
individuals with intermediate AD neuropathology, and AD patients in different areas of the
brain that are relevant to AD. By defining neuronal expression levels across healthy elderly
individuals, NDAD individuals, and those diagnosed with late-onset AD, these findings
provide insight into disease progression and the processes that may drive neurodegeneration
or neuropro tection.

3.1. Common expression changes in NDAD and AD brains
In order to identify common expression changes in NDAD and AD brains, we compared our
data with our previous study in which we similarly profiled neurons from the brains of healthy
elderly controls and individuals that have been clinically and histopathologically confirmed to
have AD (Liang et al., 2008). Comparison of expression changes in NDAD versus control
brains and AD versus control brains led to the identification of a significant overlap of genes
demonstrating statistically significant (P < 0.01, corrected for multiple comparisons)
expression changes within each regional analysis. In the EC, 1887 genes showed significant
changes in both NDAD and AD brains compared to controls, 1892 genes demonstrated changes
in the HIP of both NDAD and AD brains, 2755 genes in the MTG, 503 genes in the PC, 226
genes in the SFG, and 178 genes in the VCX. Interestingly, the SFG, a region that demonstrates
metabolic changes associated with normal aging (Angelie et al., 2001; Convit et al., 2001;
Ivancevic et al., 2000; Loessner et al., 1995; Moeller et al., 1996), and the VCX, a region found
to be relatively spared from AD pathologies (Metsaars et al., 2003), showed the least amount
of transcriptomic changes across healthy elderly, NDAD, and AD brains, while the greatest
changes were found in brain regions that have increased susceptibilities to AD pathologies
including neurofibrillary tangles (NFTs) (Bobinski et al., 1999; Bouras et al., 1994; Braak and
Braak, 1992; de Leon et al., 1989; Du et al., 2003; Fox et al., 1996; Frisoni et al., 1999; Hyman
et al., 1984) in the EC and HIP, and amyloid plaques (Braak and Braak, 1991; Mirra et al.,
1991; Thal et al., 2002) and metabolic deficits (Blesa et al., 1996; Jack et al., 1998; Mielke et
al., 1994, 1998; Small et al., 2000) in the MTG and PC. Dendrograms listing genes
demonstrating the greatest expression changes in both NDAD and AD brains compared to
controls for each region are shown in Fig. 1.

Due to the breadth of the data, we focused our attention on genes that have roles in mechanisms
that have been previously implicated as being associated with AD to assess if these pathogenic
pathways may be enacted in NDAD brains. These mechanisms include pathways leading to
formation of NFTs and amyloid plaques, ubiquitin–proteasomal pathways, and pathways
surrounding synaptic degeneration.

3.1.1. Common expression changes in NDAD and AD brains: tangle and plaque
related pathways—With regards to pathological markers of AD, NFTs form as a result of
intraneuronal aggregation of tau, while extracellular plaques form as a result of the aggregation
of insoluble 40–42 amino acid long Abeta proteins. In the EC and MTG, decreased expression
was identified for microtubule-associated protein tau (MAPT) across NDAD and AD brains
(Table 2), while multiple probes in the HIP demonstrated both increased and decreased
expression. Past studies have identified isoform specific (3-repeat and 4-repeat) tau expression
in the temporal region (Conrad et al., 2007) and cerebellar cortex (Boutajangout et al., 2004),
and in cholinergic basal forebrain and hippocampal CA1 neurons of AD brains (Ginsberg et
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al., 2006). However, the Affymetrix Human Genome U133 Plus 2.0 array does not specifically
distinguish between 3-repeat and 4-repeat tau isoforms so that isoform-specific expression is
not considered in this study. Even so, because of the presence of multiple probes targeted
against MAPT, differences in expression changes between probes suggest that isoform-specific
expression is present. In the HIP, 3 MAPT probes demonstrated significant opposite changes
in expression levels in NDAD brains (Table 2). While 206401_s_at and 203928_x_at target
the entire length of MAPT and demonstrate increased expression, 225379_at targets the 3′
untranslated region (UTR) and demonstrates decreased expression. Because 206401_s_at and
203928_x_at cover the entire MAPT gene, including alternatively spliced exons, their changes
in expression may represent differential expression of different isoforms. Because 225379_at
targets the 3′ UTR, this probe evaluates all variants and thus likely represents the net change
in expression of MAPT. While isoform-specific expression changes have been identified in
AD brains, past studies have not found changes in MAPT expression in post-mortem brain
tissue (Goedert et al., 1989) and single cells in AD (Hemby et al., 2003). Another study
evaluated gene expression differences in tangle bearing hippocampal CA1 neurons from AD
brains compared to non-tangle bearing CA1 neurons in both AD brains and healthy brains and
did not detect any expression changes of the 3-repeat and 4-repeat isoforms (Ginsberg et al.,
2000). However, in this particular study, gene expression of non-tangle bearing neurons from
AD and control brains defined the baseline of expression so that disease specific changes in
healthy neurons are not evaluated. Despite these findings, we identified changes in MAPT
expression between healthy neurons in NDAD brains and healthy neurons in control brains (to
parallel greater expression changes in healthy neurons in AD brains compared to that in control
brains). The primarily decreased net expression of MAPT across control, NDAD, and AD
brains found here may demonstrate cellular efforts to inhibit aggregation of tau into NFTs at
a timepoint prior to onset of measureable cognitive deficits.

Cellular efforts to inhibit NFT formation may also be demonstrated by decreased expression
of kinases that can phosphorylate tau—these include MAP/microtubule affinity-regulating
kinases (MARK3, MARK4), cyclin-dependent kinase 5 (CDK5), PTEN-induced putative
kinase 1 (PINK1), and tau tubulin kinase 2 (TTBK2) (Kitano-Takahashi et al., 2007) (Table
2). Along with decreases, increased expression for putative tau kinases were also identified
(Table 2). The decreased expression of tau in certain regions along with altered expression of
kinases that may phosphorylate tau suggests that neurons may be initiating responses to lessen
or inhibit tangle formation at stages prior to detectable disease onset.

Evaluation of relevant factors in plaque formation pathways also led to the identification of
altered expression of beta-secretase (BACE1), presenilins 1 and 2 (PSEN1, PSEN2), and APP
(Table 2). Decreased expression was found for BACE1, the enzyme that makes the initial cleave
in APP during sequential processing to generate Abeta proteins (Selkoe, 2001;Selkoe and
Schenk, 2003;Sinha et al., 1999;Vassar et al., 1999;Yan et al., 1999), in NDAD and AD brains
(compared to controls). In contrast, another study focusing on the temporal neocortex identified
an absence of BACE expression changes between AD and control brains (Matsui et al.,
2007)—this difference may be derived from the earlier degenerative timepoint considered in
this study as well as the cellular specificity of this study. Furthermore, presenilins 1 and 2,
components of the gamma secretase complex, showed decreased expression (Table 2). In
contrast, in AD brains, PSEN1 demonstrated increased expression in the temporal neocortex
(Matsui et al., 2007). Lastly, APP demonstrated increased expression (Table 2) to possibly
correlate with the moderate to frequent CERAD ratings assigned for the profiled NDAD and
AD brains. However, other studies have shown varied results regarding APP mRNA levels in
AD brains. While one study identified increased levels of APP isoforms containing a Kunitz-
type serine protease inhibitor domain in the cerebral cortices of AD brains (Preece et al.,
2004), another study also identified this trend but did not find changes in overall levels of APP
mRNA in the temporal neo-cortices of AD and control brains (Matsui et al., 2007). In contrast,
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Johnston et al. (1996) identified reductions in total APP mRNA levels in the mid-temporal
cortices of AD brains. Although our APP expression findings contrast with these previous
studies (and although we were unable to differentiate between APP mRNA isoforms on the
Affymetrix array), it has been shown that APP expression differs greatly across subjects and
thus may contribute to the differences found (Harrison et al., 1996;Oyama et al., 1991,
1993;Robinson et al., 1994). Additionally, as results from APP expression studies may differ,
we considered both NDAD and AD cases and focused on neuron-specific regional expression
to differentiate the findings presented here from whole tissue studies. The changes identified
here suggest that common pathogenic or neuroprotective mechanisms are enacted in both
NDAD and AD brains with regards to plaque formation. It is also particularly interesting to
note the absence of significant expression alterations of NFT and plaque formation elements
in the SFG and VCX, regions that are more spared from the hallmark AD pathologies.

3.1.2. Common expression changes in NDAD and AD brains: ubiquitin–
proteasomal pathways—The toxicity of protein aggregates in the form of NFTs and
plaques may also be related to changes or deficits in the ubiquitin–proteasomal pathway, a
primary avenue for protein degradation. Across NDAD and AD brains and across all profiled
regions, elements in the ubiquitin–proteasomal pathway showed both up-regulated and down-
regulated expression with the lowest number of affected elements in the SFG and VCX. Altered
expression was identified for ubiquitins (UBB, UBC), ubiquitin-conjugating enzymes
(UBE1C, UBE1DC1, UBE2D2, UBE2D3, UBE2H, UBE2I, UBE2J1, UBE2L3, UBE2R2),
ubiquitin specific peptidases (USP1, USP2, USP4, USP6-8, USP10, USP11, USP16, USP21,
USP22, USP31, USP33, USP34, USP36, USP37, USP42, USP46-48, USP50, USP53, USP54),
and proteasomal sub-units (PSMA1, PSMA5-7, PSMB1-7, PSMB10, PSMC1-3, PSMC5,
PSMD1, PSMD4, PSMD11). The EC, SFG, and VCX showed solely decreased expression in
NDAD and AD brains, while the HIP, MTG, and PC showed both increased and decreased
expression for different subunits. Such dysregulated expression of ubiquitin–proteasomal
pathway components indicates that this pathway is altered in NDAD and AD brains and may
represent neuroprotective or pathogenic efforts (particularly with regards to the formation of
plaques and tangles) that may begin at NDAD stages and potentially progress to AD.

3.1.3. Common expression changes in NDAD and AD brains: loss of synaptic
connections—Another characteristic marker of AD is brain atrophy and loss of synaptic
connections. To assess relevant expression changes that may affect such degeneration, we
evaluated genes encoding synaptic proteins. These proteins include synaptosomal-associated
protein, 25kDa (SNAP25), syntaxins (STX), synapsins (SYN), synap-tobrevins (vesicle-
associated membrane protein; VAMP), synaptogyrins (SYNGR), and synaptotagmins (SYT)
(refer to Table 3). SNAP-25, STX, and VAMP make up the SNARE complex, whose assembly
allows for synaptic exocytosis (Sollner et al., 1993) and thus influences inter-neuronal
communications. SYNs are phosphoproteins that help to regulate neurotransmitter release
(Hackett et al., 1990;Hilfiker et al., 1998;Jovanovic et al., 2001,2000;Li et al., 1995;Llinas et
al., 1985,1991;Rosahl et al., 1995) and also may have roles in establishing synaptic contacts.
Finally, SYNGRs are suggested to be involved in vesicle exocytosis and membrane trafficking
(Belizaire et al., 2004;Janz et al., 1999;Sugita et al., 1999), while SYTs are synaptic vesicle
proteins that act as calcium sensors to support fast exocytosis and neurotransmitter release
(Saraswati et al., 2007). Both up-regulated and down-regulated expression was identified for
these synaptic factors (Table 3) to indicate drastic changes in demand for these proteins. In
addition, increased expression of SYNs has been found to be correlated with establishing
synaptic contacts (Ferreira et al., 2000;Lohmann et al., 1978;Melloni and DeGennaro, 1994)
to suggest that the increased and decreased expression seen in this study may be correlated
with a loss and establishment of synaptic contacts in NDAD brains. Such changes in contacts
may ultimately lead to deficits in synaptic functions if contacts are not properly re-established.
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3.2. Unique expression changes in NDAD brains
In addition to significant common expression changes in NDAD brains and AD brains
compared to controls, unique statistically significant (P < 0.01, corrected) expression changes
in NDAD brains (and absent or not significant in AD brains) were also identified. Pathway
analysis using MetaCore GeneGo identified processes that contain these uniquely expressed
genes. Data for these genes and all processes for each regional analysis are located on the
supplementary data site. Interestingly, learning and/or memory processes were found to be
affected in the EC, HIP, MTG, PC, and SFG of NDAD brains. Down-regulated genes from
these processes include APOE, CHST10 (carbohydrate sulfotransferase 10), CTNND2
(catenin, delta 2), EGR1 (early growth response 1), ABI2 (Abl interactor 2), FYN (FYN
oncogene), GM2A (GM2 ganglioside activator), PRKCB1 (protein kinase C, beta 1), PTN
(pleiotrophin), S100B (S100 calcium binding protein, beta), and SHC3 (SHC transforming
protein 3) (refer to Table 4). Up-regulated genes from learning and/or memory processes
include ABI2, EFNB2 (ephrin-B2), MAPT, GRM7 (glutamate receptor, metabotropic 7),
LAMB1 (laminin, beta 1), PRKACB (protein kinase, cAMP-dependent, catalytic, beta), and
VDAC3 (voltage-dependent anion channel 3). While the NDAD patients did not meet clinical
criteria for dementia, these transcriptomic changes precede stages during which dementia
symptoms are detectable and may represent compensatory efforts targeted against onset of
cognitive deficits. These learning/memory genes may thus represent novel factors to consider
in developing earlier diagnostics and treatments.

Regional analysis of unique expression changes also identified additional affected pathways
including cell communication (in the EC), neuron recognition (EC), neurite development (EC),
cell organization and biogenesis (EC, HIP, PC, VCX), synaptic transmission (HIP, PC),
regulation of neurotransmitter levels (HIP), intracellular transport (HIP, MTG, PC, VCX),
smooth ER calcium ion homeostasis (MTG), neurophysiological process (PC), and negative
regulation of apoptosis (SFG). Interestingly, in the VCX, the region found to be most spared
from AD pathologies, the majority of the top processes include metabolic (protein, primary,
cellular, macromolecule) and biosynthesis pathways, which may lend insight into earlier events
that may influence this region’s protection from plaque and tangle formation. While the
implications for these process-specific changes are not clear, this analysis provides evidence
of specific changes in NDAD brains apart from AD brains that may define an early timepoint
in neurodegeneration.

3.3. Regional expression variance across sample groups
To consider a more global perspective of expression changes across the control, NDAD, and
AD sample groups, principle components analysis (PCA) was applied for each region. This
analysis evaluates expression levels across all three sample groups and pinpoints expression
patterns (also referred to as components) that account for the greatest amount of expression
variance across these groups. The components identified from this analysis, along with the
percentage of variance accounted for by each component, are shown in Fig. 2. Those genes
that demonstrate a signature identical to the first component (with a correlation value of 1),
and thus demonstrate the greatest expression changes across the three sample groups, are listed
in Table 5. Briefly, for the EC, HIP, and PC, component 1 for each of these regions demonstrates
an overall decrease in expression levels across control, NDAD, and AD brains. In contrast, for
the MTG, SFG, and VCX, component 1 for these regions demonstrates an increase in
expression levels across control, NDAD, and AD brains.

Evaluation of the genes accounting for the greatest amount of expression changes within each
region and across the three sample groups led to the identification of potentially biologically
relevant factors in AD pathogenesis. The first is cathepsin D (CTSD), a gene that has been
suggested to demonstrate a genetic association with AD risk and pathogenesis (Davidson et
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al., 2006; Mariani et al., 2006; Papassotiropoulos et al., 2000) and which codes for a protease
that may cleave apoE to generate fragments found in plaques (Zhou et al., 2006). CTSD,
correlating with component 1 in the EC, demonstrates a decrease in expression starting from
control brains, to NDAD brains, and to AD brains—this trend may represent neuroprotective
efforts to inhibit plaque formation. Genes coding for enzymes that have primary roles in the
ubiquitin–proteasomal pathway also demonstrated this downward trend across healthy brains
to NDAD brains and to AD brains. These genes include UBR1 (ubiquitin protein ligase E3)
which correlates with EC component 1 and UBE2I (ubiquitin-conjugating enzyme E2I), which
correlates with PC component 1. These UBR1/UBE2I signatures suggest that their degradative
pathways may be operating at lower levels in NDAD brains and more so in AD brains. Such
down-regulation may represent a weakening of the ubiquitin–proteasomal system to ultimately
allow buildup of NFTs. Also correlating with EC component 1 is neurexin 1 (NRXN1), whose
transcripts can be alternatively spliced to generate alpha or beta isoforms. Interestingly, beta-
neurexins interact with neuroligins to form and stabilize synapses (Benson et al., 2001;
Scheiffele, 2003; Waites et al., 2005) so that the decreasing levels of expression shown by EC
component 1 parallels characteristic loss of synaptic connections in AD brains and potentially
in NDAD brains to a lesser extent.

PCA analysis of HIP also identified a number of interesting genes that correlate with
component 1 in this region. First is CCS (copper chaperone for superoxide dismutase), which
binds copper and complexes with and activates superoxide dismutase 1 (SOD1) (Brown et al.,
2004; Culotta et al., 1997; Furukawa et al., 2004; Rae et al., 2001; Rothstein et al., 1999;
Schmidt et al., 1999), an enzyme responsible for destroying free radicals. As AD pathogenesis
is suggested to be influenced by oxidative stress resulting from free radicals (Markesbery,
1997), the expression signature for component 1 indicates a decrease in expression of CCS
from healthy control brains to NDAD brains and to AD brains. This gradual decrease may
demonstrate weakened neuronal efforts directed at fighting free radical toxicity in NDAD and
AD brains. Second is ABAD (3-hydroxyacyl-CoA dehydro-genase type II), which has been
found to be up-regulated in affected neurons in AD (Yan et al., 1997) and has been found to
link Abeta to mitochondrial toxicity in AD (Lustbader et al., 2004). While HIP component 1
indicates a decrease in expression in NDAD and AD brains compared to controls, this finding
correlates with our profiling of non-tangle bearing neurons. Also correlating with HIP
component 1 is CAPNS1 (calpain, small subunit 1), which codes for a subunit common to all
calpains. Increased activity of calpain has been suggested to be involved in AD development
due to its association with perturbed calcium homeostasis (LaFerla, 2002; Mattson and Chan,
2003; Nixon, 2003; Vanderklish and Bahr, 2000). Thus, across NDAD and AD brains, the
decreased expression of CAPNS1 may represent neuroprotective efforts enacted in healthy
neurons of NDAD and AD brains.

Overall, PCA analysis identifies the expression trends within each region profiled and provides
a general overview of region-specific transcriptomic changes that may be associated with
disease progression. In the EC, HIP, and PC, significant down-regulation of gene expression
is prevalent across control, NDAD, and AD brains, whereas in the MTG, SFG, and VCX,
significant up-regulation of gene expression is seen. While further studies are necessary to
decipher the implications of these changes, it is apparent that region-specific transcriptomic
changes occur across brains of healthy elderly individuals, non-demented individuals with
intermediate AD neuropathology, and clinically diagnosed AD patients with AD
neuropathology, and may be key in understanding the timeline of AD pathogenesis.

3.4. RT-PCR validation of selected genes
To validate gene expression changes in NDAD brains, we performed RT-PCR on unprofiled
fresh frozen brain sections from additional healthy elderly controls, NDAD cases, and AD
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cases. Based on the NDAD analyses, genes were selected for validation based on statistical
significance (P < 0.05, corrected), relevance to AD, and availability of brain tissue. Based on
these criteria, GRIA1, GRIA3, MAP1B, APOE, APP, BACE1, COX5B, and MAP4 were
evaluated in the MTG and APOE, APP, BACE1, COX5B, and MAP4 were evaluated in the
PC. Results from RT-PCR analysis, along with the respective array data, are shown in Table
6 and Fig. 3.

In the MTG, RT-PCR data validated expression changes in NDAD brains compared to healthy
elderly control brains for GRIA1, APOE, BACE1, COX5B, and MAP4 (all demon-strated
decreased expression in NDAD brains compared to controls). Non-significant changes were
identified for MAP1B and opposite (down-regulated) changes were found for APP.
Furthermore, RT-PCR analysis of AD MTG samples compared to control samples validated
down-regulated expression changes for GRIA1, MAP1B, and COX5B. In the PC, RT-PCR
data also validated expression changes in NDAD brains compared to controls for APOE,
BACE1, and COX5B (these genes all showed down-regulated expression in NDAD brains
compared to controls), while opposite changes were identified for APP and MAP4. Along with
the NDAD validation, RT-PCR also validated down-regulated AD versus control expression
changes in the PC for APOE and COX5B, while APP and MAP4 demonstrated non-significant
changes. This RT-PCR data provides independent validation of the majority of expression
changes of relevant genes selected from array analysis of the MTG and PC.

4. Summary
In this study, we expression profiled non-tangle bearing neurons from the post-mortem brains
of non-demented individuals who demonstrated median levels of AD pathologies in the brain.
The findings we present here build upon our previous study in which we similarly evaluated
neurons from healthy elderly control brains and AD brains, and provide molecular information
about an earlier state during AD pathogenesis. Significant overlapping expression changes
were identified in both NDAD and AD brains compared to controls and may thus define a
timeline of AD pathogenesis for which factors involved in formation of AD pathologies already
demonstrate expression changes in NDAD brains. Overall,we have generated a high-quality,
low PMI, novel expression data set that defines the neuronal tran-scriptome in healthy elderly,
NDAD, and AD brains. This resource will help to elucidate AD pathogenesis and identifies
novel targets for developing improved diagnostics and therapeutics against AD. Lastly, we
provide this data set to the scientific community as a public resource.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Common expression changes in NDAD and AD. Regional dendrograms of statistically
significant genes (P< 0.01, corrected for multiple testing) demonstrating parallel expression
changes are shown. Genes shown have the greatest changes in expression for both the NDAD
vs. controls analysis and AD vs. controls analysis.
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Fig. 2.
Regional principal components analysis. Three principal components are shown for each
region across healthy controls, NDAD brains, and AD brains (x-axis). The y-axis represents
the logged normalized intensity value. The percentage of expression variance (across controls,
NDAD, and AD brains) that each component accounts for is listed.

Liang et al. Page 21

Neurobiol Aging. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
RT-PCR validation of selected genes. RT-PCR validation of expression changes identified
from array analysis was performed on unprofiled MTG (controls: n = 9, NDAD: n = 8, AD:
n = 9) and PC (controls: n = 8, NDAD: n = 8, AD: n = 11) samples. RT-PCR data, along with
respective array data, are shown (quantitative data is listed in Table 6). Fold values normalized
to controls are shown on the y-axis and genes are listed on the x-axis.
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Table 1

Sample group information

Control NDAD AD

Mean age 79.8 ± 9.1 86.6 ± 5.3 79.9 ± 6.9

Gender M: 10; F: 4 M: 6; F: 4 M: 15; F: 18

EC (n) 13 6 10

HIP (n) 13 6 10

MTG (n) 12 6 16

PC (n) 13 5 9

SFG (n) 11 6 23

VCX (n) 12 5 19

Sample sizes for each sample group and brain region are shown (n).
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