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Abstract. The enigma that is Alzheimer’s disease (AD) continues to present daunting challenges for effective therapeutic
intervention. The lack of disease-modifying therapies may, in part, be attributable to the narrow research focus employed to
understand this complex disease. Most studies into disease pathogenesis are based on a priori assumptions about the role of AD
lesion-associated proteins such as amyloid-3 and tau. However, the complex disease processes at work may not be amenable
to single-target therapeutic approaches. Genome-wide expression studies provide an unbiased approach for investigating the
pathogenesis of complex diseases like AD. A growing literature suggests a role for cerebrovascular contributions to the patho-
genesis of AD. The objective of the current study is to examine human brain microvessels isolated from AD patients and controls
by microarray analysis. Differentially expressed genes with more than 2-fold change are used for further data analysis. Gene
ontology analysis and pathway analysis algorithms within GeneSpringGX are employed to understand the regulatory networks
of differentially expressed genes. Twelve matched pairs of AD and control brain microvessel samples are hybridized to Agilent
Human 4 x 44 K arrays in replication. We document that more than 2,000 genes are differentially altered in AD microvessels and
that a large number of these genes map to pathways associated withimmune and inflammatory response, signal transduction, and
nervous system development and function categories. These data may help elucidate heretofore unknown molecular alterations
in the AD cerebromicrovasculature.

Keywords: Alzheimer’s disease, brain, gene expression profile, microarray, microvessel

INTRODUCTION literature implicates vascular factors and brain blood

vessel function in the development of AD. For exam-

Alzheimer’s disease (AD) is an age-associated
dementing disorder that currently affects over 5 mil-
lion Americans [1]. Despite intense research efforts,
disease-modifying therapies remain elusive, highlight-
ing our still incomplete understanding of disease
pathogenesis. Classification of AD as a “non-vascular”
dementia has hampered a rigorous exploration of
the role blood vessel abnormalities and/or vascular-
derived factors could play in the pathogenesis of
this disease. Nevertheless, an increasing body of
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ple, population-based studies find that atherosclerosis
is positively associated with the risk of develop-
ing dementia [2]. Cardiovascular risk factors such as
hypertension, the €4 allele of apolipoprotein E, ele-
vated homocysteine levels, hyperlipidemia, metabolic
syndrome, obesity, and diabetes are also risk factors
for AD [3-12]. A role for the cerebrovasculature in
the evolution of AD lesions is suggested by several
studies that document an intimate relationship between
the microvasculature and AD lesions [13—-17]. These
studies show that in the AD brain the distribution
of amyloid deposits is spatially associated with the
global pattern of small blood vessel damage [15, 16].
Serial brain sections examined by electron microscopy
reveal that amyloid fibrils forming senile plaques have
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a close relationship to brain capillaries [14]. Also,
microvascular pathology displays regional and lami-
nar patterns which parallel patterns of neuronal loss
in AD [16]. Thus, cerebral microvessels may be cen-
tral to a destructive cycle of events in the AD brain.
In this regard, brain microvessels isolated from AD
patients, but not controls, release a large number of fac-
tors that can directly affect neuronal viability, including
nitric oxide, cytokines and chemokines, proteases, and
neurotoxins (reviewed in [18]).

To date, human and animal studies that are based
on a priori assumptions about the role of specific
AD lesion-associated proteins, in particular amyloid-3
(AP), in the development of AD are narrowly focused
[19, 20]. In contrast, unbiased genomic approaches
can identify novel genes and proteins that may be
relevant in AD but have not been previously charac-
terized. Unraveling the mechanisms underlying AD
pathology and neuronal loss is also difficult because of
the complexity of the networks that drive AD disease
processes. Another advantage of the gene expression
profiling approach is that this method, through massive
parallel analysis of most genes expressed in a tissue,
provides the investigative power needed to address
the complexity of neurodegenerative disease processes
[21].

A study investigating genome-wide gene alterations
in the temporal cortex of a well-characterized cohort
of AD patients finds consistent patterns of changes in
the AD transcriptome, documenting significant altered
expression in genes associated with synaptic dysfunc-
tion, perturbed neurotransmission and.activation of
neuroinflammation [22]. Recently, Logic Mining, a
large scale expression data analysis model employed
in an animal model of AD, identified specific genes
as potential biomarkers for early and late-stage neu-
rodegeneration [23]. These microarray studies in AD
patient samples and animal models have examined
whole brain or region-specific tissue, but microvascu-
lar gene expression in blood vessels isolated from AD
brains has not been explored.

The objective of the current study is to use an unbi-
ased gene expression profiling approach to identify
abnormal gene expression in the AD brain microvas-
culature. Human brain microvessels isolated from AD
patients and controls are examined by microarray anal-
ysis. Differentially expressed genes with fold change
more than two are used for further data analysis.
Gene ontology (GO) analysis and pathway analy-
sis algorithms within GeneSpringGX are employed
to understand the regulatory networks of differen-
tially expressed genes. These data may help elucidate

heretofore unknown molecular alterations in the AD
cerebromicrovasculature.

MATERIALS AND METHODS

Human brain microvessel isolation

Right cerebral hemispheres from control and AD
patients were stored at —80°C and used for the exper-
iments described herein. Left cerebral hemispheres
were histologically processed for diagnostic and mor-
phometric studies for the clinical diagnosis of primary
degenerative AD dementia. Each case was examined
for neuritic plaques and neurofibrillary tangles as
recommended by National Institutes of Health Neu-
ropathology Panel and each case fulfilled the rigorous
morphometric criteria of AD [24, 25]. Control sam-
ples from age- and gender-matched patients without
evidence of neuropathology and similar postmortem
intervals were also collected (Table 1). Microves-
sels were isolated from pooled temporal, parietal,
and frontal cortices, as we have previously described
[26]. Briefly, brain microvessels were filtered through
a 210 um sieve and collected on a 53 um sieve,
resupended in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS and dimethyl sulfox-
ide and stored frozen in liquid nitrogen until use. This
procedure yields approximately 6 to 10 mg microvessel
protein from 15 g human cortex. A separate microves-
sel preparation was isolated from each human brain.
The microvessel preparation has been previously char-
acterized as largely capillary (>85%) and relatively free
of nonvascular contaminants.

Table 1
Human tissues used for microvessel isolation. Right cerebral hemi-
spheres were obtained from AD as well as control patients that were
matched for age, gender, and postmortem interval (PMI)

Control AD
Array Gender Age PMI  Gender Age PMI
1 M 66 22 M 75 20
2 F 57 12 F 78 28
3 F 82 22 F 87 16
4 M 87 14 M 80 19
5 M 64 52 M 79 39
6 M 89 7 M 84 8
7 F 89 14 F 81 16
8 F 89 7 F 89 9
9 F 77 13 F 81 22
10 M 85 21 M 84 21
11 M 78 8 M 80 13
12 M 85 20 M 80 19
Mean+SD 79+11 18+12 14 82+4 19+8
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Labeling of RNA and microarray hybridization

Microvessel RNA was extracted by using Qia-
gen RNeasy mini plus kit (Qiagen, Valencia, CA)
according to manufacturer’s instructions. Quality
and quantity of RNA was checked by measuring
absorbance at wavelengths of 260nm and 280nm
on Nanodrop spectrophotometer (Nanodrop Technolo-
gies, Inc., Wilmington, DE). Samples with 260/280
ratio above 1.8 were analyzed on Agilent BioAna-
lyzer (Agilent RNA 6000 nano kit) for assessment
of RNA integrity number (RIN). Good quality RNA
with RIN >7 was reverse transcribed into cDNA,
linearly amplified and labeled by cy3 or cy5 fluores-
cent dyes using an RNA amplification and labeling
kit (Agilent Technologies, Palo Alto, CA) accord-
ing to manufacturer’s protocol. Concentration (ng/jl)
and dye label (pmols/pl) of labeled RNA were mea-
sured by Nanodrop. Total yield and specific activity
(pmols of dye per g of RNA) were determined and
the samples with yield >825 nng and specific activity
>8 pmols/pg of RNA were selected for hybridization.
The hybridization mix for each array contained RNA
from AD and normal microvessel samples matched by
age, gender, and postmortem intervals and labeled with
different colored dye along with Agilent hybridization
buffer and blocking agent. Twenty-four total indepen-
dent hybridizations were performed with 12 pairs of
biological samples and 2 technical dye-swap repli-
cates. Labeled RNA was hybridized on Agilent human
4 x 44 K oligo chips according to manufacturer’s pro-
tocol for two color microarrays. Chips were washed
stringently to remove nonspecifically bound probes
and scanned using Agilent microarray scanner (Agilent
Technologies, Palo Alto, CA).

Microarray data analysis

Microarray data was filtered by various quality con-
trol criteria to eliminate any systematic or procedural
bias of dye coupling and hybridization. Quality of
microarray data was determined by spatial distribution
of hybridized probes, MA plots (representing ratio of
red to green intensities plotted against average intensi-
ties) and spike in standard curves which determine the
hybridization intensities of replicated probes randomly
distributed all over the array. Only those arrays which
passed quality controls were included in data analysis.
Feature extraction software V.9.5.3 (Agilent Technolo-
gies, Palo Alto, CA, http://www.chem.agilent.com)
was used to place the design grid, calculate the
intensities of signal and background, and flag spots.

Spots with intensities below the mean background
intensity were flagged as not detected. Saturated
and non-uniform spots were flagged compromised,
while remaining spots were flagged detected. Com-
promised spots were excluded for further analysis.
Background subtracted signal intensities were nor-
malized within array by locally weighted scatter
plot smoothing (Lowess) method to eliminate the
effect of special distribution of background sig-
nals. The processed signal intensities were imported
to GeneSpringGX commercial software (Agilent
Technologies, Inc., http://www.chem.agilent.com) for
further normalization and processing of data. Between
arrays normalization was performed to eliminate
variation between individual slide hybridizations by
quantile algorithm within GeneSpringGX.

Statistical method of #-test algorithm along with
asymptotic p-value computation was used to find the
differentially expressed genes. Multiple test correc-
tion of Benjamini Hochberg with False Discovery Rate
(FDR) of <0.05 was implied to minimize false posi-
tives. Statistically significant differentially expressed
genes filtered on fold difference and genes with a fold
change more than 2 (as recommended by Agilent) in at
least one of the conditions studied were used for further
data analysis. The differentially expressed genes were
subjected to GO analysis and pathway analysis within
GeneSpringGX to find if any of the GO functional cat-
egories or pathways is significantly enriched with these
genes. GO categories with a weight-corrected p-value
of >0.1 were considered significant. Biological path-
ways significantly affected by AD with the corrected
p-value cut off of 0.05 were considered significant.
Gene networks among the entities of an enriched GO
category of differentially expressed genes were ana-
lyzed by pathway analysis tool within GeneSpringGX.

Validation of microarray data by real-time PCR

An aliquot of the total RNA that was previously
extracted from human brain microvessels was used
for validation of microarray data using real-time PCR.
Single strand cDNA was synthesized from 500 ng of
total RNA using Oligo-dT primers and SuperScript™
IT reverse transcriptase (Invitrogen Corp., Calsbad,
CA) according to manufacturer’s instructions. cDNA
levels of genes were measured using Tagman® gene
expression assays and Tagman® PreAmp master mix
kit (Applied Biosystems, Foster City, CA) on ABI 7500
fastreal-time PCR system (Applied Biosystems, Foster
City, CA). The real-time PCR reaction condition was
95°C for 10 min, 40 cycles of 95°C for 15s, and 60°C
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for 1 min, 1 cycle of dissociation stage. Comparative
Ct (cycle threshold) method was used as a quantitation
approach. The Ct is defined as the number of cycles
required for the fluorescent signal to pass the thresh-
old. mRNA fold changes of randomly selected genes
were calculated using the 271del@lldelalCt methoq,
The calculation of [delta][delta]C; was the follow-
ing: [delta][delta]C;=[delta]C; ap - [delta]Ct control-
[delta] CT ap was the C; value for any AD sam-
ple normalized to the endogenous housekeeping gene
B-actin. [delta]C conrot Was the C; value for the
calibrator also normalized to the endogenous house-
keeping gene [3-actin.

RESULTS

Volcano plot of microvessel microarray data

The purity of microvessel preparations was assessed
by phase-contrast microscopy. A representative
microvessel preparation isolated from a human con-
trol brain is shown in Fig. 1. Twelve matched pairs
of AD and control brain microvessel samples were
hybridized to Agilent Human 4 x 44 K arrays in repli-
cation. Out of 24 independent microarray experiments,
22 passed all the quality controls suggested by Gene-
SpringGX and were included in statistical analysis.
All the 41,093 probes were flagged in the detected or
non-detected categories in at least one array and hence
no probe was thrown out of the analysis. 2,865 genes
(6.97%) were statistically significantly differentially
regulated at a FDR <5% and had p-value <0.05. The
data are presented in a volcano plot (Fig. 2). The vol-
cano plot is used to identify changes in large datasets
and is generated by plotting significance versus
fold-change.

417 genes (14%) of 2,865 differentially expressed
genes showed more than 2 fold change. 237 genes
were upregulated in AD as compared to control brain
microvessels with maximum fold change of 4.3 while
180 genes were downregulated with the highest fold
change of 3.9 (Fig. 2).

Gene ontology analysis of functional categories
up- or downregulated in AD microvessels

GO accessions were searched for all the genes on
the chips from the GO database on the Agilent server
within GeneSpringGX using the “annotation update”
function. GO has been used extensively in recent
years as a way to mine large data sets obtained from
genome-scale experiments. Accessions were assigned

Fig. 1. Phase-contrast micrograph of isolated microvessel segments
from control human brain (X600).
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Fig. 2. A volcano plot showing genes differentially expressed in
brain microvessels between control and AD subjects. Each square
represented a gene on the microarray while the position denotes
the expression (x-axis) and probability of differential expression
(y-axis). Red squares represented 2865 statistically significantly dif-
ferentially expressed genes. The data-points less than —1 and more
than 1 on y-axis are genes having fold change less than 0.5 (Log
205 =_1) and more than 2 (Log 22 = 1), respectively.
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Table 2

Functional categories upregulated in AD brain microvessels. Statistically significantly upregulated genes >2 fold were subjected to gene ontology

(GO) analysis within GeneSpringGX to classify these genes by biological process, molecular function and cellular component. To determine if

any of the GO categories is significantly enriched with these genes, statistical test was performed and p-value assigned to each category. The
functional categories above p-value cut off of e-5 are shown

GO term p-value
Molecular function
Signal transducer activity 2.21E-16
Molecular transducer activity 2.21E-16
Receptor activity 8.80E-17
Transmembrane receptor activity 1.06E-10
Cellular component
Cell periphery 1.85E-14
Plasma membrane 7.82E-14
Intrinsic to membrane 2.34E-09
Integral to membrane 4.65E-09
Membrane part 1.55E-08
Membrane 3.72E-08
Integral to plasma membrane 8.32E-08
Intrinsic to plasma membrane 1.32E-07
Plasma membrane part 4.20E-07
Biological process
Immune system process 8.20E-17
Defense response 5.45E-13
Immune response 5.42E-12
Response to wounding 3.65E-11
Response to stimulus 9.67E-11
Regulation of immune system process 7.36E-10
Response to stress 9.05E-10
Signal transduction 3.82E-09
Biological regulation 4.48E-09
Inflammatory response 5.74E-09
Signaling 1.11E-08
Signal transmission 1.58E-08
Signaling process 1.60E-08
Cell surface receptor linked signaling pathway 2.14E-08
Positive regulation of immune system process 2.57E-08
Regulation of immune response 4.42E-08
Regulation of biological process 6.61E-08
Activation of immune response 1.06E-07
Positive regulation of immune response 3.48E-07
Immune response-activating signal transduction 5.66E-07
Regulation of cellular process 6.04E-07
Response to external stimulus 6.13E-07
Immune response-regulating signaling pathway 6.75E-07
Leukocyte migration 8.58E-07
Cell adhesion 1.25E-06
Biological adhesion 1.25E-06
Regulation of response to stimulus 1.59E-06
Immune response-activating cell surface receptor signaling pathway 1.64E-06

to 26,335 genes (64.1%), while the genes without any
GO accession were excluded from enrichment anal-
ysis. Enrichment analysis of the GO categories was
performed on significantly up and down regulated
genes to find out the functional category of genes most
affected by AD in the brain microvessels. All func-
tional categories (terms) descend from one of three
roots: molecular function, cellular component, or bio-
logical process.

GO analysis of upregulated genes resulted in 105
significant upregulated GO terms. Data with p-values
less than 1E-05 are shown in Table 2. In the molecu-
lar function group, the largest and most significantly
upregulated categories were signal transducer activ-
ity (51 genes), molecular transducer activity (51
genes), and regulated receptor activity (47 genes).
The functional category in the cellular component
group that contained the largest number of significantly
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upregulated genes was membrane-associated genes
(106 genes). In the functional categories in the biolog-
ical process group, the most significantly upregulated
category was immune system process. The largest cat-
egory was the biological regulation, comprising 70
genes, which represented 51% of the total upregulated
genes in AD brain microvessels. 35 out of 70 genes
were involved in immune system process, 24 were
involved in immune response, and 16 were involved
in inflammatory response. Other prominent upregu-
lated categories among biological process categories
were response to stimulus (52 genes), defense response
(29 genes), response to wounding (20 genes), chemo-
taxis (12 genes), leukocyte migration (10 genes), and
regulation of immune system process (9 genes). Over-
all, half of significantly upregulated categories were
related to immune and inflammatory responses; these
are italicized in Table 2.

GO analysis was also performed on 180 downregu-
lated genes in AD and found that 39 GO terms were
significantly downregulated. Data with p-value less
than 1E-05 are shown in Table 3. Within molecular
function group, almost all downregulated categories
were related to glutamate receptor activity. Among
cellular component group, the most downregulated
genes were involved in synapse and its function. The
significantly downregulated categories within biologi-
cal processes group were neurological developmental
and functional pathways. Overall, almost all of sig-
nificantly downregulated categories were related to
nervous and neurological system development and
function (Table 3).

Validation of microarray identified genes by
real-time PCR analysis

A large number of genes involved in immune-
inflammatory-related responses were significantly
altered. About 98% of those genes were signifi-
cantly upregulated in AD compared to control brain
microvessels. In this study, we documented that the
expression of cytokines, chemokines, and their recep-
tors was upregulated in microvessels isolated from
AD brains compared to those from control brains.
We observed the increased expression of interleukin
1 receptor, type II (IL1R2), chemokine (C-C motif)
ligand 2 (CCL2) also known as monocyte chemoat-
tractant protein-1 (MCP-1), chemokine (C-C motif)
receptor-1 (CCR1), chemokine (C-C motif) receptor 5
(CCRY), and decreased expression of chemokine (C-
X-C motif) ligand 12 (stromal cell-derived factor 1)
(CXCL12) in microvessels isolated from AD brains
compared to those from control brains. CCRS5 and
CCL2 were validated using real-time PCR (Table 4).
Also, we documented that genes involved in chemo-
taxis and inflammation were significantly upregulated
in AD brain microvessels by microarray analysis. Val-
idation of these data by real-time PCR confirmed the
upregulation of CCRS5 and CCL2 integrin alpha X
(ITGAX) (Table 4).

Representative genes from functional categories that
showed significant downregulation by microarray and
GO analysis, such as signal transduction and neuro-
logical system development and function, were also
validated by real-time PCR. Dysregulation of the

Functional categories downregulated in AD brain microvessels. Statistically significantly downregulated genes >2 fold were subjected to gene

ontology (GO) analysis within GeneSpringGX to classify these genes by biological process, molecular function and cellular component. To

determine if any of the GO categories is significantly enriched with these genes, statistical test was performed and p-value assigned to each
category. The functional categories above p-value cut off of e-5 are shown

GO term p-value
Molecular function
Glutamate receptor activity 1.69E-06
N-methyl-D-aspartate selective glutamate receptor activity 7.61E-06
Tonotropic glutamate receptor activity 7.82E-06
Extracellular-glutamate-gated ion channel activity 9.86E-06
Cellular component
Synapse 8.98E-07
Synapse part 1.08E-06
Neuron projection 1.45E-06
Biological process
Regulation of neuronal synaptic plasticity 1.40E-06
Glutamate signaling pathway 2.03E-06
Regulation of long-term neuronal synaptic plasticity 3.55E-06
Regulation of transmission of nerve impulse 4.60E-06
Regulation of neurological system process 9.41E-06
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Table 4
Validation of microarray identified genes by real-time PCR analysis. In order to validate microarray data, the expression of 5 randomly selected
genes is measured using real-time PCR. Fold changes and p-values are compared

Gene GenBank Description Microarray Microarray Real-time Real-time
symbol fold corrected PCR fold PCR
change p value change p value
CCR5 NM_000579 Chemokine (C-C motif) receptor 5 2.21 0.0028 6.04 <0.05
CCL2 NM_002982 Chemokine (C-C motif) ligand 2 2.21 0.0213 3.59 <0.05
ITGAX NM_000887 Integrin, alpha X 2.47 0.0001 524 <0.05
RAB3B ENST00000371655 Member RAS oncogene family 0.36 0.0033 0.27 <0.05
IGF1 NM_000618 Insulin-like growth factor 1 0.46 0.0440 0.51 <0.05

intracellular signaling cascade has been implicated
in the pathogenesis of AD. Some signaling cascades
showed numerous genes with significant expression
changes. RAB3B, a member of the RAS oncogene
family, was significantly downregulated in AD com-
pared to control brain microvessels. This result was
validated using real-time PCR (Table 4). Also, the
expression of significantly regulated genes involved
in nervous and neurological system development
and function was decreased in AD compared to
control brain microvessels. Expression of the neu-
rotrophic protein insulin-like growth factor 1(IGF-1,
somatomedin C) was significantly downregulated in
AD compared to control brain microvessels in this
study. The IGF-1 data were confirmed by real-time
PCR (Table 4).

Pathway analysis of immune/inflammatory genes
differentially expressed in AD microvessels

‘Find significant pathway’ function within. Gene-
SpringGX was used to identify significantly (p <0.05)
altered gene networks in AD brain microvessels. Path-
way analysis, a graphical representation of interactions
among gene products in a biological system, is shown
in Fig. 3. Most genes significantly dysregulated in
AD overlap among immune system, defense, chemo-
taxis, and inflammatory response networks. Thirteen
genes differentially expressed in AD microvessels have
direct network interactions with each other (Fig. 3). For
example, both interleukin 8 receptor A (IL§RA) and IL
8 receptor B (IL8RB) are upregulated in AD microves-
sels compared to levels in microvessels from control
brains. GeneSpring analysis showed that arachidonate
5-lipoxygenase (ALOXS), also elevated in AD, can
modify glutamate alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA) receptor subunit 1
(GRIA1), which in turn interacts with ILSRB. IL8RB
also regulated the activity of CCR1 by protein modifi-
cation. IL8RA regulates the expression of CCRS and
chemokine (C-X-C motif) ligand 4 (CXCR4). Taken

Fig. 3. Regulatory network of the defense response genes differen-
tially expressed in AD brain microvessel. Network is graphically
represented by nodes (genes/proteins) and internodes (relationship
between proteins) and placement of each gene in the cellular view
represents localization in the cell. The color of gene represents
regulation in AD as compared to control, red color represents upreg-
ulation and blue color represents downregulation while pink color
represents not differentially expressed. The genes encircled with blue
hallow are inflammatory response genes. Internodes are marked with
different color squares describing the nature of relationship between
nodes, purple (regulation), red (expression), blue (binding), pink
(protein modification) and turquoise (metabolism). The inter node
endings are marked with (+) or (—) signs indicating positive or
negative interaction between nodes, respectively.

together, pathway analysis showed the complex inter-
play and regulation of immune/inflammatory genes
differentially expressed in AD microvessels (Fig. 3).
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DISCUSSION

Unraveling the mechanisms underlying impaired
brain function in AD has been difficult, likely due to the
complexity of the networks that drive disease pathol-
ogy. As aconsequence, the enigma thatis AD continues
to present daunting challenges for effective therapeutic
intervention. The lack of disease-modifying therapies
may, in part, be attributable to the narrow research
focus employed to understand this complex disease.
Most studies into disease pathogenesis are based on
a priori assumptions about the role of AD lesion-
associated proteins, in particular A3 [19, 20]. However,
the complex disease processes at work may not be
amenable to single-target therapeutic approaches.

Genome-wide expression studies, which are not
influenced by deductive assumptions, provide an unbi-
ased approach for investigating the pathogenesis of
complex diseases like AD [27-34]. This approach
allows comprehensive overviews of the interplay
among genes within the context of relevant gene net-
works and pathways. Transcriptome analyses have
been performed using transgenic animal models of AD
[23, 35, 36]. A recent study using the AD 11 trans-
genic mouse, a model which expresses nerve growth
factor neutralizing antibody, finds differential expres-
sion of mRNAs related to inflammation and immune
response, neurotrophic response, synaptic neurotrans-
mission, and signaling pathways [23]. Although data
from animal studies are useful, genome-wide expres-
sion studies using human postmortem brain tissue are
necessary because the direct relevance of transgenic
mouse models to human AD remains unclear. Use
of RNA isolated from the whole brain to identify
transcriptomic changes is problematic because it is
derived from heterogenous cell populations. Recently,
laser capture microscopy of specific.cells populations,
such as astrocytes, has documented dysregulated genes
in AD that are associated with cell signaling, the
cytoskeleton, and cell junctions [37]. Based on our
previous work [26, 38-45] and a growing literature
suggesting a role for cerebrovascular contributions to
the pathogenesis of AD [46-50], we examined isolated
brain microvessels from AD and control brains using
microarray analysis. We document that more than
2,000 genes are differentially altered in AD microves-
sels and that a large number of these genes map to
pathways associated with the immune and inflamma-
tory response, signal transduction, and nervous system
development and function.

Chronic inflammation is associated with a broad
spectrum of neurodegenerative diseases of aging

including AD [51]. Numerous studies show the pres-
ence of markers of inflammation in the AD brain
[52-59]. Elevated cytokines and chemokines as well as
the accumulation of activated microglia are found in or
near the pathologic lesions of AD [54, 58]. A consistent
pattern of change in the AD brain transcriptome asso-
ciated with neuroinflammation has been documented.
A microarray study using cortical extracts from AD
and control patients shows that among the gene cat-
egories significantly upregulated in AD samples are
inflammatory/immune response genes [22]. Similarly,
amicroarray study using an animal model of AD, finds
inflammatory and immune response genes are differ-
entially expressed [23]. The results presented herein
agree with these published studies and reveal that
expression of several chemokines, cytokines, and their
receptors is upregulated in microvessels isolated from
AD brains compared to controls. However, in contrast
to published studies that employ cortical homogenates
and likely reflect the contributions of neurons as
well as non-neuronal cells including astrocytes and
endothelial cells, the current study is the first to docu-
ment differential expression of inflammatory/immune
response genes in the cerebromicrovasculature in AD.

In AD, there is a robust elevation in inflamma-
tory mediators in the cerebral microcirculation. AD
brain endothelial cells express high levels of inflamma-
tory adhesion molecules such as intercellular adhesion
molecule-1 and release significantly higher levels of
a number of inflammatory factors including nitric
oxide, thrombin, tumor necrosis factor-«, transform-
ing growth factor-, interleukin (IL) IL-1f3, IL-6, IL-8,
and matrix metalloproteinases [18, 38, 42, 60].

In this study, microarray analysis reveals that expres-
sion of several chemokines, cytokines, and their
receptors is upregulated in microvessels isolated from
AD brains compared to controls. Increased expression
of CCRS5, CCRI1, and CCL2 are detected. Changes
in expression of CCRS and CCL2 are also validated
using real-time PCR. CCRS5 has been shown to be asso-
ciated with an increased inflammatory response and
decreased cognitive decline [61, 62]. CCR5—/— mice
are protected against A3-induced impairment of learn-
ing and memory functions [62]. CCR1 is expressed
specifically in A3 plaques and it is undetectable in
normal or control brains [63]. CCL2, also known as
MCP-1, is upregulated in the AD brain. These data are
consistent with our previously published study which
documents increased expression of MCP-1 protein in
AD-derived microvessels compared to controls [39]. It
has also been shown that exposure of cultured human
brain endothelial cells to APj-49 causes increased
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expression of MCP-1 [64]. The cerebral microvascula-
ture may drive destructive events in the AD brain where
inflammation precedes A} deposition and A in turn
further promotes release of inflammatory mediators
[43].

Most of the genes differentially regulated in AD
microvessels overlap in immune system, defense,
chemotaxis, and inflammatory response pathways.
Both ILS8RA and ILS8RB are upregulated in AD
microvessels compared to control-derived vessels.
IL8RB can regulate the activity of CCR1 via receptor
phosphorylation [65]. IL8RA regulates the expres-
sion of CCRS5 and CXCR4 [66]. Upregulation of
IL8RA, IL8RB, CCRS5, and CXCR4 is found asso-
ciated with AD pathological changes [67]. Increased
ALOXS5 immunoreactivity has also been observed in
AD brains [68]. ALOXS catalyzes the conversion of
arachidonic acid to proinflammatory leukotrienes [69].
ALOXS protein levels are positively associated with
the formation of A3 plaques and neurofibrillary tan-
gles [68, 70]. Here we show upregulation of ALOXS in
AD microvessels. GeneSpring analysis indicates that
ALOXS can modify GRIA1, which in turn can bind
and interact with IL8RB. More studies are required to
determine the functional interactions in the ALOXS5-
GRIA1-ILS8RB pathway. Taken together, these data
support the idea that the cerebral microcirculation is an
active participant in the neuroinflammatory processes
ongoing in the AD brain.

Another network/pathway which contains a large
number of genes differentially expressed in~ AD
mircrovessels is signal transduction. Dysregulation
of intracellular signaling cascade has been widely
implicated in the pathogenesis of AD [71]. Both upreg-
ulation and downregulation of Ras/Rap signaling and
their downstream mitogen-activated protein kinases
(ERK, JNK, and p38MAPK) are linked to AD progres-
sion [72]. Here we document MAP kinase interacting
serine/threonine kinase 2 (MKNK2) and mitogen-
activated protein kinase kinase kinase 8 (MAP3K8)
are significantly upregulated in AD compared to con-
trol brain microvessels. The current data are congruent
with our previous report showing an increase in the
phosphorylated forms of p38MAPK and ERK in AD
microvessels compared to levels in control-derived
brain microvessels [45]. The results of the current study
are also in agreement with published microarray stud-
ies, in both human and animal models, that document
significant alterations in the expression of genes related
to signal transduction pathways in AD [22, 23].

In contrast to the MAPKinases, RAB3B, a mem-
ber of the RAS oncogene family, was significantly

downregulated in AD compared to control brain
microvessels. RAB3 is thought to be involved in presy-
naptic vesicle trafficking and to contribute to learning
and memory processes [73, 74]. Interestingly, the GTP-
binding protein family which includes Rab3 affects
formation of Weibel-Palade bodies, vesicular struc-
tures found in endothelial cells [75]. In addition to
its role in signal transduction,. RAB3B expression
is also relevant for the functional category, Nervous
System Development and Function. In this regard, a
large number of genes differentially expressed in AD
microvessels map to the Nervous System Development
and Function category. Other studies have indicated
consistent patterns of changes in the AD transcriptome
that are associated with synaptic dysfunction and per-
turbed neurotransmission [22]. Overall, the expression
of significantly regulated genes involved in nervous
system development and function is decreased in AD
microvessels. compared to expression levels in control
brain microvessels.

Synapse-related genes including growth associated
protein 43 (GAP43) and synaptotagmin V (SYTS)
are significantly downregulated in AD compared to
control brain microvessels. SYT5 is a presynaptic
vesicle protein and GAP43 is a synaptic membrane
protein. Increased loss of both of them has been
found in AD compared to control brains, and is
associated with cognitive impairments in AD [76].
Synapse loss and dysfunction precede the forma-
tion of plaques and neurofibrillary tangles [77]. The
regulation and signaling of glutamate receptors may
also be involved in AD progression. Some cate-
gories related to ionotropic glutamate receptors are
significantly downregulated in AD brain microvessels
compared to controls. The ionotropic glutamate recep-
tor channels are involved in long-term potentiation
and play an important role in memory and learning
through increasing efficiency of synaptic transmis-
sion [78]. The channels are heteromers composed of
glutamate receptor, ionotropic, N-methyl D-aspartate
2A (GRIN2A), GRIN2B, GRIN2C, and GRIN2D.
In this study, GRIN2A and GRIN2B are signifi-
cantly downregulated in AD compared to control brain
microvessels.

The presence of a large number of “neuronal”-
associated genes in the microvessel preparation could
reflect the presence of neuronal contamination. How-
ever, our experience with this procedure suggests
that while astrocytic end feet may be a minor con-
taminant, neuronal contamination (based on lack of
neuronal markers) is not significant. The presence of
“neuronal”’-associated proteins in the current study
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highlights important functional connections between
the vascular and nervous systems. In this regard,
the presence of “neuronal” proteins such as gluta-
mate, NMDA receptors, and synapse-related proteins
in brain microvessels has been documented [79-81].
Also, a growing literature documents that, in the brain,
the vessels and nerves share common signals and
pathways and are actively engaged in neurovascular
cross-talk [82-84].

The cerebral microvasculature is important for neu-
ronal viability and survival. Brain endothelial cells
are an important source of growth factors with neu-
roprotective properties including IGF-1, brain-derived
neurotrophic factor (BDNF) and vascular endothelial
growth factor (VEGF) [82]. Indeed, studies compar-
ing brain-derived endothelial cells to systemic-derived
endothelial cells demonstrate that expression of neu-
rotrophic factors is largely a feature of brain-derived
not peripheral endothelial cells [85]. IGF-1 is a potent
neurotrophic factor that is known to decline with
age [86]. In the current study, IGF-1 is significantly
downregulated in AD microvessels compared to con-
trol brain microvessels. IGF-1 is thought to mediate
exercise-induced production of growth factors such as
BDNEF, enhanced neurogenesis, and improved cogni-
tion [87]. IGF-1 may regulate AR levels by increased
clearance via the choroid plexus. Thus, decreased
vascular expression in AD may contribute to. AD
pathology via both effects on neuronal viability and
AP levels.

In this study, GO analysis and pathway analysis
algorithms within GeneSpringGX are used to under-
stand the regulatory networks of genes differentially
expressed in AD microvessels. These data, by focus-
ing on interrelated gene networks instead of individual
genes, could provide insight into the complex changes
that occur in the vasculature in AD. However, there
are caveats to bear in mind in interpreting and extrap-
olating these data. First, it is unclear whether changes
in the AD transcriptome contributes to brain dysfunc-
tion or results from ongoing disease pathology. Also,
in the current study we examine gene expression in
end-stage AD tissue; essentially providing a snap-shot
of genetic abnormalities that are present at that dis-
ease stage. Recent work suggests that disease stage
affects gene expression. Simpson et al. [37] compare
astrocytes based on Braak stages and show that dys-
regulation of genes associated with actin cytoskeleton,
proliferation, and apoptosis occurs at low Braak stages
whereas altered signaling pathways, including MAPK,
are associated with high levels of AD pathology. The
current results also show differential gene expression

in signal transduction in end-stage AD; suggesting that
the evolution of genetic changes may be similar in
astrocytes and endothelial cells.

A common limitation in"all studies that employ
human material is that many variables, including
patient medical history and medication usage, are hard
to control. Samples are standardized and matched
for age, gender, and postmortem time; but other
variables remain unknown. Finally, mRNA analysis
underestimates the contribution of post-transcriptional
modifications and thus provides only a partial view
of the molecular changes in the AD brain. Combin-
ing mRNA studies with protein expression analysis
may provide a more global picture of the biological
processes associated with AD dementia.

Development of new therapeutic approaches to AD
depends on new thinking about brain function and
dysfunction. The intimate relationship between blood
vessels and nerves which use similar signals to differ-
entiate, grow, and navigate toward their targets as well
as common genetic pathways should be explored and
exploited [82]. Endothelial cells influence neurogen-
esis [82—84]. Similarities in patterning and proximity
between vascular and nervous system reflects coordi-
nated development based on responsiveness to similar
growth factors [88]. The interactions between the two
systems involving common growth factors suggest
these two systems have evolved in an interconnected
way. An understanding of vascular gene network
abnormalities in AD could highlight candidates for fur-
ther investigation relevant for neurons as well as other
cell types in the AD brain.
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