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Abstract

P450 eicosanoids are important regulators of the cerebral microcirculation, but their role in
cerebral small vessel disease is unclear. We tested the hypothesis that vascular cognitive
impairment (VCI) is linked to reduced cerebral microvascular eicosanoid signaling. We analyzed
human brain tissue from individuals formerly enrolled in the Oregon Brain Aging Study, who had
a history of cognitive impairment histopathological evidence of microvascular disease. VCI
subjects had significantly higher lesion burden both on premortem MRI and postmortem
histopathology compared to age- and sex-matched controls. Mass spectrometry-based eicosanoid
analysis revealed that 14,15-dihydroxyeicosatrienoic acid (DHET) was elevated in cortical brain
tissue from VCI subjects. Immunoreactivity of soluble epoxide hydrolase (SEH), the enzyme
responsible for 14,15-DHET formation, was localized to cerebral microvascular endothelium, and
was enhanced in microvessels of affected tissue. Finally, we evaluated the genotype frequency of
two functional single nucleotide polymorphisms of SEH gene EPHX2 in VCI and control groups.
Our findings support a role for SEH and a potential benefit from SEH inhibitors in age-related VVCI.
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1. Introduction

The World Health Organization estimates that 35.6 million people currently live with
dementia, and that number is expected to double by 2030 and more than triple by 2050 [1].
Alzheimer’s disease (AD) remains the most common cause of dementia, but the contribution
of cerebrovascular pathology to AD and dementia in general is becoming more appreciated
[2]. Indeed, recent autopsy studies have shown that nearly a third of individuals with
dementia have co-morbid cerebrovascular pathologies [3,4]. Cerebrovascular pathology can
be isolated or combined with AD pathology in the case of mixed-dementia. Recent efforts to
create a set of criteria to delineate cognitive impairment, both mild and advanced dementia,
which are attributable to cerebrovascular disease have led to the introduction of the term
vascular cognitive impairment (VCI) [5],[6].

The most common type of VCI is that due to small vessel ischemic disease (also referred to
as subcortical VVCI ) [7]. Evidence of small vessel ischemic disease can be observed on T2-
weighted magnetic resonance imaging (MRI) as hyperintensities primarily localized in white
matter, both around the ventricles and as isolated foci. T2-white matter hyperintensity
(WMH) is thought to reflect white matter lesions [8]. Consistent with a central role for small
vessel disease in the development of dementia, a recent prospective study showed that
acceleration in WMH volume changes was an early predictor of conversion to mild
cognitive impairment [9].

Despite recent advances in characterizing VCI, mechanisms underlying the development of
cerebral small vessel disease in VCI remain poorly understood. Arachidonic acid
derivatives, collectively referred to as eicosanoids, play an important role in control of the
cerebral microcirculation [10]. We, therefore, hypothesized that VCI is linked to impaired
eicosanoid signaling. In particular, we were interested in the role of cytochrome P450-
derived eicosanoids, since they have previously been linked to cerebrovascular function and
disease [11]. For instance, elevated levels of 20-hydroxyeicosatetraenoic acid (20-HETE), a
potent vasoconstrictor, have been linked to both ischemic and hemorrhagic strokes [12,13].
Conversely, elevated levels of 14,15-epoxyeicosatrienoic acids (14,15-EET), a vasodilator
and neuroprotectant, have been shown to limit ischemic injury [14,15].

To test this hypothesis, we identified individuals with VVCI and age- and sex-matched
controls from the Oregon Brain Aging Study and quantified eicosanoid levels in cortical
brain tissue biopsies using liquid chromatography-tandem mass spectroscopy (LC-MS/MS)
[16]. We found higher levels of 14,15-dihydroxyeicosatrienoic acids (14,15-DHET), the
inactive metabolic conversion product of 14,15-EET via the enzyme soluble epoxide
hydrolase (sEH), in the VCI group. Consistent with a role in small vessel function and
disease, SEH immunoreactivity was localized in cerebral microvascular endothelium, and
was higher close to cerebrovascular lesions. Finally, we determined the frequency of
functional single-polymorphisms polymorphisms (SNPs) in the SEH gene EPHX2 in both
VCI and control subjects, which also correlated with WHM volume. While there have been
some recent advances in our understanding of dementia, there are currently no effective
treatments to limit or reverse the onset of dementia [17]. This work contributes to the
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understanding of mechanisms underlying VCI and suggests a novel therapeutic strategy to
treat VCI.

2. Materials and Methods

2.1 Ethics statement

The sources, collection, storage and distribution of information and biological specimens
were in accordance with guidelines established by the Layton Center/ORCATECH Research
Repository in compliance with Federal regulations and Oregon Health & Science University
(OHSU) policies. For autopsy tissue, specific consent for research purposes was obtained
from the next of kin as part of the consent for autopsy.

2.2 Study subjects

88 individuals were used for measurements of white matter hyperintensity (WMH) volume
and for the genetic analysis were selected from the Oregon Brain Aging Study (OBAS) [16]
based on the availability of DNA, T2-Weighted MRI measurements and neurocognitive
assessment. All individuals in this study were Caucasian, except one, whose ethnicity is
unknown. WMH volume measurements, mini mental state exams (MMSE), and clinical
dementia ratings (CDR) were quantified as previously described [18].

Brains tissue used for immunohistochemistry and mass spectrometry-based analysis of
eicosanoids was obtained from the Oregon Brain Bank and selected based on
histopathological assessment performed by The Neuropathology Core of the Oregon Aging
Alzheimer’s Disease Center. VVCI cases were selected based on previously described criteria
of the Honolulu-Asia Aging Study [4], while controls were age-matched subjects that lacked
microvascular ischemic injury as defined in that study. Specifically, VCI subjects were
defined as those who had a high burden of microvascular lesions in either the neocortex or
the basal ganglia and thalamus, or at both sites, while control subjects contained negligible
microvascular lesions at both sites. Alzheimer’s disease-related lesions (neuritic plaques and
neurofibrillary tangles) were variable in subjects in both groups but were statistically
matched. Cases containing Lewy bodies or other significant neurodegenerative disease-
associated pathologies were excluded. Demographic data for individuals used for eicosanoid
quantification are presented in Table 1. For one VCI individual, the post-mortem interval is
unknown. Data for individuals used for immunohistochemistry are presented in Table 2.

2.3 LC-MS/MS analysis for eicosanoid metabolites

Post-mortem human brain samples were kept on dry ice until homogenization. Each sample
was placed into 2.0 ml of PBS and then homogenized on ice using a polytron, at setting 2-3
for 20-30 seconds until homogenous. Samples were then diluted 1:1 with PBS. A 1 ml
aliquot of the sample was mixed with 20 pl of an anti-oxidant mix consisting of 0.2mg/ml
BHT, 2 mg/ml triphenyl phosphine, and 2 mg/ml indomethacin. Samples were then spiked
with an internal standard mix consisting of 1 ng of each of the following, d8-15 HETE,
d6-20 HETE, d8 14,15 EET, and d11-14,15 DHET. Samples were kept on dry ice prior to
homogenization and wet ice at all times thereafter until hydrolysis. 1 ml of 15% KOH was
added to each tube containing 1ml of the homogenized sample. The tube was briefly
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vortexed, capped tightly, and then hydrolyzed at 40°C for 1 hour. Samples were cooled
briefly (<=5 minutes) and then acidified with 200 ul of glacial acetic acid, and then pH
checked using pH paper for a desired range of 3-4. Samples were extracted with 3 ml of
ethyl acetate, followed by 3 ml of hexane:ethyl acetate 1:1, followed by 2 ml of hexane. The
extracts were combined and dried under vacuum for 35 minutes at 35°C. 150 pl of 0.1N HCI
was added to residue in each tube, followed by the addition of 1 ml of hexane. Samples were
vortexed for 2x 20 sec, spun at 2000xg for 5 minutes and then hexane was transferred to a
fresh tube. Samples were then dried under vacuum for approximately 7 minutes till dry and
immediately brought up in 100 pl of start solvent which consisted of 45:55 (vol:vol)
acetonitrile:water with 0.2 mg/ml TPP, 0.01% BHT and 0.01% formic acid and filtered
through 0.22 micron placed in sample vials with inserts and analyzed immediately by LC-
MS/MS. The injection volume was 20 pl. An un-extracted standard curve was used for these
studies.

Levels of DHETSs, HETESs and EETs were analyzed using a 5500 Q-TRAP hybrid/triple
quadrupole linear ion trap mass spectrometer (Applied Biosystems) with electrospray
ionization (ESI) in negative mode as described previously [19]. The mass spectrometer was
interfaced to a Shimadzu (Columbia, MD) SIL-20AC XR auto-sampler followed by 2
LC-20AD XR LC pumps and analysis on an Applied Biosystems/SCIEX Q5500 instrument
(Foster City, CA). The instrument was operated with the following settings: source voltage
-4000 kV, GS1 40, GS2 40, CUR 35, TEM 450 and CAD gas HIGH. The scheduled MRM
transitions monitored with a 1.5 minutes window are presented in Supplemental Table 1.
Compounds were infused individually, and instrument parameters optimized for each
multiple reaction monitoring transition. The gradient mobile phase was delivered at a flow
rate of 0.5 ml per minute and consisted of two solvents, solution A, which consists of 0.05%
acetic acid in water, and solution B, which consists of 0.05% acetic acid in acetonitrile.
Initial concentration of solvent B was 45%, which was held for 0.1 minutes before it was
increased to 60% over 5 minutes, then to 61.5% over 5 minutes, followed by an increase to
95% over 1.1 minutes. Solvent was then held at 95% for 2 minutes, decreased to 45% B
over 0.4 minutes, then equilibrated for 5 minutes. The Betabasic-18 100 x 2, 3um column
was kept at 40 °C using a Shimadzu CTO-20AC column oven. Data was acquired and
analyzed using Analyst 1.5.1 software. The standard curves covered a range from 0-1000
pg/sample and the limit of quantification was 10 pg per sample except for 19-HETE and 20-
HETE, where the limit of quantification was 25 pg per sample and the relative standard
deviation was less than 20%.

2.4 Assessment of vascular injury

Sections of frontal and temporal cortex with subcortical white matter, basal ganglia, and
hippocampus were stained with hematoxylin and eosin (basal ganglia, hippocampus) or
luxol fast blue/PAS (frontal, temporal). Sections were rated by a neuropathologist on the
degree of arteriolosclerosis, perivascular hemosiderin leakage, perivascular space dilatation,
and myelin loss according to previously published criteria [20]. We did not evaluate the
degree of cortical amyloid angiopathy, as this is more commonly associated with AD
changes rather than vascular dementia without AD, and could thus be a confounding factor
in this study. Vascular injury was scored on these criteria as well as number of cortical
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infarcts and neuron loss in the hippocampus on a scale of 0-3 as in Table 3. Each case was
given a total score (sum of all scores for 4 brain regions) and a dichotomized score (score of
0 or 1 =0 [normal or minimal pathology], score of 2 or 3 = 1 [significant pathology], such
that the maximal possible total score was 48 and the maximal possible dichotomized score
was 18, with higher scores indicating more severe vascular injury. While the sections were
examined with coded numbers that did not identify the study group, this analysis cannot be
considered completely “blinded,” as pathologic changes were evident in many sections.

2.5 Soluble epoxide hydrolase immunohistochemistry

Six micron thick sections of frontal cortex and subcortical white matter were stained using a
rabbit polyclonal antibody to soluble epoxide hydrolase (anti-sEH, Sigma HPA023779).
Sections were pretreated with citrate buffer, pH 6 in a steamer for 30 minutes to enhance
antigenicity and with 3% hydrogen peroxide to reduce endogenous peroxidase activity.
After reacting with biotinylated secondary antibody, the reaction was visualized using
avidin-biotin-peroxidase complex (ABC kit, Vector) and diaminobenzidine. For negative
controls the primary antibody was replaced by normal rabbit serum. To confirm endothelial
localization of SEH, selected sections were stained using the fluorescent secondary antibody
Cy3 and double labeled with either the endothelial marker CD31 (mouse anti-human CD31,
Dako M0823) or the astrocytic marker GFAP (mouse anti-human GFAP Chemicon
MAB360) with detection by a Cy5 conjugated secondary antibody. Fluorescent images were
acquired on a Zeiss LSM 710 confocal microscope and images were adjusted for brightness
and contrast using ImageJ.

2.6 Genotyping

DNA was extracted from patients as previously described [21]. The genotype of each
subject for the K55R (rs41507953) and R287Q (rs751141) polymorphisms from the gene
that encodes for sEH, EPHX2, was determined by allelic discrimination using TAQMAN
technology (Invitrogen). After polymerase chain reaction, the fluorescent readings from the
plate were detected on an ABI PRISM 700 according to the manufactures instructions
(Applied Biosystems). Genotype was determined based on radial separation of population
clusters on fluorescent intensity plots. Plasmids containing the human EPHX2 gene with
either K55R or R287Q polymorphism were used as positive controls.

2.7 Statistics

Data are presented as the mean +/— SD or mean +/-SEM as indicated in figure legends. For
WMH volume and unpaired Student’s t-test was used to compare groups. For MMSE, CDR
and vascular score a Mann-Whitney non-parametric test was used to compare groups.
Because eicosanoid concentrations do not follow a normal distribution, a Mann-Whitney
non-parametric test was used to determine if differences between groups were statistically
significant [13,22]. A Chi-squared test was used to evaluate differences in frequencies of
polymorphisms between VCI and control groups. For comparisons of WMH volumes
between EPHX2 genotypes, an unpaired Student’s t-test was used. Comparisons were
considered significant if p<0.05.
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3.1 Vascular cognitive impairment cohort has increased white matter hyperintensity

volume

We first set out to examine whether individuals from the Oregon Brain Aging Study
(OBAS) identified to have VCI indeed carry an increased burden of white matter
hyperintensity [16]. We first stratified individuals based on the presence or absence of
vascular disease, as indicated by clinical notes, followed by additional stratification based on
neurocognitive status (Fig. 1A). For individuals with vascular disease, we further selected
individuals with at least mild cognitive impairment, as assessed by a mini mental state exam
(MMSE) score of less than or equal to 27, a score previously shown to have the greatest
sensitivity and specificity for detecting dementia in educated individuals [23]. These
individuals were considered to have VVCI. For individuals with no clinical evidence of
vascular disease, we further selected individuals who were cognitively intact, based on a
MMSE score greater than or equal to a score of 27. These individuals were considered as
controls. Finally, VCI cases and controls subjects were age- and sex-matched based on
demographic data collected at time of MRI (Fig. 1B).

Next we quantified the volume of WMH within each group (Fig. 1C). We found that the
V/CI group had significantly higher WMH volume than control group (Fig. 1D). This result
is consistent with previously published reports showing an association between WMH
volume and cognitive decline [24].

Additionally, we performed an extensive vascular assessment to determine the amount of
cerebrovascular pathology within \VCI brain compared to age-matched control brain based
on previously published criteria summarized in Table 3 [20]. Our quantification included
cerebrovascular pathology such as vascular thickening (Fig. 2A), dilation of perivascular
space (Fig. 2B), and tissue rarefaction (Fig. 2C and 2D) which were combined into a
comprehensive vascular score (see methods). As expected, we found that the amount of
cerebrovascular pathology in the VCI brain is elevated compared to age-matched brains
(Fig. 2E).

3.2 Elevated levels of dihydroxyeicosatrienoic acids in subjects with vascular cognitive

impairment

Next we quantified eicosanoids from brain tissue of VCI and age-matched controls. We used
a targeted lipidomic assay for oxidized fatty acids, which allows us to quantify metabolites
listed in Supplemental Table 1, which are produced via the lipoxygenase (LOX) and P450
epoxygenase and hydrolase pathways. Of the panel of eicosanoids we quantified
(Supplemental Table 2 and 3), the most striking difference between VCI and control brains
was in the levels of dihydroxyeicosatrienoic acids (DHETS), which were significantly higher
in VCI compared to control brains (Fig. 3A and D). Interestingly, we did not observe a
difference in the levels of DHET precursor epoxyeicosatrienoic acids (EETS), which
resulted in higher DHETS to EETSs ratio in VCI compared to control brains (Fig. 2B and E).
This ratio is often used as a surrogate marker for the activity of the enzyme soluble epoxide
hydrolase (SEH), the main enzyme involved in the conversion of EETs to DHETS [25]. This
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pattern was true for the sum of all EETSs regioisomers (Fig. 3D, E, and F) as well as for
individual regio-isomers 5,6-EET, 8,9-EET, 11,12-EET and 14,15-EET, the preferred
substrate for sSEH (Fig. 3A, B and C) [26,27].

Of the other metabolites that were quantified, we observed significant elevations in levels of
LOX metabolites 5-HETE, 12-HETE, 18-HETE and P450 hydroxylase metabolite 20-
HETE, but not 11-HETE or 15-HETE. Levels of 19-HETE were decreased, although the
decrease was not statistically significant.

3.3 Soluble epoxide hydrolase expression in the aged human brain

To investigate the possibility that increased DHET levels in VCI brain were linked to
increased expression of the enzyme sEH, we performed immunohistochemistry on brain
tissue slices from VCI and age-matched control subjects. SEH immunoreactivity (SEH-IR)
was localized in multiple cell types, most prominently, in microvessels, but also in
astrocytes and neurons (Fig. 4A and C), consistent with previous reports [28]. Staining
within blood vessels was consistent with endothelial localization and was stronger in small
vs. large vessels (Fig. 4A and B). Contrary to previously published work, we did not detect
SsEH-IR in vascular smooth muscle (bracketed in Fig. 4B), but we did see it in peri-vascular
adventitial cells (arrowheads in Fig. 4B). To confirm that microvascular sSEH-IR was indeed
endothelial and not from astrocyte end-feet, we performed double immunofluorescent
labeling for sEH and the endothelial marker CD31 as well as the astrocyte marker GFAP.
We found that SEH-IR co-localized with CD31 but not GFAP (Fig. 5A), which is consistent
with previous published work showing sEH expression in endothelial cells isolated from
mouse brain [29].

Next, we sought to determine if SEH vascular expression is higher in VCI than in control
brains. We compared sEH-IR within each slice qualitatively, and observed that staining
intensity was higher in microvessels near regions of microinfarction. The increase in SEH-IR
was more pronounced in microvascular endothelium, and was not present in other cell types,
such as neurons or astrocytes (Fig. 4D). Because of the localized nature of SEH-IR
intensification near vascular lesions, measurements of overall staining intensity in sections
diluted the localized differences between groups, resulting in no differences in overall
intensities between the two groups, despite the fact that VVCI brains have more lesions than
control brains.

3.4 Association of functional sEH polymorphisms with VCI pathology

Finally, we examined whether polymorphisms in the gene that encodes for soluble epoxide
hydrolase, EPHX2, is associated with VVCI. We genotyped two single nucleotide
polymorphisms (SNPs), which alter SEH protein sequence and affects its hydrolase
enzymatic activity (Fig. 6A) [30]. Specifically we examined the K55R polymorphism
(rs41507953), which has been shown to increase sEH activity, and the R287Q
polymorphism (rs751141), which has been shown to decrease SEH activity [31]. In our study
population, only one individual, in the control group, was a homozygous carrier for the R55
allele; all individuals were heterozygous Q287 carriers, with one individual in the control
group being a compound heterozygote, carrying both a R55 and Q287 alleles.
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In our sample size of 31 cases and 31 control subjects, we found no statistically significant
differences in the genotype frequency of these polymorphisms between control and VCI
groups, although the genotype frequency of R287Q polymorphism was more than 4 times
higher in VCI vs. control groups (13% vs. 3%, p=0.12) (Fig. 6B).

We then evaluated the associations between these SNPs, WMH and VCI. We found that
Q287 carriers, but not R55 carriers, have significantly higher WMH volume than do
individuals who are WT at that locus (Fig. 6C and D). The association was true when
combining control and VVCI groups (N=62) as well as for all individuals in our OBAS cohort
with DNA and MRI measurements (N=88, WT: 12.51 + 1.72, Q287 carrier: 27.17 £ 11.02,
p=.025). Because VCI status is associated with higher WMH (Fig. 1D), and VCI status
exhibited a trend for association with Q287 carriers (Fig. 6B), it is possible that VVCI status
influenced the association between WMH volume and R287Q genotype. Therefore, to
separate the effect of VCI, WMH volume in WT and Q287 carriers are presented separately
for control and VVCI groups in Supplemental Figure 1.

4. Discussion

In the United States, the cost of dementia has surpassed that of cancer and heart disease,
increasing the urgency to understand the mechanisms underlying dementia to help identify
new treatment strategies [32]. This study tested the hypothesis that VVCI is linked to an
imbalance in cerebral eicosanoid signaling. To our knowledge, this is the first study to
quantify the levels of eicosanoid levels within aged human brain tissue, especially in aged
human brain with dementia. This is also the first study to correlate SEH expression in human
brain and its functional SNPs with VVCI.

In quantifying eicosanoid levels, we found elevated levels of DHETS in the VCI compared
to age-matched control brains. Interestingly, we did not observe a difference in the levels of
EETs, suggesting that the elevation in DHETS levels was due to enhanced metabolism of
EETs and not due to differences in their synthesis. Moreover, the DHETs / EETS ratio was
found to be elevated in the VCI compared to age-matched control brains. The diol to
epoxide ratio is a surrogate for SEH activity, with increases in the ratio indicative of higher
sEH activity [33].

The finding that sEH activity is associated with VCI is consistent with previous work
demonstrating that SEH activity plays a detrimental role in cerebrovascular diseases such as
ischemic stroke [14,15]. Furthermore, studies have specifically linked sEH activity as being
detrimental to cerebrovascular function [34]. Indeed, recent studies using a transgenic mouse
have shown that overexpression of endothelial sEH is sufficient to cause vascular
dysfunction [35]. This led us to investigate the expression of sEH within the VVCI brain.

Our results of the expression pattern of sSEH in the human brain were consistent with some
but not all reports describing the cellular localization of SEH-IR [28]. Specifically, we found
SsEH-IR in vascular endothelium, neurons and astrocytes and adventitial cells, but did not
find sEH in vascular smooth muscle. We made two interesting observations that are very
relevant to VCI. First, that SEH-IR was more prominent in small vs. large vessel
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endothelium, and second, that staining intensity was higher in microvessels adjacent to the
microinfarction lesion characteristic of VCI than in distant normal microvessels. Whether
the increase in SEH expression in microvascular endothelium contributes to or results from
VCI needs to be determined in experimental studies.

Additionally, we found a significant association between R287Q SNP and the VCI linked
pathology WMH. This was true for the 62 VVCI cases and age-matched controls, and also
when we expanded our study to examine all 88 individuals in which we had genotyping and
WMH volume measurements. The significance of this association needs to be investigated
in further studies, especially that studies have reported that this SNP has reduced catalytic
active, and that it was protective against cardiovascular disease and stroke [11,31], both of
which seem to contradict our finding of a positive association of R287Q with
cerebrovascular white matter lesion and with SEH enzymatic activity. It should be pointed
out that there have been conflicting reports as to whether or not this specific polymorphism
is associated with increased or decreased risk of stroke in humans [36,37]. Furthermore, the
effect of this polymorphism on sEH function is complex. It has been shown to decrease both
hydrolase and phosphatase catalytic activities, disrupt protein homodimerization, as well as
enhance peroxisome translocation [30,38-40].

In our limited sample size of 62, we did not observe a statistically significant difference in
the frequency of K55R or R287Q polymorphisms between VCI and control groups. This
would suggest that the elevated DHETS levels in the VVCI brain cannot be attributed to
functional polymorphisms in the sEH gene. However, consistent with its association with
WMH, the frequency of R287Q polymorphism was more than 4 times higher in VCI vs. the
control group.

The study has a number of limitations. First, it is a retrospective study that relied on the
availability of previously archived samples from tissue repositories. Future studies will be
made stronger by prospectively following the progression of WMH volume changes in
individuals with predefined EPHX2 genotypes. The second limitation is the limited sample
size of this study. As larger cohorts become available, we will continue to study the genetic
association between sEH SNPs and VCI. Finally, this study used post-mortem brain tissue to
examine eicosanoid levels and sEH expression patterns, which is an unavoidable limitation
when studying human brain tissue.

In conclusion, we made the following novel observations: 1) DHET levels are elevated in
brain tissue from individuals with VVCI, 2) immunoreactivity for sEH was localized to
cerebral microvascular endothelium, and was higher in microvessels adjacent to lesions
characteristic of VCI, 3) the R287Q polymorphism of sEH was associated with increased
WMH volume. These findings suggest that sEH is involved in VCI pathology. Future
mechanistic studies in animal models of VCI are needed to determine a causative role for
sEH in the development and progression of VCI. Nevertheless, the finding that the VCI
brain is associated with increased SEH activity suggests that SEH inhibitors may be
beneficial for the prevention and treatment of VCI [41].

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nelson et al.

Page 10

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by funds from the NIH grant R21 AG043857 (NJA) and P30 AG008017. We would also
like to thank the Oregon Brain Aging Study (OBAS; PI: Kaye; supported by Department of VVeterans Affairs, P30
AG008017, UL1 RR024140) and the Oregon Alzheimer Disease Center (Director: Kaye; P30 AG008017) for
providing access to control and VCI samples and data. Additionally, we would like to acknowledge the University
Shared Resource Program and the BSR/PKCore for the assistance with the eicosanoid quantification. We also wish
to acknowledge Stefanie Kaech-Petrie and the Advanced Light Microscopy Core at The Jungers Center for
technical assistance with fluorescence image acquisition. Finally, we would like to thank all of the research
participates who made this study possible.

Abbreviations

OBAS Oregon Brain Aging Study
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Figure 1. Phenotypic characterization of vascular cognitive impairment (VCI)
A. Selection criteria for subjects in the control and VVCI groups. B. Demographic and

neurocognitive characteristics of VCI and control groups. C. Representative T2-weighted
MRI scans of a control and VCI subjects. White arrows indicate areas of WMH. D.
Quantification of WMH volume in control and VVCI groups. WMH Graph is a dot plot of
each subject with mean +/- SD in red, whereas values in the table are mean +/— SEM.
Differences in age and WMH were evaluated by unpaired Student’s t-test, and differences in
MMSE and CDR were evaluated by a non-parametric Mann-Whitney test. * signifies p<.05.
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Figure 2. Histopathological characterization of control and VCI brain tissue
Examples of vascular thickening (arrow, A.), dilated perivascular space (arrow B.), diffuse

white matter rarefaction (C.), and multifocal rarefaction (arrows, D.) in aged human brain
tissue. E. Comprehensive histopathological score of cerebrovascular pathology in control
and VCI brain. n = 11 for control and n=16 separate brains for VCI group. Significance was
determined by a Mann-Whitney non-parametric test. * indicates p<.05.
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Figure 3. Eicosanoid concentrations in control and VCI brain tissue

Quantification of total DHETS (A), total EETs (B), total DHETSs/total EETs Ratio (C),
14,15-DHET (D), 14,15-EET (E), and 14,15-DHET/14,15-EET ratio (F) (n=5 separate
brains per group). Data are graphed as mean +/-~SEM. Significance was determined by an
Mann-Whitney non-parametric test. * indicates p<.05.
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Figure 4. Expression of soluble epoxide hydrolase (SEH) in the aged human brain
A. Endothelial staining of a white matter microvessel, likely capillary (arrow; approximate

diameter 10 pm; see scale bar in D.). Other immune-positive cells in the image include
astrocytes (arrowheads). B. Immunohistochemical staining of a human brain surface pial
arteriole (approximate diameter of 150 um; see scale bar in D.) showing positive staining in
perivascular adventitial cells (arrowheads, likely inflammatory cells), but only weak staining
in endothelial cells (arrow; compare to microvascular staining in A., which is taken from the
same brain section), and no staining in tunica media vascular smooth muscle (bracketed). C.
and D. Microvascular endothelial staining shows is intensified near a cortical microinfarct
(arrows in C.) compared to staining in control microvessels in the same brain section away
from the microinfarct (arrows in D.). Arrowheads in C. point to neurons, staining of which
does not intensify near lesion. Scale bar represents 50um. All images are at the same
magnification.
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Figure 5. Endothelial localization of soluble epoxide hydrolase (SEH) immunoreactivity (IR) in
human brain microvessels

A. Double-fluorescent immunohistochemistry of human brain tissue co-localizes SEH-IR
(green) with the endothelial marker CD31 (platelet endothelial cell adhesion molecule,
PECAM-1, red in upper panel) but not the astrocyte marker GFAP (glial fibrillary acidic
protein, red in lower panel). Scale bar represents 50um.

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Nelson et al.

Page 19

B. |
| Control [N, (%)] | VCI [N, (%)] | Significance
RS5 carrier | 4(13) | 5(18) | 0.72
Q287 carrier | 1(3) | 4(13) | 0.16
Either | 4*(13) | 9(30) | 012
C D.
60 60 #
E E
40 4
£ &
$ $
=20 220
0 0
-100% Hydrolase WT R55 carrier WT Q287 carrier

Figure 6. EPHX2 functional missense polymorphisms in control and VVCI subjects
A. Crystal structure of sEH (PBD ID: 1S80) [42] with change in hydrolase activity resulting

from K55R and R287Q residues represented in color (green depicts increased activity and
red depicts reduced activity). The hydrolase catalytic site is colored in yellow, and residues
in the phosphatase catalytic site are colored in purple. B. Number of individuals carrying
one or two sEH polymorphisms in control and VVCI subjects. Number of individuals with a
polymorphism is followed by the percentage within each group in parentheses. * Indicates
that one control subject was a compound heterozygote, carrying both R55 and Q287.
Significance was determined by a Chi-squared test, and p-values are provided in the
significance column. n=31 for both control and VCI groups. C. Quantification of WMH
volume by EPHX2 genotype at the amino acid 55 locus. WT indicates an individual with the
most frequent allele, K55. D. Quantification of WMH volume by EPHX2 genotype at the
amino acid 287 locus. WT indicates an individuals with the most frequent allele, R287.
Numbers in the bar graph indicates the number of individuals in each group. Significance
was determined by Student’s t-test. # indicates p<0.05 compared to WT.
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Demographic data of subjects used for mass spectrometry-based eicosanoid analysis.

Group Mean age % Male Postmortem
(range) interval (range)

Controls 95.8 (91-104) 80% 0.2 to 1.5 days

VCI 94.6 (88-108) 20% 0.1to 1 day
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Demographic data of subjects used for immunohistochemistry.

Group N Mean age % Male Postmortem
(range) interval (range)

Controls | 11 | 89.1(79-96) 45% 0.2 to 1 day

VCI 16 | 92.6 (87-106) 44% 0.2 to 8 days
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Vascular injury scoring scale.

Table 3

Region | Arterioloserosis | ROttt | o Giatation | pallor | infarcts

Frontal 0-3 0-3 0-3 0-3 Number

(upto 3)

Temporal 0-3 0-3 0-3 0-3 Number

Basal ganglia 0-3 0-3 Number
Neuron loss

Hippocampus 0-3 0-3 Number
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