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Abstract

Microsomal epoxide hydrolase (mEH), first identified as detoxifying enzyme, can hydrolyze epoxyeicosatrienoic acids
(EETs) to less active diols (DHETs). EETs are potent vasodilatory and pro-angiogenic lipids, also implicated in neuro-
vascular coupling. In mouse brain, mEH is strongly expressed in vascular and perivascular cells in contrast to the related
soluble epoxide hydrolase (sEH), predominantly found in astrocytes. While sEH inhibition in stroke has demonstrated
neuroprotective effects and increases cerebral blood flow (CBF), data regarding the role of mEH in brain are scarce.
Here, we explored the function of mEH in cerebral vasculature by comparing mEH-KO, sEH-KO and WT mice. Basal
cerebral volume (CBV,) was significantly higher in various mEH-KO brain areas compared to WT and sEH-KO. In line,
quantification of cerebral vasculature in cortex and thalamus revealed a higher capillary density in mEH-KO, but not in
sEH-KO brain. Whisker-stimulated CBF changes were by factor two higher in both mEH-KO and sEH-KO. In acutely
isolated cerebral endothelial cells the loss of mEH, but not of sEH, augmented total EET levels and decreased the DHET:
EET ratio. Collectively, these data suggest an important function of mEH in the regulation of cerebral vasculature and
activity-modulated CBF, presumably by controlling local levels of endothelial-derived EETs.
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Introduction .

are low, mEH and sEH hydrolyze EETs with compa-
Microsomal epoxide hydrolase (mEH) was originally  rable turnover rate. At higher concentrations of EETs,
identified as a detoxification enzyme, catalyzing the

addition of water to potentially mutagenic epoxides,

thus turning them into less active diols." More recent
studies indicate that mEH is also capable of hydrolyz-
ing lipid mediators such as epoxyeicosatrienoic acids
(EETs) to the respective diols (dihydroxyeicosatrienoic
acids, DHETSs).? > EETs are produced from arachidon-
ic acid (AA) by CYP450 epoxygenases in various cell
types including neurons, astrocytes and endothelial
cells.*” Four regioisomers are generated by CYP-
mediated epoxygenation: 5,6-, 89-, 11,12- and
14,15-EETs. In humans and mice, mEH and the solu-
ble epoxide hydrolase (sEH) are the major contributors
to EETs hydrolysis and thereby control their levels.®
Under non-saturating conditions, when EET levels
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sEH becomes the major enzyme for hydrolysis due
to its higher Ky and maximal velocity Vmax.*
Moreover, the two EHs display distinct regioisomeric
preferences. mEH prefers the epoxy-moiety on mid-
chain olefins, displaying highest enzymatic efficacy
(Kcat/Kyy) for 11,12-EETs>8,9-EET>>14,15-EETs. In
contrast, sEH turnover is highest for 14,15-EETs with
its epoxy group furthest away from the carboxy group,
followed by 11,12-EET>8,9-EET.’

In vascular and perivascular mouse brain cells, mEH
exhibits particularly strong expression. It is found in
high levels in pericytes and endothelial cells, with mark-
edly lower levels in astrocytes. sEH is found exclusively
and in high levels in astrocytes.>!°

Overall, EETs are involved in a multitude of phys-
iological and biological functions, specifically in the
vasculature. In the cerebral vasculature, EETs are
known as strong vasodilators and important mediators
in neurovascular coupling, referring to the spatio-
temporal coupling of brain activity with local blood
flow.""™"3 Upon activation, neurons release glutamate,
which in turn activates calcium influx into astrocytes.
This leads to AA release from the membrane by the
calcium-activated phospholipase A2, and finally AA
epoxygenation to EETs by astrocyte- and endothelium-
expressed CYP epoxygenases.®!*!> EETs exert their vas-
odilatory effect by activating calcium-activated K™ chan-
nel (BKCa) via a Gas- protein mediated mechanism in
smooth muscle cells, leading to K™ efflux, hyperpolariza-
tion and finally vasorelaxation.'®!” Increasing EET levels
by deletion of the sEH gene or pharmacological inhibi-
tion of sEH improves cerebral blood flow (CBF) and
reduces infarct size after cerebral ischemia.'® ' To our
knowledge, only one study has thus far addressed the
role of mEH in cerebral vasculature. Substitution of
mEH with a more active variant, leading to lower
EET and higher DHET Ilevels, is associated with a
reduced increase in acetazolamide-triggered cerebral
blood volume (CBV) relative to WT mice.?

EETs are also involved in mitogenesis and neoan-
giogenesis in various types of vasculature® >
Regioisomer-specific effects have been observed partic-
ularly with angiogenesis, as an early study reported
strongest effects with 8,9-EETs in cerebral endothelial
cells in an in vitro and in vivo assay.’® Another study
showed that out of the four EET regioisomers only 5,6-
and 8,9-EETs were capable of promoting endothelial
cell migration and formation of capillary-like struc-
tures in vivo.>” For revascularization in wound healing,
regioisomeric effects appear to be less pronounced.
General enhancement of EET levels by sEH deletion
accelerates wound healing by promoting endothelial
proliferation; application of 11,12- and 14,15-EETs
proved similarly effective.?>>53

Considering the localization of mEH and its capac-
ity to hydrolyze pro-angiogenic and vasodilatory
EETs, we hypothesized that mEH may play a signifi-
cant role in cerebral vascular functions, potentially reg-
ulating cerebral vasculature and CBF neurovascular
coupling. To test this hypothesis, we first determined
basal cerebral blood volume (CBV,) by susceptibility
contrast enhanced magnetic resonance imaging (SCE-
MRI) in various brain areas and compared it across all
three genotypes (mEH-KO, sEH-KO, WT littermates
as controls). Next, we visualized and quantified the
vasculature, using immunohistochemistry (IHC) in
brain slices. To delineate the particular contribution of
each EH to cerebrovascular dynamics, whisker pad-
stimulated hemodynamic changes in the barrel cortex
were recorded by laser speckle imaging. Finally, as
EHs exert their effects via controlling EETs, we deter-
mined their levels in acutely isolated cerebral endothelial
cells and compared those to cortex homogenate to iden-
tify local EH effects.

Material and methods

Animals

For the present study male mEH-KO?! and sEH-KO*
mice as well as their respective WT littermates were
used, aged eight to sixteen weeks. KO mice had previ-
ously been backcrossed to a C57BL/6 background for
more than ten generations to minimize the influence of
confounding factors other than EHs. As no difference
between sEH and mEH WT littermates was found,
data sets were combined and referred to as WT. All
mice were housed in single-ventilated cages. Animals
were kept at a standard 12:12 hr dark:light cycle and
had ad libitum access to water and standard chow. All
procedures were approved by the local veterinary
authorities (Veterinacramt, Kanton Zuerich) according
to the guidelines of the Swiss Animal Protection Law
(Animal Welfare Act of 16 December 2005, and
Animal Protection Ordinance of 23 April 2008).
License numbers were ZH004/2015 and ZH188/2012.
Experiments have been reported in compliance with the
ARRIVE guidelines.*

Genotyping

Genotypes were assessed by standard polymerase chain
(PCR) reaction, using specific primer pairs. Genomic
DNA was extracted from mouse ear biopsies and the
following primers were used to distinguish between
homozygous WT and KO mice: mKO forward
5-CCC GGG ACA AGG AGG AGA CC-3 and
mKO reverse 5-AAG GAT CAC AGG GTG AAA
GGA A-3'. The PCR produced a WT-specific band
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at 800 bp and a mEH-KO-specific band at 1400 bp.
sKO forward 5-GCG AGG GGC GGT GCT GAG
ATT GG-3', sKO reverse 1 5-CTG GAA AGC AAT
TTG AAA CCT GGG-3' and sKO reverse 2 5-AGG
GTC GCT CGG TGT TCG AGG-3'. Amplification
with sKO forward and sKO revers primers resulted in
product sizes of 305 bp for the WT allele, and 1444 bp
and 411 bp for the KO allele using the reverse primers
sKO reverse 1 and sKO reverse 2, respectively.

CBV, recordings by susceptibility contrast-enhanced
MRI (SCE-MRI)

Experiments were performed on a Pharmascan MR
system 47/16 (Bruker BioSpin, Germany) operating at
a magnetic field strength of 4.7T. Mice were anesthe-
tized with an initial dose of 3% isoflurane, endotra-
cheally intubated and actively ventilated at a rate of
90 breaths per minute. For SCE-MRI recordings, the
isoflurane level was reduced to 1% and the head was
fixed in a stereotaxic device. A dose of 21 mg/kg of the
neuromuscular blocking agent gallamine (Sigma
Aldrich) was administered i.v. For assessing CBV,
values, a multi spin echo Rapid Acquisition with
Relaxation Enhancement (RARE) sequence sensitive
to changes in the transverse relaxation rate was used
with the following acquisition parameters: repetition
time TR: 3333.33ms, echo time TE: 8.12ms, RARE
factor: 32, field-of-view FOV: 2.00 cm x 1.34 cm, matrix
dimension MD: 133 x 100 pixels, coronal slice thickness
SLTH: 1.00 mm, interslice distance ISD:1.5 mm, number
of slices Ngjices: 8, number of averages NA: 4. This
resulted in a axial volume coverage of 11.5mm with a
temporal resolution of 40 s/volume. Regions of interest
(ROIs) were delineated on the relevant image slice using
the Franklin and Paxinos mouse atlas. With regard to the
cortex, somatosensory and motor cortex areas were ana-
lyzed. Eight sequential volumes were recorded for deter-
mining the baseline intensity S,.., followed by bolus
injection of the superparamagnetic ironoxide nanopar-
ticles Endorem® (Guerbet SA, Roissy, France) at a dose
of 60mg Fe/kg. After 20 min, 30 sequential image vol-
umes were recorded for assessing the post-contrast
intensity Spos.

Image analysis: MRI data were analyzed as previ-
ously described.>* In brief, administration of the con-
trast agent led to an increase of the transverse relaxation
rate Ry c4 (OO) = Rog+raca- CCA(OO) -CBVy, with Ry
and R c4(co) denoting the transverse relaxation rates
prior and after contrast agent administration, r, ¢4 the
molar relaxivity of the contrast agent, cc4(c0) its con-
centration, and CBV, the baseline cerebral blood
volume. The infinity symbol indicates that the concen-
tration of the contrast agent has reached a quasi steady-
state. It is assumed that administration of the contrast

agent does not affect CBV,,. The baseline cerebral blood
volume can then be calculated for selected brain regions
of interest from the relative signal attenuation
according to

1 S
CBV, = — n (2
0 r2.c4 * CCA(OO) -TE n<5pm)

with S, and S, representing the signal intensity
prior and after contrast agent administration.

Immunofluorescence staining

Mice were injected with pentobarbital (i.p.,50 mg/kg)
and subjected to transcardiac perfusion with standard
Ringer’s solution. Brains were rapidly extracted and
postfixed for three hrs at 4°C in 4% paraformaldehyde,
cryoprotected in 30% sucrose/PBS and sectioned with
a microtome to 40 um-thick coronal slices. Slices (6 per
animal) were evenly spaced every 600 pum, with the first
slice positioned at the bregma, the last one at Bregma
-3.00mm. The following antibodies were used: anti-
CDI13 (goat, R&D Systems, #AF2335, 1:500), anti-
CD31 (rat, Novus Biologicals, #NB600-1475, 1:100),
anti-GFAP (chicken, Abcam, ab4674 (1:2000), anti-
mEH (rabbit, in-house, 1:10°000), anti-mEH (goat,
Detroit R&D, #MEHI1, 1:1000), anti-sEH (rabbit,
in-house, 1:2000), anti-fibrinogen (clone JG37-18,
MAS34, Life technologies; 1:3000). For THC, sections
were incubated overnight at 4°C with first antibodies in
appropriate dilutions in Tris-saline buffer, containing
2% normal serum and 0.2% Triton-100. After rinsing
they were incubated with secondary antibodies conju-
gated to either Alexa 488 (Molecular Probes, 1:400),
Cy3 or Cy5 (Jackson ImmunoResearch Laboratories,
1:400), diluted in Tris-buffer containing 2% normal
serum for 60 min at room temperature. Finally, slices
were mounted on gelatin-coated object slides using
mounting medium with DAPI (Sigma, #F6057). For
IHC staining of acutely isolated (peri)vascular cells, cells
were spread on a gelatin-coated object slide and allowed
to dry. Antibody staining procedures including antibodies
used were similar to the one executed with slices.

Image acquisition and processing

High-magnification images were acquired by laser
scanning confocal microscopy (Zeiss LSM 700 and
800), using a 25x Plan-Apochromat lens (numerical
aperture of 1.4) and ZEN software. For the vasculature
analysis 20 to 22 um thick z-stacks (spaced by 1.5 pum)
of confocal layers were taken in predefined areas in
cortex and thalamus. Images measured 1024 x 1024
pixels with pixels scaled to 0.5um x0.5um. Per
mouse, six sections with a total of 36 cortical and 36
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thalamic ROIs (512 um x 512 um x 20 um) were ana-
lyzed. ROIs were placed as shown in Figure 2(c). The
person taking, preprocessing and analyzing the images
was blind to the genotype. Images were preprocessed
using the open-source software FIJI for converting z-
stacks to 2D images, using the function maximum
intensity z-projection. For the analysis of area coverage
in %, total vessel length and number of branch points
(bifurcation density) a previously published Matlab
script®® was used, allowing to batch-process all images
with the same parameters. Overlap of immunoreactivity
was calculated using ZEN blue software edition 2.6.

Determination of basal 20-HETE levels in mouse
brain homogenate (cortex)

Mice were anesthetized with isoflurane (2.5% in air/
oxygen 70%/30%), decapitated and brains were rapid-
ly removed. The cortex was dissected and snap-frozen
in liquid nitrogen. To 50-100 mg homogenized cortex
tissue 250 uL. methanol/acetonitrile (1:1) including 3 pLL
deuterated internal standard (d6-20-HETE, 1ng/uL,
Adipogen Switzerland) were added. Samples were incu-
bated for 30 min at -80°C, sonified for 10 min and pel-
leted for Smin at 13.000 rpm (4°C). The supernatant
was diluted with 4.5mL H,O and directly before SPE
extraction formic acid was added to a final concentra-
tion of 0.1%. Supernatants were applied to ISOLUTE®
C18 solid phase extraction columns (Biotage, Uppsala,
Sweden), preconditioned with 1mL acetonitrile and
subsequently with 1 mL PBS/5% methanol. Columns
were washed twice with 1 mL PBS buffer containing
5% methanol and evaporated to dryness. Lipids were
eluted with 3 x 600 pL ethylacetate in tubes containing
10 uL trapping solution (30% glycerol in methanol),
dried under nitrogen, dissolved in 100 uL methanol/
20mM Tris (pH 7.4) (1:1) and analysed by LC-MS/
MS (see Materials and Methods/MS quantification of
EET/DHET levels from endotheliallastrocytic cells).

RNA extraction and assessment of gene expression
(eNOS) from cortical tissue

RNA was isolated from 25 mg samples of frozen corti-
cal tissue, using the RNeasy Mini Kit (Qiagen #74104)
including RNAse-free DNase (Qiagen #79254) treat-
ment. The RNA concentration was measured with a
UV-Vis spectrometer (NanoDrop ND-1000, Witec
AG, Switzerland). For each sample, 500ng RNA
were reverse-transcribed with a ¢cDNA reverse tran-
scription kit (Thermo Scientific #K1612). Gene expres-
sion was quantified by real time PCR
(EvaGreen®qPCR Mix Plus, #08-25-0000S, Lucerna-
Chem) on a 7900 HT Fast Real-time PCR system

(Applied Biosystems). Data analysis was carried out
applying the comparative Ct method with Gapdh used
to normalize the amounts of cDNA in each sample.

Primer sequences for eNOS: 5- AGG ACC CCC
GGC GCT ACG AAG AA-3 and 5-GTG GGC
GCT GGG TGC TGA ACT GA-3'. For GAPDH:
5-CCT GCT TCA CCA CCT TCT TGA-3' and
5'-CAT GGC CTT CCG TGT TCC-3'.

Preparation of cytosolic and microsomal fractions
from cortical tissue, assessment of 20-HETE
generation and functional turnover assays with 8,9-,
I'1,12- and 14,15-EETs

Preparation and assays were performed as described in
detail earlier including the LC-MS/MS settings.’
Turnover assays with 8,9-EETs were carried out in
presence of 10uM trans-4-[4-(3-Adamantan-1-yl-
ureido)-cyclohexyloxy]-benzoic acid (tAUCB, a gift
from Christophe Morisseau, UC Davis) if indicated.
For assessment of the 20-HETE production rate in
microsomal fractions, SuM AA were added.

Extraction and isolation of endothelial/astrocytic cells

Mice were anesthetized with isoflurane (2.5% in air/
oxygen 70%/30%), decapitated and brains were rapid-
ly removed and transferred into 2mL PBS, pH 7.4,
containing 0.5% BSA, 0.5mg DNase and 0.5mg
papain. Brains were cut into small pieces and incubated
for 30min at 37°C. To stop the papain reaction
DMEM with 10% FBS was added. Cells were pelleted
by centrifugation at 300 x g, washed with PBS contain-
ing 0.5% BSA (PBS/BSA) and pipetted up and down
with a Pasteur pipet to yield a single cell suspension.
The cell suspension was filtered (30um filter,
MyltenyiBiotec #130-041-407) and then subjected to
myelin removal using the MiltenyiBiotec magnet
system with myelin removal beads (Miltenyi Biotec,
#130-096-733, LS-column #130-042-401), followed by
enrichment of CD3l1-positive cells by using CD31
microbeads (MiltenyiBiotec, #130-097-418). For elu-
tion of CD31-enriched cells, the column was removed
from the magnet and 5mL PBS/BSA were added. Cells
were counted, centrifuged and re-suspended in 150 pL
DMEM/10%FBS and incubated for 1 hr at 37°C and
5% COs,.

MS quantification of EET/DHET levels from
endothelial/astrocytic cells

150 pL acetonitrile:methanol (1:1), 3 pL internal stand-
ards (dl1-modified 8,9-,11,12-, 14,15-EETs and
-DHETs, 1ng/uL for each regioisomer, Adipogen
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Switzerland) and 700 puL. PBS (pH 7.4) were added to
the 150 pl of CD31-enriched cell suspension in DMEM/
10%FBS. After centrifugation the supernatant was
applied to ISOLUTE® C18 solid phase extraction col-
umns (Biotage, Uppsala, Sweden), primed with
2 x 1mL acetonitrile and 2 x ImL PBS (pH 7.4)/5%
methanol (1:1). The columns were washed with 1 mL
PBS (pH 7.4)/5% methanol (1:1), dried, and eluted
with 3 x 600 pL ethylacetate. After drying under nitro-
gen, samples were re-suspended in 100 pL. methanol/
20mM Tris (pH 7.4) (1:1) and subjected to LC-MS/
MS analysis. For the detailed method including all
quantifyer transitions, see literature.® In brief: Analytes
were separated on a Gemini C18 NX column
(2x 150mm, Spm pore size, Phenomenex Helvetia
GmbH, Basel) and a pre-column using an Agilent
1100 liquid chromatography system. The mobile phase
consisted of eluent A (water containing 0.0125% ammo-
nia) and eluent B (acetonitrile with 0.0125% ammonia).
It was injected at a flow rate of 350 pL/min with a
volume of 40uL. Compounds were eluted using a
linear gradient from 16 to 26% of eluent B for 2min,
followed by a linear gradient from 26 to 36% of eluent B
within 16 min and from 36 to 95% within 0.7 min. An
isocratic flow of 95% B was held for 1.6 min and finally
the column was re-equilibrated for 4.2 min with 16% B.
The HPLC system was coupled to a QTRAP 4000 quad-
rupole ion trap mass spectrometer (AB Sciex,
Framingham, MA, USA) equipped with an electrospray
interface. Analytes were assessed in negative mode.
Quantification of samples was done by determining
the area under the peak using Multiquant software.
Values were corrected for extraction efficiency using
the internal standard peak area.

Intrinsic optical imaging

Surgery. For surgical procedures animals were anesthe-
tized with isoflurane (2.5% in air/oxygen 70%/30%).
The skull above the somatosensory cortex was carefully
thinned to translucency using a dental drill and the area
was then covered with low melting point agarose (1%
in Ringer’s solution) and sealed with a circular glass
coverslip of 4-mm diameter. The animals’ temperature
was kept at 37°C with a heating blanket. After surgery,
the animal was transferred to the imaging setup, iso-
flurane was discontinued and anesthesia was main-
tained with ketamine/xylazine (90mg/10mg per kg
bodyweight i.p.).

Optical imaging and stimulation. 20 min after induction of
ketamine/xylazine anesthesia, imaging was performed.
Following a baseline of 4s, the whisker pad contralat-
eral to the imaged hemisphere was stimulated using

subcutaneous electrodes with 16-pulse trains (400 pA,
4 Hz, 4s, 1 ms pulse length) generated by a stimulus
generator (Multichannel Systems STG).

Cortical images were acquired using a 12-bit CCD
camera attached to a motorized Leica MZ16FA epi-
fluorescence stereomicroscope using dynamic laser
speckle imaging. The method is described in detail else-
where.*® In short, a 785-nm laser light was shone onto
the cortex and images were acquired at 30 Hz with an
exposure time of 10ms. Each acquisition consisted of
10 trials separated by a 30s intertrial interval and for
each animal one to two acquisitions were performed.

Data Analysis. Image analysis was performed using
custom-written Matlab routines and the software pack-
age PMOD (PMOD Technologies, Ziirich, Switzerland).
The ten trials of one acquisition were averaged. The mag-
nitude of functional intrinsic signals was calculated as the
fractional change in reflected light intensity relative to
prestimulus baseline (Al/Iy%). To quantify CBF, speckle
images were processed using 5 x 5 spatial and 25 tempo-
ral binning (for further details see literature®®) Circular
regions-of-interest (Imm?) were drawn manually over the
area of maximal signal increase to extract the signal time
course.

Injection of Evans Blue dye for blood brain barrier
integrity

Blood brain barrier integrity was tested as described
before.*” In short, 50 pL Evans’s blue (Sigma-Aldrich,
#E2129) in 0.9% NaCl (2%, 2mL/kg) were injected
into the mouse tail vein. After four hrs mice were trans-
cardially perfused with standard Ringer’s solution con-
taining 2mM calcium. Brains were rapidly removed
and snap-frozen in liquid nitrogen. The next day one
hemisphere was homogenated in 1 mL trichloroacetic
acid (50%) and centrifuged for 30 min at 12’000 rpm at
4°C. 240 pL of the supernatant were mixed with 720 puL
ethanol and fluorescence intensity was measured at
620/680nm at a Tecan M200 Pro against a standard
curve.

Statistics

Data are displayed as mean 4 SD, unless otherwise
stated. Data sets were subjected to normality tests
and, if normality was confirmed, to 1-way and 2-way
ANOVAs, followed by suitable posthoc tests including
Tukey’s, Sidak’s and Fisher’s LSD test. Respective
posthoc tests are indicated in the legends. If normality
was not confirmed, the median was calculated and an
appropriate non-parametric test (Man-Whitney-U-test)
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performed. SPSS software and GraphPad Prism9 were
used for all statistical calculations.

Results

mEH is extensively expressed in cerebral endothelial
cells, pericytes and astrocytes

To confirm mEH transcriptome data'® in vascular and
perivascular cells on protein level, we performed THC
stainings in WT mouse brain slices, using specific anti-
bodies for EHs,? astrocytes (marker: GFAP), endothe-
lial cells (marker: CD31) and pericytes (marker: CD13).
CD13-positive cells around larger vessels (diameter
>10pm) were assumed to be smooth muscle cells,
known from an earlier study to be mEH-positive.”
mEH-immunoreactivity (IR) co-localized almost
completely with CDI3-IR around capillaries and
larger vessels, and less with CD31- and GFAP-IR

(Figure 1(a) to (e), inset, Table 1). This corresponds
with the RNA expression profile, which shows stron-
gest expression of mEH in pericytes, followed by
expression in smooth muscle and endothelial cells
(see Supplementary data, Figure 1(a)'%). sEH-IR was
largely confined to astrocytes (Figure 1(f)) in line with
the transcriptome data (Supplementary data, Figure

Table |. Co-localization of EH IR with (peri)vascular markers.

Number of analyzed

Marker images (n) Overlap of IR (%)*
mEH with CDI3 9 87.2+10.9

mEH with CD3I 9 68.7+9.4

mEH with GFAP 9 55.7+9.7

sEH with CD31 8 08+1.2

sEH with GFAP 8 524+ 1438

?Mean =+ standard deviation.

Figure |. IHC stainings in WT cerebral vasculature with EH antibodies and (peri)vascular markers. (a) mEH-positive structures

comprise both vascular and perivascular structures. Image taken in the cortical area. (b) Co-labeling of endothelial cells with CD31
(yellow) and mural cells with CD |3 (red). Mural cells include pericytes around capillaries (marked with an asterisk, see enlarged in the
inset) and smooth muscle cells around larger vessels. (c) Co-labeling of mEH (green) with CD31 (yellow) reveals partial co-locali-
zation, indicated by white arrows. (d) Co-labeling of mEH (green) with CD 13 (red) reveals substantial co-localization of mEH with
CDI13. (e) mEH and GFAP co-localize in subsets of astrocytes with mEH present in astrocytic endfeet (red arrowhead indicates

astrocytic endfoot). Image taken in cortical area and (f) Co-labeling of GFAP with sEH confirms sEH expression in astrocytes, here
shown in the cortex. Note the sEH-positive astrocytic endfoot on the vessel (red arrowhead). sEH and CD31 do not overlap. Scale

bars (a)—(f) 20 um, inset: 5 pm.
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1(b), Table 1). Since we intended to use mEH- and
sEH-KO mice in CBV, and CBF experiments, KO
brain slices were stained with EH antibodies to deter-
mine potential compensatory changes in the cellular
localization of the remaining EH. The same cell types
as in WT were positive in KO mice (see Supplementary
data, Figures 2 and 3), thus cell-type specific expression
of the remaining EH was preserved in both KO mice
strains.

Deletion of mEH leads to an increase in CBV,

To gain initial insights into the role of mEH in the
cerebral vasculature, we recorded CBV,, using SCE-
MRI. MRI allows probing the entire brain, including
deeper brain structures such as hippocampus, striatum
and thalamus, however with limited resolution (voxel
dimensions: 150 pm x 130 pm x 1000 pm). In all five
brain areas measured (cerebellum, cortex, striatum,
hippocampus, thalamus) mice lacking mEH showed
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Figure 2. Comparison of CBV, and quantification of vascular density in WT, mEH KO and sEH KO mice. (a) CBV, was measured in
the cerebellum (Cer), cortex (Cor), hippocampus (Hipp), striatum (Stria), and thalamus (Thal) across all genotypes by SCE-MRI. WT
n= 12, mEH KO n =6, sEH KO n = 6 animals. 2-way ANOVA followed by Fisher’s LSD test. (b) Schematic for two-dimensional image
analysis, showing the position of the six sections with the first (1) positioned at the Bregma and the last (2) positioned at Bregma
—3 mm. (c) Coronal section of a WT brain with CD3| staining and areas sampled for quantification shown in white. (d) Example of a
binarized image processed by batch-applied automated analysis and representative images of corresponding cortical areas in WT, mEH
KO and sEH KO brains. (e—g) Quantification of total vessel length, bifurcation density and area covered by vessels stratified for cortex
and thalamus. WT n= 13, mEH KO n=9, sEH KO n =6 animals. 2-way ANOVA followed by Tukey’s posthoc test. *p < 0.05,

*p < 0.01, ¥¥p < 0.001, ****p < 0.0001. Only statistically significant comparisons are shown. All values are mean =+ SD. Scale bars

(c) I mm; (d) 20 pm.
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Figure 3. Vessel caliber distribution and vessel diameters of WTand mEH KO blood vessels in cortex and thalamus. (a) Comparison
of area covered by blood vessels with diameter > 10 pm in cortex and thalamus. WT n=9, mEH KO n =9 animals. Man-Whitney
U test, performed for each brain area separately, revealed no significant genotype-specific difference. Cortex p =0.605, thalamus
p =0.546. (b) and (c) Frequency distribution of vessel calibers for the two brain areas in WT and mEH KO brains. (d) and (e)
Comparison of median diameters of microvessels <10 um. Unpaired t test with Welsh’s correction revealed no genotype-specific
difference. Cortex p = 0.380, thalamus p =0.844. Number of vessels analyzed in cortex: WT n=>591, mEH KO n=583; thalamus:

WT n= 1220, mEH KO n=1274.

significantly higher CBV, values compared to WT. In
contrast, CBV, values in sEH-KO brains were compa-
rable to those of WT animals (Figure 2(a)). The higher
CBYV, values observed in mEH-KO brain could either
be caused by a) an increase in vascular density (result-
ing from enhanced angiogenesis or decreased vascular
pruning), b) by a more dilated vasculature, or c¢) by a
combination of a) and b).

Capillary density is higher in mEH-KO mice

To assess the cerebral vasculature in mEH-KO, sEH-
KO, and WT mice, brain slices were stained with the
CD31 antibody. We focused on two brain areas, cere-
bral cortex and thalamus, as they are well-defined brain
regions and represent one area with strong sEH-
expression (cortex) and one with weaker sEH-
expression (thalamus).” In each section six ROIs were
placed across the cerebral cortex to capture values rep-
resentative of different regions. Whenever possible,
ROIs were placed to span all layers from the pial sur-
face to the gray matter-white matter interface to
account for layer-specific variations in capillary densi-
ty.*® Additionally, six ROISs per section were placed in
the thalamus (Figure 2(b) and (c)). These predefined
areas were imaged across genotypes and quantified
for the parameters total length, bifurcation density,

and total area covered by vessels (Figure 2(d) to (g)).
Comparison between genotypes revealed a significant
increase in all parameters in mEH-KO relative to sEH
KO and WT brains. Specifically, mEH-KO showed sta-
tistically significant increases of 15% for area coverage
by vessels and for total vessel length, and an increase of
30% in bifurcation density for both brain areas. In con-
trast, WT and sEH-KO mice did not differ significantly
in any parameter, suggesting that mEH, but not sEH,
plays a role in modulation of cerebral network density.

Next, we addressed whether increases in vessel diam-
eter contributed to CBV, changes in mEH-KO mice.
Analysis of vessel area coverage data revealed that only
~2% of all analyzed vessels fall into the macrovascu-
lature category (diameter > 10 um) with the majority
(~98%) classified as microvasculature or capillaries.
The area covered by macrovessels did not differ
between mEH-KO and WT for cortical and thalamic
areas (Figure 3(a)), indicating that differences in vas-
cular density are attributable exclusively to capillaries.
The formation of large penetrating vessels occurs
during embryonic stages, whereas capillarization pri-
marily takes place postnatally.®® This aligns with the
ontogenetic expression of Ephx1 in mouse brain, which
rises substantially after birth.** Since capillary diame-
ters are not normally distributed, we calculated and
compared the respective medians. Median diameters
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were similar in mEH-KO and WT mice (Figure 3(d)
and (e)), suggesting that lack of mEH does most
likely not cause pre-dilated capillaries under basal con-
ditions (Cortex: WT 4.273 um vs mEH-KO 4.272 um,
Thalamus: WT: 4.032 pum vs mEH-KO: 4.123 pm). The
distribution of the vascular diameter in both examined
areas is similar between mEH-KO and WT (Figure 3(b)
and (c)) and is consistent with previous studies of cere-
bral microvasculature diameters in mice.*'*?

Higher rCBF values in both EH-KO compared to
WT mice

To assess the contribution of each EH to neurovascular
coupling, we used electrical whisker pad stimulation
and monitored changes in relative CBF (rCBF) in the
somatosensory cortex with laser speckle imaging

(Figure 4(a)). Stimulation-induced changes in rCBF
were significantly higher in mEH- and sEH-KO com-
pared to WT mice, reflected by the higher area under
the curve (AUC, Figure 4(b) and (c)) and the higher
amplitude (Figure 4(d)). In all genotypes, there was no
difference in the onset and the peak time of the blood
flow response. The substantially increased CBF
response in both KO strains suggests that ambient
EET levels are elevated due to the absence of one of
the EHs, and that the residual EH is unable to
completely compensate for this condition.

EET levels are changed in mEH-KO, but not in
SsEH-KO endotheliallastrocytic cells

Given the pivotal role of EETs as “effector” molecules
in the neurovascular response and in angiogenesis, we
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Figure 4. rCBF recordings in WT, mEH and sEH KO somatosensory cortex. (a) Heat maps, showing representative time-dependent
changes in rCBF for each genotype; whisker-pad stimulation is indicated by the red line below. Circles at the 6-second time point
indicate the region-of-interest (ROI), which was analyzed. (b) Stimulation, carried out for four seconds as indicated by the grey
column, led to a rapid increase in rCBF in the somatosensory cortex. Shown are averaged traces for each genotype =+ SEM. (c) and (d)
Quantifications of area under the curve (AUC) and change in rCBF amplitude. WT n = 10 acquisitions from 6 animals, mEH KO
n= 11 from 6 animals, sEH KO n=7 from 6 animals. |-way ANOVA followed by Tukey’s post hoc test. Data in (c) and (d) are

presented as mean + SEM. *p < 0.05, **p < 0.01.
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finally quantified EETs and DHETS in acutely isolated immunostaining with respective antibodies. 91% of
cerebral endothelial cells to assess the impact of mEH  the isolated cells were identified as endothelial cells,
on local EET levels. Cells were isolated using CD31- the remaining cells as astrocytes (~8%) and single peri-
coated beads and their identity was assessed by FACS cytes (~1%; Figure 5(a)), hence termed endothelial/
(data not shown) and confirmed by fluorescence astrocytic cells from here on. Lack of mEH led to
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Figure 5. EET-DHET profile in acutely isolated endothelial/astrocytic cells from KO and WT brains. (a) Representative image of
acutely isolated vascular and perivascular cells from total brain, labelled with DAPI (left) and with CD31 (green, endothelial cells),
GFAP (red, astrocytes) and CD 3 (yellow, mural cells) (right). White arrows point to astrocytes, the white arrowhead to a mural cell.
Distribution of cell types relative to total DAPI count is summarized to the right (pie chart). (b) EET-DHET profile with regioisomers
in endothelial/astrocytic cells. n =5 animals for all genotypes. 2-way ANOVA, Tukey’s post-hoc test. Legend also applies to b) inlay.
Inlay: Total amounts of EETs (sum of 8,9-, |1,12- and 14,15-EETs). |-way ANOVA, followed by Sidak’s post-hoc test. (c) DHET:EET
ratio. |-way ANOVA, Tukey’s post hoc test. (d) Turnover rates for 8,9- and | 1,12-EETs. 2-way ANOVA, Fisher’s LSD test. n =5 for all
genotypes. (e) Turnover assay with 14,15-EETs to assess compensatory sEH upregulation in mEH KO cortex and endothelial/
astrocytic cells, suggesting sEH upregulation in total cortex tissue but not in isolated endothelial/astrocytic cells. 2-way ANOVA,
Sidak’s posthoc test and (f) Turnover assay with 8,9-EETs in WT and sEH KO cortex microsomes and endothelial/astrocytic cells in
presence of the sEH inhibitor tAUCB (10 uM), indicating mEH upregulation in endothelial/astrocytic cells, which is not detectable in
total cortex tissue. 2-way ANOVA, Sidak’s posthoc test. n = 6 for both cytosolic and microsomal samples, perivascular cells: n =5 for
all genotypes. All values are shown as mean =+ SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Scale bar a) 20 um.
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higher EET and a lower DHET:EET ratio compared to
WT and sEH-KO, in accordance with dominant mEH
expression in endothelial cells (Figure 5(b) plus inset, 5
(c)). DHETSs were still detected in mEH-KO endothe-
lial/astrocytic cells (Figure 5(b)), most likely generated
by sEH, expressed in astrocytes. Turnover rates were
particularly high for 8,9-EET (Figure 5(d)).

The loss of either mEH or sEH is often compensated
by upregulation of the remaining EH as observed in the
liver.> Functional turnover assays with 14,15-EETs as
substrate for sEH and 8,9-EETs for mEH revealed that
sEH upregulation in mEH-KO cortex homogenate
does occur, as 14,15-EET turnover was higher in
mEH-KO cytosolic fraction compared to WT.
However, in the isolated cells containing primarily
mEH-expressing endothelial cells, we found no indica-
tion for upregulation consistent with the low percent-
age of sEH-expressing astrocytes (Figure 5(e)). The
opposite was the case in SEH-KO samples. Here,
mEH upregulation indicated by higher 8,9-EET turn-
over, was only observed in isolated endothelial/astro-
cytic cells, but not detectable in whole cortex samples
(Figure 5(f)). This suggests that mEH effects are mainly
local. Compensatory upregulation may also include
other vasoactive mediators such as the vasoconstrictory
and pro-angiogenic 20-HETE (20-hydroxyeicosatetrae-
noic acid) and the vasodilatory and pro-angiogenic auta-
coid nitric oxide (NO). Renal 20-HETE levels were

reportedly increased in SEH-KO male mice compared
to WT.* In acutely isolated endothelial/astrocytic cells
20-HETE levels were below the detection limit, consis-
tent with the overall low expression level of the major
20-HETE synthases CYP4A and CYP4F in these cells.'®
Analysis of KO and WT cortical brain samples showed
significantly decreased ambient 20-HETE levels in
mEH-KO (Figure 6(a)) and a reduced capacity to gen-
erate 20-HETE in mEH-KO microsomes (Figure 6(b)).
Lower 20-HETE levels may contribute to an increase in
rCBF in mEH-KO brains. There was no difference in
20-HETE levels between sEH-KO and WT samples
(Figure 6(a) and (b)). EETs are known to transcription-
ally upregulate the NO-generating enzyme endothelial
NO-synthase (eNOS).* To explore potential alterations
in the eNOS level, real-time PCR was conducted.
mRNA quantitation revealed no difference between
genotypes, indicating that eNOS expression is not
enhanced in EH-KO brains (Figure 6(c)). However,
this does not rule out the possibility that the NO activity
is altered by an alternative mechanism in KO brains.
Given the expression of sEH in astrocytes, mEH in
endothelial cells, pericytes and astrocytes, EHs might
be implicated in formation and/or maintenance of the
blood-brain barrier (BBB). There was no difference in
Evans Blue dye extravasation in KO and WT brains
(Figure 6(d)), nor in fibrinogen stainings of all three
genotypes (Supplementary data, Figure 4). While
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Figure 6. 20-HETE and eNOS mRNA levels and functional test of the blood brain barrier in WT, mEH KO and sEH KO brains. (a)
Comparison of ambient 20-HETE levels in cortex homogenates shows lower levels for mEH KO. WT n =5, mEH KO n=6, sEH KO
n =6 animals. |-way ANOVA, Sidak’s post-hoc test. (b) Capacity of cortical microsomes to produce 20-HETE in presence of addi-
tional AA (5 uM) is reduced in mEH KO. n =6 for all genotypes. |-way ANOVA, Fisher’s LSD test. (c) Comparison of relative eNOS
mRNA levels revealed no significant alterations between genotypes. |-way ANOVA, Sidak’s post hoc test. n =5 for all genotypes and
(d) To test the integrity of the blood-brain barrier, Evan’s blue dye was injected into the tail vein and extravasation into brain tissue
assessed. Brains of all genotypes remained unstained. Levels of dye leakage in brain homogenate were comparable, indicating that the
blood brain barrier was intact in KO brains. |-way ANOVA, Sidak’s post-hoc test. n=>5 for all genotypes. All values are shown as

mean =+ SD. *p < 0.05.
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Evan’s blue dye shows only major leakage in BBB,
fibrinogen stainings are considered more sensitive.
Both tests confirmed an intact blood brain barrier in
both KO strains.

Discussion

In this study, we demonstrate that: a) mEH is widely
expressed in cerebral vascular and perivascular cells,
including endothelial cells and pericytes; b) mEH-KO
mice show higher CBV, values compared to sEH-KO
and WT mice in various brain regions, which corre-
sponds with increased capillary density in the thalamus
and cerebral cortex of mEH-KO mice; ¢) mEH is
involved in neurovascular coupling; and d) the effects
of mEH on the vasculature are likely due to its local
regulation of endothelium-derived EETs.

This study highlights distinct roles for mEH and
sEH in the cerebral vasculature. Notably, mEH
appears to play a unique and exclusive role in promot-
ing cerebral capillarisation, whereas both mEH
and sEH are involved in neurovascular coupling.
However, the specific role of mEH in shaping capillary
density contrasts with earlier findings on sEH, which
has been linked to angiogenesis under different condi-
tions. Several studies have shown that sEH inhibitors
can improve wound healing, increase neoangiogenesis,
and promote tumor growth.”®*> These findings, how-
ever, were observed under pathological conditions,
whereas our experiments (CBV, and CBF measure-
ments, as well as vasculature analysis) were conducted
in healthy adult mice. In healthy tissue, the role of sSEH
may be more constrained because cell boundaries are
intact, making the cell-specific expression of mEH and
sEH particularly important. Moreover, under patho-
logical conditions, other pro-angiogenic compounds
are generated such as cyclooxygenase 2 (COX-2).
COX2 is upregulated during inflammation and
involved in catalyzing the formation of an 8,9-EET
derivative, which exerts angiogenic effects with an effi-
ciency similar to that of VEGF.*%7

With regard to angiogenesis, pericyte-endothelial
cell signaling is crucial for endothelial cell proliferation,
differentiation and stabilization.*® Both cell types
express exclusively mEH. Pericytes, in particular, are
essential for stabilizing microvessels by suppressing
capillary regression and promoting endothelial
growth.* In the absence of mEH, the increased release
of EETs from endothelial cells may facilitate pericyte
proliferation and coverage, which in turn helps stabilize
endothelial cells. EETs are generally thought to act in a
paracrine and autologous manner *° and may therefore
also have a direct, growth-promoting effect on endo-
thelial cells.

Two key factors may explain why sEH contributes
to neurovascular coupling and increased CBF, but not
to angiogenesis: (a) the specific expression of EHs in
different cell types, and (b) differences in the substrate
affinity and saturation levels between mEH and sEH.
Upon sensory input, capillaries are estimated to
account for 84% of the increase in blood flow, with
pericytes controlling their dilation.*' During functional
hyperemia, endothelial cells primarily produce EETs,
which then act on peri-capillary pericytes to mediate
vasodilation.’! If EET concentrations are sufficiently
high, the mEH located in pericytes and endothelial
cells rapidly becomes saturated due to its lower Ky
and activity relative to sEH.>° As a result, endothelial
cells will release EETs instead of DHETSs. sEH, found
in astrocytic processes (Figure 1(f)), will then control
the ambient EET concentration. Therefore, both
enzymes may play a role in controlling EET levels
during functional hyperemia. However, it is important
to highlight that in mEH-KO brains, other factors may
contribute to the increases in rCBF. Specifically, these
include a denser microvascular network and lower
levels of the vasoconstrictive compound 20-HETE.

The molecular mechanisms through which EETs
induce their angiogenic effects are still not fully under-
stood. Several studies report an upregulation of VEGF
and partly CD31%-%5 suggesting an indirect rather
than a direct mechanism. Furthermore, specifically
8,9-EETs are capable of triggering NO production in
endothelial cells™ with NO promoting cerebral capil-
lary angiogenesis.>* Common cellular pathways acti-
vated by EETs in angiogenesis include the p38 MAP
kinase,”” MEK, ERK and phosphoinositide 3-kinase
(PI 3-K) pathway.’® Thus far, a specific high-affinity
EET-receptor mediating vascular EET effects in brain
has not been identified. Such a receptor would be most
likely a cell-surface G(s)-coupled receptor, as activation
of protein kinase A (PKA) is important for the angio-
genic effect.’® EET-responsive low-affinity receptors
include the endothelial expressed GPR 40 °7 and sever-
al subtypes of prostaglandin receptors,® however,
none of these receptors appears to be associated with
angiogenic effects.

Given that EETs are strong vasodilators, the elevat-
ed CBV, values in mEH-KO brains could stem from
either a more dilated vasculature or a combination of
dilation and increased vascular density. We did not
find evidence for a more dilated vasculature in mEH-
KO brains, since the mean diameter for thalamic and
cortical capillaries were similar between mEH-KO and
WT brains (Thalamus: WT 4.03um, mEH-KO
4.12pum, Cortex: WT 4.27um, mEH-KO 4.27 um).
They compared favorably to microvessel parameters
in recent studies, which reported values in the range
from 42+04pum > to 6.3+ 1.1um * in in vivo and
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from 3.5 to 4pum in ex vivo studies*®>*®! We cannot
rule out, however, that THC stainings are less precise in
visualizing the outline of vessels than methods used in
these studies (fluorescent gel or ink gel), thus more
subtle genotype-specific differences might have been
overlooked. It should also be noted that we anesthe-
tized with pentobarbital, a barbiturate that exerts well-
known vasodilatory effects.®

There are several limitations to this study that should
be mentioned. While the CBV, recordings were per-
formed in five brain areas (cerebellum, cortex, hippo-
campus, striatum and thalamus), the analysis of
vascular density was limited to two brain areas, cortex
and thalamus. Furthermore, we used only male mice, as
we anticipated a more pronounced genotype-specific
difference in this group. sEH is a sexually dimorphic
enzyme with significantly lower expression in the
female mouse brain compared to the male.®
Consequently, under ischemic conditions, CBF increases
comparably in female WT and sEH-KO mice, while it is
almost 50% lower in male WT mice compared to their
sEH-KO counterparts.”> A similar pattern of CBF
changes was observed in healthy female WT and sEH-
KO mice when using sensory input (see Supplementary
data, Figure 5).

Furthermore, we used constitutive KO mice, which
usually prompts compensatory regulation of several
genes and their products, including the one of the
remaining EH.> The increased turnover rates of sEH
in mEH-KO brain homogenates and mEH in sEH-KO
endothelial/astrocytic cells support this, along with the
reduced 20-HETE levels observed in mEH-KO brain.
Other vasodynamic players such as the NO-generating
enzyme eNOS were not changed on a transcriptional
level in the KO strains, yet non-transcriptional changes
of NO may possibly still occur. More importantly,
EET generation may change as consequence of alter-
ation in CYP expression. In mEH and sEH-KO liver,
various CYP epoxygenase isoforms were induced or
repressed, leading in sEH-KO to a net reduction of
hepatic EETs.> This makes it likely, that expression
of cerebral CYP epoxygenases such as CYP2J6 is
changed in KO strains. Epoxygenase activity can be
determined by  calculating  the total of
[EETs + DHETSs]. There was no statistically significant
difference between genotypes, but mEH-KO brains
exhibited a slight trend toward higher EET levels
(WT: 0.545+0.089 pmol/250°000 cells vs mEH-KO:
0.614 £0.132 pmol/250°000 cells vs sEH-KO: 0.523 £
0.098 pmol/250°000 cells, 1-way ANOVA, Sidak’s post-
hoc test, p=0.0574). To define the role of mEH in
cerebral angiogenesis in more detail and rule out com-
pensatory effects that arise due to the constitutive
knock-out, it would be advisable to use seclective

mEH inhibitors or inducible knock-out mice in future
studies. %3

In summary, these results illustrate a significant role
of mEH in cerebral capillarisation and neurovascular
coupling through the regulation of vascular and peri-
vascular EET levels. This role is primarily evident
under healthy conditions, but it may change under
pathological circumstances, where alterations in cellu-
lar boundaries and EET levels could increase the
involvement of sEH.
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