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Abstract

Astrocytes secrete vasodilator and vasoconstrictor factors via end feet processes, altering blood
flow to meet neuronal metabolic demand. Compared to what is known about the ability of
astrocytes to release factors that dilate local cerebral vasculature, very little is known regarding the
source and identity of astrocyte derived constricting factors. The present study investigated if
astrocytes express CYP 4A w-hydroxylase and metabolize arachidonic acid (AA) to 20-
hydroxyeicotetraenoic acid (20-HETE) that regulates K¢, channel activity in astrocytes and
cerebral arterial myocyte contractility. Here we report that cultured astrocytes express CYP 4A2/3
w-hydroxylase mMRNA and CYP 4A protein and produce 20-HETE and the CYP epoxygenase
metabolites epoxyeicosatrienoic acids (EETs) when incubated with AA. The production of 20-
HETE and EETs was enhanced following stimulation of metabotropic glutamate receptors
(mGIuR) on the astrocytes. Exogenous application of 20-HETE attenuated, whereas inhibition of
20-HETE production with HET-0016 increased the open state probabilities (NPo) of 71 pS and
161 pS K¢, single-channel currents recorded from astrocytes. Exposure of isolated cerebral
arterial myocytes to conditioned media from cultured astrocytes caused shortening of the length of
freshly isolated cerebral arterial myocytes that was not evident following inhibition of astrocyte
20-HETE synthesis and action. These findings suggest that astrocytes not only release vasodilator
EETs in response to mGIuR stimulation but also synthetize and release the cerebral arterial
myocyte constrictor 20-HETE that also functions as an endogenous inhibitor of the activity of two
types of K¢, channel currents found in astrocytes.
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1. Introduction

Astrocytes are the most abundant cell types in the brain and are known to provide structural
and metabolic support to neurons. Astrocytes send foot processes to neurons and adjacent
cerebral microvessels, and communicate with each other through gap junctions. They couple
neuronal activity to local blood flow as a component of the neurovascular unit (NVU)
[1,2,3]. A variety of membrane-derived lipids is emerging as important regulators of
cerebrovascular function under physiological and pathological conditions [4-12]. Enzymes
of the cytochrome P450 (CYP) gene family are expressed in different cell types in the brain
and catalyze conversion of AA released by phospholipase A2 to a variety of fatty acid
signaling molecules [5-7,12-16]. We have previously reported that brain astrocytes express
the CYP 2C11 and 4X1 epoxygenases, and the CYP 4F5 and 4F6 w-hydroxylases in
addition to the presence of cyclooxygenases (COX) [5-7,17,18]. These enzymes metabolize
AA to epoxyeicosatrienoic acids (EETs) and prostaglandins (PGs) [6,7,10,18-20]. The
EETSs can activate Ca?*-activated K* channel (K¢cy) channel currents in adjacent arteriolar
muscle cells to hyperpolarize the membrane potential and elicit cerebral vasodilation
[21,22]. Since the production and release of EETSs by astrocytes is increased in response to
elevated neuronal activity, the EETs are now regarded as one of the astrocyte-derived
vasodilator factors along with NO, adenosine, prostaglandins and K* that mediate functional
hyperemia in the brain [21-25]. EETSs also increase the activity of two types of K¢, channel
currents in astrocytes and initiate signaling cascades that regulate astrocyte function [26]. In
addition to the CYP epoxygenases catalyzing formation of EETs from AA, earlier studies
from our laboratory identified the expression of CYP w-hydroxylase isoforms that catalyze
the w-hydroxylation of AA to 20-hydroxeicosatetraenoic acid (20-HETE) in different cell
types in the brain [4,6-8,11,27]. The CYP 4A11, CYP 4A22, CYP 4F2 and CYP 4F3
isoforms are all expressed in man and have been reported to catalyze the formation of 20-
HETE from arachidonic acid [28]. CYP4A10, 4A12a, 4A12b and 4A14 are the isoforms
expressed in mice. CYP4A12a and b convert arachidonic acid to 20-HETE, while the
activity of the 4A10 and 4A14 isoforms are very low [29]. The corresponding isoforms
expressed in the rat are CYP4A1, CYP4A2, CYP4A3 and CYP4AS8. Of these, CYP4A2 and
4A3 are most avidly expressed and all 4 isoforms metabolize arachidonic acid to 20-HETE
[28]. 20-HETE is a potent vasoconstrictor that is formed in cerebral arterial muscle cells and
acts through PKC-dependent inhibition of K4 channel currents with subsequent membrane
depolarization and activation of L-type Ca2*, TRPV1 and TRPC6 channels to promote
influx of Ca?* [14-16,30,31]. 20-HETE mediates pressure-dependent myogenic cerebral
arterial constriction, which is responsible for autoregulation of cerebral blood flow during
increases in mean arterial pressure [8,13].

A previous study [32] suggested that a rise in [Ca2*]; in astrocytes in rat and mouse brain
slice preparations can induce constriction of adjacent cerebral arterioles and that this effect
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was attenuated by HET0016, an inhibitor of 20-HETE synthesis [32]. From these findings,
the authors proposed that a rise in astrocyte [Ca2*]; activates PLA,-dependent AA release
which is catalytically converted to 20-HETE by CYP 4A w-hydroxylase in adjacent cerebral
arteriolar smooth muscle to trigger vasoconstriction. However, no evidence was indicated if
rat brain astrocytes express CYP 4A w-hydroxylase or can metabolize AA to 20-HETE. The
present study investigated whether cultures of neonatal rat brain astrocytes that are devoid of
neurons express message and protein for CYP 4A isoforms and produce 20-HETE when
incubated with AA. We have also examined contribution of 20-HETE to the actions of
astrocyte conditioned media on reactivity of freshly isolated cerebral arterial myocytes, and
the impact of inhibition of endogenous 20-HETE synthesis and application of exogenous 20-
HETE on the open state probabilities of K¢, channel currents recorded from cell-attached
patches of cultured rat brain astrocytes. The present findings demonstrate that rat brain
astrocytes express CYP 4A w-hydroxylase message and protein, produce and release 20-
HETE that could function as endogenous inhibitor of astrocyte K¢, channel currents and
influence the tone of cerebral arterial myocytes.

2. Methods

The animal protocols used in this study were approved by the Medical College of Wisconsin
Institutional Animal Care and Use Committee.

2.1. Cell culture

Sprague Dawley rat pups of 2-3 days of age were anesthetized with diethyl-ether,
decapitated and the brain removed for preparation of astrocyte cultures as previously
described [5]. Briefly, the brain was dissected free of meninges, and the cerebral cortices and
hippocampus were isolated and cut into small pieces, and transferred to sterile dish
containing 20 U/ml papain (Worthington Biochemical Corp) and cysteine (0.15 mg/ml;
Sigma) dissolved in Earle’s balanced salt solution (Gibco BRL) and incubated at 37 °C for
40 min with gentle agitation. Digestion was stopped by washing three times with an
astrocyte growth medium containing DMEM, 10% fetal bovine serum (FBS), 25 units/ml
penicillin, 25 pg/ml streptomycin and 0.1% gentamicin (Invitrogen, Carlsbad, CA). The
tissue was then dissociated by trituration with flame-narrowed Pasteur pipette and cell
suspension was diluted with feeding medium and seeded at an initial density of
approximately 2 x 10° cells per square centimeter. The cells were incubated at 37 °C in a
95%/5% mixture of atmospheric air and CO,. The medium was changed after 2 days and
subsequently twice a week. Confluent monolayers of brain astrocytes were studied.

2.2. CYP 4A mRNA analysis

Real-time PCR was used to measure the expression of CYP 4A2and 4A3mRNA in primary
cultures of rat brain astrocytes. Confluent cultured astrocytes were serum starved for 12 h in
medium containing low-glucose (1 g/I) DMEM, 1% horse serum, 25 units/ml penicillin and
25 pg/ml streptomycin (Invitrogen Corporation, Carlsbad, CA). The cultured astrocytes were
rinsed twice with DPBS (Dulbecco’s Phosphate Buffered Saline), lysed on ice with a R-1
buffer (Axygen Biosciences, Union City, CA, USA), which nullifies endogenous RNase
activity, and collected in 1.5 ml tubes. Total RNA was isolated using the AxyPrep

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gebremedhin et al. Page 4

Multisource Total RNA Miniprep Kit (Axygen Biosciences). The samples were treated with
DNase | (ThermoFisher Scientific Incorporated, Waltham, MA) to prevent contamination of
the RNA with genomic DNA. RNA integrity was checked by electrophoresis on a
formaldehyde agarose gel and the concentration of RNA was quantified using a NanoDrop
1000 Spectrophotometer (ThermoFisher Scientific Incorporated). For each sample, 1 ug of
RNA was reverse transcribed in a 20 pl reaction using the iScript cDNA Synthesis Kit (Bio-
Rad Laboratories, Hercules, CA). For RT-PCR, 5 ng of the cDNA was amplified in a 25 pl
reaction containing iQ SYBR Green Supermix (Bio-Rad Laboratories) using an iCycler
thermal cycler and iQ5 detection module (Bio-Rad Laboratories). After denaturing of the
samples for 3 min at 95 °C, the reactions were amplified for 40 cycles for 30 s at 95 °C, 30 s
at the annealing temperature (56 °C for Po/r2and 56.5 °C for CYP 4A2/3). The primers
were obtained from Operon Biotechnologies (Huntsville, AL). The primer sequences for
Polr2 were. forward 5” ctgatgcgggtgctgagtcagaagg3” and reverse 57
geggttgaccccatgacgagtg3’. The sequences for the CYP 4A2/3 primers were taken from a
previous publication [33]. The forward primer was: 5° GTC CCC ATG CCA AGA CTT GT
3’ and the reverse primer was 5 GTC TGG AGT AAA AGC TTT GGA GCT 3’. The
linearity of amplification for both primer sets was verified by analysis of serially diluted
cDNA. Product specificity was confirmed by melt curve analysis and agarose gel
electrophoresis. Sequence analysis of the product formed could not differentiate between
4A2 vs. 4A3. Recent data indicates that the most likely CYP 4A isoform for the formation
of 20-HETE in rat cerebral arteries is 4A3 [34,35]. Relative quantification of expression was
determined by measuring the threshold cycle (Ct) values of each sample using the 2 AACt
method [36]. Relative abundance of CYP 4A2/3 was normalized to Polr2 mRNA expression.
Data are presented as mean + SEM.

2.3. Western blot analysis

Microsomes were prepared from cultured hippocampal astrocytes or Sprague Dawley rat
liver using differential centrifugation methods as described previously [5,15,16]. Briefly,
cultured astrocytes or liver were separately homogenized in RIPA buffer (150 mM NacCl,
1.0% NP-40, 0.5% deoxycholate, 1 mM EDTA, 50 mM Tris pH 8.0) containing protease
inhibitor cocktail (PharMingen, San Diego, CA, USA) composed of benzamidine HCI (16
pg/ml), phenanthroline (10 ug/ml), aprotinin (10 pg/ml), leupeptin (10 pg/ml), pepstatin A
(10 pg/ml) and 50 mM PMSF. The homogenates were centrifuged for 10 min at 3500g, 30
min at 9000g, and 60 min at 1000009 to obtain the microsomal pellet, and the pellet was
resuspended in RIPA buffer. The protein concentration of the microsomes was quantified
using the Bio-Rad protein assay method (Bio-Rad Laboratories, Richmond, CA). An aliquot
(10 pg of protein) of the astrocyte or rat liver microsomal proteins was added to 2 x Laemelli
sodium dodecyl sulfate (SDS) sample buffer, boiled for 5 min, and loaded onto 10% SDS-
polyacrylamide gel (4% stacking, 10% resolving) (Bio-Rad Ready-gels). Following
separation, the proteins were transferred to nitrocellulose membranes (Bio-Rad), and probed
using CYP 4A w-hydroxylase polyclonal rabbit antibody (PA3-033, ThermoFisher
Scientific) (1:500 dilution in TBS-T containing 2% nonfat dry milk) for 2 h at room
temperature and a goat anti-rabbit HRP secondary antibody (#1662408, Bio-Rad) (1:1000).
The blot was developed by exposure to ECL reagent (Amersham Biosciences, UK). Blot
was exposed to Hyperfilm ECL from Amersham Biosciences. Immunoreactive bands around
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52 kD, corresponding to the size of the CYP 4A w-hydroxylases, were identified using
prestained molecular weight marker proteins (#161-0374, Bio-Rad).

2.4. Immunofluorescence microscopy

Confluent cultures of neonate rat brain astrocytes grown on coverslips were rinsed in
phosphate buffered saline (PBS) at room temperature (RT) and fixed with 4%
paraformaldehyde for 10 min. The astrocytes were rinsed in PBS at RT and incubated in
blocking solution (5% BSA in PBS) in a humidified chamber for 30 min. To examine and
rule out presence of neuronal cells, the adherent astrocytes on the cover slips were incubated
with the astrocyte marker rabbit polyclonal anti-GFAP antibody (1:200) Novus Biologicals
(5C10) (NBPI-05197) or with the specific neuronal marker anti-NeuN antibody [1B7]
(1:500) (abcam ab104224) and rabbit polyclonal anti-CYP 4A antibody (1:200) (PA3-033,
ThermoFisher Scientific) overnight, followed by incubation with a secondary goat anti-
rabbit Alexa Fluor-488 antibody (A-11039, ThermoFisher Scientific) at a dilution of 1:400
(1 h; RT)). The nuclei (blue) were counter stained with 1 4”,6-diamidino-2-phenylindole
(DAPI) (D1306, ThermoFisher Scientific). The cultured astrocytes were subsequently rinsed
three times in PBS and images were taken at a magnification of 20x using Nikon E-600
fluorescent microscope equipped with FITC (fluorescein-isotiocyanate) filters, with
excitation at 492 nm and emission at 520 nm.

2.5. Liquid chromatographic—mass spectrometric measurements of eicosanoid production

Confluent primary cultures of rat brain astrocytes free of neuronal cells, were serum starved
for 24 h by replacing the 10% fetal bovine serum with 0.1% fetal bovine serum. The
cultured astrocytes were incubated at 37 °C with 40 uM AA in potassium phosphate buffer
(0.1 M, pH 7.4) containing an NADPH-generating system (20 mM isocitrate and 0.1
units/ml isocitrate dehydrogenase), 1 mM EDTA, 10 mM MgCly, at 37 °C [15,37] in an
incubator in a volume of 5 ml of assay buffer for 60 min. The astrocytes were then
stimulated with the specific mGIuR agonist RS-3,5-dihydroxyphenylglycine (DHPG, 100
UM) or vehicle and incubated at 37 °C for an additional 30 min. Following incubation, the
astrocytes were separated from media, and the media collected and kept on ice. The
astrocytes in the culture dish were washed twice with 2 ml of HEPES buffered saline, and
then scraped in 5 ml of HEPES buffered saline placed on ice. An aliquot (50 pl) from each
sample was transferred to 1.5 ml tubes for quantification of protein concentration as stated
above. The cell and media samples were spiked with 2 ng of the following internal
standards: deuterated 2Hg-EETs (for EETSs), 2Hg-DHETSs (for DHETS), and 2H,-0-HETE
(for 20-HETE). The samples were acidified to pH 3.5 and extracted twice with 3 ml of
diethyl ether with gentle vortexing for 1 min and then centrifuged at 5000g for 5 min. The
diethyl ether layer was then transferred to a clean 10 ml glass centrifuge tube and dried
under a flow of nitrogen gas. The dried samples were then reconstituted in 200 pl of
acetonitrile for analysis by LC-MS in the negative ion mode. For quantitative
measurements, the m/z 319, 327, 337, 345, 319, and 321 ions were used for EETs, [2H8]
EETs, DHETS, [2H8] DHETS, and for 20-HETE, [2H2]-20-HETE, respectively. The
standard curves were typically constructed over the range of 1-100 pg per injection. The
concentrations of the eicosanoids in the samples were calculated by comparing the ratios of
their peak areas to standard curves as previously described [27].
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2.6. Patch camp recording of single-channel K¢, currents

Single-channel K¢, currents were recorded at room temperature from cell-attached
membrane patches of primary cultures of neonate rat brain astrocytes using the patch-clamp
technique as described previously [38,39]. Briefly, recording pipettes were fabricated from
borosilicate glass, pulled on a 2-stage micropipette puller (P-97), and heat-polished under a
microscope (MF-83 heat polisher; Narishige, Tokyo, Japan). The recording pipettes were
mounted on a three-way hydraulic micromanipulator (Narishige) for placement of the tips on
the cell membrane. High-resistance seals (>1 GQ) were established by applying a slight
suction between fire-polished pipette tips (3—10 MQ) and cell membranes. The offset
potentials between pipette and bath solution were corrected with an offset circuit before each
experiment. Single-channel currents were recorded using an Axopatch 200B amplifier
(Molecular Devices, CA). The amplifier output was low-pass filtered at 1 kHz. Current
signals were digitized at a sampling rate of 10 kHz (Digidata 1440A, Molecular Devices,
CA). Single-channel currents were analyzed using a pClamp software package (pClamp
version 10.4; molecular Devices, CA) to determine event frequency, mean current
amplitudes, and open state probability. The mean open state probability (NPo) was
expressed as NPo = I/i, where | is the time averaged current, N is the number of channels, i
is the amplitude of the unitary current, and Po is the probability of a channel being open.

2.6.1. Recording solutions—Single-channel K¢, currents were recorded using a pipette
solution containing (in mM): 145 KClI, 1.8 CaCly, 1.1 MgCl,, and 5SHEPES with pH
adjusted to 7.2 with KOH. The bath solution was composed of (in mM): 145 KClI, 1.8
CaCly, 1.1 MgCl,, SHEPES, and 10 ethyleneglycol-bis (B-aminoethyl ether)-N, N, N, N/ -
tetraacetic acid (EGTA), with pH adjusted to 7.2 with KOH. The 1 ml bath solution was
continuously refreshed with external solution at a rate of 2 ml/min by gravitational flow.
Single-channel K¢, currents were recorded using a patch potential of +60 mV and the
effects of different concentrations of 20-HETE (100, and 300 nM) or HET0016 (50 nM)
were determined by adding them to the bath.

2.8. Cerebral arterial myocyte response to astrocyte conditioned media

The culture media was removed from cultured rat brain astrocytes and replaced with 3 ml of
Dulbecco’s Phosphate Buffered Saline (DPBS, Gibco) containing 40 uM cold AA as
detailed in the Section 2.5, and treated with 1 pM indomethacin, 40 pM MSPPOH and 10
UM 14,15-EEZE for 60 min to inhibit endogenous production of cyclooxygenase and
epoxygenase metabolites, and action of preformed and released EETSs, respectively. Then the
mGIuR agonist DHPG (100 uM) was added to the cultured astrocytes followed by
incubation at 37 °C for 30 min. Such treatment conditions were felt to assure absence of
contribution of other fatty acid metabolites to the action of astrocyte-conditioned media to be
studied. In a separate study, the cultured astrocytes incubated as detailed above were also
additionally treated with the 20-HETE synthesis inhibitor HET0016 (50 nM) and the 20-
HETE antagonist WIT002 (1 uM) to prevent the effect of preformed and released 20-HETE
to identify involvement of CYP4A w-hydroxylase-derived 20-HETE in the effects of
astrocyte conditioned media on cerebral arterial myocyte length. The astrocyte-conditioned
media was then collected from the two sets of incubations and the effects examined
separately on freshly dissociated rat cerebral arterial myocytes that were kept at 37 °C and
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pretreated with 50 nM HETO0O016 to inhibit arterial muscle 20-HETE synthesis or the vehicle
control. Viability of the isolated arterial myocytes was examined at the end of the
experiment by exposure of the cells to 60 mM KCI at 37 °C. Images of the arterial myocytes
were captured at 30 s intervals for a period of 5 min using a Nikon Eclipse EGOOFN
microscope with an attached Cascade 1 K camera (Photometrics) and NIS-Elements AR
software (Nikon) to analyze responses of cerebral arterial myocytes to the different
treatment conditions.

2.9. Drugs and chemicals

All chemicals were analytical grade and were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO, U.S.A.). Arachidonic acid was obtained from BIOMOL (Plymouth, PA). 20-
HETE (20-hydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid), HET0016 A-hydroxy-A\/ -(4-
butyl-2-methylphenyl)formamidine, 14,15-epoxyeicosa-5(2)-enoic acid (14,15-EE-5(2)-E),
MSPPOH and indomethacin was purchased from Cayman Chemical Co. (Ann Arbor, Ml,
USA). RS-3,5-dihydroxyphenylglycine (DHPG) was obtained from Tocris Bioscience
(Bristol, BS11 0QL United Kingdom).

2.10. Statistical analysis

Data are presented as mean values + SEM. Differences in mean values between groups were
assessed using Student’s #test or one-way analysis of variance (ANOVA) for multiple
comparisons. A P< 0.05 was considered statistically significant.

3. Results

3.1. Expression of CYP 4A w-hydroxylase in cultured rat brain astrocytes

The results of RT-PCR analysis of the expression of CYP 4A2/3 mRNA in cultured rat brain
astrocytes revealed that CYP 4A2/3 message was highly expressed since the Threshold cycle
(C) averaged 13.5 £ 2.60 (4 independent experiments) (Fig. 1A and B). Furthermore,
separation of an aliquot of the RT-PCR product on a 1.5% agarose gel, revealed a band
corresponding to the expected size for CYP 4A2/3 as depicted in Fig. 1A. This finding
indicates that CYP 4A2/3 message is expressed in cultured rat brain astrocytes. Similarly,
the results of our western blot experiments using polyclonal rabbit antibody against CYP 4A
w-hydroxylase that cross reacts with all CYP 4A w-hydroxylase isoforms detected
expression of a band of expected molecular size (~52 kDa) for the CYP 4A protein in both
astrocyte and rat liver microsomes (Bio-Rad) (Fig. 1C). The appearance of nonspecific
bands could be glycosylated or acylated posttranslational modifications of the CYP 4A
isoforms that have been described previously [40].

Additional experiments were performed to verify purity of rat brain astrocyte cultures used
in this study. The cultured cells were double stained with anti-CYP 4A antibody and anti-
GFAP antibody or with the specific neuronal marker anti-NeuN antibody. The cultured cells
exhibited positive staining with both anti-GFAP antibody and anti-CYP 4A antibody and
were not stained with the neuronal marker anti-NeuN antibody (Fig. 2). The appearance of
cells stained with DAPI that are not staining with GFAP could be due to transient changes in
GFAP expression in brain cells that is known to occur during development [41]; however,
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we cannot exclude the presence of some oligodendrocytes or microglia. These findings
reveal the absence of neuronal cells in the cultured rat brain astrocytes and confirm
expression of CYP 4A w-hydroxylase protein in these GFAP positive cells.

3.2. Production of CYP w-hydroxylase and CYP epoxygenase metabolites of AA in cultured
rat brain astrocytes

Fig. 3A and B present a representative (LC-ESI-MS) ion chromatogram of 20-HETE,
14,15-EET, 11,12-EET, 8,9-EET and 5,6-EET detected in samples of media and rat brain
astrocytes incubated with AA under control condition (A) and following stimulation of
metabotropic glutamate receptor (mGIuR) with 100 uM DHPG (B). As shown in Fig. 3C
and D, extracts of the cells (black bars) and the media (red bars) revealed the presence of 20-
HETE (Fig. 3C) and all four regioisomers of epoxyeicosatrienoic acids (EETS) (14,15-,
11,12-, 8,9- and 5,6-EET) (Fig. 3D) under both control conditions (upper panels) and
following stimulation with the mGIuR agonist DHPG (100 uM) (lower panels), respectively
(n = 3-4 independent experiments). The amount of 20-HETE released into the media (red
bars) increased after stimulation with the mGIuR agonist DHPG (100 uM) (*p < 0.05, Fig.
3C, lower panel). In contrast, the level of 20-HETE in the cells (black bars) did not increase
following stimulation with the mGIuR agonist DHPG (100 pM) (Fig. 3C, lower panel, n =
3-4 independent experiments).

The amount of EETs (14,15-, 11,12-, 8,9- and 5,6-EET) measured in samples of cells (black
bars) and media (red bars) of cultured brain astrocytes incubated with AA under control
condition and in response to stimulation with the mGIuR agonist DHPG (100 pM) is
depicted in Fig. 3D, upper and lower panels, respectively. The levels of the EETSs in the
media (red bars) increased significantly following stimulation with the mGIuR agonist
DHPG (100 uM) (*P < 0.05, Fig. 3D, lower panel). The levels of EETs in cell extract (black
bars, Fig. 3D, upper and lower panels) were not significantly altered following mGIuR
stimulation with 100 uM DHPG. Taken together, these results indicate that rat brain
astrocytes synthetize and release both EETs and 20-HETE and the release of these
metabolites increases following stimulation with the mGIuR agonist.

3.3. Effect of 20-HETE on astrocyte K¢, single-channel current recorded from cell-attached
patches

Previous studies from our laboratory characterized two types of single-channel K¢, currents
in cultured rat brain astrocytes with unitary conductances of 71 pS and 161 pS [38]. The
effects of endogenous or exogenous 20-HETE on the activity of the K¢, channels in
astrocytes has never been reported. In the present study, we examined the effects of
exogenous 20-HETE on activities of single-channel K¢, currents recorded from cell-
attached patches of cultured astrocytes at a patch potential of +60 mV using symmetrical
KCI (145 mM) recording solution. As depicted in Fig. 4 application of 100 nM or 300 nM
20-HETE to the solution bathing the cell-attached patches reduced the opening frequencies
of both the 71 pS and 161 pS single-channel K¢, currents recorded in the cell-attached
configuration (panel A). Application of 20-HETE (at 100 nM or 300 nM) also significantly
reduced the open state probabilities (NPo) of the 71 pS K¢, single-channel current from
0.0047 £ 0.00033 to 0.0035 £ 0.00028 and to 0.0021 + 0.0005 (panel B); and that of the 161
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pS Kca single-channel current from 0.0062 + 0.00045 to 0.0055 + 0.00031 and to 0.00193
+0.00021 (panel C), respectively (*p < 0.05, n = 5-7 cells). Treatment of the astrocytes with
HETO0016 induced a significant increase in the NPo of the 71 pS single-channel K¢, currents
rom 0.0051 + 0.0004 to 0.0250 £ 0.00010 and that of the 161 pS single-channel K¢,
currents from 0.0049 + 0.00063 to 0.0190 + 0.00080 (Fig. 5, *P < 0.05, n = 6-8 cells).

3.4. Effects of astrocyte media on freshly dissociated cerebral arterial myocytes

The effect of astrocyte-conditioned media separated from cultured astrocytes pretreated with
cyclooxygenase and CYP epoxygenase inhibitors to exclude possible contribution of
endogenously produced cyclooxygenase and CYP epoxygenase metabolites of arachidonic
acid was examined on freshly isolated cerebral myocytes. We found that exposure of freshly
dissociated cerebral arterial myocytes to conditioned media separated after stimulation of the
cells with the mGIuR agonist DHPG (100 uM) induced shortening of arterial myocyte length
as depicted in Fig. 6A and B. Furthermore, the isolated cerebral arterial myocytes pretreated
with astrocyte media markedly constricted following application of 60 mM KCI revealing
viability of the arterial myocytes under these experimental conditions (Fig. 6A and B).

Additional studies were also undertaken to examine if the astrocyte conditioned media
induced shortening of the freshly isolated cerebral arterial myocytes was down stream of
CYP 4A w-hydroxylase activity in astrocyte. In these studies, the cultured astrocytes
incubated as detailed above, were additionally pretreated with the 20-HETE synthase
inhibitor HET0016 (50 nM) and the 20-HETE antagonist 20-hydroxyeicosa-6(.2),15(2)-
dienoic acid (WIT002) (1 uM) to inhibit 20-HETE production and to prevent action of
preformed and released 20-HETE. Following incubation for 60 min, the cultured astrocytes
were stimulated with the mGIuR agonist DHPG (100 uM) for 30 min and the effect of
separated astrocyte conditioned media on isolated cerebral arterial myocyte length was
examined. As shown in Fig. 7A and B application of the conditioned media separated from
cultured astrocytes, pretreated with 20-HETE synthase inhibitor HET 0016 and the 20-
HETE antagonist WIT002, failed to induce shortening of freshly isolated cerebral arterial
myocytes as compared to that of the effects of vehicle treated arterial myocytes. These
findings revealed that the factor released from astrocytes following mGIuR stimulation into
the media causing shortening of cerebral arterial myocytes appears to be the CYP 4A w-
hydroxylase-derived 20-HETE, which is synthetized and released from the cultured rat brain
astrocytes into the media.

4. Discussion

An increase in neuronal metabolic demand matched by activity-dependent increase in
nutritive cerebral blood flow referred to as functional hyperemia is facilitated by
neurovascular coupling by astrocytes [17,22,25,42]. Growing evidence indicates that
astrocytes produce and release mediators that can increase or decrease nutritive blood flow
to different areas of the brain to match metabolic demand in neurons. Despite considerable
progress in identifying and defining astrocyte derived vasodilators contributing to functional
hyperemia, identification of the factors promoting vasoconstriction has lagged far behind. A
recent report using brain slices indicated that elevations in intracellular Ca2* induced PLA,-
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dependent release of arachidonic acid from brain astrocytes which then diffuses to adjacent
cerebral arterial muscle cells and metabolized by CYP 4A w-hydroxylase enzymes to 20-
HETE to elicit cerebral arterial vasoconstriction [32]. The appearance of time delay of
several seconds between the increase in [Ca2*]; in the astrocyte endfeet and the
vasoconstrictor response in this previously reported study [32] was speculated by these
authors to indicate possible release and diffusion of astrocyte produced 20-HETE to the
perivascular space. However, it remains to be determined whether astrocytes express the
CYP4A enzymes and can produce 20-HETE.

The results of the present studies demonstrate that neonate rat brain astrocytes in culture
express message and protein for CYP 4A2/3 and synthesize 20-HETE when incubated with
AA. We found that the production and release of 20-HETE in rat brain astrocytes is
enhanced by activation of metabotropic glutamate receptors. To our knowledge, this is the
first demonstration that rat brain astrocytes express CYP 4A w-hydroxylase and can produce
20-HETE. The production of 20-HETE by astrocytes may be very significant since it
indicates that rat brain astrocytes possess the enzymatic machinery to not only release
vasodilators but also elicit a tonic vasoconstrictor influence on regional blood flow in
response to changes in neuronal activity. This capacity broadens the dynamic range over
which astrocytes can adjust cerebral blood flow in response to changes in neuronal activity.
This new observation may lead to the development of an alternative hypothesis that could
compliment and support the previous report that elevations in intracellular Ca2* in astrocytes
releases AA that promote 20-HETE evoked cerebral vasoconstriction [32]. For example
acute hypoxia is known to increase the production of the vasodilatory EETs and to decrease
the levels of 20-HETE. Both of these events contribute to the hypoxia evoked cerebral
vasodilation and an increase in CBF required to facilitate delivery of O, and glucose to
different brain regions with increased energy demand [25,26,43].

Basal level of 20-HETE production has become very important for the maintenance of
cerebral arterial tone and autoregulation cerebral blood flow [13], whereas elevations in
production and actions of 20-HETE have been associated with ischemic stroke and
hemorrhagic cerebral vasospasm both in experimental model animals [11,13,44,45] and
patients [46,47]. Because astrocytes out number neurons more than two to one in the brain,
the capacity of astrocytes to synthetize and release 20-HETE could have a significant impact
on susceptibility of neurons and other brain cell types to the adverse effects of a variety of
pathological insults. For instance, an increased production of 20-HETE was found to induce
oxidative stress through NADPH oxidase-dependent generation of reactive oxygen species
[29,48], whereas increased production and action of 20-HETE was reported to promote
delayed vasospasm following subarachnoid hemorrhage (SAH) [44,45,47,49,50] and to
increase infarct volume evoked by ischemia reperfusion injury [11]. Moreover the use of
specific inhibitors of the synthesis or actions of 20-HETE has been indicated as possible
mode of therapy for reduction of brain ischemic infarcts and vasospasm resulting from
ischemia and SAH, respectively, as determined using experimental model animals
[11,45,46,50,51], whereas administration of 20-HETE or its pharmacological agonists
exacerbate brain tissue or neuronal damage. Of interest is the recently reported finding [52]
that subarachnoid blood can convert neurally evoked vasodilation to vasoconstriction that
resulted in dysfunction of the neurovascular unit, and was suspected to result from changes
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in endogenous production and vasoconstrictor action of 20-HETE the cellular sources of
which may involve brain astrocytes as could be inferred from the findings of the present
studies.

Given that mGIuR activation in astrocytes induces an increase in [Ca2*]; and release of
arachidonic acid [19], and as also demonstrated in the present study that such stimulus can
also increase production and release of the vasoconstrictor 20-HETE from astrocytes, it
could be presumed that not only arachidonic acid but also its metabolites, including 20-
HETE and the EETSs could be released from astrocytes in the perivascular space to mediate
changes in cerebrovascular function under physiological or pathophysiological conditions.
Furthermore, as astrocytes also express COX enzymes, a rise in astrocyte [CaZ*]; induced
release of arachidonic acid during increased neuronal activity could also be converted to
dilator prostaglandins that could be released to promote the astrocyte-mediated functional
hyperemic response. The potential of astrocytes to metabolically generate a vasodilation
signal mediated by dilatory factors including prostaglandins and EETs, K* etc. [18,25,53],
and a vasoconstriction influence by releasing the COX metabolite prostaglandin E2 [49]
and/or 20-HETE as demonstrated in the present study, may suggest that astrocytes could
have the capacity to deliver a dynamic homeostatic signaling mechanism driven by the CYP
metabolites of AA to regulate changes in cerebral blood flow in response to changes in
neuronal metabolic demand under physiological or pathophysiological conditions [17-
20,43].

The results of the present study also indicate that exogenously applied or endogenous
formation of 20-HETE induces inhibition of the openings of two types of K¢, channel
currents in cultured brain astrocytes. The observed inhibitory action of 20-HETE on
astrocyte K¢, channel currents in the present study contrasted with the known activation of
Kca channel currents in astrocytes by EETs [26,38]. The functional outcome of opposing
effects resulting from inhibition of the two types of K¢, channel currents in astrocytes by
20-HETE versus the reported activation of these channels by EETs may serve to modulate
the steady state level activities of these K¢, channel types under physiological conditions
[25,26]. It is also possible that an inhibitory action of 20-HETE on the astrocyte K¢, channel
currents could reduce or even attenuate the increase in K* released from astrocytes following
neuronal activation that results in hyperpolarization and vasodilation by increasing the
opening of inward-rectifying K* channels in cerebral arterial muscle [54]. On the other
hand, the present finding that treatment of astrocytes with the selective 20-HETE synthase
inhibitor HET0016 (50 nM) increased the open state probabilities (NPo) of the two types of
Kca channel currents in astrocytes and prevented the astrocyte media induced shortening of
arterial myocytes (Fig. 7A and B), could identify 20-HETE as an endogenous inhibitor of
activities of these two astrocytic K¢, channel types as well as an astrocyte released
vasoconstrictor factor. Given that the K¢, channels expressed in astrocytes are unique due to
the existence and association of the auxiliary p4-subunit KCNMp4 [38], 20-HETE appears
to cause inhibition of the activities of this new class of K¢, channels. The resulting
phenotype could be similar or different from the known inhibitory action of 20-HETE on
arterial muscle K¢, channel current the underlying mechanism of which awaits further
investigation. However, it is important to note that the net effect could be complex as it could
reflect differences in the production of the EETs versus 20-HETE in the astrocytes, the
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ability of released AA to stimulate formation of 20-HETE in cerebral arterial myocytes and
the metabolism of released EETs by epoxide hydrolase and 20-HETE by COX and CYP2E1
to the carboxylic acid [12,42,53,55].

A well-recognized functional feature of astrocytes is their ability to exhibit intrinsic
oscillations in intracellular Ca2* due to release from internal stores or stimulation by
neurotransmitters released during increased neuronal activity, which in addition to regulating
astrocyte function could also trigger generation of signals within astrocyte that pass through
the astrocyte foot processes to modulate the function in adjacent brain cell types [56-58]. In
the context of the findings of the present investigation, it is possible that such increase in
astrocyte [Ca?*];, could induce Ca2* waves through the astrocyte syncytium and activate
PLA2 to cause release of AA from membrane phospholipids of astrocytes as has been
previously reported [32]. AA that is released may be metabolized to 20-HETE in astrocytes,
which upon release via the astrocyte foot processes could induce constriction of nearby
cerebral arterial myocytes to modulate cerebrovascular tone and function.

5. Conclusion

The findings of the present studies demonstrate that rat brain astrocytes express CYP 4A w-
hydroxylase and produce 20-HETE, and the release of this substance is enhanced by
stimulation of astrocyte mGIuR. 20-HETE functions as an endogenous inhibitor of the two
types of K, single-channel currents expressed in astrocytes. Exposure of freshly isolated
cerebral arterial myocytes to conditioned media from cultured astrocytes in the presence of
COX and epoxygenase inhibitors caused shortening, which was not evident for the effects of
conditioned media separated from astrocytes pretreated with the 20-HETE synthesis
inhibitor HET-0016 and the 20-HETE antagonist WIT002 (1 uM) (Fig. 7A and B). These
findings suggest that astrocytes not only generate vasodilatory factors to induce vasodilation
in response to an increase in neuronal activity, but also have the capacity to produce and
release the vasoconstrictor 20-HETE under certain conditions.

Acknowledgments

This work was supported by NIH/NHLBI RO1HL033833, R01 HL092105, R0O1 HL105997 and by a Research
Career Scientist Award from the Clement Zablocki VA Medical Center.

Abbreviations

20-HETE 20-hydroxyeicosatetraenoic acid

CYP 4A enzyme cytochrome P450 4A w-hydroxylase

EETs epoxyeicosatrienoic acids

AA arachidonic acid

HETO0016 ((N-hydroxy- A -(4-butyl-2-methylphenyl)formamidine
CBF cerebral blood flow
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LC-ESI-MS Liquid chromatographic—electrospray ionization—mass
spectrometric

LC-MS liquid chromatography—mass spectroscopy
Keca calcium-activated K* channel

NPo channel open state probability

mGIuR metabotropic glutamate receptor

GFAP glial fibrillary acidic protein

SAH subarachnoid hemorrhage
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Expression of the transcript and protein for CYP 4A2/3 w-hydroxylase in rat brain
astrocytes. (A and B) Identification by RT-PCR analysis of presence of CYP 4A2/3 w-
hydroxylase transcript in cultured rat brain astrocytes (n = 4). (C) Detection of CYP 4A w-
hydroxylase protein in microsomes prepared from cultured rat brain astrocytes and liver
used as control. (n = 3 independent experiments for each group).
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Fig. 2.
Double staining with anti-NeuN and anti-CYP 4A, and anti-GFAP and anti-CYP 4A. (A)

Double-staining of cultured rat brain astrocytes with polyclonal antibodies against GFAP
and CYP 4A w-hydroxylase resulted in positive immunostaining for GFAP (Red, left panel)
and CYP 4A w-hydroxylase (green, middle panel) which is confirmed in the corresponding
merged image of GFAP and CYP 4A staining (right panel) demonstrating capacity of
cultured astrocytes to express CYP 4A w-hydroxylase protein that catalyze the formation of
20-HETE from AA. (B) Double labeling of the cultured astrocytes by incubation with the
neuronal marker anti-NeuN antibody and anti-CYP 4A w-hydroxylase displayed negative
immunostaining signal with anti-NeuN antibody (right panel) while positively stained with
anti-CYP 4A w-hydroxylase (middle panel). Nuclei were stained with DAPI (blue). These
findings clearly demonstrated the absence of neuronal cells in the GFAP positive cultures of
rat brain astrocytes that express CYP 4Aw-hydroxylase (n = 3 independent trials).
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Representative Liquid chromatographic-electrospray ionization-mass spectrometric (LC—
ESI-MS) chromatogram of CYP metabolites of AA separated using linear gradient mobile
phase (flow rate of 200 pl/min) under vehicle control conditions (Panel A) and after
stimulation of the astrocytes with the mGIuR agonist DHPG (100 pM). Panel B. Stimulation
of mGIuR increased the abundance of 20-HETE and the four regiosomers of EETs (n = 3-4
independent experiments). Panel C presents 20-HETE levels normalized to cellular protein
concentration under vehicle control treatment condition and in response to stimulation of
astrocytes with the mGIuR agonist 100 uM DHPG as determined by LC-MS analysis of
extracts of cells (astrocytes, black bars) and media (red bars) separated from these cells. The
concentration of 20-HETE is greater in the media compared to that measured in the cells
either under control (upper panel) conditions or following stimulation of the mGIuR in
astrocytes (lower panel). Panel D presents levels of 14,15-EET, 11,12-EET, 8,9-EET and
5,6-EET normalized to cellular protein concentration under control conditions (upper panel)
and in response to stimulation of astrocytes with the mGIuR agonist 100 uM DHPG (lower
panel) in extracts from cells (astrocytes, black bars) and media (red bars) separated from
these cells. The concentrations of released 20-HETE or EETs isomers are greater in the
media under control condition (1P < 0.05), and in that following stimulation by the mGIuR
agonist DHPG as compared to that measured in the cells (*P < 0.05). Data are mean = SEM
of 34 independent experiments for both A and B panels.
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Fig. 4.

Effects of exogenously applied 20-HETE on the openings of 71 pS and 161 pS single-
channel K¢, currents recorded from cell-attached patches of cultured rat brain astrocytes
using symmetrical 145 mM KCI recording solution at a patch potential of +60 mV. (A)
Representative single-channel current openings of the two K¢, channel types recorded under
control condition and after treatment with either 100 nM or 300 nM 20-HETE. (B) Bar
graphs depicting summary of the effects of 100 nM and 300 nM 20-HETE on mean NPo of
71 pS (B) and 161 pS (C) K¢, single-channel currents. Application of 20-HETE induced a
significant concentration-dependent reduction in the opening frequencies and NPo values of
the 71 pS and 161 pS single-channel K¢, currents (n = 5-7 cell-attached membrane patches;
*p < 0.05).
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Fig. 5.

E19fect of an inhibitor of the synthesis of 20-HETE, HET0016 (50 nM), on the openings of
the 71 pS and 161 pS single-channel K¢, currents recorded form cell-attached patches of
cultured rat brain astrocytes. Pretreatment with HET0016 (50 nM) induced a significant
increase in the NPo and opening frequencies of both the 71 pS and 161 pS single channel
currents recorded from cell-attached patches of astrocytes at a patch potential of +60 mV
using symmetrical KCI (145 mM) solution. (n = 6-8 cells, *P < 0.05).
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Fig. 6.

Rgsponses of cerebral arterial myocytes to astrocyte conditioned media exposure. (A)
Images of single freshly isolated cerebral arterial myocytes following treatment with vehicle
(control), astrocyte conditioned media and 60 mM KCI. (B) Bar graphs depicting summary
of the effects of application of vehicle, astrocyte media or 60 mM KCI on arterial myocyte
length. Each data point represent mean + SEM of percent of control absolute cell length in
micrometers in response to treatment with vehicle, astrocyte media or 60 mM KCI. * denote
significant difference from control value at P < 0.05, n = 5).
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Fig. 7.
Responses of cerebral arterial myocytes to astrocyte conditioned media following inhibition

of 20-HETE synthesis and 20-HETE action. (A) Images of single freshly isolated cerebral
arterial myocytes in response to astrocyte media separated after incubation of the astrocyte
cultures with vehicle alone (control), after inhibition of 20-HETE synthesis with HET-0016
(50 nM) and 20-HETE action by the 20-HETE antagonist WIT002 (1 uM). (B) Bar graphs
summarizing effects of application of the vehicle control, astrocyte media after inhibition of
20-HETE synthesis with HET0016 and blockade of action of released 20-HETE with
WITO002 (1 uM) on arterial myocyte length. Each data point represent mean = SEM of
percent of control absolute cell length in micrometers in response to treatment with vehicle
control and the astrocyte conditioned media. *Denotes absence of statistically significant
difference from control (P > 0.05, n = 6).
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