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Abstract

Although cyclooxygenase (COX) role in cancer angiogenesis has been studied, little
is known about its role in brain angioplasticity. In the present study, we chronically
infused mice with ketorolac, a non-specific COX inhibitor that does not cross the
blood-brain barrier (BBB), under normoxia or 50% isobaric hypoxia (10% O, by vol-
ume). Ketorolac increased mortality rate under hypoxia in a dose-dependent manner.
Using in vivo multiphoton microscopy, we demonstrated that chronic COX inhibition
completely attenuated brain angiogenic response to hypoxia. Alterations in a number
of angiogenic factors that were reported to be COX-dependent in other models were
assayed at 24-hr and 10-day hypoxia. Intriguingly, hypoxia-inducible factor 1 was
unaffected under COX inhibition, and vascular endothelial growth factor receptor
type 2 (VEGFR2) and C-X-C chemokine receptor type 4 (CXCR4) were significantly
but slightly decreased. However, a number of mitogen-activated protein kinases
(MAPKSs) were significantly reduced upon COX inhibition. We conclude that addi-
tional, angiogenic factor-independent mechanism might contribute to COX role in
brain angioplasticity, probably including mitogenic COX effect on endothelium. Our
data indicate that COX activity is critical for systemic adaptation to chronic hypoxia,
and BBB COX is essential for hypoxia-induced brain angioplasticity. These data also
indicate a potential risk for using COX inhibitors under hypoxia conditions in clinics.
Further studies are required to elucidate a complete mechanism for brain long-term

angiogenesis regulation through COX activity.

KEYWORDS
angiogenesis, brain, cyclooxygenase, hypoxia, non-steroidal anti-inflammatory drugs,
prostaglandins

Abbreviations: 6-ketoFm, 6-keto prostaglandin Flu; BBB, blood-brain barrier; COX, cyclooxygenase; CXCR4, C-X-C chemokine receptor type 4; ELISA, enzyme-linked immunosorbent
assay; ERK 1/2, extracellular signal-regulated kinase; FGF, fibroblast growth factor; FGFR1, fibroblast growth factor receptor 1; HIF, hypoxia-inducible factor; HMECs, human
microvascular endothelial cells; i.p., intraperitoneal; MAPK, mitogen-activated protein kinases; MRM, multiple reaction monitoring; MS, mass spectrometry; NSAID, non-steroidal
anti-inflammatory drugs; p38, stress-activated protein kinase-2; PG, prostaglandin; PGD,, prostaglandin D,; PGE2, prostaglandin E,; PGF, , prostaglandin F, ; PPAR, peroxisome
proliferator-activated receptor; RRID, Research Resource Identifier; s.c., subcutaneous; SAPK/JNK, stress-activated protein kinase/Jun-amino-terminal kinase; SDF-1, stromal-derived
factor 1; TxB,, thromboxanes; UPLC, ultra-high-pressure liquid chromatography; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2;

A(12)-PGl,, delta-12-prostaglandin J2.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of International Society for Neurochemistry.

246 wileyonlinelibrary.com/journal/jnc

Journal of Neurochemistry. 2021;158:246-261.


www.wileyonlinelibrary.com/journal/jnc
https://orcid.org/0000-0002-9382-2753
mailto:﻿￼
https://orcid.org/0000-0003-1749-3158
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mikhail.golovko@med.und.edu

SEEGER ET AL.

Journal of

1 | INTRODUCTION

Physiological brain angiogenesis, often named angioplasticity
(LaManna, 2018) to differentiate from pathological angiogen-
esis, has a critical role in long-term physiological adaptation to
low-energy conditions including chronic hypoxia (Benderro &
LaManna, 2014; Ndubuizu et al., 2010). Using complementary quan-
tification methods, it is documented that 7-day and longer exposure
to moderate (9%-11% of 02) chronic hypoxia almost doubles brain
capillary density and branching points in a rodent brain (Benderro
& LaManna, 2014; Cramer et al., 2019; Ward et al., 2007). Further
angiogenesis is quenched after ~14 days’ exposure to hypoxia (Harb
et al., 2013; Harik et al., 1996), probably because of compensatory
restoration of O, supply. Brain vascular plasticity is also important
for long-term adaptation to increased energy consumption during
learning and training. In fact, a positive correlation between cogni-
tion and cerebral perfusion has been demonstrated in several stud-
ies (Ding et al., 2006; Morland et al., 2017; Wightman et al., 2015).
Alternatively, impaired brain vascular plasticity may contribute to
declined memory and learning (Licht et al., 2011), and neurode-
generation including age-related dementia (Tarkowski et al., 2002).
In addition, hypoxia-induced angiogenesis is an important patho-
genic factor for tumor development including brain tumors (Amyn
& Katerina, 1996; Kleihues et al., 2002). Given the importance of
adult brain angiogenesis for physiological and pathophysiological
plasticity, a deeper mechanistic understanding of brain angiogenesis
has both basic neuroscience and clinical/translational importance to
therapeutic vessel modulation for pathological processes where ab-
errant angiogenesis is involved.

A number of mechanisms contribute to hypoxia-induced an-
giogenesis. Hypoxia activates local cellular production of pro-
angiogenic growth factors such as vascular endothelial growth
factors (VEGF), fibroblast growth factors (FGF), angiopoietins,
chemokines including stromal-derived factor 1 (SDF-1), and corre-
sponding receptors (Jun et al., 2020; Nakatsu et al., 2003; Pichiule
& LaManna, 2002; Salcedo et al., 2003; Simon et al., 2008; Ward
et al., 2007) through a hypoxia-inducible factor (HIF-1/2)-dependent
mechanism (Dvorak, 2005; Madrigal-Martinez et al., 2018; Sharp &
Bernaudin, 2004). Importantly, mitogen-activated protein kinases
(MAPK) including extracellular signal-regulated kinase (ERK), stress-
activated protein kinases (SAPK)/c-Jun NH,-terminal kinase (JNK),
and stress-activated protein kinase-2 (p38) are required to trans-
duce the signals generated by growth factors, cytokines, and other
stress factors to stimulate endothelial cell migrations and prolifera-
tion as critical steps of angiogenesis (Matsumoto et al., 1999; Mavria
et al., 2006; Medhora et al., 2008; Rousseau et al., 1997).

In addition, based on the observation that brain COX-2 expres-
sion is induced under prolonged moderate hypoxia (Benderro &
LaManna, 2014; LaManna et al., 2006), the role for COX in brain
hypoxia-induced angiogenesis has been proposed. This hypothe-
sis is further supported by the direct effect of COX products on a
number of angiogenic factors (Fukuda et al., 2003; Jurek et al., 2004;
Tsujii et al., 1998; Tuncer & Banerjee, 2015; Zhao et al., 2012) (Finetti
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et al., 2008; Kang et al., 2007; Katori et al., 1998; Leahy et al., 2000;
Salcedo et al., 2003), as well as indirect COX effect on angiogenesis
through MAPK pathway (Cho & Choe, 2020; Riquelme et al., 2015).

However, to the best of our knowledge, no direct lines of evidence
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have been provided to support COX role in the adult brain angio-
plasticity, although COX role in tumor-induced angiogenesis is well
documented (Katoh et al., 2010; Li et al., 2002; Wang et al., 2014).
Many tumors have increased COX-2 expression (Chen et al., 2019;
Ferrario et al., 2002; Jalota et al., 2018; Wang & Dubois, 2010), and
treatment with non-steroidal anti-inflammatory drugs (NSAID) de-
creases tumor angiogenesis (Jalota et al., 2018; Leahy et al., 2000).
However, it is unclear if COX inhibition with NSAID directly sup-
presses angiogenesis, or this is the result of tumor growth suppres-
sion through anti-mitotic (Lee et al., 2007; Sharma et al., 2011) or
anti-inflammatory effects of NSAID. Despite a significant progress
in elucidating the role for COX in the tumor-related angiogenesis,
it is still unclear if similar mechanisms apply to normal tissue in-
cluding brain. In addition, many previous studies were performed
using implanted sponge or matrigel (Katoh et al., 2010; Salcedo
et al.,, 2003; Zhang & Daaka, 2011), on cell cultures of endothelial
(Zhao et al., 2012) or retinal cells (Yanni et al., 2010), corneal mi-
cropocket assay after surgical intervention (Verheul et al., 1999),
and utilizing exogenous prostaglandins (Yanni et al., 2010; Zhang &
Daaka, 2011; Zhao et al., 2012), making it difficult to translate these
results to brain physiological angioplasticity.

In the current study, we addressed, for the first time, the effect of
blood-brain barrier (BBB) COX inhibition on hypoxia-induced brain
angiogenesis in mice using an in vivo imaging assay. Our data indi-
cate that COX activity is critical for systemic adaptation to chronic
hypoxia, and BBB COX is essential for hypoxia-induced brain an-
gioplasticity that affects angiogenesis partially through VEGFR and
C-X-C chemokine receptor type 4 (CXCR4) expression and MAPK
pathway, but independently from HIF/bFGF/angiopoietin signaling.
Because of the small magnitude of VEGFR and CXCR changes upon
COX inhibition under hypoxia, additional mechanisms involving
MAPK pathway might have a bigger role in COX-dependent brain
angioplasticity. Further studies are required to elucidate a complete
mechanism for brain long-term angiogenesis regulation through
COX activity.

2 | METHODS
2.1 | Animals

This study was conducted in accordance with the National Institutes
of Health Guidelines for the Care and Use of Laboratory Animals and
under ananimal protocol approved by the University of North Dakota
IACUC (Protocol 0708-1c), and in compliance with Animal Research:
Reporting In Vivo Experiments (ARRIVE) guidelines (Percie du Sert
et al., 2020). Ninety-four male C57BL/6 mice (Jackson Laboratory,
2-3 months old) were given standard laboratory chow and water

ad libitum. Animals were randomly assigned to experimental groups
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using simple randomization procedure. Specifically, animals in each
cage were coded with tail marks using a marker, and cages were
marked with numbers. These data were entered into an Excel spread-
sheet that generated an animal identification number in the format
cage number/animal number. To meet the requirements of simple
randomization (Suresh, 2011), before treatment, the researcher
moved animals from housing cages to treatment cages, alternately
assigning to control or experimental group independently from the
tail code. A red color tail mark was added to code a cage number, and
the animal identification number was matched to the experimental
group on the Excel spreadsheet. This protocol allowed for a random
non-bias animal assignment to experimental groups (Suresh, 2011).
All experiments were performed during daylight time. The sample
size (four to six animals per group) was determined using power
analysis (Statmate2, Graphpad, San Diego), with expected 40 to 30%
difference between groups (based on previous studies), 20% RSD,
a = 0.05, and power = 0.8, except for PG analysis where the sam-
ple size (n = 3) was based on our previous study of COX inhibition
upon ketorolac treatment (Seeger et al., 2020). The methods used
for data collection and analysis, including automatic software-based
image processing and chromatogram integrations, are unbiased and
did not require blinding to the experimental groups; however, the
researcher was blind to the experimental groups during western
blot image integration. The study was not pre-registered. No ani-
mals were excluded from analysis. The measures to minimize animal
suffering after treatment/during experiments were approved by the
University of North Dakota IACUC (Protocol 0708-1c) and included
wetting eyes with ophthalmic ointment to prevent drying during the
surgery and imaging, 1.0% lidocaine (topical) for additional pain con-
trol, placing animals after surgery in a temperature-controlled en-
vironment with the external temperature 26°C maintained using a
heated pad, and animals were checked daily for signs of bleeding,
inflammation, infection (redness, appearance of infection, swell-
ing), distress/sickness. To collect animals for basal PG analysis, mice

were killed with isoflurane (2%-3%) followed by focused microwave

Pump
implantation
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irradiation (2.8 kW, 1.35 s, Cober Electronics, Inc, Norwalk, CT) to
heat denature enzymes in situ (Brose et al., 2011, 2016). To collect
animals for protein and biochemical analysis, mice were killed with

isoflurane (2%-3%) followed by decapitation.

2.2 | Experimental design

We used two sets of mice, with hypoxia- and normoxia-exposed
groups within each set (Scheme 1). One set was used for transcra-
nial vasculature imaging with multiphoton microscopy followed by
tissue collection for ketorolac brain and plasma concentration, and
prostanoid analysis. Another set was used for brain protein analysis.

Each group was treated with saline (vehicle control) or different
doses of ketorolac using implanted osmotic pumps. Pumps were
implanted 12 hr before placing animals under hypoxia or normoxia
atmosphere to allow ketorolac to reach steady-state concentration
and to allow animal recovery after implantation surgery. It took 6 to
12 hr for ketorolac to reach steady-state plasma concentration as
was determined using LC-MS assay (data not shown).

For in vivo imaging, mice were subjected to skull thinning and
fluorescent dye injection, and transcranial vasculature was visual-
ized using multiphoton microscopy 2 days before pump implantation
(2.5 days before placing animals under normoxia or hypoxia environ-
ment (Scheme 1)) to allow recovery after the surgery. Transcranial
vasculature was re-imaged 10 days after exposure to hypoxia or

normoxia.

2.3 | Transcranial vasculature imaging with
multiphoton microscopy

Mice were anesthetized with ketamine (100 mg/kg) and xyla-
zine (10 mg/kg) and fixed in a heated stereotaxic surgery device.

The skull was exposed by a midline incision and remaining fascia
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SCHEME 1 Experimental design. Each set of mice was randomly divided into two groups: one for hypoxia (10% O,) and another for
normoxia (20% O,) treatment. All mice within these sets were implanted with osmotic pumps filled with either saline (control) or different
doses of ketorolac to inhibit COX activity. First set was used for transcranial vascular imaging and tissue collection for ketorolac assay and
prostanoid quantification, and the second set was used for tissue collection for specific proteins quantification. Numbers in parentheses

indicate the total number of animals used per group
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removed by scraping with a scalpel. For in vivo imaging, a thinned
cranial window approximately 3 mm in diameter was made over the
somatosensory cortex using a high-speed drill. The skull was thinned
until soft (30um) as previously described (Harb et al., 2013; Yang
et al., 2010). Conjugated TRITC-dextran 500,000 Daltons (25 mg/ml
in saline, 200 ul, Millipore-Sigma, St. Louis; MO cat.no. 52194) was
injected via tail vein to visualize brain vasculature. After exposure to
normoxia or hypoxia, transcranial vasculature was re-imaged using
the same methods as described. A light re-thinning of the skull was
required because of regrowth. However, conjugated FITC-dextran
2,000,000 Daltons (25 mg/ml in saline, 200 ul) (Millipore-Sigma, St.
Louis; MO cat.no. FD2000S) was injected through the tail vain to
reduce background noise from previously injected TRITC-dextran.
Immediately after fluorescent probe injection, the mouse was
imaged using an Olympus FV1000 MPE Basic multiphoton micro-
scope equipped with a Mai Tai (Spectra-Physics, Santa Clara, USA)
Ti:Sapphire laser set to 810nm and 1.5%-2% output, an XLPlan N 25x
(NA 1.04, 2 mm WD) water immersion lens, and a 495-540 nm and
575-630 nm emission filters for FITC and TRITC, respectively. An
imaging area located away from large vessels was chosen via epiflu-
orescent visualization through the eyepiece and then once the top of
the pia layer was located, optical sections were collected to a depth
of 300 um using a 2 um Z step size. The scan rate was 8 s/frame with
two Kalman filter cycles and the scanning area was 509um x 509 um
(640 x 640 pixels). Laser power was kept under 2% to prevent ther-
mal damage to superior vessels. The 3D Z-stack image was analyzed
using a TubeAnalyst macro (IRB Barcelona) available for Fiji (Image
J) software (Schindelin et al., 2012) with blood vessel segmentation
and network analysis. The total number of junctions, branches, and
total vessel length were normalized to the image volume. After imag-
ing, the surgical area was closed with 7mm skin clips (Kent scientific).
The area was covered with antibiotic ointment and the mice were
allowed to recover on a heated pad before being returned to their

home cages.

2.4 | Osmotic pump implantation

Two days following vasculature imaging, osmotic pumps (Alzet,
Cupertino, CA cat.no. 2002) were implanted subcutaneously ac-
cording to the manufacturer's instructions under isoflurane anesthe-
tization (1%-3%). Pumps were filled with either saline or ketorolac
(Cayman Chemical Company, Ann Arbor; Ml cat.no. 70690) dissolved
in saline. Pumping rate was 0.5 pl/hour. The ketorolac concentration
was adjusted to the animal weight to achieve 0.64, 1.28, and 6.4 mg/
kg/hour, and was 0.0255, 0.0512, and 0.256 mg/ul, respectively, for

a 20-g mouse.

2.5 | Hypoxia and normoxia treatment

Twelve hours following osmotic pump implantation, mice were

randomly separated into two groups using a simple randomization

a 249
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procedure as described above. One group was exposed to hypoxia,
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while another to normoxia. Mice in the hypoxia group were placed
into a Biospherix hypoxia chamber (Biospherix oxycycler A84) and
exposed to isobaric hypoxia by automatic mixing of oxygen with ni-
trogen to achieve 10% oxygen (by volume) in the chamber. Mice in
the normoxia group were placed in the chamber under 20% oxygen.
After a 10-day hypoxia or normoxia, transcranial vasculature was
re-imaged as described above. Following the second imaging, mice
were killed, and plasma and brain were collected with brains im-
mediately frozen in liquid nitrogen. Samples were analyzed for drug
concentration and prostaglandin levels to confirm osmotic pump
function. A separate hypoxia and normoxia groups of mice with im-
planted pumps were used to analyze brain proteins after 24-hr and
10-day hypoxia or normoxia treatment.

2.6 | Ketorolac and prostaglandin analysis

To confirm osmotic pump performance, plasma and brains were
extracted for ketorolac assay. Plasma was collected by heart punc-
ture and placed in heparinized tubes on ice. Plasma (20 pl) or brains
(20 mg) were extracted in 80ul of methanol containing 2.5 ng
PGE,D, (Cayman Chemical, Ann Arbor, MI, USA cat.no. 10581) as an
internal standard (Brose et al., 2013b; Seeger et al., 2020). Following
centrifugation, 10 ul of supernatant was injected into the ultra-high-
pressure liquid chromatography - mass spectrometry (UPLC-MS)
system for analysis as previously described (Seeger et al., 2020).
Briefly, we used a high-resolution accurate mass MS (G2S, Waters)
operated in positive electrospray ionization mode. Quantification
was performed against PGE,D, after separation on Waters Acquity
UPLC with water/acetonitrile gradient and formic acid as modifier on
Waters ACUITY UPLC HSS T3 column (1.8 uM, 100 A pore diameter,
2.1 x 150mm, Waters, Milford, MA) with an ACUITY UPLC HSS T3
pre-column (1.8 uM, 100 A pore diameter, 2.1 x 5mm, Waters) at a
temperature of 55°C (Seeger et al., 2020). Selected ion monitoring
was used for ketorolac (m/z = 256.0974 + 0.02 Da, retention time
3.00 min) and PGE,D, (m/z = 326.2680 + 0.02 Da, retention time
3.25 min) quantification (Seeger et al., 2020). No noticeable matrix
effect was found for ketorolac and PGE,D, under these conditions,
and the relative response curve built against PGE,D, was linear from
10 pg to 100 ng of ketorolac on column.

For prostanoid analysis, whole brain was removed, flash frozen in
liquid nitrogen, and then pulverized into ahomogenous powder under
liquid nitrogen conditions. Following pulverization, prostanoids were
extracted using an acetone liquid/liquid extraction method as previ-
ously described (Brose et al., 2011). Briefly, brains were homogenizer
in acetone/saline (2:1) with 2.5 ng PGE,D,, (Cayman Chemical, Ann
Arbor, Ml cat.no. 10581) as an internal standard, washed with hex-
ane, and extracted with chloroform, dried under a stream of nitro-
gen, in 20 pl of acetonitrile:water (1:1) and injected into the UPLC-MS
system for analysis as previously described (Brose & Golovko, 2013).
Briefly, UPLC separation was performed on Waters ACUITY UPLC
HSS T3 column (1.8 pM, 100 A pore diameter, 2.1 x 150mm, Waters,
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Milford, MA) with an ACUITY UPLC HSS T3 pre-column (1.8 uM,
100 A pore diameter, 2.1 x 5mm, Waters) at a temperature of 55°C.
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A gradient of water with 0.1% formic acid/acetonitrile with 0.1% for-
mic acid was used to resolve prostanoids (Brose & Golovko, 2013).
Prostanoids were analyzed using a triple quadrupole mass spectrom-
eter (Xevo TQ-S, Waters) with electrospray ionization operated in
negative ion mode. MS conditions and MS/MS mass transitions were
as previously described (Brose & Golovko, 2013). PGE,D, was used

as an internal standard for quantification.

2.7 | Western blot

Tissue was homogenized in RIPA buffer (50mM Tris, pH 7.4, 150mM
NaCl, 1 mM Vanadate, 10 mM NaF, 1 mM EDTA, 1% triton, 0.5% de-
oxycholate) with protease inhibitor cocktail set Il (Millipore-Sigma,
Burlington, MA cat.no. 539134) by sonication. Total protein concen-
tration was measure using the Pierce BCA protein assay kit with a
bovine serum albumin standard according to the manufacturer's in-
structions (Thermo-Fisher Scientific, Waltham, MA cat.no. 23225).
The samples were then diluted with 2x Laemmli sample buffer (Bio-
Rad, cat.no. 161-0737) containing 5% B-mercaptoethanol and heated
to 80°C for 5 min. Proteins were separated by SDS-PAGE (Biorad,
TGX FastCast Kit, 7.5% cat.n0.1610171) and transferred onto poly-
vinylidene difluoride (PVDF) membrane (Thermo-Fisher Scientific,
cat.no. 88518) by wet tank electroblotting. Following transfer, the
membrane was blocked with 3% BSA in TBS-T (50 mM Tris, 150 mM
NaCl, 0.1% Tween-20) for 1 hr at room temperature (~20-22 °C).
Blocking buffer was replaced with primary antibody in TBS-T with
1% BSA and incubated overnight at 4°C. The following antibodies
were used for western blotting: mouse monoclonal g-Actin 1:2,500
(R&D Systems, Minneapolis, MN, cat.no. MAB8929), rabbit poly-
clonal COX-2 1:500 (Abcam, Cambridge, MA, cat.no. ab15191, RRID:
AB_2085144), rabbit polyclonal COX-1 1:200 (Cayman, cat.no.
160109, RRID: AB_10077936), rabbit polyclonal phospho-FGFR1
1:500 (ThermoFisher, cat.no. PA5-104789, RRID: AB_2816262),
rabbit monoclonal Angiopoietin-2 1:2000 (ThermoFisher, cat.
no. MA5-32759, RRID: AB_2810036), rabbit monoclonal VEGFR2
1:1,000 (ThermoFisher, cat.no. MA5-15157, RRID: AB_10986085),
rat monoclonal CXCR4 1:500 (R&D Systems, cat.no. MAB21651,
RRID: AB_2261636), rabbit polyclonal p38 1:1,000 (Cell Signaling
Technology, Danvers, MA, cat.no. 9212, RRID: AB_330713), rabbit
polyclonal phospho-p38 1:1,000 (Cell Signaling Technology, cat.no.
9211, RRID: AB_331641), rabbit monoclonal ERK1/2 1:1,000 (Cell
Signaling Technology, cat.no. 4695, RRID: AB_390779), rabbit mon-
oclonal phospho-ERK1/2 1:1,000 (Cell Signaling Technology, cat.no.
4370, RRID: AB_2315112), and rabbit polyclonal SAPK/JNK 1:1,000
(Cell Signaling Technology, cat.no. 9252, RRID: AB_2250373).
Following incubation with primary antibody, the membrane was
rinsed and then incubated with the appropriate secondary antibody:
goat polyclonal anti-mouse HRP 1:5,000 (R&D Systems, cat.no.
HAFO007, RRID: AB_357234), goat polyclonal anti-rat HRP 1:5,000
(R&D Systems, cat.no. HAFOO5, RRID: AB_1512258), or goat

polyclonal anti-rabbit HRP 1:2,500 (KPL, cat.no. 474-1516, RRID:
AB_2857917). The membrane was then visualized with SuperSignal
West Pico Plus chemiluminescent substrate (ThermoFisher Scientific
cat.no. 34580) and imaged using an Azure Biosystems c600 imag-
ing system (Dublin, CA). Optical density was quantified using Adobe
Photoshop 2020 and normalized to actin.

2.8 | ELISA

Mouse VEGF DuoSet ELISA (R&D Systems, cat.no. DY493), mouse
FGF basic DuoSet ELISA (R&D Systems, cat.no. DY3139), and
human/mouse Total HIF-1 alpha IC ELISA (R&D Systems, cat.no.
DYC1935) were used in accordance with the manufacturer's instruc-
tions. Pulverized tissue was dissolved in Lysis Buffer #11 (50 mM
Tris pH 7.4, 200 mM NacCl, 10% (w/v) glycerol, 3 mM EDTA, 1 mM
MgCl,, 20 mM p-glycerophosphate, 25 mM NaF, 1% Triton X-100)
with protease inhibitor cocktail set Il (Millipore-Sigma, Burlington,
MA cat.no. 539134) by sonication. Total protein concentration was
measured using the Pierce BCA protein assay kit with a bovine
serum albumin standard according to the manufacturer's instruc-
tions (Thermo-Fisher Scientific, Waltham, MA cat.no. 23225). ELISA
was performed in a 96-well plate format and the optical density was
determined at 450nm and corrected at 540nm using a FlexStation 3
microplate reader (Molecular Devices). The standard curve was gen-
erated using GraphPad Prism 8 (Graphpad, San Diego) with a four
parameter logistic (4-PL) curve fit. Results were interpolated and

normalized to protein concentration.

2.9 | Statistical analysis

Statistical Analysis were performed using GraphPad Prism 8
(Graphpad, San Diego; CA). Statistical significance was determined
by either one-way ANOVA or two-tailed Students t test. Values were
considered significant when p < .05 and are expressed as mean + SD.
Because for small sample sizes normality tests have little power, no
assessment of the normality of data was carried out. No test for out-
liers was conducted.

3 | RESULTS
3.1 | Survival under hypoxia

To adjust a treatment dose, mice were continuously infused with
three different doses of ketorolac and exposed to normoxia or
moderate isobaric 50% hypoxia (10% oxygen by volume in ambient
air). These experiments also allowed us to test the effect of COX
inhibition on systemic adaptation to hypoxia. As shown on Figure 1,
ketorolac significantly increased mortality rate under hypoxia as
compared to normoxia in a dose-dependent manner. Continuous

infusion of low doses of ketorolac (0.64 and 1.28 mg kg™ h™%,


info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2085144
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10077936
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2816262
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2810036
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_10986085
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2261636
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_330713
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_331641
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_390779
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2315112
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2250373
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_357234
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_1512258
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2857917

SEEGER ET AL.

Journal of

-o- 20% O, Ketorolac

-
[=4
o

& 10% O, Ketorolac

Probability of Survival
[$)]
o

0 LA L L L L L B I

0 2 4 6
Dose, mg/kg/h

FIGURE 1 Ketorolac significantly increased mortality rate under
hypoxia. Mice were treated with ketorolac using implanted osmotic
pumps. (*) indicate a significant increase in mortality rate upon
exposure to 10-day isobaric hypoxia in a dose-dependent manner
(p = .004 using Long-rank (Mantel-Cox) test, n (number of animals)
=four or five per treatment dose). Deaths occurred between 9 and
10 days of hypoxia

subcutaneously with micro-osmotic pump) did not affect survival
under normoxia, but caused 10% and 50% mortality, respectively,
under hypoxia on days 9 and 10. A higher dose (6.4 mg kg™* h™)
increased mortality rate to 100% under hypoxia, and 50% under
normoxia between 9 and 10 days of treatment. These data indicate
that COX activity is essential for systemic adaptation to hypoxia. We
used a lower 0.64 mg kg™ h™! infusion rate in further experiments
because animals had a higher survival rate while still significantly af-
fected under hypoxia.

3.2 | Ketorolac tissue concentrations and
prostanoid synthesis inhibition

At the selected 0.64 mg kg’1 h™t infusion rate, ketorolac plasma
concentration was 41.09 + 4.59 (n = 4) umole/L in hypoxic and
48.74 + 7.59 (n = 4) umole/L in normoxic animals (Table 1). Brain
concentration was 0.57 + 0.08 umole/kg (n = 4) in hypoxic (1.4%
from plasma) and 0.72 + 0.14 (n = 4) umole/kg in normoxic animals
(1.5% from plasma) (Table 1), indicating that ketorolac concentration
was unaffected by hypoxia, and increased mortality rate is not re-
lated to drug concentration alterations under hypoxia. These data
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2 ‘.—WI LEY

also confirm our previous observation that ketorolac does not cross
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BBB (Seeger et al., 2020) because ketorolac found in the brain is ac-
counted for by the drug presented in the brain residue blood (Seeger
et al., 2020). These results indicate that ketorolac effect on brain
angiogenesis is mediated through the components of BBB.

At this plasma concentration, ketorolac inhibited ~80% of brain
prostanoid production caused by animal decapitation (a model for
brain global hypoxia/ischemia (Brose et al., 2013a, 2016; Farias
et al., 2008; Golovko & Murphy, 2008a, 2008b)) (Figure 2). A 10-
fold increase in ketorolac infusion rate (6.4 mg kg™t h™) resulted
in a proportional increase in plasma ketorolac concentration to
530.72 + 100.84 uM (n = 5). At similar concentrations challenged in
our previous study (Seeger et al., 2020), ketorolac did not cross BBB
and completely inhibited brain prostanoid induction under hypoxia/
ischemia (Seeger et al., 2020) that was also confirmed in the pres-
ent study (data not shown). Under complete prostanoid production
conditions, all animals died under hypoxia but half of the animals sur-
vived under normoxia (Figure 1), indicating that systemic adaptation
to hypoxia depends upon prostanoid production in the body.

3.3 | COXlevels and PG production under
hypoxia and ketorolac treatment

At 10-day hypoxia, we did not detect alterations in the basal brain
prostanoid levels measured after in situ enzyme inactivation with
microwave irradiation in hypoxic compared to normoxic tissue
(Figure 2). However, all prostanoids measured without inhibiting
post-mortem prostanoid production, when tissue was extracted
without heat denaturing by microwave irradiation, were signifi-
cantly and uniformly increased 1.6- to 1.7-fold in hypoxic brain
(Figure 2). These prostanoids represent inducible by ischemia-
hypoxia pool (Brose et al., 2013a, 2016; Farias et al., 2008; Golovko
& Murphy, 2008a, 2008b). Thus, the increased inducible PG levels
might be related to increased COX activity under hypoxia, while un-
changed basal level might indicate a relatively small pool of hypoxia-
sensitive prostanoids that is not detected with our method. Similarly,
consistent with previous results (Seeger et al., 2020), we did not de-
tect alteration in basal prostanoid pool upon ketorolac treatment
(data not shown) but found a significant inhibition in inducible pros-
tanoid pool (Figure 2).

Consistent with inducible prostanoid level increase under hy-
poxia, brain COX-2 protein levels were significantly 1.4-fold and

TABLE 1 Ketorolac concentration and brain/plasma distribution after 10 days of chronic subcutaneous infusion with osmotic pumps

Normoxia

% In brain versus
Plasma, uM Brain, umole/kg plasma
41.09 +4.59 0.57 +£0.08 1.49 £+ 0.17%

Hypoxia

% In brain
Plasma, uM Brain, umole/kg versus plasma
48.74 + 7.59 0.72 +0.14 1.57 £ 0.25%

Note: Plasma and brain samples were collected after a 10-day ketorolac continuous infusion with implanted osmotic pumps (s.c.) at 0.62 mg kg™ h™*
under isobaric normoxia (20% O,) or hypoxia (10% O,). Ketorolac concentration was analyzed using an LC-MS method against internal standard after
protein precipitation with methanol. Values are mean + standard deviation, n (number of animals) = 4.
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FIGURE 2 Brain prostanoid changes upon 10-day hypoxia and
ketorolac treatment. Mice were continuously infused with ketorolac
(0.62 mg kg™ h™) or saline using implanted osmotic pumps under
isobaric normoxia (20% O,) or hypoxia (10% O,) for 10 days. Brain
prostanoids were quantified without de-activating COX activity
during tissue collection and represent inducible prostanoid pool.
Basal levels in hypoxic and normoxic brains (last two sets) were
determined in brain tissue subjected to head-focused microwave
irradiation to heat denature COX activity and represent a true basal
PG concentration under normoxia and hypoxia. Prostanoids were
analyzed using LC-MS after tissue liquid-liquid extraction. Values
are mean + standard deviation and individual values (n (number

of animals) =3). Values that do not share the same letter are
statistically different (p < .05, one-way ANOVA with Tukey's post
hoc test)

2.0-fold increased at 10-day hypoxia with and without ketorolac,
respectively, as compared to normoxic control brain (Figure 3). Brain
COX-2 up-regulation under hypoxia is in line with previous studies
(Benderro & LaManna, 2014) and indicate a possible mechanism for
increased PG production upon stimulation. However, COX-1 was

unaffected under hypoxia or ketorolac treatment (Figure 3), indi-
cating the predominant role for COX-2 isoenzyme in adaptation to
hypoxia. Also, uniformly increased PG levels further indicate that
COX-2 activity itself is responsible for increased brain PG produc-
tion under hypoxia rather than regulation of downstream prostanoid
synthases, although other mechanisms such as arachidonic acid
availability upon PLA, activation or post-translational modifications
(Alexanian & Sorokin, 2017) can complement increased COX-2 levels
to increase PG production under hypoxia.

Treatment with ketorolac at 0.64 mg kg™ h™* significantly in-
duced brain COX-2 at 24-hr normoxia or hypoxia (~1.7-fold com-
pared to saline-infused normoxic and hypoxic animals, Figure 3), and
at 10-day hypoxia (2.0-fold, 1.3-fold, and 1.4-fold increase compared
to saline normoxic, saline hypoxic, and ketorolac normoxic animals,
respectively). However, similar to hypoxia, ketorolac did not alter
COX-1 protein levels (Figure 3). These data indicate a compensatory

mechanism for COX-2 inhibition through COX-2 protein increase.

3.4 | Ketorolac effect on hypoxia-induced brain
angiogenesis

To quantify brain angiogenesis, we imaged transcranial vascula-
ture using a multiphoton microscopy (Harb et al., 2013; Masamoto
et al., 2013). The advantage of this approach is that it allows for a
minimally invasive re-imaging of the same brain vascular area in
the same animal before and after treatment to accurately quantify
changes in brain microvasculature. This significantly eliminates the
contribution of individual differences in vascular density between
animals, and reduces bias of the assay. Ten-day hypoxia signifi-
cantly induced the number of branches, junctions, and triple points
(~1.4-fold compared to normoxia), total vessel length and volume,
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FIGURE 3 Brain COX alterations upon hypoxia and ketorolac treatment. Mice were treated with saline (1 and 2) or ketorolac (3 and 4)
(s.c., osmotic pumps) under 24-hr or 10-day normoxia (1 and 3, 20% O,) or hypoxia (2 and 4, 10% O,). Brain COX-2 (panel a1) and COX-1
(panel bl) relative optical densities against actin were determined after western blot analysis. Panels a2 and b2 show representative blots for
COX-2 and COX-1 analysis, respectively. Values are mean + standard deviation (n (number of animals) =4) with individual values. Values that
do not share the same letter are statistically different (p < .05, one-way ANOVA with Tukey's post hoc test)
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FIGURE 4 COX inhibition with ketorolac attenuates hypoxia-induced angiogenesis in the brain. Mouse transcranial vasculature over
somatosensory cortex was imaged though thinned skull with multiphoton microscopy 2.5 days before exposure to isobaric normoxia (20%
O,) or hypoxia (10% O,). Osmotic pumps containing saline (vehicle control) or ketorolac (infusion rate 0.62 mg kg'1 h™) were implanted

0.5 days before hypoxia or normoxia treatment. At 10-day normoxia or hypoxia treatment, transcranial vascular was re-imaged from the
same brain area. Conjugated TRITC-dextran was injected to visualize brain vasculature during first imaging, and conjugated FITC-dextran
was injected during re-imaging to reduce background noise from previously injected dye. The 3D Z-stack images were analyzed using a
TubeAnalyst macro (IRB Barcelona) available for Fiji (Image J) software. (a): Data are expressed as % change from initial values. Values

are mean + standard deviation (n (number of animals) =6) with individual values. (a) - statistically different from all other conditions; (b) -
statistically different from other conditions except for hypoxia ketorolac treatment (p < .05, one-way ANOVA with Tukey's post hoc test). (b):
Representative image areas of transcranial vasculature before (b1 and b3) and after (b2 and b4) exposure to normoxia (b2) or hypoxia (b4).

Dynamic changes are mark with yellow arrows

and volume fraction occupied by vessels (~1.2-fold, Figure 4 a and
b). Consistent with previous reports (Benderro & LaManna, 2014;
Cramer et al., 2019; Harb et al., 2013; Harik et al., 1996; Masamoto
et al., 2013; Ward et al., 2007), these data indicate a significant in-
duction of brain angiogenesis under mild chronic hypoxia.

COX inhibition with chronic ketorolac infusion (0.64 mg kg™ h™)
completely attenuated hypoxia-induced angiogenesis, but did not
affect brain vessels under normoxia (Figure 4, a and b), indicating a

crucial role of COX in brain angioplasticity under hypoxia.

3.5 | Angiogenic factor alterations under
hypoxia and ketorolac treatment

COX inhibition might affect angiogenesis through a number of
different mechanisms. Because HIF-la is considered to be a
master regulator in tissue response to hypoxia including angio-
genesis (Dvorak, 2005; Madrigal-Martinez et al., 2018; Sharp &
Bernaudin, 2004), and was shown to be COX-dependent in some an-
giogenesis models (Jungetal., 2003; Kaidietal., 2006; Liu et al., 2002;
Zhong et al., 2004), we first determined HIF-1a alterations under
hypoxia and ketorolac treatment. Consistent with previous studies
(Benderro & LaManna, 2014; Ward et al., 2007), we detected a slight
but significant increase in HIF-1a upon 24-hr and 10-day hypoxia

(Figure 5a). However, HIF-1a was unaffected by ketorolac under

these conditions, indicating a HIF-1a-independent mechanism for
the effect of COX on hypoxia-induced brain angiogenesis.

Another strong regulator for brain angiogenesis is VEGF/VEGFR2
signaling, which is significantly up-regulated under brain hypoxia
(Benderro & LaManna, 2014; Esposito et al., 2018; Fan et al., 2018;
Jun et al,, 2020; Ndubuizu et al., 2010; Ward et al., 2007; Zhang
et al., 2000) and was also reported to be COX-dependent in cancer
cells (Fukuda et al., 2003; Jurek et al., 2004; Tsuijii et al., 1998; Tuncer
& Banerjee, 2015; Zhao et al., 2012). Consistent with previous studies,
VEGF was dramatically increased by 2.1-fold under 24-hr hypoxia and
remained elevated by 1.4-fold at 10-day hypoxia (Figure 5b). Ketorolac
had no effect on VEGF under normoxia and 10-day hypoxia, but sig-
nificantly potentiated VEGF induction under 24-hr hypoxia, probably
as a compensatory effect of reduced angiogenic response.

The brain VEGFR2 response to hypoxia was delayed compared
to the VEGF response, with a significant 2.3-fold increase in VEGFR2
at 10-day hypoxia only (Figure 5b). Ketorolac treatment had no effect
under normoxia and 24-hr hypoxia; however, it significantly attenuated
VEGFR2 levels at 10-day hypoxia by 40%. Importantly, VEGFR2 levels
were still 2.2-fold higher upon 10-day ketorolac treatment under hypoxia
compared to ketorolac normoxia (Figure 5b). Together with VEGF results,
these data indicate that COX effect on VEGF/VEGFR2 signaling is not
the primary mechanism for angiogenesis regulation under brain hypoxia.

We also measured bFGF/FGFR1 alterations under brain hypoxia
and ketorolac treatment (Figure 5¢). bFGF/FGFR1 strongly promotes
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FIGURE 5 Alterations in brain angiogenic factor under hypoxia and COX inhibition with ketorolac. Mice were treated with saline (1 and
2) or ketorolac (3 and 4) using osmotic pumps (s.c.) under 24-hr or 10-day normoxia (1 and 3, 20% O,) or hypoxia (2 and 4, 10% O,). Values
are mean + standard deviation (n (number of animals) =4) with individual values. Values that do not share the same letter are statistically
different (p < .05, one-way ANOVA with Tukey's post hoc test). (a) COX inhibition with ketorolac has no effect on HIF-1a levels under brain
hypoxia as determined using ELISA. (b) COX inhibition with ketorolac has a slight but significant effect on brain VEGF and VEGFR2 levels
under hypoxia. Brain VEGF was determined using ELISA. VEGFR2 were determined after western blot analysis and relative optical densities
against actin are presented. Panels below bar graphs show representative blots for VEGFR2. (c). COX inhibition with ketorolac has no effect
on brain bFGF and FGFR1 levels under hypoxia. Brain bFGF was determined using ELISA. pFGFR1 was determined after western blot
analysis and relative optical densities against actin are presented. Panels below bar graphs show representative blots for pFGFR1. (d) COX
inhibition with ketorolac has no effect on brain angiopoietin-2 under hypoxia. Brain angiopoietin-2 (Ang-2) was determined after western
blot analysis and expressed as relative optical densities against actin. Panels below bar graphs show representative blots for Ang-2. (e) COX
inhibition with ketorolac slightly but significantly attenuates CXCR4 after 10-day hypoxia. Brain CXCR4 was determined after western blot
analysis and expressed as relative optical densities against actin. Panels below bar graphs show representative blots for CXCR4

angiogenesis in different models such as endothelial cultures, tumor
cells, chick embryo chorioallantoic membrane, and mouse cornea
(Conconi et al., 2004; Katori et al., 1998; Leahy et al., 2000; Nakatsu
et al., 2003; Presta et al., 1986; Thompson et al., 1988), and several
studies indicated bFGF/FGFR1 regulation through COX activity
(Finetti et al., 2008; Katori et al., 1998; Leahy et al., 2000). However,
to the best of our knowledge, no previous studies addressed this
signaling in brain tissue under hypoxia. bFGF and activated pFGFR1
were unchanged under hypoxia or ketorolac treatment, indicat-
ing a limited role for this mechanism for brain hypoxia-induced
angioplasticity.

Another potent mechanism for angiogenesis induction in dif-
ferent systems including brain is angiopoietin (Jun et al., 2020;
Nakatsu et al., 2003; Pichiule & LaManna, 2002; Simon et al., 2008;
Ward et al.,, 2007). Angiopoietin-2 was reported to be COX de-
pendent in brain germinal matrix but not in other brain structures
(Kang et al., 2007). However, contrary to previous report (Benderro
& LaManna, 2011), we did not find significant alterations in

angiopoietin-2 under hypoxia (Figure 5d). Angiopoietin-2 was also
unchanged under ketorolac treatment (Figure 5d).

Finally, we measured CXCR4, which has been reported to be
PGE, dependent (Salcedo et al., 2003). However, to the best of our
knowledge, no previous studies addressed CXCR4 levels under brain
hypoxia. Similar to bFGF/FGFR1 and angiopoietin-2, we did not find
significant CXCR4 alterations under brain hypoxia or upon COX
inhibition with ketorolac under hypoxia (Figure 5e). However, the
combination of 10-day hypoxia with ketorolac treatment resulted in
a slight (25%) but significant reduction in CXCR4 levels (Figure 5e).
These data indicate that this is probably not the primary mechanism

for COX-mediated brain angioplasticity.

3.6 | MAPK alterations upon ketorolac treatment

Because of the limited ketorolac effect on VEGF/bFGF/CXCR4/

Angiopoietin-2 signaling mechanism, we tested if COX inhibition
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altered MAPK members that are required to transduce the signals
generated by growth factors, cytokines, and other stress factors
to stimulate endothelial cell migrations and proliferation as critical
steps of angiogenesis (Matsumoto et al., 1999; Mavria et al., 2006;
Medhora et al., 2008; Rousseau et al., 1997). In turn, MAPK mem-
bers are regulated by COX products (Cho & Choe, 2020; Riquelme
et al., 2015), suggesting a possible alteration in MAPK upon COX
inhibition.

Ketorolac had no significant effect on ERK1, p-ERK1, ERK2, p-
ERK2, p38, p-p38, and SAPK/JNK under 24-hr hypoxia or normoxia
(Figure S1). However, ketorolac significantly reduced activated p-
ERK2, p38, and activated p-p38 by 25%-35% under 10-day hypoxia
compared to saline-treated normoxic brains, and p-ERK2 and p-p38
compared to saline-treated hypoxic brains (Figure 6). ERK1, p-ERK1,
ERK2, and SAPK/JNK were still unchanged at 10-day hypoxia (Figure
S1). These data indicate that COX inhibition might attenuate brain
angiogenesis through the effect on activated ERK2 and p38 levels.

4 | DISCUSSION

Previous studies reported increased COX-2 levels in the brain tis-
sue under chronic hypoxia (Benderro & LaManna, 2014; LaManna
et al., 2006), the conditions that promote brain angiogenesis
(Benderro & LaManna, 2014; Cramer et al., 2019; Ward et al., 2007).
Together with a hypothesized role for COX in cancer-induced an-
giogenesis, the role for COX in brain physiological angiogenesis
was proposed (Benderro & LaManna, 2014; LaManna et al., 2006).
However, to the best of our knowledge, no direct studies addressed
the role for COX activity in brain angioplasticity. In the present
study, we demonstrate, for the first time, that BBB COX inhibition
completely inhibits brain angiogenesis under chronic hypoxia. In
addition, we demonstrate that COX activity is required for survival

under chronic hypoxia.

INCiz== A @l LEy |2

To induce angiogenic response in the brain, we used a well-
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documented model of chronic hypoxia. Both hypobaric (Benderro
& LaManna, 2014; Cramer et al., 2019; Harik et al., 1996; Ndubuizu
et al., 2010; Pichiule & LaManna, 2002; Ward et al., 2007) and iso-
baric (Harb et al., 2013; Masamoto et al., 2013) moderate hypoxia
that corresponds to 9%-11% oxygen (a~50% reduction in breath-
ing oxygen) induces brain angiogenesis as was documented using in
vivo vasculature imaging (Harb et al., 2013; Masamoto et al., 2013),
histochemical post-mortem staining against glucose transporters in
brain vasculature (Benderro & LaManna, 2014; Harik et al., 1996;
Ndubuizu et al., 2010; Pichiule & LaManna, 2002; Ward et al., 2007),
or magnetic resonance angiography techniques (Cramer et al., 2019)
to analyze the vascular density and morphology. Consistent with
these studies, using in vivo multiphoton re-imaging technique after
10 days of moderate 50% isobaric hypoxia (10% oxygen by volume),
we found a ~40% increase in the number of brain vesicular branches,
junctions, triple points, and a ~ 20% increase in total vessel length,
volume, and total volume fraction occupied be vessels without sig-
nificant alterations in the average vessel diameter and branch length
(Figure 4), indicating a significant induction of brain angiogenesis
under these conditions.

To challenge the role for BBB COX activity in hypoxia-induced brain
angiogenesis, we used the non-specific COX inhibitor ketorolac which
was previously validated in our laboratory to not cross the BBB (Seeger
et al,, 2020). High doses of ketorolac (1.3 and 6.4 mg kg™* h™) com-
pletely inhibited PG synthesis in the mouse brain (Seeger et al., 2020)
and significantly increased mortality rate in a dose-dependent manner
(Figure 1) upon 10-day hypoxia but not normoxia with the deaths occur-
ring between 9 and 10 days of hypoxia. These data indicate a critical role
for COX activity in the systemic adaptation to global hypoxia. Because of
high mortality rate, we did not quantify angiogenesis under high ketoro-
lac dose. Lower 0.64 mg kg™* h™ drug dose was still toxic under hypoxia
(Figure 1), but allowed for brain angiogenesis quantification. This dose

inhibited ~82% of inducible PG production, and completely attenuated
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FIGURE 6 COX inhibition with ketorolac significantly attenuates brain p-p38, p38, and p-ERK2 MAPK after 10-day hypoxia. Mice were
treated with saline (1 and 2) or ketorolac (3 and 4) (s.c., osmotic pumps) under 10-day normoxia (1 and 3, 20% O,) or hypoxia (2 and 4, 10%
O,). Brain MAPK relative optical densities against actin were determined after western blot analysis. Values are mean + standard deviation
(n (number of animals) = 4) with individual values. Values that do not share the same letter are statistically different (p < .05, one-way
ANOVA with Tukey's post hoc test)
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role of COX activity in adaptation to hypoxia, probably through multiple
mechanisms including angiogenesis. Future studies are required to eval-
uate the clinical significance of these findings when treatment with COX
inhibitors is used under low tissue oxygen supply like stroke, trauma,
pulmonary disorders, and other similar conditions.

One of the importing findings in our study is a dose-dependent in-
crease in mortality rate upon COX inhibition under hypoxia (Figure 1).
Increased mortality under these conditions might be related to dys-
regulation of the cerebral blood flow (CBF). It is well documented that
eicosanoids play a significant role in CBF autoregulation. However,
this mechanism is rather convoluted and implicates COX as a source
and regulator of a number of vasodilators and vasoconstrictors and
their receptors. As part of arachidonic acid cascade, COX activity is re-
quired for producing CBF vasoactive PGs such as PGE,, PGF, , TXA,,
prostacyclins, and their receptors (Davidge, 2001; Li et al., 1997; Rebel
et al., 2015). In addition, COX catabolizes P450 products that also reg-
ulate CBF, such as vasodilator epoxyeicosatrienoic acids, and vasocon-
strictor 20-hydroxyeicosatetraenoic acid to produce vasoconstrictor
endoperoxides or vasodilator prostanoids (Alkayed et al., 1996; lliff
et al., 2009, 2010; Imig, 2016; Toth et al., 2011; Zhang et al., 2008).
Thus, it is difficult to predict the overall effect of COX inhibition on
CBF that might be condition dependent. It has been demonstrated that
COX inhibition attenuates myogenic middle cerebral artery constric-
tion (Toth et al., 2011), thus contributing to CBF increase. Although
COX inhibition decreases CBF under normoxia, it has no effect on CBF
increase under hypoxia (Kellawan et al., 2019). Because of limited ef-
fect of COX inhibition on CBF under hypoxia (Kellawan et al., 2019), it
is unlikely that COX role in CBF regulation is the only mechanism for
increased mortality upon COX inhibition under hypoxia, and dysreg-
ulation of brain angiogenesis might also contribute to the decreased
survival under these conditions.

Different mechanisms might account for the decreased angio-
genesis upon COX inhibition including down-regulation of HIF. HIF
is a well-documented master regulator for multiple angiogenic fac-
tors (Dvorak, 2005; Li et al., 2015; Madrigal-Martinez et al., 2018;
Rabinovitch et al., 2017; Zhou et al., 2012), and alterations in HIF
levels may have an effect on angiogenesis. In different cancer cell
lines, non-selective COX inhibitors reduce HIF-1a and - 2a levels
in response to hypoxia (Jung et al., 2003) (Zhong et al., 2004) (Kaidi
et al., 2006). It is possible that COX products, prostaglandins (PG),
regulate HIF-1a stabilization and nuclear localization as has been
demonstrated for PGE, in a human prostate cancer cell line (Liu
et al.,, 2002). However, the relation between HIF levels and COX ac-
tivity is not completely established in all models and in some cases
the effect of COX inhibition on angiogenesis might be independent
from HIF pathway. For example, selective COX-2 inhibitor NS-398
does not significantly inhibit HIF-1a accumulation in response to
hypoxia in neither ‘COX-2-positive’ PC-3 cells, nor ‘COX-2-negative’
DU145 cells (Clendenon et al., 1985). In addition, different NSAIDs
increase HIF-1a expression in human gastric mucosa (Lamy &
McNamara, 2003), and gene expression profiling and protein anal-

ysis in COX-2-containing and COX-2-silenced breast cancer cells

indicate minimal role for COX-2 in hypoxia-induced transcriptional
response including HIF-1« levels (Stasinopoulos et al., 2009). In the
present study, we did not find an effect of non-selective COX in-
hibitor ketorolac on brain HIF-1« levels under normoxia or hypoxia
at early and late stages of drug treatment (Figure 5a). These data
indicate that HIF-1a pathway is independent from COX activity in
the brain under hypoxia.

Another potential role for COX activity in brain angiogenesis is
pro-angiogenic growth factor signaling regulation, including FGF and
VEGF. Similar to other tissues, VEGF-A and VEGFR2 are strongly up-
regulated under brain hypoxia and ischemia in rodents and have a
critical role in adult brain angiogenesis (Benderro & LaManna, 2014;
Esposito et al., 2018; Fan et al., 2018; Jun et al., 2020; Ndubuizu
et al., 2010; Ward et al., 2007; Zhang et al., 2000). Consistent with
previous reports, we demonstrated a strong VEGF-A and VEGFR2
up-regulation under early and late hypoxia in the brain (Figure 5b).

COX role in VEGF signaling was demonstrated in several angio-
genesis studies, although the results are inconsistent across different
models. In tumor-induced angiogenesis, exogenous PGE, strongly
stimulates VEGF expression (Fukuda et al., 2003; Jurek et al., 2004;
Tsujii et al., 1998; Tuncer & Banerjee, 2015). Similarly, in vitro studies
on HUVEC cultures demonstrated that COX-2 inhibition with NS-398
attenuates VEGF levels, while exogenous PGE, reverses the inhibitory
effects of NS-398 (Zhao et al., 2012). However, exogenous PGE, has
no effect on VEGFR2 in microvascular endothelial cell cultures (Finetti
et al.,, 2008), and COX-2 inhibition has no effect on VEGF levels in cor-
tex or white matter in rabbit pups (Ballabh et al., 2007). Importantly,
VEGF and bFGF signaling is additionally regulated through peroxisome
proliferator-activated receptors (PPARs) (Bishop-Bailey, 2011; Piqueras
et al., 2007; Wang et al., 2006) that is in turn up-regulated through
another COX product PGD, and its non-enzymatic metabolite, A(12)-
PGJ, (Fujimori, 2012), highlighting additional potential mechanism for
angiogenesis regulation by COX activity. In the current study, we did
not find a significant effect of COX inhibition on brain VEGF levels at
10-day hypoxia. A slight but significant increase in VEGF at early 24-
hr hypoxia upon ketorolac treatment (Figure 5b) might be explained
through compensatory over-expression under decreased angiogenic
response upon COX inhibition. Although we found a slight but signifi-
cant decrease in VEGFR2 levels at 10-day hypoxia, VEGFR2 levels were
still 2.2-fold higher compared to normoxic ketorolac-treated brains
(Figure 5b). These data indicate that VEGF/VEGFR signaling is unlikely
involved in a complete angiogenesis attenuation upon COX inhibition.

bFGF is another well-documented angiogenic factor that pro-
motes angiogenesis in different models such as endothelial cultures,
tumor cells, chick embryo chorioallantoic membrane, and mouse
cornea (Conconi et al., 2004; Katori et al., 1998; Leahy et al., 2000;
Nakatsu et al., 2003; Presta et al., 1986; Thompson et al., 1988).
Several studies indicate a role for COX in bFGF-mediated angio-
genesis. In endothelial cell cultures, COX product PGE, selectively
promotes angiogenesis through bFGF/FGFR1 signaling (Finetti
et al., 2008) that involves FGFR1 activation through phosphoryla-
tion. Furthermore, COX inhibitors are anti-angiogenic in a bFGF-

induced sponge implant model in rats (Katori et al., 1998). In a mouse
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corneal micropocket angiogenesis assay induced with implanted
pellet loaded with bFGF, oral NSAID administration (indomethacin,
dexamethasone, or SC-236) inhibited bFGF-induced angiogenesis
(Leahy et al., 2000), although it is difficult to differentiate between
bFGF-induced angiogenesis and injury or inflammatory-associated
angiogenic mechanisms in this model. However, to the best of our
knowledge, no previous studies addressed bFGF levels in the adult
brain under hypoxia. Surprisingly, we did find significant increase in
brain bFGF under 24-hr or 10-day hypoxia (Figure 5c), indicating a
higher contribution of VEGF signaling in hypoxia-induced angioplas-
ticity in the brain. Similar to VEGF signaling, ketorolac had limited ef-
fect on FGF/FGFR levels. A slight induction in FGF at 10-day hypoxia
upon ketorolac treatment might be explained through compensatory
mechanism upon angiogenesis attenuation. Together, these data
indicate that VEGF/VEGFR or bFGF/FGFR signaling is unlikely in-
volved in a complete angiogenesis attenuation upon COX inhibition.

Alternatively, bFGF and VEGF up-regulate COX-2 expres-
sion in several cell lines and implanted sponge models (Goddard
et al.,, 1992; Kage et al.,, 1999; Katori et al., 1998; Leahy et al., 2000;
Sasaki et al., 1998), and indomethacin inhibits both bFGF-induced
PGE, and angiogenesis in the egg chorioallantoic membrane (Spisni
et al,, 1992). These data indicate a positive feedback mechanism be-
tween COX and FGF/VEGF, but also might indicate that COX signal-
ing is downstream from FGF/VEGF in angiogenic response and is an
independent but essential contributor to angiogenic response.

Another mechanism for COX involvement in angiogenesis is
angiopoietin/Tie-2 regulation. Angiopoietins are important angio-
genic factor in different systems including brain (Jun et al., 2020;
Nakatsu et al., 2003; Pichiule & LaManna, 2002; Simon et al., 2008;
Ward et al., 2007) that facilitate VEGF-induced angiogenesis (Zhu
et al., 2005). In the brain, angiopoietin-2 is considered to have a major
role in angiopoietin/Tie-2 pathway (Benderro & LaManna, 2011;
Benderro et al., 2012). Intriguingly, angiopoietin-2 is increased in
both hyperoxic (Benderro et al., 2012) and hypoxic (Benderro &
LaManna, 2011) mouse brain, indicating its dual role in brain angio-
plasticity. Angiopoietin-2 was reported to be COX dependent. In glio-
blastoma cells, selective COX-2 inhibitor celecoxib down-regulated
angiopoietin-1 and angiopoietin-2 with reduction in VEGF and an-
giogenesis (Kang et al., 2007). Similarly, COX-2 inhibition reduced an-
giopoietin-2 levels in germinal matrix (Ballabh et al., 2007). However,
in the same study, COX-2 inhibition had no effect on angiopoietin-2
in the cortex or white matter in rabbit pups (Ballabh et al., 2007).
Because of possible relation between COX-2 and angiopoietin-2 lev-
els, we tested the effect of COX inhibition on brain angiopoietin levels
in hypoxic brains. We did not detect brain angiopoietin-2 alterations
under hypoxia (Figure 5d), consistent with its decreased response to
hypoxia in the adult brain (Benderro & LaManna, 2011). Ketorolac
treatment had no effect on angiopoietin-2. These data indicate that
COX might promote angiogenesis independently from angiopoietin-2
pathway in the adult hypoxic brain.

COX product, PGE,, also up-regulates CXCR4 in human micro-
vascular endothelial cells, and enhances cellular response to SDF-1,
a unique ligand for CXCR4 (Salcedo et al., 2003). However, in this
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model, NS-398 or piroxicam inhibited bFGF-induced angiogenesis by
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about 50% indicating COX-independent mechanisms for bFGF angio-
genic effect. Moreover, high levels of CXCR4 are expressed in brain
microvascular endothelial cells (Berger et al., 1999). However, to the
best of our knowledge, no previous studies addressed CXCR-mediated
angioplasticity in the normal or hypoxic brain. In the present study,
we did not detect any significant induction in brain CXCR4 under hy-
poxia (Figure 5e), indicating a limited contribution of this receptor in
hypoxia-induced brain angioplasticity. In addition, a limited but sig-
nificant reduction in CXCR4 at 10-day hypoxia upon COX inhibition
unlikely explains a complete attenuation in brain angiogenesis.
Together, these data indicate that BBB COX activity might con-
tribute to brain hypoxia-mediated angiogenesis through indepen-
dent VEGF/bFGF/CXCR4/Angiopoietin-2 mechanism. One of such
mechanisms might be a direct mitogenic effect of COX products that
controls endothelial cell proliferation and migration through MAPK
pathway in addition to the discussed growth factors. It is well es-
tablished that COX-2 product PGE, has a direct activating effect on
proliferation in tumors (Pozzi et al., 2004; Sheng et al., 2001; Wang
et al., 2004) and different normal cells including endothelial cells
(Jumblatt, 1997; Jumblatt et al., 1988; Nordlund et al., 1986). PGE,
might activate proliferation and migration through MAPK pathway
because in cell cultures it activates p-p38 (Cho & Choe, 2020), p-
ERK1, and p-ERK2 (Krysan et al., 2005; Riquelme et al., 2015). In turn,
MAPK might stimulate PGE, production (Lo, 2003), indicating a posi-
tive feedback mechanism. Importantly, MAPK including ERK, SAPK/
JNK, and p38 activation is required for angiogenic response in vitro
(Matsumoto et al., 1999; Mavria et al., 2006; Medhora et al., 2008;
Rousseau et al., 1997). These studies suggest a MAPK-mediated role
for COX in angiogenesis. However, to the best of our knowledge,
no studies addressed COX inhibition effect on brain MAPK in vivo.
Our results demonstrate a significant decrease in p-ERK2, p38, and
p-p38 upon 10-day hypoxia (Figure 6). Thus, it is possible that in-
creased COX activity is an essential trigger for MAPK-mediated mi-
tosis that is further controlled by specific growth factors. Further
studies are required to elucidate if mitosis initiation is the primary
mechanism for COX role in hypoxia-induced brain angioplasticity.
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