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Abstract

GPR55, an atypical cannabinoid receptor activated by lysophosphatidylinositol (LPI) has been
involved in various physiological and pathological processes. We examined the effect of GPR55
activation on rat brain microvascular endothelial cells (RBMVEC), an essential component of the
blood-brain barrier (BBB). GPR55 was detected in RBMVEC by western blot and
immunocytochemistry. Treatment of RBMVEC with LPI increased cytosolic Ca2* concentration,
[CaZ*];, in a concentration-dependent manner; the effect was abolished by the GPR55 antagonist,
ML-193. Repetitive application of LPI induced tachyphylaxis. LPI-induced increase in [Ca2*]; was
not sensitive to U-73122, a phospholipase C inhibitor, but was abolished by the blockade of
voltage-gated Ca2* channels or in Ca%*-free saline, indicating that Ca2* influx was involved in this
response. LPI induced a biphasic change in RBMVEC membrane potential: a fast depolarization
followed by a long-lasting hyperpolarization. The hyperpolarization phase was prevented by
apamin and charibdotoxin, inhibitors of small- and intermediate-conductance Ca2*- activated K*
channels (Kca). Immunofluorescence studies indicate that LPI produced transient changes in tight
and adherens junctions proteins and F-actin stress fibers. LPI decreased the electrical resistance of
RBMVEC monolayer assessed with Electric Cell-Substrate Impedance Sensing (ECIS) in a dose-
dependent manner. /n vivo studies indicate that systemic administration of LPI increased the
permeability of the BBB, assessed with Evans Blue method. Taken together, our results indicate
that GPR55 activation modulates the function of endothelial cells of brain microvessels, produces
a transient reduction in endothelial barrier function and increases BBB permeability.
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Introduction

GPR55 was identified as an atypical cannabinoid receptor, distinct from CB4 and CB»
receptors (Baker et al., 2006), whose endogenous ligand is lysophosphatidylinositol (LPI)
(Oka et al., 2007). GPR55 is highly expressed in the central nervous system and peripheral
organs, in a variety of tissues and cell types, including endothelial cells from different
vascular beds (Ryberg et al., 2007, Henstridge et al., 2011, AlSuleimani and Hiley, 2015,
Kremshofer et al., 2015). LPI is synthesized from membrane lipids in the presence of
phospholipase A2 (Pineiro and Falasca, 2012). Previous studies indicate that endothelial
cells produce LPI (Martin and Wysolmerski, 1987, Bondarenko et al., 2010). In addition, an
autocrine role for LPI via GPR55 activation was reported in other systems (Pineiro et al.,
2011).

Emerging evidence supports the involvement of GPR55 in diverse physiological functions
such as synaptic transmission, neuronal development, bone metabolism, glucose
metabolism, intestinal motility, vascular function, as well as in pathophysiological states,
such as anxiety, pain, inflammation, obesity and cancer (Henstridge et al., 2011, Ross, 2011,
Yu et al., 2013, AlSuleimani and Hiley, 2015, Deliu et al., 2015, Guy et al., 2015,
Kremshofer et al., 2015, Rahimi et al., 2015, Alhouayek et al., 2018, Ferro et al., 2018, Hill
etal., 2018). GPR55 couples with various G-proteins, for example Gg, G12/13; downstream
signaling mechanisms include PLC and RhoA activation, Ca2* release and ERK1/2
phosphorylation (Ross, 2009, Pertwee et al., 2010, Sharir and Abood, 2010).

GPR55 was identified in microvascular endothelial cells from human dermis (Zhang et al.,
2010) and lung (Kargl et al., 2013) where the receptor was involved in endothelial
proliferation and wound healing. GPR55 is expressed in human brain microvascular
endothelial cells (Hasko et al., 2014) and in hCMEC/D3 endothelial cell line (Al Suleimani
and Hiley, 2016). Our study investigated the /n vitro effects of LPI via GPR55 activation in
rat brain microvascular endothelial cells and /in7 vivo effects on the blood-brain barrier (BBB)
permeability.

Experimental Procedures

Ethical approval

Animal protocols were approved by the Institutional Animal Care and Use Committee from
each institution. Adult male Sprague Dawley rats (Charles River Laboratories, Wilmington,
MA) were used for /n vivo studies.

Chemicals and reagents

Soy lysophosphatidylinositol (LPI) was purchased from Avanti Polar Lipids (Alabaster, AL).
ML-193 (CID 1261822), N-[4-[[(3,4-dimethyl-5-isoxazolyl)amino]sulfony]-phenyl]-6,8-
dimethyl-2-(2-pyridinyl)-4-quinoline-carboxamide was from Cayman Chemicals (Ann
Arbor, MI). U-73122 was from Tocris Bioscience (Bio-Techne, Minneapolis, MN). LPI and
ML-193 were dissolved in DMSO (stock concentration of 10 mM) and dissolved in Hanks
Balanced Salt Solution (HBSS) just before administration. The final concentration of DMSO
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(0.1% v/v) did not affect [Ca2*];. Other reagents were from Sigma-Aldrich (St. Louis, MO)
unless otherwise mentioned.

Cell Culture

Rat brain microvascular endothelial cells (RBMVEC) from Cell Applications, Inc (San
Diego, CA) were cultured in Rat Brain Endothelial Basal Medium and Rat Brain Endothelial
Growth supplement, according to the manufacturer’s instructions (Brailoiu et al., 2016,
Brailoiu et al., 2017, Brailoiu et al., 2018). Cells were grown in T75 flasks coated with
attachment factor (Cell Applications, Inc) until 80% confluent. Cells were plated on round
coverslips of 12 mm diameter (immunocytochemistry studies), or 25 mm diameter (live
imaging studies), coated with human fibronectin (Discovery Labware, Bedford, MA). For
impedance measurements, cells were grown on 8W10E+ arrays (Applied BioPhysics, Inc.,
Troy, NY) coated with fibronectin, as previously reported (Brailoiu et al., 2018).

Western Blot analysis

Whole-cell lysates of RBMVEC and rat cerebral cortex were separated on Mini-PROTEAN
TGX 4-20% gels (Bio-Rad, Hercules, CA) by SDS-PAGE followed by immunoblotting as
previously described (Altmann et al., 2015, Brailoiu et al., 2016). Proteins were transferred
to an Odyssey nitrocellulose membrane (LI-COR Biosciences, Lincoln, NE). After
incubation with blocking buffer, membranes were incubated overnight with primary
antibody against GPR55 (rabbit polyclonal against the N-terminus of rat GPR55 (1:1000, cat
# ADI-905-900; Enzo Life Sciences, Inc., Farmingdale, NY). An antibody against p-actin
(mouse monoclonal, 1:10,000; cat # A5441, Sigma-Aldrich) was used to confirm equal
protein loading. Membranes were washed with Tris-buffered saline-Tween 20 (TBST) and
incubated with the secondary antibodies: IRDye 800CW conjugated goat anti-rabbit 1gG
(1:10,000, Cat # 926-32211, LI-COR) and IRDye 680 conjugated goat anti-mouse 1gG
(1:10,000, Cat # 926-32220, LI-COR) for 1 h at room temperature. Membranes were then
washed in TBST and scanned using a LI-COR Odyssey Infrared Imager. Densitometric
analysis was performed using Odyssey V.3 software (LI-COR).

Cytosolic Ca?* imaging
Measurements of intracellular Ca2* concentration, [Ca2*];, were performed as previously
described (Brailoiu et al., 2017, Brailoiu et al., 2018). Briefly, cells were incubated with 5
UM Fura-2 AM (Molecular Probes, Life Technologies, Grand Island, NY) in HBSS at room
temperature for one hour and washed with dye-free HBSS. Coverslips were mounted in an
open bath chamber (QR-40LP, Warner Instruments, Hamden, CT) on the stage of an inverted
microscope Nikon Eclipse TiE (Nikon Inc., Melville, NY), equipped with a Photometrics
CoolSnap HQ2 CCD camera (Photometrics, Tucson, AZ). Fura-2 AM fluorescence
(emission 510 nm), following alternate excitation at 340 and 380 nm, was acquired at a
frequency of 0.25 Hz. Images were acquired/analyzed using NIS-Elements AR software
(Nikon) and the ratio of the fluorescence signals (340/380 nm) was converted to Ca2*
concentrations (Grynkiewicz et al., 1985).
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Measurement of membrane potential

RBMVEC membrane potential changes were evaluated in cells loaded with bis-(1,3-
dibutylbarbituric acid)-trimethine-oxonol, DiBAC4(3) (0.5 uM, 30 min), a voltage-sensitive
dye, as reported (Brailoiu et al., 2018). The fluorescence (excitation/emission 480nm/
540nm) was monitored at 0.1 Hz. Membrane hyperpolarization produces a decrease in
fluorescence intensity, whereas depolarization is associated with an increase in the
fluorescence intensity due to sequestration of the dye into cytosol (Brauner et al., 1984).

Immunocytochemistry

Immunocytochemistry studies were performed as previously described (Brailoiu et al., 2017,
Brailoiu et al., 2018). RBMVEC grown on 12 mm diameter glass coverslips, were treated
with LPI (10 pM, 10 min) and processed for immunocytochemistry immediately after
treatment or after 1 hour; untreated cells served as control. After rinsing with phosphate
buffer saline (PBS), cells were fixed in 4% paraformaldehyde, rinsed with PBS and PBS
with 0.5% Triton X for 5 min, and incubated with normal goat serum (1:20, 1 hour, room
temperature). Cells were then incubated overnight at 4°C, with the following primary
antibody: ZO-1 (1:200, rabbit polyclonal, cat # 40-2200, Thermo Fisher Scientific,
Rockford, IL), occludin (1:200, rabbit polyclonal, cat # 71-1500, Thermo Fisher Scientific),
VE-Cadherin (1:200, rabbit polyclonal, cat # 36-1900, Thermo Fisher Scientific) followed
by incubation with secondary antibody Alexa Fluor 488 goat anti-rabbit 1gG (1:200, cat #
A11008, Invitrogen, Thermo Fisher Scientific) or Alexa Fluor 568 goat anti-rabbit 1gG
(1:200, cat # A11011, Invitrogen, Thermo Fisher Scientific) for 2 hours at room temperature.
In another series of experiments, cells were washed in PBS and incubated with ActinRed
555 for 30 min, at room temperature. To characterize the distribution of GPR55 in
RBMVEC, cells were fixed in 4% paraformaldehyde, rinsed with PBS and PBS with 0.5%
Triton X for 5 min, blocked with normal goat serum (1:20, 1 hour, room temperature) and
incubated with GPR55 antibody (1:500, rabbit polyclonal, 2 hours, room temperature; a gift
from Ken Mackie’s Lab) (Korchynska et al., 2019) followed by incubation with secondary
antibody Alexa Fluor 488 goat anti-rabbit 1gG (1:200, 2 hours, room temperature). In
control immunostaining experiments, RBMVEC were processed similarly, but GPR55
antibody was incubated with the GPR55 immunizing peptide (a gift from Ken Mackie’s
Lab) or the primary (GPR55) antibody omitted. After washing in PBS, cells were mounted
with DAPI Fluoromount G (SouthernBiotech, Birmingham, AL), sealed, and examined
under a Leica DMI16000B fluorescence microscope equipped with the appropriate filter sets.

Impedance Measurements

Electric cell-substrate impedance sensing (ECIS) method, using a Z6 controller, an 16W
array holder station and gold electrode arrays type 8W10E+, was used for impedance
measurements, as previously reported (Stolwijk et al., 2015, Brailoiu et al., 2018).
RBMVEC (100,000 cells/cm?) were cultured on 8W10E+ arrays, consisting of 40 gold
electrodes for each of the 8 x 0.8 cm? wells. Arrays were coated with fibronectin (50ug/ml,
200 pl/well, 30 min, 37°C) and L-cysteine (10 mM, 200 pl/well, 20 min, room temperature).
Cells were grown on arrays for 3-4 days in an incubator (37°C, 5% CO,, humidified
atmosphere) and transferred to FBS-free medium before drug treatment. To assess the effect
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of LPI on barrier function, the resistance of RBMVEC at 4000 Hz frequency (Giaever and
Keese, 1984, Stolwijk et al., 2015), averaged for the cells grown on 40 electrodes/well, was
normalized to the value before the addition of the compound and plotted as function of time.

Evans Blue extravasation method

In vivo assessment of BBB disruption was carried out using Evans Blue method, as reported
earlier (Uyama et al., 1988, Brailoiu et al., 2018). Evans Blue (2% in PBS; 4 mg/Kg, i.v. via
tail vein) was administered 30 min before the i.v injection (via tail vein) of GPR55 ligands.
One hour later, rats were anesthetized with ketamine (100 mg/kg) and xylazine (5mg/kg)
and perfused transcardially with PBS. After dissection, the brain was weighed and
homogenized in PBS, then treated with trichloroacetic acid (80%, 1 hour, 4 °C). After
centrifugation (20 min, 10,000 x g), the absorbance (610 nm) of the supernatant was
determined using a plate reader (Synergy2, BioTek Instruments, Inc., Winooski, VT) and the
brain concentration of Evans Blue determined.

Statistical analysis

Data were expressed as mean + standard error of mean (SEM). One-way ANOVA followed
by post hoc analysis using Bonferroni test was used to evaluate significant differences
between groups; two-sample T-Test was used when comparing two different groups; P<
0.05was considered statistically significant.

Results

GPR55 expression and distribution in RBMVEC

Western blot analysis of the whole-cell lysate prepared from RBMVEC identified expression
of GPR55 at the protein level (Fig.1A). Rat cerebral cortex, in which we previously
identified GPR55 expression (Yu et al., 2013, Deliu et al., 2015) was used as a positive
control. Using a GPR55 antibody (Korchynska et al., 2019) we found that in RBMVEC
GPR55-like immunoreactivity was present mostly intracellularly; reduced immunoreactivity
was detected at the plasma membrane (Fig. 1B-C). In control experiments, where GPR55
antibody was incubated with the GPR55 immunizing peptide (Fig. 1D), or the primary
antibody was omitted (Fig. 1E), a low basal fluorescence level was detected.

GPR55 activation increases cytosolic Ca?* concentration, [Ca2*];, in RBMVEC

Treatment of RBMVEC with LPI (10 uM) induced a fast increase in Fura-2 AM 340/380
fluorescence ratio and [Ca2*]; (Fig. 2A, B). In cells pretreated with the GPR55 antagonist,
ML-193 (10 uM) (Heynen-Genel et al., 2010b, Kotsikorou et al., 2013), LPI (10 uM) did not
increase the fluorescence ratio and [Ca2*];, respectively (Fig. 2A, B). Representative
examples of changes in Fura-2 AM 340/380 fluorescence ratio in RBMVEC in response to
LPI in the absence and presence of GPR55 antagonist ML-193 are shown in Fig. 2A, and
Ca?" traces are shown in Fig. 2B. LPI (0.1-10 pM) produced a dose-dependent increase in
[Ca?*];; with an average amplitude of 9 + 1.7 nM (n = 105 cells ), 73 + 2.6 nM (n = 94 cells)
and 349 £3.6 nM (n =94- 114 cells) (Fig. 2C). In RBMVEC pretreated with ML-193 (10
UM, 20 min), the effect of LPI (10 uM) was negligible (A[Ca%*]; = 24 + 1.7 nM, n = 89 cells,
Fig. 2C).

Neuroscience. Author manuscript; available in PMC 2020 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leo et al. Page 6

GPR55-mediated Ca?* response is subject to tachyphylaxis

A common feature of the response mediated by G protein-coupled receptors (GPCR) is
tachyphylaxis; therefore, we examined the effect of the repetitive application of LPI on the
Ca?* response. The first application of LPI (10 M) elicited a fast and transient increase in
[CaZ*);; the subsequent stimulation with LPI, within 5 minutes of the first stimulation,
produced a response with a lower amplitude, suggesting receptor desensitization. A
representative example of Ca2* response is shown in Fig. 3A and the comparison of the
amplitude (A[Ca2*];) of the two consecutive responses elicited by LPI in Fig 3B.

LPI promotes Ca?* influx in RBMVEC

The increase in [Ca2*]; produced by LPI (10 pM) was not affected by pretreatment with
U-73122 (10 uM), an inhibitor of phospholipase C (PLC), but was abolished by nifedipine
(1 uM), blocker of L-type Ca2* channels, or in Ca2*-free saline (Fig. 4A). Representative
examples of increases in [Ca2*]; produced in each of the conditions mentioned is shown in
Fig 4A, and the comparison of the amplitude of the increase in [Ca2*]; elicited by LPI in the
absence/presence of U73122 (10 uM), nifedipine (1 uM) or in Ca?*-free HBSS is shown in
Fig. 4B. The mean amplitude of the increase in [Ca2*]; elicited by LPI was 349 + 3.6 nM
(LPI alone), 344 + 3.9 nM (in the presence of U-73122), 8 £ 1.8 nM (in the presence of
nifedipine) and 12 + 1.7 nM (in Ca?* free saline); n = 85- 114 cells for each condition.

LPI elicits a biphasic change in membrane potential in RBMVEC

Treatment of RBMVEC with LPI (10 pM) induced a fast and transient depolarization
followed by a long-lasting hyperpolarization (Fig. 5A). Pretreatment with ML-193 (10 pM),
a GPR55 antagonist, prevented the change in membrane potential induced by LPI. The
hyperpolarization elicited by LPI was abolished by treatment with apamin (1 uM) and
charibdotoxin (100 nM), inhibitors of small- and intermediate-conductance Ca%*-activated K
* channels (K¢y), respectively. Averaged recordings of changes in membrane potential in
response to LPI, in the absence or presence of ML-193, apamin and charibdotoxin are shown
in Fig. 5A, and the comparison of the average amplitude of the hyperpolarization is shown in
Fig. 5B. LPI produced a hyperpolarization with a mean amplitude of -5.24 £ 0.31 mV (n =
47 cells); in the presence of ML-193, A voltage = — 0.53 + 0.23 (n = 42 cells); in the
presence of apamin and charibdotoxin, A voltage = — 0.23 + 0.31 (n = 39 cells).

LPI alters tight and adherens junctions and cytoskeleton

Immunocytochemistry studies examined the distribution of occludin, a tight junctions
protein, ZO-1, an accessory protein that connects the tight junctions proteins to actin
cytoskeleton, of VE-cadherin, a component of adherens junctions and of F-actin
cytoskeleton (Abbott et al., 2010) before and after GPR55 activation. Treatment with LPI
(10 uM) produced a transient disruption of occludin, ZO-1 and VE-cadherin, and formed
intercellular gaps, while increasing F-actin stress fiber formation (Fig. 6).

GPR55 activation disrupts endothelial barrier function

Impedance measurements with ECIS method were carried out in RBMVEC monolayers
grown on gold electrodes (BW10E+ arrays). Stimulation of confluent monolayers with LPI
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(10 uM) produced a fast and transient decrease in electrical resistance measured at 4000 Hz
by about 20%, indicating a transient disruption of endothelial barrier function. A typical
change in normalized resistance produced by LPI is illustrated in Fig. 7A. Pretreatment of
cells on arrays with ML-193 (10 pM, 20 min), reduced the response to LPI (Fig 7A). LPI (1,
3, 5and 10 uM) produced a dose-dependent reduction in the electrical resistance of
RBMVEC monolayer by 1.7 + 0.3 %, 5.2 + 0.6 %, 11.4 + 1.8 % and 19.6 + 2.4 %,
respectively (Fig. 7B). Applying the mathematical model developed by Giaever and Keese
(Giaever and Keese, 1991), ECIS experiments indicate that LPI decreased Rb parameter
(Fig. 7C), reflecting a transient decrease in tightness of cell-cell junctions (Stolwijk et al.,
2015).

LPIl increases BBB permeability

In vivo assessment of BBB permeability indicate that in control rats, the brain concentration
of Evans Blue was 453 + 61 ng/mg (n = 6 rats), which was similar to that determined in rat
injected with saline or vehicle (DMSO 0.1% v/v, 250 uL) (Fig. 8). Treatment with LPI (10
UM, 250 uL) increased the brain concentration of Evans Blue to 738 + 136 ng/mg (n =6
rats). On the other hand, pretreatment with of ML-193 (10 puM, 250 pL) before LPI
significantly reduced the Evans Blue concentration in the brain to 582 + 79 ng/mg (n =6
rats) (Fig. 8).

Discussion

GPR5S5 is considered an atypical cannabinoid receptor with a complex and controversial
pharmacology (Ross, 2009, Pertwee et al., 2010, Sharir and Abood, 2010, Shore and Reggio,
2015). Lysophosphatidylinositol (LPI) has been identified as the endogenous GPR55 agonist
(Oka et al., 2007); the receptor is also activated by endocannabinoids such as anandamide,
phytocannabinoids, and synthetic cannabinoid ligands (Zhao and Abood, 2013, Shore and
Reggio, 2015). GPR55 has a widespread tissue distribution in the nervous system and
peripheral organs and emerging physiologic and pathophysiologic roles (Ryberg et al., 2007,
Henstridge et al., 2011, Alhouayek et al., 2018). In the nervous system, GPR55 has been
involved in neuronal development, neuroprotection, synaptic transmission, anxiety and pain
(Henstridge et al., 2011, Deliu et al., 2015, Guy et al., 2015, Rahimi et al., 2015, Hurst et al.,
2017, Alhouayek et al., 2018, Hill et al., 2018).

The blood-brain barrier (BBB) had a critical role in maintaining the brain homeostasis and
normal neuronal function (Abbott et al., 2010). Since GPR55 has been identified in human
brain endothelial cells (h\CMEC/D3) (Hasko et al., 2014, Al Suleimani and Hiley, 2016), we
used /n vitroand in vivo studies to examine the role of GPR55 in rat brain microvascular
endothelial cells (RBMVEC), an essential component of the BBB.

We first identified the expression of GPR55 at the protein level in RBMVEC. We previously
found GPR55 expression in cardiomyoctes (Yu et al., 2013) and neurons from
periaqueductal gray, involved in pain processing (Deliu et al., 2015). With respect to
endothelial cells, GPR55 was found in microvessels from human dermis (Zhang et al.,
2010), lung (Kargl et al., 2013), brain (Hasko et al., 2014) and placenta (Kremshofer et al.,
2015). Our earlier studies identified functional GPR55 on both cytosol and plasma
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membrane of cardiomyocytes (Yu et al., 2013). We also found that intracellular cannabinoid
receptors CB1 (Brailoiu et al., 2011) and CB2 (Brailoiu et al., 2014) are functional. Using
immunostaining with a recently characterized GPR55 antibody (Korchynska et al., 2019),
GPR55-like immunoreactivity was predominantly detected intracellularly in EBMVEC.
Similarly, GPR55 was reported in the cytosol of human neuroblastoma SH-SY5Ycells
(Rapino et al., 2019).

We next determined the effect of GPR55 activation on cytosolic Ca* concentration, [Ca2*];.
Ca?" is a second messenger with a key signaling role in the endothelial cells (Nilius and
Droogmans, 2001), that modulates the function of microvascular endothelial cells of the
BBB (De Bock et al., 2013). We and others have previously reported that GPR55 activation
elicits an increase in [Ca2*]; in cells endogenously expressing or transfected with the
receptor (Oka et al., 2007, Lauckner et al., 2008, Henstridge et al., 2009, Pineiro and
Falasca, 2012, Yu et al., 2013, Deliu et al., 2015), including endothelial cells (Bondarenko et
al., 2010, AlSuleimani and Hiley, 2015, Al Suleimani and Hiley, 2016). In RBMVEC, LPI
(1- 10 uM) produced a fast and transitory increase in [Ca2*]; in a dose-dependent manner.
The concentrations of LPI used in our studies are similar to those previously found to induce
a Ca?* response (Bondarenko et al., 2010, Yu et al., 2013, AlSuleimani and Hiley, 2015,
Deliu et al., 2015, Al Suleimani and Hiley, 2016, Korchynska et al., 2019).

The LPI-induced rapid and transient Ca?* response in RBMVEC was similar to that reported
in human umbilical vein derived endothelial cell line, EA.hy926 (Bondarenko et al., 2010),
neurons of periqueductal gray (Deliu et al., 2015), prostate cancer cells (Pineiro and Falasca,
2012) or to the early phase of the Ca?* response produced in endothelial cells of mesenteric
arteries (AlSuleimani and Hiley, 2015) or human brain microvascular endothelial cells,
hCMEC/D3 (Al Suleimani and Hiley, 2016). LPI, via GPR55 activation, has been also
reported to induce different patterns of Ca2* increases: a sustained increase in [Ca%*]; in
neonatal cardiomyocytes (Yu et al., 2013), prolonged, oscillatory Ca2* transients in GPR55-
HEK?293 cells (Henstridge et al., 2009, Henstridge et al., 2010), or a biphasic Ca2* response
(fast and transitory followed by a slow rising sustained increase) in endothelial cells from
mesenteric arteries (AlSuleimani and Hiley, 2015) or hCMEC/D3 cells (Al Suleimani and
Hiley, 2016). Different patterns of Ca?* increase may be reflective of modulation of different
downstream signaling pathways.

One characteristic of GPCR-mediated response is the decrease in response following
repetitive or sustained agonist stimulation. We examined the effect of two consecutive
applications of LPI on [Ca2*];; the amplitude of the second response induced by LPI was
significantly lower than that of the first response, indicative of tachyphylaxis. This is in
agreement with previous studies indicating agonist-induced GPR55 trafficking and
internalization (Henstridge et al., 2009, Kapur et al., 2009, Kargl et al., 2013) via beta-
arrestin-mediated mechanisms (Kapur et al., 2009).

In endothelial cells, similar to other cell types, an increase in [Ca2*]; may be produced by
Ca?* influx and/or Ca?* release from internal stores (Nilius and Droogmans, 2001). In
human umbilical vein EA.hy926 cells, LPI mobilized Ca2* mainly from internal stores
(Bondarenko et al., 2010). Similarly, in rat cardiomyocytes (Yu et al., 2013) and
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periaqueductal gray neurons (Deliu et al., 2015), LPI released Ca2* from endoplasmic
reticulum store via inositol 1,4,5-trisphoshate (IP3) receptors. A PLC-dependent mechanism
was also responsible for LPI-induced increase in [Ca%*]; in endothelial cells of mesenteric
arteries (AlSuleimani and Hiley, 2015) or hCMEC/D3 cells (Al Suleimani and Hiley, 2016).
In RBMVEC, the effect of LPI was not affected by U-73122, a PLC inhibitor, but was
abolished by inhibiting the voltage-gated L-type Ca2* channels or in Ca%*-free saline
indicating that LP1 promoted Ca2* influx and not Ca2* release from internal stores in these
cells. Previous studies indicate that microvascular endothelial cells, including those from rat
brain, are endowed with L-type voltage-gated Ca?* channels (Moccia et al., 2012). Our
results indicate that in RBMVEC, GPR55 activation promotes Ca2* influx and does not
involve PLC-mediated signaling. In smooth muscle cells of rat coronary artery, LPI induced
Ca?* influx via store-operated calcium entry (Smani et al., 2007).

Earlier reports indicate that LPI modulates the membrane potential of endothelial cells
(Bondarenko et al., 2010) or neurons (Deliu et al., 2015). In RBMVEC, LPI induced a fast
and transient depolarization followed by a long-lasting hyperpolarization. The change in
membrane potential induced by LPI was prevented by ML-193, a GPR55 antagonist,
indicating that it was mediated by this receptor. Endothelial hyperpolarization is mediated by
activation of small- and intermediate-conductance Ca%*-activated K* channels (SK¢, and
IKca) (Gluais et al., 2005, Feletou, 2009). In RBMVEC, LPI-induced hyperpolarization
phase was abolished by blocking SKc, and 1K, with apamin and charibdotoxin,
respectively. Similarly, previous studies indicate that human umbilical vein derived
endothelial cell line EA.hy926 (Bondarenko et al., 2010, Bondarenko et al., 2011) or in
human pulmonary arteries (Karpinska et al., 2018) LPI activates Kc,. However, in EA.hy926
cells, the sequence of changes in membrane potential following LPI treatment was reversed:
the initial hyperpolarization, mediated by activation of K¢, conductance was followed by a
long-lasting depolarization via activation of non-selective cation channels and inhibition of
Nat/K* ATP-ase (Bondarenko et al., 2010). Moreover, in EA.hy926 cells, the
hyperpolarization, but not the depolarization phase was sensitive to rimonabant (Bondarenko
et al., 2010), a GPR55 antagonist (Lauckner et al., 2008), indicating a GPR55-independent
mechanism for the depolarization. The differences reported in the membrane potential
change induced by LPI in RBMVEC versus EA.hy926 cells may indicate different signaling
mechanisms employed by GPR55 activation in primary endothelial cells versus endothelial
cell lines.

Microvascular endothelial cells of the BBB form a tight monolayer with high endothelial
electrical resistance and low paracellular permeability, connected via tight and adherens
junctions (Abbott et al., 2010). Tight junctions consists of a complex network of
transmembrane proteins including occludin, claudin and junctional adhesion molecules
spanning between the cells, connected via zona occludens cytoplasmic regulatory proteins
such as ZO-1 with actin filaments (Cardoso et al., 2010). Adherens junctions comprise of
VE-cadherin connected via cytoplasmic catenins with actin cytoskeleton (Cardoso et al.,
2010). Tight and adherens junctions are highly dynamic structures (Huber et al., 2001,
Cardoso et al., 2010). Dissociation of tight/adherens junctions and reorganization of actin
cytoskeleton leads to disruption of barrier function and increase in permeability (Stolwijk et
al., 2016). Our results indicate that in RBMVEC, LPI via GPR55 activation produced a
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transient reorganization of occludin and ZO-1, components of tight junctions, and of VE-
cadherin, an adherens junction protein. In addition, LPI produced redistribution of F-actin
fibers and formation of intercellular gaps. Barrier-disrupting agonists such as platelet-
activating factor (Brailoiu et al., 2018), histamine or thrombin (Stolwijk et al., 2016, Brailoiu
et al., 2017) produced similar changes in tight and adherens junctions proteins and F-actin in
microvascular endothelial cells, but the effect of LPI was shorter-lasting.

The transient changes in junctional proteins and cytoskeleton immunoreactivity elicited by
GPR55 activation in RBMVEC can be consequent to the LPI-induced increase in [Ca2*];.
Extracellular and cytosolic Ca2* concentration play a critical role in BBB function; an
increase in [Ca2*]; has been associated with reorganization of junctional and cytoskeletal
proteins and an increase in BBB permeability (Tiruppathi et al., 2006, De Bock et al., 2013).
Activation of Ca2*/calmodulin-dependent MLCK by Ca?* leads to MLC phosphorylation,
actin-myosin cross-bridge formation, disassembly of VVE-cadherin junctions, weakening of
junctions and intercellular gap formation, leading to an increase in paracellular permeability
(De Bock et al., 2013). Ca%*-dependent phosphorylation of tight junction proteins, occludin
and ZO-1, can also produce a decrease in transendothelial resistance and increased
permeability (Huber et al., 2001).

The morphological changes induced by LPI were consistent with the transient reduction in
the electrical resistance of RBMVEC monolayer assessed via ECIS. In addition to the
evaluation of the magnitude of resistance decrease, ECIS allows the investigation of the
kinetics of barrier breakdown and recovery (Stolwijk et al., 2015). The electrical resistance
at low frequency (4000 Hz) reflects the functional characteristics and stability of the cell-cell
tight and adherens junctions. Moreover, our ECIS analysis, applying mathematical modeling
(Giaever and Keese, 1991) indicates that LPI produced a reduction in the Rb parameter, that
measures the electrical resistance in the intercellular cleft, determined by the tightness of the
monolayer. A decrease in Rb reflects an increase in paracellular permeability. Similarly, LPI
has been reported to reduce the resistance and the integrity of human umbilical vein
endothelial cells HUVEC monolayer (Kargl et al., 2016).

We investigated the /n vivo functional significance of our /n vitro findings by assessing the
effect of systemic administration of LPI on the BBB permeability. LPI administration
increased Evans Blue accumulation in the brain, indicating an increase in BBB permeability.
Our results indicate that in addition to previously reported neuronal effects, LPI acting on
GPR55 modulates directly the function of brain microvessels and produces a transient
decrease in endothelial barrier function and an increase in the BBB permeability.
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Highlights

. GPR55, atypical cannabinoid receptor activated by LPI, is expressed in rat
brain microvascular endothelial cells (RBMVEC)

. In RBMVC, LPI increased cytosolic Ca%* and produced a fast depolarization
followed by a long-lasting hyperpolarization.

. LPI disrupted tight and adherens junctions proteins and altered RBMVEC
barrier function assessed with ECIS.

. /n vivo studies, reveal for the first time that LPI via GPR55 activation
increases BBB permeability.
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Fig. 1. GPR55 expression and distribution in rat brain microvascular endothelial cells
(RBMVEC).
A, Western blot analysis of RBMVEC passage 5 (P5), passage 8 (P8) and rat cerebral cortex

indicates the presence of GPR55 at the protein level; f-actin was used as an internal loading
control. B. GPR55-like immunoreactivity was found mostly intracellularly; scarce GPR55-
like immunoreactivity was seen at the plasma membrane; nuclei are stained with DAPI. C,
Higher magnification image of the area outlined in B, illustrating the cellular distribution of
GPR55 immunoreactivity. D. Example of control experiments, where GPR55 antibody was
incubated with the immunizing peptide; a low basal fluorescence level was detected using
Alexa Fluor 488 secondary antibodies. E. Example of control experiments, where GPR55
antibody was omitted, indicating low background fluorescence detected with the secondary
antibody Alexa Fluor 488. Scale bar, 20 pm in B and E; 10 um in C and D.
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Fig. 2. GPR55 activation in RBMVEC increases cytosolic Ca2* concentration, [Ca2+]i.
A, Example of increases in F340/F380 fluorescence ratio in RBMVEC produced by LPI (10

UM), the GPR55 agonist; the response was prevented by ML-193 (10 uM), a GPR55
antagonist. B, LPI (10 pM) produced a fast and transitory increase in cytosolic Ca?*
concentration, [Ca2*]; (solid trace), ML-193 abolished the response to LPI (dashed trace). C,
Comparison of the average amplitude + SEM of the increase in [Ca2*]; produced by
different concentrations of LPI, and LP1 in cells pretreated with ML-193. LPI (0.1, 1 and 10
M) produced a dose-dependent increase in [Ca2*]; (*P< 0.05).
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Fig. 3. Repetitive application of LPI leads to tachyphylaxis.
A, Representative example of increases in [Ca2*];, produced by two consecutive applications

of LPI (10 uM) indicating that the second response has a smaller amplitude. B. Comparison
of the amplitude of the increase in [Ca?*];, produced by two consecutive applications of LPI
(10 uM) (*P< 0.05).
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Fig. 4. LPI promotes Ca?* influx in RBMVEC.
A, Representative examples of increases in [CaZ*]; produced by LPI in the absence/presence

of the PLC inhibitor, U-73122 (10 uM), of L-type Ca%* channel blocker, nifedipine (1 uM),
and in Ca2*-free saline. B, Comparison of the amplitude of the average increase in [Ca%*];
elicited by LPI in each of the conditions mentioned; U-73122 did not affect the amplitude of
LPI-induced increase in [Ca2*];, while nifedipine or Ca2*-free saline abolished the response
to LPI. (*P< 0.05; NS - not significant).
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Fig. 5. LPI elicits a biphasic change in membrane potential in RBMVEC.
A, Averaged changes in membrane potential £ SEM. in response to LPI (10 uM) in the

absence or presence of the GPR55 antagonist, ML-193 (10 uM), or of inhibitors of small-
and intermediate-conductance Ca?*-activated K* channels (Kc,), apamin (1 uM), and
charibdotoxin (100 nM). Treatment of RBMVEC with LPI (10 uM) induced a fast and
transient depolarization followed by a long-lasting hyperpolarization. The response to LPI
was prevented by ML-193; the hyperpolarization phase was sensitive to apamin and
charibdotoxin. B, Comparison of the average amplitude = SEM of the hyperpolarization
produced by LPI in the absence and presence of ML-193 and of apamin and charibdotoxin.
(*P<0.05; NS - not significant).
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Fig. 6. LPI produced transient changes in tight and adherens junctions proteins and F-actin.
Distribution of tight junction protein occludin, accessory protein ZO-1, adherens junction
protein VE-cadherin and F-actin, a component of cytoskeleton, in control RBMVEC, and
cells treated with LPI (10 pM) for 10 min, and one hour after LPI treatment. Nuclei are
stained with DAPI. Treatment with LPI produced a transient disruption of immunoreactivity

for occludin, ZO-1, VE-cadherin, reorganization of actin fibers, and formation of
intercellular gaps (arrows).
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Fig. 7. LPI produced a transient disruption of RBMVEC barrier function.
A, LPI (10 uM) produced a transient decrease in the normalized resistance (measured at

4000 Hz) of confluent RBMVEC monolayer assessed with Electric Cell-Substrate
Impedance Sensing (ECIS); the response was reduced by pretreatment with ML-193. B,
Comparison of the decrease in normalized resistance of RBMVEC monolayer produced by
LPI (1-10 puM) and ML-193 + LPI. C, Comparison of the decrease (%) in normalized Rb
parameter, that reflects the resistance in the intercellular cleft (*£< 0.05).
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Fig. 8. LPI increased the permeability of the blood-brain barrier (BBB) in vivo.
Systemic (i.v.) administration of LPI increased the BBB permeability assessed using the

Evans Blue method; the effect was reduced by treatment with ML-193. Brain Evans Blue
concentration after injection of saline or DMSO (0.1% v/v) was not significantly different
from control rats; *~< 0.05.
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Fig. 9. Diagram summarizing the effect of LPI on RBMVEC.
LPI via GPR55 activation increases cytosolic Ca2* concentration, [Ca%*];, by promoting

Ca?* influx through L-type voltage-gated Ca2* channels, activates Ca2*-dependent K*
channels leading to hyperpolarization. LPI produces disruption of tight and adherens
junctions, and reorganization of F-actin stress fibers leading to a transient reduction in
endothelial barrier function and increased BBB permeability.
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