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Abstract

Increasing evidences demonstrate the role of sensory innervation in bone metabolism, remodeling and repair,
however neurovascular coupling in bone is rarely studied. Using microfluidic devices as an indirect co-culture
model to mimic in vitro the physiological scenario of innervation, our group demonstrated that sensory neurons
(SNs) were able to regulate the extracellular matrix remodeling by endothelial cells (ECs), in particular through
sensory neuropeptides, i.e. calcitonin gene-related peptide (CGRP) and substance P (SP). Nonetheless, still little

is known about the cell signaling pathways and mechanism of action in neurovascular coupling. Here, in order
to characterize the communication between SNs and ECs at molecular level, we evaluated the effect of SNs and
the neuropeptides CGRP and SP on ECs. We focused on different pathways known to play a role on endothelial
functions: calcium signaling, p38 and Erk1/2; the control of signal propagation through Cx43; and endothelial
functions through the production of nitric oxide (NO). The effect of SNs was evaluated on ECs Ca”" influx, the
expression of Cx43, endothelial nitric oxide synthase (eNOS) and nitric oxide (NO) production, p38, ERK1/2 as
well as their phosphorylated forms. In addition, the role of CGRP and SP were either analyzed using respective
antagonists in the co-culture model, or by adding directly on the ECs monocultures. We show that capsaicin-
stimulated SNs induce increased Ca”" influx in ECs. SNs stimulate the increase of NO production in ECs, probably
involving a decrease in the inhibitory eNOS T495 phosphorylation site. The neuropeptide CGRP, produced by
SNs, seems to be one of the mediators of this effect in ECs since NO production is decreased in the presence of
CGRP antagonist in the co-culture of ECs and SNs, and increased when ECs are stimulated with synthetic CGRP.
Taken together, our results suggest that SNs play an important role in the control of the endothelial cell functions
through CGRP production and NO signaling pathway.
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Introduction

Human bone is a fully vascularized and innervated tissue,
with a coupling between blood vessels and nerve fibers
[1]. Nerve fibers can be found throughout the bone tissue
but are more abundant in the periosteum and in highly
vascularized and metabolically active regions [2]. Vas-
cularization and innervation are anatomically and func-
tionally coupled in bone tissue, nerve fibers are present
along the blood vessels and, at the same time, nerve fibers
contain blood capillary networks. Following these obser-
vations, we and others have shown that sensory nerves
can coordinate some aspects of vascularization and vas-
cular cells [3-6], sharing common mechanisms during
their development as well as during the bone regenera-
tion process [4] through a variety of neurogenic or non-
neurogenic factors [6].

Indeed, both vascular and nervous tissues share com-
mon signaling molecules. Endothelial cells and nerve
cells can both secrete angiogenic and neurogenic factors
during vessel and nerve formation as well as to maintain
their respective functions. In 2017, Yuan et al., reported
that human microvascular endothelial cells promote the
development of dorsal root ganglion neurons at least via
BDNEF pathway in a co-culture system and the activation
of ERK pathway [7]. In turn, sensory nerves can secrete
calcitonin gene-related peptide (CGRP) and substance P
(SP), both classic sensory neuropeptides, that stimulate
endothelial cell proliferation and in vivo angiogenesis [8],
and control endothelial cell function. SP also can stimu-
late nitric oxide (NO) production in endothelial cells and
then protect the bone vasculature [9]. However, while
multiple factors have been identified in the coupling
between innervation and vascularization, there is still a
variety of mechanisms of action and signaling pathways
in the SNs and ECs interplay that remains yet to be elu-
cidated [10].

In our previous work, we have used microfluidic cham-
bers to mimic the innervation process, where cell inter-
actions were achieved through axons emitted by neurons
toward the ECs. These devices also permitted to analyze
the two cell populations at proteomic and gene levels and
thereafter enabled the evaluation of the influence of sen-
sory neurons (SNs) on the target cells [3, 11]. We have
first demonstrated in vitro that rat primary SNs were able
to enhance the expression of angiogenic markers in rat
bone marrow-derived endothelial cells, and more spe-
cifically to stimulate extracellular matrix remodeling [3]
through MMPs activities.

Here, we propose to explore the interplay and cell sig-
naling mechanisms on the effect of sensory neurons on
endothelial cells. Numerous mechanisms, known as neu-
rovascular coupling, have been explored and were a point
of focus in this study. Among them, endothelial Ca*" sig-
naling, constitutes an emerging pathway in the regulation
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of neurovascular coupling [12]. In this respect, intercellu-
lar calcium (Ca®*) waves, that represent the propagation
of increases in intracellular Ca** through a cell network,
appear to be a fundamental mechanism for coordinating
multicellular responses [12]. The calcium propagation
predominately involves cell to cell communication, with
internal messengers moving via gap junctions, includ-
ing the connexin family, e.g. connexin 43 (Cx43), or other
messengers mediating paracrine signaling [13] with a
special emphasis on the possible participation of NO and
endothelial NO synthase (eNOS) in this process [14].

A second focus has been drawn on the classical sen-
sory neuropeptides released in close proximity to the
vascularized tissue, and which can then directly modu-
late functions of endothelial cells. Previously, we showed
that SN, indirectly co-cultured with ECs, secreted CGRP
and SP that could regulate ECs functions [3]. Similar to
CGREP, it has long been described that SP induces endo-
thelium-dependent vasodilation through the activation
of nitric oxide synthase and thus release of nitric oxide
[15-17]. It is thought that angiogenesis in bone is in part
the result of SP release and endothelial progenitor cells
migration from the bone marrow into the injured periph-
eral tissue [18, 19]. In addition, it has been shown in dif-
ferent vascular systems that SP-induced vasodilation
is mediated by cyclic-GMP signaling through different
pathways involving endothelial NO or direct endothelial-
independent pathways [20].

In such context, the aim of this study is to further
explore the cell-cell communication between endothe-
lial cells and sensory neurons using microfluidic devices
by evaluating the mechanism of action and the signaling
pathways involved in their crosstalk. We investigated the
effect of SNs on ECs’ Ca”" signaling, Cx43 expression and
the impact on the NO endothelial-dependent pathways.
We focused on the classical neuropeptides CGRP and SP,
using their specific antagonists, as mechanism of action
of SNs on ECs, evaluating also their respective role on
this neurovascular coupling and cell signaling.

Materials and methods

Microfluidic devices fabrication

Microfluidic devices molds were obtained using stan-
dard photolithography and soft lithography procedures.
Dimension measurements of the molds were performed
through interferometry using an S neox 3D Optical Pro-
filer confocal microscope (Sensofar Metrology). The
devices were made with polydimethylsiloxane (PDMS)
(Sylgard 184, Sigma-Aldrich, ref 761036) and polymer-
ized at 60 °C for 3 h. Before use, devices were incubated
for 4 days in absolute ethanol, dried and then exposed to
UV light (254 nm) for 40 min. Microfluidic devices char-
acterization was described in our previous work [3].
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Cellisolation and culture

Rat (Rattus norvergicus) neurons and endothelial cells
were used. Primary sensory neurons (SNs) were har-
vested from dorsal root ganglia (DRGs) from 5 to 8 weeks
old female Wistar rats, as described by Malin and col-
leagues [21] and in our previous work [3]. Briefly, spinal
columns were removed and opened from the caudal to
the rostral region in order to expose the DRGs. The DRGs
were individually harvested and digested with 2800 U/mL
of Collagenase Type IV (Gibco) for 1 h at 37 °C. Diges-
tion products were then washed twice with Dulbecco’s
Modified Eagle’s Medium 1 g/L glucose (DMEM, Gibco)
and mechanically dissociated using fire-polished glass
Pasteur pipettes. The cell suspension was finally washed
three times with culture medium, and resuspended in
DMEM 4.5 g/L glucose supplemented with 2% (v/v) B-27
Serum-Free Supplement (B-27, Gibco), 1% (v/v) fetal
bovine serum (FBS, PAN Biotech) and 1% (v/v) Penicillin
Streptomycin (Pen/Strep, Gibco). For nitric oxide experi-
ments, phenol red-free DMEM 4.5 g/L glucose (Gibco)
was used, supplemented as described previously.

Rat primary bone marrow-derived microvascular
endothelial cells (ECs) were purchased from Cell Bio-
logics (catalog # RA-6221). These cells are isolated from
tibia and femur of 10 weeks old female Sprague-Dawley
rats and cultured with endothelial cell growth medium-
2MV (EGM-2MV; Lonza) at 37 °C in humidified atmo-
sphere with 5% CO,. Cells were seeded at 10* cells/cm?
and were used between passages 5 to 8. Calcitonin gene
related peptide (CGRP) and substance P (SP) (Interchim,
ref RP1109560.5 and RP10178 respectively) were added
directly in the medium at concentrations of 100 nM for
CGRP and 1 pM for SP. Culture media were changed
every two days.

For co-culture assays, microfluidic devices were elec-
trostatically attached over glass coverslips previously
coated with 0.1 mg/mL Poly-D-Lysine (PDL, Sigma-
Aldrich) and 20 pg/mL laminin (Sigma-Aldrich). ECs
were seeded in the lateral compartments at a density of
80 cells/mm?. SNs were seeded in the central compart-
ment immediately after isolation at a density of 160 cells/
mm?”. Fresh medium was added every two days and the
cells were maintained in culture until day 7.

The antagonists BIBN4096 (for CGRP - AntCGRP) and
SR140333 (for SP - AntSP) (Tocris, Bio-Techne) were
solubilized in dimethyl sulfoxide (DMSO) considered
as vehicle and added directly in ECs culture medium
at a concentration of 10 pM each [22-24]. Vehicle final
concentration was 0.2% v/v for all groups. In the experi-
ments aiming nitric oxide quantification, EGM-2MYV was
replaced by phenol red-free EGM-2MV (Lonza) with 5%
(v/v) EBS.

The co-culture of ECs and SNs in microfluidic devices
was assessed by confocal microscopy at day 7. Briefly,
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cells were fixed with 2% (w/v) paraformaldehyde for
30 min at room temperature (RT), permeabilized with
0.1% (v/v) Triton X-100 for 5 min at RT and blocked with
1% (w/v) bovine serum albumin (BSA, GE Healthcare)
for 30 min at RT. For SNs, primary rabbit anti-rat B-III
tubulin antibody (Abcam, ab18207) was used at a 1:500
dilution at 4 °C overnight. Secondary goat anti-rabbit IgG
conjugated with Alexa Fluor 568 (Invitrogen™, catalog
#A11036) was used at a 1:400 dilution for 45 min at RT.
ECs was labelled against von Willebrand factor (Abcam,
ab195028) diluted at 1:100. Nuclei were stained with
DAPI (4', 6'-diamidino-2-phenylindole, Life Technolo-
gies™) at 1 pg/mL. Images were acquired in a Leica TCS
SPE 5 Confocal Laser Scanning Microscope.

Antagonist cytotoxicity

Cytotoxicity of BIBN4096 and SR140333 was assessed
according to the international standard ISO10993-5.
Briefly, ECs were seeded at 10,000 cells/cm? and cultured
in 96 well plates during 24 h with BIBN4096 or SR140333
from 0.1 nM to 10 pM. Wells containing 0.1% (v/v) Tri-
ton X100 were used as control of toxicity. Cell viability
was assessed by the Neutral Red assay and cell metabolic
activity by using an MTT assay and Resazurin reduction
[25]. For neutral red uptake, neutral red (Sigma-Aldrich,
ref N4638) was dissolved at 1.25% (w/v) in EGM-2MV
without serum, and 100 pL of the prepared solution
was added per well. After 3 h of incubation at 37 °C, the
supernatant was replaced by 100 pL of a mixture (50:50)
containing 50% (v/v) ethanol / 1% (v/v) acetic acid in
water. For MTT assay, MTT (3-(4, 5-dimethylthiazo-
lyl-2)-2, 5-diphenyltetrazolium bromide, Sigma-Aldrich,
ref M2128) (1 mg/mL stock in EGM-2MV without serum
and without phenol red) was added in 125 pL per well.
After 3 h of incubation at 37 °C in 5% CO,, the super-
natant was removed and formed formazan crystals were
dissolved by adding 100 pL of dimethyl sulfoxide (DMSO,
ref D5879, Sigma-Aldrich, France). In both cases, color
intensity was quantified by measuring the absorbance at
540 nm using a spectrophotometer (Perkin Elmer, 2030
Multilabel Reader VictorTMX3). For resazurin assay, 150
puL of culture medium containing resazurin (0.01 mg/
mL) was added to each well and the microplate was incu-
bated for 3 h. Subsequently, 100 uL of supernatant was
transferred to another 96 wells microplate and fluores-
cence was measured (exc=530 nm, em=590 nm, Victor
X3, Perkin Elmer). The mean values of absorbance mea-
surements obtained from colorimetric tests and their
corresponding standard deviation were calculated from
6 repeats. The results are expressed as a percentage of
EGM-2MV.
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Table 1 Sequences of primers used to analyze ECs gene
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Table 2 Antibodies and dilutions used for Western blot analysis

expression of ECs protein expression
Gene Gene Sequence Frag- Antibody anti- Host species Reference Supplier Dilution
ID ment Cx43 Rabbit 6219 Sigma 1:5000
length  .Nos Rabbit 32027 CellSignaling  1:1000
- - (bp) p-eNOS (T495) Rabbit 9574 S Cell Signaling 1:1000
(((5/543) 24,392 EASCQABT/AAATCATAATTCAATGGCTGCTCCT 139 p38 Rabbit Sc-728 Santa Cruz 11000
R: 5' AATAAATCATAATGTAGTTCGCCCAGTT p-p38 Rabbit 9211 Cell Signaling  1:1000
TTGC 3' Erk1/2 Rabbit 4695 Cell Signaling 1:1000
Rplp0 64205 F:5 CACTGGCTGAAAAGGTCAAGG 3’ 187 p-ERK1/2 Rabbit 4370 Cell Signaling ~ 1:2000
R: 5'GTGTGAGGGGCTTAGTCGAA 3 Gapdh Rabbit (9545 Sigma 1:5000
Gapdh 24383 F: 5 GGCATTGCTCTCAATGACAA 3’ 213 Rabbit (+ HRP) Goat 4052-05  SouthernBiotech 1:5000
R: 5 TGTGAGGGAGATGCTCAGTG 3’
Hprt1 24,465 F. 5 AGCCTAAAAGACAGCGGCAA 3’ 87

R: 5'GGCCACAGGACTAGAACGTC 3'

Real-time Ca?* fluorescence imaging

An analog of Fura 2, the Fura-PE3 AM (Interchim) was
used for measuring real-time variations of intracellular
Ca?" in ECs. Cells were incubated in EGM-2MV medium
(Lonza) with 5 uM Fura-PE3 AM at 37 °C and 5% CO, for
30 min. Cells were washed with fresh medium and SNs
in the central compartment were stimulated using capsa-
icin (Sigma-Aldrich) at a final concentration of 100 nM.
In control microfluidic devices containing ECs cultured
in absence of SNs, capsaicin was also added at 100 nM
to the central compartment. Fura-PE3 AM was excited
alternately at 340 and 380 nm, the emitted fluorescence
was monitored at 510 nm. One image per second was
acquired during 10 min. Fluorescence was observed
using an epifluorescence microscope Olympus IX70
of random regions from the lateral compartment of a
microfluidic device. Inside a region, we identified at least
8-14 ECs, in which a cell represents a region of interest
(ROI). Metafluor software (Universal Imaging) was used
to manually designate each cell as a ROI and measure the
fluorescence intensity in each ROI. Intracellular calcium
level was expressed as the ratio of the fluorescence inten-
sity due to the excitation wavelengths 340 nm to 380 nm
(Ratio (340/380 nm)). The delta variation in calcium level
was calculated as the difference between the maximum
value of the 340/380 nm ratio measured in ECs after cap-
saicin was added in the central compartment and value of
the 340/380 nm ratio in ECs at the moment of capsaicin
supplementation.

RNA extraction, cDNA synthesis and RT-qPCR analysis

Total RNA was extracted from ECs using the RNeasy
Plus Micro Kit (Qiagen) according to the manufacturer’s
protocol. RNA concentration and purity (OD 260/280)
were determined using a NanoPhotometer P330 (Implen
GmbH). 100 to 500 ng of total RNA were reverse tran-
scribed into cDNA using the Maxima Reverse Tran-
scriptase kit (Thermo Scientific™), according to the
manufacturer’s protocol. RT-qPCR experiments were

performed using a Takyon™ No Rox SYBR 2X Master-
Mix dTTP blue (Kaneka Eurogentec S.A.) with standard
PCR conditions for SYBR Green detection in a CFX Con-
nect™ Real-Time PCR Detection System (Bio-Rad Labo-
ratories) and analyzed with the CFX Manager™ software,
version 3.0 (Bio-Rad Laboratories). Primer sequences are
presented in Table 1. Target gene expression was quan-
tified using the cycle threshold (Ct) values and relative
mRNA expression levels were calculated according to the
27PPC method. Ribosomal protein lateral stalk subunit
PO (Rplp0), glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) and hypoxanthine phosphoribosyl transferase 1
(Hprtl) were used as reference genes.

Protein extraction and Western blotting analysis

ECs were lysed directly in the microfluidic devices with
RIPA buffer (Sigma), containing a Protease Inhibitor
Cocktail (PIC, Sigma) and Halt™ Phosphatase (Thermo
Scientific). Total protein content was quantified using
Bradford Reagent (Sigma). For each sample 40 pg of total
protein was denatured in loading buffer containing 1%
(v/v) B-mercaptoethanol at 95 °C for 5 min, separated
by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on a 7.5% (v/v) polyacrylamide
gel and electroblotted to the PVDF membrane (Immo-
biolon, Millipore). Membranes were blocked for 1 h with
5% (w/v) BSA (GE Healthcare) in a Tris-buffered saline
(TBS) 0.1% Tween-20 (Sigma) solution. Membranes were
immunoblotted overnight at 4 °C with primary antibod-
ies diluted in TBS-Tween / BSA 5%. Antibodies and their
dilutions are presented in Table 2. Immunodetection was
performed using Clarity™ Western ECL detection kit
reagents (Bio-Rad Laboratories). Membranes were visu-
alized on ImageQuantTM LAS 4000 mini (GE Health-
care Life Sciences) and bands intensity was quantified
using the Image] software.

Nitrite production

After 7 days of culture in phenol red-free EGM-2MV
supplemented with 5% (v/v) FBS, ECs supernatants were
harvested, then nitrite and nitrate production by ECs was
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determined using the Nitrate/Nitrite Fluorometric Assay
Kit (Cayman Chemical) according to the manufacturer’s
protocol. Briefly, first the supernatants were centrifuged
for 5 min at 10 000 g. Nitrate contained in the medium
were converted to nitrite using nitrate reductase. Then,
DAN (2,3-diaminonaphtalene) was added as an acidic
solution, followed by NaOH which enhances the detec-
tion of the fluorescent product 1(H)-naphtotriazole. The
fluorescence was measured on a Victor X3 2030 Multi-
label Reader (PerkinElmer) at an excitation wavelength
of 355 nm and an emission wavelength of 460 nm. Final
nitrite production was calculated related to the standard
curve and normalized by total protein concentration.
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Statistical analysis

Data is expressed as mean values of at least 3 indepen-
dent experimentststandard deviation. The Software
Prism 5.0 (GraphPad Software Inc.) was used to analyze
differences between groups. Student’s t test or one-way
ANOVA followed by Bonferroni’s or Tukey’s multiple
comparison test as post hoc when necessary. A value of
p<0.05 is considered statistically significant.

Results

SN can stimulate Ca?* influx in ECs

As previously described by our group, SNs emit neurites
that pass through the microchannels towards ECs com-

partment where they interact closely (Fig. la-b). Our
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Fig. 1 Representative images of the co-culture between ECs and SNs in microfluidic devices and intracellular Ca”* levels in endothelial cells (ECs) in the
presence or absence of sensory neurons (SNs). (a) Microfluidic devices composed of 3 compartments: one central compartment containing SNs sur-
rounded by two lateral compartments containing ECs. Central and lateral compartments are separated by microchannels with precise dimensions that
permit axons to pass through, as characterized in our previous study [3]. (b) Confocal microscopy representative image of the co-culture between SNs
and ECs at day 7. SNs are shown in white (3-Ill tubulin) and ECs in green (von Willebrand factor). The white arrowheads show neurites emitted by the
SNs passing through microchannels and within ECs culture. Scale bar =50 um. (c) Representative traces of a region of interest (ROI) around ECs from a
random region in a microfluidic device showing the intracellular calcium levels in ECs cultured alone having capsaicin added in the central compartment
(ECs + (capsaicin)), ECs culture in the presence of SNs without capsaicin stimulation (ECs + (SNs)) and ECs co-culture with SNs with capsaicin stimulation
(ECs + (SNs+ capsaicin)). Each line represents an endothelial cell previously defined as a ROI using the Metafluor software. The values of calcium levels are
expressed as Ratio (340/380 nm) as a function of time. The black arrow represents the addition of capsaicin in the SNs compartment. These figures are rep-
resentative of three independent experiments. (d) Variation of intracellular calcium levels in ECs quantified by Delta Ratio 340/380 nm as the maximum
value of the 340/380 nm ratio measured in ECs after capsaicin addition in the central compartment minus the value of the 340/380 nm ratio in ECs at
the moment of capsaicin addition. Data are represented as n=24-42 ROls from three independent experiments. n=8-14 ROls analyzed per microfluidic
device. Mean values + SD analyzed by Student’s t test, **** p <0.0001
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(See figure on previous page.)

Fig. 2 Effect of (a-d) the co-culture of ECs with SNs and (e-h) CGRP and SP antagonists on Cx43 expression and phosphorylation in endothelial cells (ECs).
(a) Gene expression of Cx43 by ECs cultured in presence (grey bars) or absence (white bars) of SNs after 4 and 7 days. (b) Representative western blot
of Cx43 protein expression by ECs cultured in presence (+) and absence (-) of SNs after 4 and 7 days of culture. Black arrowheads represent phosphory-
lated forms of Cx43 (pCx43) with slightly higher molecular weight. (c) Total Cx43 protein expressed by ECs cultured in presence (grey bars) or absence
(white bars) of SNs after 4 and 7 days relative to EC alone Gapdh at day 4. (d) Phosphorylated and non-phosphorylated forms of Cx43 were quantified
separately and the Cx43 phosphorylated ratio (pCx43/Cx43) was evaluated relative to ECs alone at day 4. (a-d) n=6 independent experiments. (e) Cx43
gene expression in the presence of AntCGRP, AntSP and vehicle after 7 days of co-culture between ECs and SNs in the presence of each antagonist and
vehicle. (f) Representative western blot of Cx43 protein expression relative to Gapdh after 7 days of co-culture between ECs and SNs in the presence of
each antagonist and vehicle. Black arrowheads represent pCx43 form. (g) Total Cx43 protein expression relative to Gapdh in ECs co-cultured with SNs for
7 days in the presence of each antagonist relative to the vehicle. (h) Phosphorylated and non-phosphorylated forms of Cx43 in ECs cultured with SNs
for 7 days in the presence of each antagonist and vehicle. The Cx43 phosphorylated ratio (pCx43/Cx43) was quantified relative to the vehicle. (e-h) n=3
independent experiments. All graphs represent mean values+SD for both gene and protein evaluation using ANOVA test followed by Bonferroni (a, ¢

and d) or Tukey (e, g and h) as post-hoc, * p <0.05. Uncropped western blots images are shown in Supplementary Fig. 2

group has already described a direct effect of SNs on
ECs functions in view of angiogenesis and extracellular
matrix remodeling previously [3] using this same meth-
odology. To evaluate if SNs impact on ECs is driven via
the secretion of neuropeptides followed by a downstream
Ca*? signaling on ECs [12], we quantified the free intra-
cellular Ca** ([Ca®*}]) in ECs. It is well established in the
literature that capsaicin stimulates SNs leading to the
release of extracellular vesicles containing among others,
the classical sensory neuropeptides CGRP and SP [26,
27] that could activate calcium signaling.

Here, we cultured ECs alone or in the presence of SNs
in microfluidic chambers for 7 days and we stimulated
SN or not, with capsaicin. When SNs are not stimulated
with capsaicin, or when ECs were cultured alone and
capsaicin is added in the culture medium in the central
compartment deprived of SNs, no effect is observed on
the basal calcium levels. However, when ECs were co-
cultured with SNs and latter stimulated with capsaicin,
a synchronized increase in calcium level is observed in
the ECs (Fig. 1c), revealing an increase in the calcium
level within 2 s, then the calcium intensity signal reached
a plateau for all cells, which was maintained for at least
10 min. These findings were confirmed when we quanti-
fied the variation of intracellular calcium levels using the
delta Ratio 340/380 nm (Fig. 1d).

Cx43 expression and phosphorylation are not affected in
ECs co-cultured with SNs

It is well known that calcium propagation to neighbor-
ing cells is also mediated through gap junctions and Cx43
hemichannels [28, 29], and Cx43 is highly expressed in
ECs [30]. Moreover, considering the synchronized cal-
cium response in ECs after SNs stimulation with cap-
saicin (Fig. 1c-d), we wonder if SNs and neuropeptides
CGRP and SP could affect the expression of Cx43, pos-
sibly affecting then the calcium propagation. We evalu-
ated the gene and protein expression of Cx43 in ECs
cultured in the presence or absence of SNs after 4 and
7 days of culture. Firstly, when we analyzed the Cx43
gene expression (Fig. 2a), no significant difference was
observed, in both time points. We then analyzed Cx43

protein expression by Western blot (Fig. 2b, Supplemen-
tary Fig. 2) followed by densitometric analysis and using
Gapdh as reference protein for quantification purposes
(Fig. 2c). At day 4, there is a tendency of upregulation of
Cx43 protein expression when ECs are co-cultured with
SN relative to ECs cultured alone (p=0.07). The expres-
sion of Cx43 increased over time in ECs alone or in the
presence of SN (Fig. 2¢).

In order to evaluate Cx43 regulation by phosphoryla-
tion, we analyzed the phosphorylated forms by western
blot [31] as indicated by the black arrowhead in Fig. 2b.
When the phosphorylated forms of Cx43 (pCx43) were
analyzed and the Cx43 phosphorylation ratio (pCx43/
Cx43) was calculated, a tendency in the upregulation of
pCx43 from day 4 to day 7 is observed when the ECs are
cultured in the presence of SNs (p=0.08) (Fig. 2d).

To further explore the underlying mechanism of action
in which SNs can modulate ECs activity, and based on
our previous work [3] that demonstrates that CGRP and
SP produced by SNs are both involved in the upregulation
of the angiogenic markers, the two sensory neuropep-
tide antagonists BIBN4096BS (AntCGRP) and SR140333
(AntSP) were supplemented in ECs culture medium for 7
days in the presence of SNs. The control used to quantify
the Cx43 gene expression (Fig. 2e), as well as the protein
and Cx43 phosphorylation ratio (Fig. 2f, Supplementary
Fig. 2), was the vehicle used to solubilize both antagonists
(DMSO at 0.2% v/v final concentration for all groups). At
genetic level, when the co-culture between ECs and SNs
is supplemented separately with AntCGRP or AntSP, no
significant difference was observed relative to the vehi-
cle (Fig. 2e) after 7 days of co-culture of ECs with SNs.
When the Cx43 protein expression by ECs is analyzed
by western blot (Fig. 2f), a tendency of downregulation
is observed in the presence of AntSP (p=0.07) (Fig. 2g)
compared to the control (vehicle alone). However, when
the Cx43 phosphorylation ratio is evaluated, no differ-
ence was observed between groups (Fig. 2h).



Leroux et al. Biological Research (2024) 57:65

NO production increased in ECs co-cultured with SNs:
CGRP as regulator

Increases of [Ca®",] in ECs can be also linked to an aug-
mentation of nitric oxide (NO) production through the
regulation of endothelial NO synthase (eNOS) expres-
sion or activity [32]. Thus, the endothelial marker eNOS
was evaluated in ECs co-cultured with SNs after 4 and
7 days. We analyzed by western blot the eNOS protein
expression as well as the specific phosphorylation site
T495 (p-eNOS) (Fig. 3a, Supplementary Fig. 3), which is
considered to be inhibitory in NO production [33]. In the
presence of SNs, no significant difference was observed
on the eNOS expression by ECs after 4 and 7 days of co-
culture related to ECs cultured alone (Fig. 3b). However,
when the phosphorylation ratio of T495 site was evalu-
ated, a significant downregulation of the T495 phosphor-
ylation site is observed in ECs cultured the presence of
SNs over time, from day 4 to day 7 (Fig. 3c).

In parallel, we measured the NO production through
the specific degradation products of NO in the ECs cul-
ture medium at day 7 for both groups of cultures. Inter-
estingly, although absence of statistical difference on

Page 8 of 15

eNOS protein expression and phosphorylation ratio in
the presence versus absence of SN, a significantly higher
nitrite concentration is observed when ECs are co-cul-
tured with SN relative to ECs cultured alone after 7 days
of culture (Fig. 3d).

Again, to evaluate the role of the two sensory neuro-
peptides CGRP and SP on the NO production, we then
measured the nitrite production in the co-culture of ECs
and SN in the presence of AntCGRP or AntSP (Fig. 3e).
We observed that nitrite concentration was significantly
decreased in the presence of AntCGRP (p<0.0001), but
no significant difference was observed after AntSP treat-
ment (Fig. 3e). In order to confirm the effect of CGRP on
NO production, we then cultured ECs alone in the pres-
ence of the two neuropeptides CGRP or SP added in the
culture medium separately, at 100 nM and 1 uM, respec-
tively. These concentrations were chosen as they do not
induce cytotoxicity (Supplementary Fig. 1) and according
to our previous work, as they showed an effect on ECs
gene expression of VegfA and Mmp2, respectively [3].
When ECs were treated with 100 nM CGRP, a signifi-
cantly higher production of nitrite was observed relative
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Fig. 3 Effect of (a-c) the co-culture of ECs with SNs and (d-f) CGRP and SP on eNOS expression and nitrite production. (a) Representative western blot
of eNOS protein expression by ECs cultured in presence (+) and absence (-) of SNs after 4 and 7 days of culture. The phosphorylation of T495 site was
assessed using specific antibody (p-eNOS) (Table 2). (b) eNOS protein expression relative to Gapdh in ECs cultured in presence (grey bars) or absence
(white bars) of SNs relative to ECs alone at day 4. (c) Phosphorylation ratio of the T495 site (p-eNOS/eNOS) relative to ECs alone at day 4. (d) Quantification
of NO degradation products was performed at day 7 in the ECs culture medium in the presence or absence of SNs. (e) Quantification of NO degradation
products was performed at day 7 in the ECs culture medium supplemented with CGRP and SP antagonists in the presence or absence of SNs. The vehicle
group is considered as control. (f) Effect of the two neuropeptides CGRP (100 nM) and SP (1 uM) separately on nitrite production by ECs cultured alone
for 7 days. ECs medium supplemented with the vehicle is considered as control (n=4 independent experiments). The graphs represent mean values+SD
using ANOVA test followed by Bonferroni (b, ¢) or Tukey (e, f) as post-hoc or Student’s t test (d), * p <0.05, ** p<0.01, **** p <0.0001. Uncropped western
blots images are shown in Supplementary Fig. 3
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to the vehicle alone (p<0.05) (Fig. 3f). No significant
difference was detected in nitrite production when ECs
were treated with 1 uM SP compared to the vehicle.

Mitogen-activated protein kinases (MAPK) expression in
ECs co-cultured with SNs: Erk1/2 regulated by SP?

MAP kinases activation such as p38 and Erkl/2 can
result in downstream eNOS regulation activity through
its phosphorylation sites, thus participating in the angio-
genesis process [34—36]. Then, we evaluated the p38 and
Erk1/2 pathways in ECs co-cultured with SNs for 4 and 7
days.

Firstly, we evaluated the expression of p38 and its phos-
phorylated form (p-p38) by western blot (Fig. 4a, Supple-
mentary Fig. 4). No significant differences were observed
in the p38 expression as well as in the phosphorylation
ratio when ECs were co-cultured with SNs after 4 and 7
days (Fig. 4b-c). Nevertheless, we further evaluated the
effect of AntCGRP and AntSP in the ECs culture medium
in the presence of SNs after 7 days. We analyzed p38 and
p-p38 expression by western blot (Fig. 4d, Supplementary
Fig. 4) and evaluated the protein expression (Fig. 4e) as
well as the phosphorylation ratio (Fig. 4f). No significant
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differences were found between AntCGRP or AntSP
treatment relative to the vehicle group for p38 expression
nor for the phosphorylation ratio.

Then, Erkl/2 expression, its phosphorylated form
(p-Erk1/2) and the phosphorylation ratio were also eval-
uated by western blot (Fig. 5a, Supplementary Fig. 5).
When ECs were co-cultured with SNs for 4 and 7 days,
no significant differences in the Erk1/2 expression were
observed (Fig. 5b). When we analyzed the phosphoryla-
tion ratio, no difference was observed at day 4. However,
at day 7 the p-Erk1/2 form was significantly downregu-
lated in the presence of SNs relative to day 4, and also
significantly downregulated relative to the ECs cultured
alone (Fig. 5¢).

Again, we tested the effect of AntCGRP and AntSP on
the protein expression of both Erk1/2 and p-Erk1/2 by
western blot (Fig. 5d, Supplementary Fig. 5) when ECs
were co-cultured with SNs for 7 days. No difference on
the Erkl1/2 expression was observed in the presence of
AntCGRP or AntSP relative to the vehicle (Fig. 5e). No
significant difference is observed in the phosphoryla-
tion ratio when AntCGRP is used. However, there is a
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Fig. 4 Effect of (a-c) the co-culture of ECs with SNs and (d-f) CGRP and SP antagonists on p38 expression. (@) Representative western blot of p38 and its
phosphorylated form (p-p38) expression by ECs cultured in presence (+) and absence (-) of SNs after 4 and 7 days of culture. P-p38 expression was as-
sessed using specific antibody (Table 2). (b) p38 expression relative to Gapdh by ECs cultured in presence (grey bars) or absence (white bars) of SN, after
4 and 7 days relative to ECs alone at day 4. (c) Phosphorylated and non-phosphorylated forms of p38 were quantified separately and the phosphorylated
ratio (p-p38/p38) was evaluated relative to ECs alone at day 4. (d) Representative western blot of p38 and p-p38 expression in EC when co-cultured with
SN for 7 days in the presence of CGRP and SP antagonists (AntCGRP and AntSP, respectively). The vehicle group is used as control. (e) Total p38 expression
relative to Gapdh in ECs co-cultured with SNs for 7 days in the presence of each antagonist relative to the vehicle. (f) Phosphorylation ratio (p-p38/p38)
in the presence of each antagonist relative to the vehicle (n=4 independent experiments). The graphs represent mean values+SD using ANOVA test
followed by Bonferroni (b, ¢) or Tukey (e, f) as post-hoc. Uncropped western blots images are shown in Supplementary Fig. 4
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Fig. 5 Effect of (a-c) the co-culture of ECs with SNs, (d-f) CGRP and SP antagonists, and (g-i) the neuropeptides CGRP and SP on Erk1/2 expression and
phosphorylation. (a) Representative western blot of Erk1/2 and its phosphorylated form (p-Erk1/2) expression by ECs cultured in presence (+) and ab-
sence (-) of SNs after 4 and 7 days of culture. P-Erk1/2 expression was assessed using specific antibody (Table 2). (b) Erk1/2 expression relative to Gapdh
by ECs cultured in presence (grey bars) or absence (white bars) of SNs, after 4 and 7 days relative to ECs alone at day 4. (c) Phosphorylated and non-
phosphorylated forms of Erk1/2 were quantified separately and the phosphorylated ratio (p-Erk1/2-to-Erk1/2) was evaluated relative to ECs alone at day 4.
(a-€) n=4 independent experiments. (d) Representative western blot of Erk1/2 and p-Erk1/2 expression in presence of CGRP or SP antagonists (AntCGRP
and AntSP, respectively) and vehicle. (e) Erk1/2 expression relative to Gapdh by ECs co-cultured with SNs in the presence of each antagonist relative to
the vehicle. (f) Erk1/2 phosphorylation ratio (p-Erk1/2-to-Erk1/2) in the presence of each antagonist relative to the vehicle. (d-f) n=3 independent experi-
ments. (g) Representative western blot of Erk1/2 and p-Erk1/2 expression in ECs cultured in well plates in the presence of 100 nM CGRP, 1 uM SP, and
vehicle. (h) Erk1/2 expression relative to Gapdh in ECs alone cultured in the presence of 100 nM CGRP, T uM SP relative to the vehicle. (i) Erk1/2 phosphory-
lation ratio in the presence of 100 nM CGRP, 1 uM SP relative to the vehicle. (g-i) n=3 independent experiments. The graphs represent mean values+SD
using ANOVA test followed by Bonferroni (b, €) or Tukey (e, f) as post-hoc, * p <0.05. Uncropped western blots images are shown in Supplementary Fig. 5

Discussion
Neurovascular coupling is a set of mechanisms regulat-

significant upregulation of p-Erk1/2 in the presence of
AntSP relative to the vehicle (Fig. 5f).

In order to explore a possible role of SP on Erkl/2
expression and phosphorylation, we cultured ECs in well
plates in the presence of 100 nM CGRP and 1 uM SP and
analyzed by western blot (Fig. 5g, Supplementary Fig. 5).
No significant differences were observed in Erkl/2
expression (Fig. 5h) and in the Erk1/2 phosphorylation
ratio (Fig. 5i) in relation to the vehicle.

ing the exchanges between nerves and blood vessels, and
more precisely at the cellular level, between endothelial
cells and neural cells. Some of these mechanisms have
been described [37, 38], but most of them remain unclear,
which confirm the need for further study of the interplay
between these cell types that can support the regulation
of angiogenesis by nerve fibers. In more details, through
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this coupling, local neuronal activity plays an impor-
tant role on angiogenesis and physiology of neighboring
microvessels. In this context and based on our previous
data obtained in vitro on the effect of sensory neurons on
endothelial cells [3], our aim here was to discriminate the
cell signaling involved in the neurovascular coupling and
to focus on the role of the two neurotransmitters CGRP
and SP produced by sensory neurons on the cell commu-
nication with endothelial cells.

Among the responses of endothelial cells to different
chemical (e.g., neurotransmitters) and physical stimuli
(e.g., shear stress pulsatile stretch), the increase in intra-
cellular Ca** concentration can further trigger diverse
signaling pathways, known to regulate the expression of
angiogenic markers and EC functions [39].

In this work, we showed that the stimulation of SNs
with capsaicin results an increase on intracellular cal-
cium level in ECs (Fig. 1c-d). The effect of stimulation
of SNs by capsaicin was observed on a group of endo-
thelial cells whose resting [Ca®*] had been measured.
This observation suggests that the stimulation of SNs
by capsaicin and the subsequent release of vesicles [40],
including CGRP and SP, can be responsible for the cal-
cium influx observed in ECs. The role of CGRP and SP
has been previously identified in our work as mediators
stimulating the gene expression of angiogenic markers
of endothelial cell functions [3]. Our results also suggest
that [Ca®* ] is increased in ECs in response to SNis stimu-
lation with capsaicin and that ECs communicate quickly
to present a harmonized response.

In particular, calcium signaling is known to occur via
gap junctions and connexin (Cx) hemichannels [30]. Gap
junctions are constituted by Cx that contain multiple
phosphorylation sites and the phosphorylation state is
well known to regulate the opening or closing of chan-
nels [41]. Among the Cx, Cx43 is one of the most widely
expressed connexin in tissues and cell lines, especially
in the vascularized bone tissue [41]. Phosphorylation of
Cx43 is known to be involved in the regulation of hemi-
channels and gap junctional communication through
trafficking, assembly/disassembly, degradation as well as
gap junction channel gating [42]. More precisely, it has
been described that Cx43 phosphorylation decreases
intercellular communication [42-45], however, Ca®*
transfer is rarely affected. Indeed, even if Cx43 phosphor-
ylation can inhibit other molecules transfer such as IP3, it
allows Ca®* movement [46]. Thus, the calcium signaling
in ECs observed in presence of SNs in the Fig. 1 might
still be mediated through Cx43 activity.

When looking at Cx43 in our co-culture model of ECs
with SN, an increase in Cx43 expression over time likely
due to the increase in culture confluence (Fig. 2c), and
a tendency in the phosphorylation rate were observed
over time in the presence of SNs (Fig. 2d). Moreover,
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Cx43 protein expression tends to be upregulated in the
presence of SNs relative to ECs cultured alone at day 4.
An upregulation of Cx43 has been shown to positively
modulate the angiogenic potential of endothelial cells by
stimulating endothelial cell migration and network for-
mation [47]. However, here, antagonists of CGRP and SP
had no significant influence on the Cx43 protein expres-
sion and phosphorylation ratio. Antagonist of SP may
have showed a tendency to decrease protein expression
(»p=0.07), but it did not influence significantly the phos-
phorylation ratio. These results should be interpreted
with caution and should be confirmed by further experi-
ments before concluding on the role of SNs and these
neuropeptides to control site-specific connexin phos-
phorylation, associated with a control of gap junctional
communication through Cx43.

NO is also a potent mediator produced by the eNOS
in ECs and is involved in endothelial functions by main-
taining vascular homeostasis for example [48]. A Ca**-
dependent regulation of eNOS producing NO has already
been described [49]. The eNOS is an important signal
generator involved in the control of vascular tone and
angiogenesis, regulated by several kinases acting at differ-
ent sites to activate or inhibit NO production. Our results
show that SNs increase NO production in ECs, probably
involving a decrease in the eNOS T495 phosphorylation
site without affecting eNOS protein expression, resulting
thus in a stimulatory effect on eNOS activity. While SP
seems not to be involved in the increase of NO produc-
tion (Fig. 3e-f), the neuropeptide CGRP seems to be one
of the mediators of this communication, since NO pro-
duction is decreased in the presence of AntCGRP in the
co-culture of ECs and SNs and increased when ECs are
stimulated with synthetic CGRP. Our data are in accor-
dance with the well-known vasodilator role of CGRP [50]
and importantly, identify an important mechanism in
which SNs can regulate ECs functions, in a NO-depen-
dent manner.

Interestingly, a study conducted by Gaete and coau-
thors have suggested a contradictory effect of CGRP
on NO production in mesenteric arterial beds [22]. The
authors showed that CGRP signaling inhibits NO pro-
duction through gap junction protein pannexin-1 chan-
nel activation in ECs. Besides we did not evaluate the role
of pannexin-1, here we used ECs isolated from bone mar-
row microvasculature. The differences in the cells and tis-
sues origin as well as the presence of different cell types
in mesenteric arterial beds may explain the contradictory
results observed in both situations. We developed an in
vitro model to elucidate the cell communication and sig-
naling between dissociated Dorsal Root Ganglia (DRG)
cultures (including a mix of SNs and Schwann cells) and
endothelial cells. Our approach does not reflect the com-
plexity of the vascular tissue composition and response



Leroux et al. Biological Research (2024) 57:65

to SNs stimulation, however it allows us to describe the
particular ECs response and to identify the main actors
of their communication with SNs here and in our previ-
ous study [3].

Recently, an interesting relation between NO, Cx43 and
Ca”" signaling has been suggested to regulate endothelial
cell migration, proposed by Espinoza and Figueroa [51].
Using rat primary microvascular endothelial cells and
a 2D migration scratch assay, the authors suggested the
involvement of NO-mediated S-nitrosylation in Cx43
hemichannels’ functions [51]. The activation of Cx43
hemichannels by S-nitrosylation should play a critical
role in the long-lasting increase in [Ca®*,] that directs
endothelial cell migration and network formation, sug-
gesting that this mechanism may contribute to the NO-
mediated effects in angiogenesis. The data previously
published by our team showing that SNs and the neuro-
peptides SP and CGRP participate in the upregulation
of angiogenesis markers in ECs such as Angptl, Col4,
Mmp?2 and interestingly, VegfA [3]. As well known, VEGF
play an important role in ECs by contributing to vascu-
lar integrity and endothelial homeostasis [52, 53] and
but also it stimulates eNOS expression and activation
[49, 54]. Here, we show that CGRP regulates NO pro-
duction, likely indirectly participating in the activation
of Cx43 channels through NO-mediated S-nitrosylation,
permitting the Ca®' entry and thus triggering multiple
mechanisms stimulating ECs functions. In this sense, our
findings presented here show the increase in [Ca’* ] in
ECs after SNs stimulation with capsaicin, a significant
upregulation of NO production in ECs co-cultured with
SNs, and only a tendency in Cx43 protein expression in
ECs co-cultured with SNs at day 4 (p=0,07). These data
are in accordance with Espinoza’s and Figueroa’s observa-
tions and confirm that SNs play an important role in the
control of the endothelial cell functions such as migration
and network formation.

MAPK signaling proteins such as ERK1/2 and p38 are
also known to be involved in processes such as angio-
genesis by regulation of eNOS [55, 56] for example.
Moreover, the ERK1/2 and p38 have been shown to be
activated by the recognition of SP and CGRP, respec-
tively, by their receptors in mesenchymal stem cells [57].
This activation leads to the migration of MSCs to bone
formation sites and increased osteogenesis. Here, p38
protein expression and p38 phosphorylation ratio are not
modulated by the presence of SNs nor by the presence
of AntCGRP and AntSP at day 4 and day 7. Regarding
Erk1/2, a downregulation of phosphorylation ratio was
observed in ECs co-cultured with SN at day 7 relative to
day 4 and ECs cultured alone at day 7 (Fig. 5c¢), followed
by an upregulation of Erk1/2 phosphorylation ratio in the
presence of AntSP at day 7 (Fig. 5f). However, the effect
of the neuropeptide SP on Erk1/2 phosphorylation was
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not confirmed when ECs alone were cultured in well
plates in the presence of 1uM SP. It is important to note
that when we identified the downregulation of Erk1/2
phosphorylation ratio at day 7 and the upregulation of
Erk1/2 phosphorylation ratio in the presence of AntSP,
the ECs were co-cultured with SNs, reflecting a more
complex physiological communication between both cell
types relative to the culture of ECs alone with the culture
medium supplemented with CGRP and SP individually.
Indeed, the neuropeptides availability and concentrations
are not the same for both situations, which can explain
the absence of effect of SP on Erkl/2 phosphorylation
ratio when SP was added to the ECs culture medium
(Fig. 5i). It is known that SNs secrete other molecules and
neuropeptides, which could take over or act in synergy
with SP, explaining why SP in ECs culture medium does
not significantly affect Erk1/2 phosphorylation ratio. A
similar scenario was observed in our previous study [3],
in which we identified that SP when in culture medium
can upregulate Mmp2 expression, however when ECs
were co-cultured with SNs in the presence of AntSP,
Mmp2 expression was only significantly reduced when
AntSP and AntCGRP were used combined, suggesting
that other molecules might be involved in the regulation
of Mmp?2 expression by SNs.

It is well described in the literature that in ECs, Erk1/2
phosphorylation increases as a quick response followed
by an angiogenic signal, and then the phosphorylation
level is decreased due to the activity of Erk1/2 phospha-
tases [58, 59]. Here, the time course used for the analysis
of Erk1/2 expression and phosphorylation in the co-cul-
tured ECs (4 and 7 days allowing the neurite outgrowth),
that could impact angiogenesis, could not be appropri-
ate with a signal of the MAPK activities. However, in
our study, when we consider the Erk1/2 phosphoryla-
tion ratio in ECs co-cultured with SNs from day 4 to 7,
we observe a decrease in the phosphorylation ratio. This
downregulation could be the result of the Erk1/2 phos-
phatases activity, acting on a return of Erk1/2 phosphory-
lation ratio to a base level after an earlier stimulation.
Moreover, EC culture medium is a growth factor-rich
environment, including VEGF-A in the composition,
which could explain the high levels of Erk1/2 phosphor-
ylation ratio in the group of ECs cultured alone at both
time points.

Conclusion

We showed that capsaicin-stimulated SNs could induce
Ca®" influx in ECs and we analyzed the effect of the
two classical sensory peptides CGRP and SP on the
protein levels and phosphorylation of potential actors
impacted by the calcium influx in ECs. SNs increased
NO production in ECs, probably involving a decrease
in the inhibitory eNOS T495 phosphorylation site. The
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Fig. 6 Putative role and mechanisms of action of sensory neurons (SN) on endothelial cells (ECs). Capsaicin-stimulated SNs induce Ca’*influx in ECs. The
presence of AntSP (SR140333) increases phosphorylation of Erk1/2 and a tendency on Cx43 downregulation (p=0.07) is also observed. SNs induce an
increase of NO production in ECs, and the neuropeptide CGRP seems to be the mediator of this effect since NO production is decreased in the presence
of AntCGRP (BIBN4096) in the co-culture of ECs and SNs and increased when ECs are stimulated with synthetic CGRP. Considering our previous work
showing that SNs regulates endothelial cell functions and vascular remodeling through the upregulation of VegfA, Angpt1, Mmp2 and Col4 [3] and the
effect of VEGFA on NO production [14], SNs seem to play an important role in the control of ECs angiogenic functions

neuropeptide CGRP, produced by SNs, seems to be one
of the mediators of this effect in ECs since NO produc-
tion is decreased in the presence of AntCGRP in the
co-culture of ECs and SNs, and increased when ECs are
stimulated with synthetic CGRP. Considering this data
and those in the literature, we propose that SNs play an
important role in the control of the endothelial cell func-
tions such as migration and network formation. A sum-
mary of our findings is presented in the Fig. 6.
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