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Abstract: Second messenger nicotinic acid adenine dinucleotide phosphate (NAADP) triggers Ca%*
release via two-pore channels (TPCs) localized in endolysosomal vesicles. The aim of the present work
is to evaluate the role of TPCs in the action of norepinephrine (NE), angiotensin II (Angll), vasopressin
(AVP), and 5-hydroxytriptamine (5-HT) on free cytoplasmic calcium concentration ([Ca?*];) in smooth
muscle cells (SMCs) isolated from rat aorta and on aorta contraction. To address this issue, the NAADP
structural analogue and inhibitor of TPCs, NED 19, was applied. We have demonstrated a high
degree of colocalization of the fluorescent signals of cis-NED 19 and endolysosmal probe LysoTracker
in SMCs. Both cis- or trans-NED 19 inhibited the rise of [Ca2*]; in SMCs induced by 100 uM NE by
50-60%. ICsy for cis- and trans-NED 19 were 2.7 and 8.9 uM, respectively. The inhibition by NED
19 stereoisomers of the effects of Angll, AVP, and 5-HT was much weaker. Both forms of NED 19
caused relaxation of aortic rings preconstricted by NE, with relative potency of cis-NED 19 several
times higher than that of trans-NED 19. Inhibition by cis-NED 19 of NE-induced contraction was
maintained after intensive washing and slowly reversed within an hour of incubation. Cis- and
trans-NED 19 did not cause decrease in the force of aorta contraction in response to Ang II and AVP,
and only slightly relaxed aorta preconstricted by 5-HT and by KCI. Suppression of TPC1 in SMCs
with siRNA caused a 40% decrease in [Ca®*]; in response to NE, whereas siRNA against TPC2 did
not change NE calcium signaling. These data suggest that TPC1 is involved in the NE-stimulated
[Ca?*]; rise in SMCs. Inhibition of TPC1 activity by NED 19 could be the reason for partial inhibition
of aortic rings contraction in response to NE.

Keywords: norepinephrine; calcium; two-pore channels; smooth muscle cells; NED 19; NAADP;
siRNA; aorta

1. Introduction

The well-known mechanism of agonist-induced elevation of free cytoplasmic calcium concentration
[Ca2*];) is its mobilization from endo/sarcoplasmic reticulum via InsP3- and ryanodine-sensitive
P Y
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channels. The latter is activated by cyclic ADP Ribose (cADPR) [1,2]. Somewhat later, NAADP was
found to be another messenger that caused mobilization of calcium ions from intracellular depots [3].
This messenger released Ca?* from a new calcium store: lysosomes and lysosome-related acidic
compartments [4]. The Ca?*-mobilizing action of NAADP was shown for virtually all mammalian cell
types examined [5]. The molecular target activated by NAADP is two-pore channels (TPCs), which are
represented in human and mouse by two forms: TPC1 and TPC2 [6-8]. TPC2 is localized in lysosomes,
and TPC1 is co-expressed with lysosome and endosome markers [8]. The function of these channels as
a target of NAADP was described a decade after they were cloned [9]. TPCs are evolutionally ancient
proteins that are present not only in animals, but also in plants, fungi and unicellular eukaryotes.
In experiments with isolated lysosomes, it was demonstrated that both TPC1 and TPC2 were activated
by PI-3,5-P2 while NAADP was without effect [10]. Jha et al. [11] have shown that both compounds
stimulate TPC2.

The signaling pathways mediated by NAADP are involved in differentiation [12,13],
histamine-activated von Willebrand factor exocytosis in human umbilical vein endothelial cells
(HUVECS) [14], secretion [15,16], contraction of uterine smooth muscles in response to oxytocin [17]
and detrusor muscle by carbachol [18], autophagy processes [19], etc. According to Brailoiu et al. [20],
NAADP produces a dual effect in blood vessels: NO-dependent vasorelaxation in intact vessels
and vasoconstriction in endothelium-denuded vessels. It was demonstrated that NAADP induces
Ca?* mobilization in cultured SMCs from pulmonary artery [21,22], and in these cells TPCs are

2+]; rise [22-24]. On isolated renal afferent

involved in endothelin-1- and angiotensin II-induced [Ca
arterioles, TPCs mediate a [Ca®*]; rise in response to ET-1 or to norepinephrine [25]. However,
information directly demonstrating the role of TPCs in vascular contraction in response to the agonists
is limited—Zhang et al. [26] showed that bafilomycin Al suppresses coronary artery constriction in
response to ET-1. The aim of the present work is to clarify the role of TPCs in calcium signaling in rat
aorta smooth muscle cells and in the regulation of rat aorta contraction by different agonists. To this
end, we used cis- and trans-stereoisomers of NED 19, a specific antagonist of NAADP [27]. The relative
efficacy of NED 19 stereoisomers was also assessed. Furthermore, in order to clarify the roles of TPC1
and TPC2 in receptor-dependent regulation of [Ca?*]; in vascular SMCs we applied siRNA against

these channels.
2. Materials and Methods

2.1. Reagents

cis-NED 19, trans-NED 19, U73122, and U73343 were acquired from Tocris (Bristol, UK); Fura2/AM,
CalciumGreen/AM, and LysoTracker Red DND-99 from ThermoFischer Scientific (Waltham, MA,
USA); Mitotracker Deep Red (M22426, Invitrogen), ER-tracker Red (E34250, Invitrogen), WGA Alexa
Fluor 594 (Thermo Fisher, W11262), and antibodies anti-TPC1 (#ACC-071) and anti-TPC2 (#ACC-072)
from Alomone Labs (Jerusalem, Israel); HRP-conjugated goat anti-rabbit IgG antibodies from BioRad
(#170-6515); and the agonists of the receptors from SigmaAldrich (St. Louis, MO, USA).

2.2. Animals

Male Wistar rats between 250 and 300 g in weight were anesthetized with 25% urethane (4 mL/kg)
and decapitated. The thoracic part of aorta was then removed. All manipulations with the animals
were performed in accordance with the guide for the care and use of laboratory animals of the Bioethics
Committee of the Koltsov Institute of Developmental Biology, and with the European Convention for
the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes.

2.3. Registration of Aorta Contraction

Aorta was isolated from Wistar rats weighing 250-300 g, cleaned from connective tissue, and cut
into rings with a width of around 2 mm. Experiments were performed on a 4-channel wire myograph
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(ADInstruments, Bella Vista, New South Wales, Australia) using the LabChart program for data
acquisition and analysis. The rings were mounted on the holders in chambers filled with Krebs-Henseleit
solution (in mM: NaCl—120; KCl—4.7; KH,PO;—1.1; NaHCO3;—23.8; MgS0;—1.2; CaCl,—1.6;
p-glucose—8) perfused with 95% O,/5% CO, and extended with a force of 1 g at 37 °C. The contractility
of the vessel rings and intactness of its endothelium were tested by adding 0.1 uM norepinephrine and
then 10 uM carbachol. After washing, norepinephrine and carbachol were added again. Aortic rings
showing relaxation by carbachol of at least 50% were used for the experiments. In the experiments
with denuded aorta rings, the endothelium was removed by gently rubbing the intimal surface with a
stainless-steel rod.

2.4. Cell Culture

Vascular SMCs were derived from aorta of male Wistar rats by an explant method as described
previously [28] and cultured in Dulbecco’s Modified Eagle’s Medium (ThermoFisher Scientific,
#11320074, Waltham, MA, USA) containing 10% fetal calf serum (ThermoFisher Scientific, #A31605).

Human umbilical vein endothelial cells (HUVECs) were isolated according to Xu et al. [29] with
modifications [30]. The cells were grown in plastic dishes precoated with gelatin, using M199 medium
with Earl’s salts and 20 mM HEPES (ThermoFisher Scientific, #11825015) containing 20% fetal calf
serum (SigmaAldrich, F2442), 300 pg/ml endothelial growth supplement isolated from rabbit brain [31],
100 pg/mL heparin (SigmaAldrich, H3393), and 50 pg/ml gentamicin. We used the cells from early
passages (2-3). For passaging the cells, accutase® (SigmaAldrich, A6964) was applied.

2.5. Measurement of Free Cytoplasmic Calcium Concentration in SMCs and HUVECs

Measurement of [CaZ*];

2 to 4 passages grown in 48- or 96-well plates. The cells were loaded with 2 uM Fura-2/AM during
one-hour incubation at 25 °C in a physiological salt solution (PSS) containing (in mM) NaCl (145), KCI
(5), MgCl; (1), CaCl; (1), Hepes (5), and p-glucose (10) at pH 7.4. Pluronic F-127 (0.02%) was used to
facilitate Fura-2/AM loading. Registration of the calcium signal was done in the cells incubated in PSS
at 25 °C. The fluorescence was measured in parallel from three to six wells at excitation wavelengths of
340 and 380 nm and emission wavelength of 505 nm, using a Synergy 4 Microplate Reader (BioTek,
Winooski, VT, USA). The increments in [Ca%*]; are presented as ratios of the fluorescence at 340 and
380 nm.

was performed on SMCs from 2 to 3 passages and on HUVECs from

2.6. Measurement of mRNA Coding TPC1 and TPC2 in SMCs

SMCs from passages 2 or 3 were used to analyze expression of the TPC1 and TPC2 genes. RNA
from the cells was isolated using the Aurum™ Total RNA Mini Kit (Bio-Rad Laboratories, Hercules,
CA, USA). The purity and concentration of isolated RNA were assessed by absorption at 260 and
280 nm using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The quality of the isolated RNA was evaluated by electrophoresis on a 1.2% agarose gel with ethidium
bromide in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA). For reverse transcription, a
High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used. Real-time
PCR was performed on a 7500 Real-Time PCR System (Thermo Fisher Scientific, USA) with reagent
mixture qPCRmix-HS LowROX (Eurogen, Moscow, Russia). Beta-actin was used as a house-keeping
gene for standardization. The following TagMan probes and primers specific toward rat TPC1 and
TPC2 were used.

TPC1-probe FAM-ACAGCCATCCAGCACGCATACCACC-BHQ1

TPC1-Sense CGACACCTTCAACGACATCG

TPC1-Antisense GCAGAGCAGCAACTTCATAAATATC

TPC2-probe FAM-TGCCCAGTTCATCTTCAGCCACCGC-BHQ1

TPC2-Sense CCGCCGAAGCCCCAGTAC

TPC2-Antisense AGCACCAGGAACACACAAATAGAC
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2.7. Western Blot

SMCs grown in 48-well plates were lysed in RIPA-buffer (ThermoFisher Scientific, #89901)
containing a protease inhibitor cocktail. The resulting lysate was centrifuged at 1000 rpm for 10 min,
the supernatant was poured in aliquots and stored at —80 °C. The samples from the same lysate (20 pg
of protein per well) were separated by 10% PAGE in Tris-Glycine buffer (25 mM TRIS-base, 250 mM
Glycine, 0.1% SDS) and electroblotted onto PVDF membrane (BioRad Laboratories Inc., Hercules, CA,
USA). After transfer, the membrane was blocked with 3% bovine serum albumin in PBS containing
0.02% Tween-20 for 2 h at room temperature, then cut into two parts: one of which was incubated
with the antibodies against TPC1, and the other with antibodies against TPC2 in blocking buffer
overnight at 4 °C. Then, both parts of the membrane were washed three times and incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies (1:2500) for 1 h at room temperature.
After incubation, the membrane was washed three times and developed using Li-Cor Western Sure
UltraChemiluminescent Substrate and a C-Digit reader manufactured by LI-COR Biosciences (Lincoln,
NE, USA). A Spectra™ Multicolor Broad Range Protein Ladder (#26634, ThermoFisher Scientific,
Waltham, MA, USA) was used for the determination of protein molecular mass. The negative controls
antigens were the peptides (C)RNLRQIFQSLPPFMD, corresponding to amino acid residues 221-235 of
rat TPC1 (Accession QIWTNS5) and KKTLKSIRW(S)LPE(C), corresponding to amino acid residues
187-199 of mouse TPC2 with replacement of amino acid 192 with serine (S) (Accession Q8BWCO0) that
were used for the immunization.

2.8. Fluorescent Staining of TPC and Lysosomes in SMCs

The fluorescent probe cis-NED 19, specific for NAADP binding sites, was used for TPC staining
in SMCs. The cells were incubated in DMEM FluoroBright medium (Thermo Fisher Scientific) with
20 uM ¢is-NED 19 and 75 nM of tracker (LysoTracker Red DND-99, Mitotracker Deep Red or ER-tracker
Red), for 20 min at 37 °C in an atmosphere with 5% CO, Cells, and then washed twice from unbound
cis-NED 19 and tracers. Visualization was performed with a fluorescent microscope Zeiss Axiolmager
M1(Carl Zeiss, Oberkochen, Germany) with an objective Zeiss LCI Plan-NEOFLUAR 25x/0.8 DIC Imm
Korr with water immersion. A Collibri diode illuminator was used as a source of exciting light. The
following wavelengths were used: 380 nm for excitation of cis-NED 19 and 590 nm for LysoTracker,
Mitotracker, or ER-tracker. The fluorescent signal was detected with appropriate filters (filter set 49
FT395 BP 445/50; filter set 62 HE BP585/35 LP615). From each sample, 20 images from 2 channels were
taken. The resulting images were processed using the CellProfiler 3.0.0 software package containing a
module for colocalization analysis.

For plasma membrane staining, SMCs were chilled for 20 min on ice in DMEM FluoroBright.
The medium was then replaced with ice-cold, fresh medium, containing WGA Alexa Fluor 594 (Thermo
Fisher, W11262) and 20 uM cis-NED 19. After 30 min of incubation, cells were washed with fresh cold
DMEM FluoroBright media and imaged at +4 °C using a Linkam PE94 microscope controller stage
(Linkam Scientific, UK). Imaging was performed by fluorescent microscope Axiolmager M1 (Carl Zeiss,
Germany) with an objective Zeiss LCI Plan-NEOFLUAR 25x/0.8 DIC Imm Korr with water immersion.
A Collibri diode illuminator was used as a source of exciting light. The following wavelengths were
used: 380 nm for excitation of cis-NED 19 and 590 nm for WGA Alexa Fluor 594. The fluorescent signal
was detected with appropriate filters (filter set 49 FT395 BP 445/50, filter set 62 HE BP585/35 LP615).

To describe colocalization, we used the Rank Weighted Colocalization (RWC) coefficient [32].
The RWC coefficient for a pair of images R and G is measured as RWC1 = sum(Ri_coloc*Wi)/sum(Ri)
and RWC2 = sum(Gi_coloc*Wi)/sum(Gi), where Wi is Weight defined as Wi = (Rmax — Di)/Rmax.
Rmax is the maximum of Ranks among R and G based on the max intensity; Di = abs(Rank(Ri) —
Rank(Gi)) (absolute difference in ranks between R and G); Ri_coloc = Ri when Gi > 0 and 0 otherwise;
Gi_coloc = Gi when Ri > 0 and 0 otherwise.
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2.9. siRNA Transfection

SMCs of passage 2 grown at 70-90% density in 48-well plates were transfected
with  siRNA of the following sequences, = ACAACUGGGAGAUGAAUUA-dTAT
(sense), UAAUUCAUCUCCCAGUUGU-dTAT (antisense) to suppress TPCl, and
GGGUAAAUCCCGAGAACUU-ATAT (sense) and AAGUUCUCGGGAUUUACCC-dTAT (antisense)
to suppress TPC2. As a negative control siRNA duplex (#1027310) from Qiagen was used. siRNA
against TPC1 and TPC2 were prepared by DNA-Synthesis (Moscow, Russia, http://www.oligos.ru).
siRNAs were mixed with Lipofectamine RNAIMAX (ThermoFisher Scientific, #13778150) in Opti-MEM
medium (ThermoFisher Scientific, #51985026). The final concentration of each siRNA was 80 nM. The
cells were incubated with siRNAs for 2 h, and then the media with siRNA was changed to growth

medium for SMCs with serum. SMCs were used for [Ca2*]; measurements three days after transfection.

2.10. Statistics

Statistical significance was calculated using the unpaired Student’s ¢-test and one-way or two-way
ANOVA (MedCalc, Version 14.8.1, Ostend, Belgium); the values of ECsy were determined with
GraphPad Prism 8 (Version 8.0.2, San Diego, CA, USA). Data are presented as means of independent
measurements + SEM. Independent measurements were performed on aortic rings isolated from
different rats, on primary cultures of smooth muscle cells isolated from different rats or on endothelial
cells isolated from different human umbilical veins. Within each independent measurement of [Ca?t];
there were 4-6 parallel registrations, which were used to calculate average values for each point on
the curves.

3. Results

3.1. TPC Expression and Localization in Rat Aorta SMCs

Data on the levels of TPC1 and TPC2 mRNA in cultured rat aorta SMCs relative to 3-actin mRNA
are presented in the Figure 1. Levels of TPC1 and TPC2 mRNA were calculated from the ACt value
with -actin as a standard. The levels of TPC1 and TPC2 mRNA in SMCs were 0.56+0.08% and
0.062+0.0047%, respectively, of the amount of 3-actin mRNA (Figure 1A). The prevalence of TPC1
mRNA over TPC2 mRNA content was demonstrated earlier in denuded rat pulmonary artery and
rat aorta [22]. However, at the protein level, the difference in the contents of TPC1 and TPC2 was not
significant (Figure 1B,C). On Western blots, there are two protein bands stained with anti-TPC1 IgG,
with molar masses around 80 and 125 kDa, and two bands stained with anti-TPC2 IgG with molar
masses of approximately 70 and 100 kDa. Our results are similar to those reported previously by
Churamani et al. [33]. Moreover, the authors showed that the determined molecular masses of TPCs
vary over a wide range depending apparently on the degree of glycosylation. The presence of two
bands on the Western is apparently because the sample contains glycosylated and deglycosylated
forms of TPCs, as described earlier [22].
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Figure 1. Levels of TPC1 and TPC2 mRNA relative to 3-actin mRNA (A). Western-blot of TPC1 and
TPC2 proteins (B) isolated from rat aorta SMCs and relative levels of TPC1 and TPC2 (C). The values
panel A are the means of four measurements in different SMCs preparation + SEM (* p < 0.01). In panel
B, the typical image of Western blots from one of three different cell lysates is presented. (+) Marks
hybridization in the presence of blocking peptide. In panel C, n = 3 and n.s.—not significant.

TPC1 and TPC2 expressed in SKBR3 cells are localized in the endolysosomal system [8].
To determine the subcellular localization of TPCs in SMCs, we used cis-NED 19, which is a ligand for
NAADP binding sites. After 20 min incubation, cis-NED 19 was detected in the vesicular compartment
of the cell. No fluorescence signal from cis-NED 19 was registered on endoplasmic reticulum,
mitochondria, or plasma membrane (Figure 2A—C). The localization of cis-NED 19 fluorescence
corresponded to the position of LysoTracker-stained lysosomes and lysosome-like vesicles (Figure 2D).
To assess the degree of colocalization, two variants of colocalization analysis were applied (Table 1). In
the first, vesicles containing the Lysotracker signal (colocalization inside the lysosome—lysosomes)
as regions of interest (ROIs) were identified; in the second, vesicles containing the cis-NED 19 signal
were identified as ROIs (NED-positive vesicles). To evaluate the degree of colocalization between
cis-NED 19 and lysosomes, we used the Rank Weighted Colocalization (RWC) coefficient. The RWC
coefficient considers not only the proportion of the colocalized pixels, but also their intensity. In the
case of lysosome objects (lysosomes), both RWC cis-NED 19 and RWC Lysotracker coefficients were
greater than 0.70. In the case of cis-NED 19 positive vesicles, these coefficients slightly decreased
to 0.63. Difference between the two datasets can be explained by the existence of extralysosomal
sites of cis-NED 19 accumulation. Nevertheless, these pairs of coefficients indicate a high degree of
colocalization between the two signals in lysosomal compartment.
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Figure 2. Live-cell imaging of cis-NED 19 localization in rat aorta smooth muscle cells. A—ER tracker;
A'—cis-NED 19; A”—merged. B—Mitotracker; B'—cis-NED 19; B”—merged. C—WGA (plasma
membrane traicer); C'—cis-NED 19; C"—merged. D—Lysotracker; D’—cis-NED-19; C”"—merged.
Scale—25 um in A, B, and D, and 5 pm in C.

Table 1. Rank Weighted Colocalization (RWC) coefficients for cis-NED 19 and Lysotracker
fluorescent images.

Lysosomes NED-Positive Vesicles
RWC NED 0.703 + 0.0005 0.63 + 0.0006
RWC Lysotracker 0.707 £ 0.0005 0.63 + 0.0005

3.2. Study of the Effects of NED 19 on the Agonist-Induced [Ca®* ]; Elevation in SMCs

Norepinephrine (NE), 5-hydroxytriptamine (5-HT), angiotensin II (Ang II), and Arg-vasopressin
(AVP) induced a rapid elevation of [Ca2*]; in cultured rat aorta SMCs (Figure 3). Ang II and AVP
produced the greatest rises of [Ca2*];; 5-HT causes an intermediate increase, whereas the effect of NE
was much smaller. To evaluate the possible impact of TPCs on agonist-induced calcium signaling in
SMCs, we used cis- and trans-NED 19. The cells were incubated with cis- or trans-NED 19 for 10 min
before addition of the agonists. cis-NED 19 at 5 uM concentration suppressed maximal [Ca®*]; increase
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in response to 100 uM NE by ~50% (Figure 3). There was slight decrease in [Ca®*]; rises in response
to 5-HT, Ang II, or AVP by 25 uM cis-NED 19. We compared the effects of cis- and trans-NED 19.
As shown in Figure 4A, both stereoisomers at saturating concentrations of 25 and 50 uM, respectively,
decrease the NE-induced [Ca?*]; rise by nearly 60%. ICsq values were 2.7 uM (95% CI 1.0 to 7.2 uM)
for cis-NED19 and 8.9 uM (95% CI 4.8 to 16.8 uM) for trans-NED19.

—=— control —— cis-NED19

0.08 - NE 0.15 - 5-HT 0.25 Ang Il AVP
0.25
02
0.06 0.2
o 01 [
g 0.15
S o004 o 015

0.1 01

0.05 1 0.05

o o - 0 0 J

2 min

Figure 3. The kinetics of [Ca2+); changes in response to NE, 5-HT, Ang I, or AVP in rat aorta SMCs
in the absence and presence of cis-NED 19. Concentration of cis-NED 19 was 5 uM in the case of NE
application and 25 pM in other cases. Concentration of NE was 100 uM, 5-HT 10 uM, Ang II, and AVP
0.1 uM. The representative curves from one of four or more independent measurements are shown.
Quantitative data are presented in Figure 4.

A , B ¢
—+—cis-NED19 NE PE 5-HT Ang i AVP

—s—trans-NED19

100 100

Fa40/Fago, %

50

0 . o o L

0 25 50 is- |
NED19, uM M control mcis-NED19 mtrans-NED19 W control MU73343 mU73122

Figure 4. The effects of cis- and trans-NED 19 on the increase in [Ca?*]; in SMCs in response to 100 uM
NE (A), 10 uM NE, and 10 uM phenylephrine (PE), 5-HT, Ang II, and AVP, (B) and the effect of 1 uM
U73122 and U73343 on the increase in [Ca2*]; in SMCs in response to 100 uM NE (C). In panel B, the
concentrations of the isomers of NED 19 were 50 uM with PE and 25 uM with 5-HT, Ang II, and AVP;
the concentration of trans-NED 19 was 100 uM with NE. The concentrations of 5-HT, Ang II, and AVP
were as in the legend to Figure 3. Each value is a mean of four to six measurements in different cell
preparations + SEM. There is significant difference from control (* p < 0.05, ** p < 0.01).

[Ca2*]; elevation at 10 uM NE in the presence of 100 pM trans-NED 19 was 41.8 + 6.3% of the
control level (Figure 4B). A similar level of suppression of [CaZ*]; elevation by 100 uM trans-NED
19 was elicited in response to 10 and 100 uM of NE, suggested an uncompetitive mechanism of
inhibition. We investigated whether the action of NE was caused by the activation of alphal-adrenergic
receptors (x1-AR). An agonist of x1-AR, phenylephrine, induced [Ca%*]; rise in SMCs, which was
inhibited equally by both isomers of NED 19 at 50 uM concentration (Figure 4B). An agonist of
-AR, isoproterenol, did not cause elevation of [Ca%*]; in SMCs (data not shown). The responses
to 0.1 uM of 5-HT, Ang II or AVP were lowered by 25 uM cis-NED 19: by 22.7 + 5.7, 13.9 + 3.4 and
12.2 + 2.3% respectively. There was no inhibition of the response to these agonists by 25 uM trans-NED
19. We assessed whether cleavage of phosphatidylinositol-4,5-bisphosphate is involved in the signaling
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pathway associated with NE-induced rise of [Ca?*]; in the SMCs. In the presence of phospholipase C
inhibitor U73122 at 1 uM concentration, the rise of [Ca?*]; was decreased by 70.2 + 6.4%.

The higher potency of cis-NED 19 as compared to trans-NED 19 in suppressing calcium responses
to NE in SMCs was unexpected, as it was demonstrated earlier that the trans-isomer is approximately
two orders of magnitude more potent than the cis-isomer as an inhibitor of NAADP-induced Ca**
release in sea urchin egg homogenate [27]. To the best of our knowledge, the relative potency of cis-
and trans-NED 19 as inhibitors of TPC in mammalian cells has not been studied previously.

We compared the effects of cis- and trans-NED 19 on histamine-induced [CaZ*]; rise in HUVECsS,
where the role of TPCs in calcium signaling has been demonstrated [14,34,35]. Preincubation of
HUVECs for 10 min with either cis- or trans-NED 19 at 25 uM concentration resulted in a strong
suppression of [Ca®*]; rise in response to 1 uM histamine (Figure 5A). Both isomers of NED 19 exerted
similar inhibitory effect. Concentration-dependence curves of the inhibition of [Ca?*]; elevation in
response to 1 uM histamine are almost identical for cis- and trans-NED 19 (Figure 5B). Inhibition
of [Ca2*]; rise in response to 10 uM histamine was weaker. However, the potencies of NED 19
stereoisomers were also equal. Thus, cis- and trans-NED 19 inhibited histamine-induced TPCs
activation in HUVECSs with the same efficiency. These data demonstrate the difference in the relative
effectiveness of NED 19 stereoisomers in rat aorta SMCs and HUVECs towards Ca?* signals induced
by NE and histamine, respectively.

A 0.3 q B —#A— cis-NED19 —&— cis-NED19
2 min 120 —{— trans-NED19 —#— trans-NED19
0.25 4
[

0.2 1
2
I
L
3 0.15 A l l l
=)
[V

0.1 A

0.05 4

o) e 01 ‘ .
control cis-NED19 trans-NED19 0 25 50
NED19, uM

Figure 5. Decrease by cis- and trans-NED 19 of histamine-induced [Ca%*]; elevation in HUVECs.
(A) The kinetics of [Ca?*]; rises in response to 1 uM histamine in the absence and presence of 25 uM cis-
or trans-NED19; the arrows indicate histamine addition. (B) The effects of different concentrations of
cis-NED 19 (triangles) and trans-NED 19 (squares) on [CaZ*]; elevation in response to histamine at 1 uM
(open triangles and squares) and 10 uM (black triangles and squares) concentrations. The values in
panel B are the means of three to six independent measurements + SEM. There is a significant difference
between control and experimental points (* p < 0.05, ** p < 0.01).

3.3. Inhibition of [Ca’* J; Elevation in Response to NE by siRNA Against TPC1

To evaluate the role of TPC1 and TPC2 in NE-induced elevation of [CaZ*]; in SMCs, we transfected
the cells with siRNA targeted against their mRNA. Transfection of SMCs with siRNA against TPC1
or with siRNA against TPC2 resulted in the decrease of TPC1 mRNA to 24.2% (21.9-26.6%, n = 3,
p < 0.01) and TPC2 mRNA to 29.5% (27.1-32.2%, n = 3, p < 0.01), compared with SMCs transfected
with nontarget siRNA. The levels of mRNA were measured 24 h after transfection, while the response
to NE was studied in SMCs 72 h after transfection. As shown in Figure 6, after transfection with siRNA
against TPC1 [Ca?*];, elevation in response to NE was decreased by 39.3 + 3.1% (p < 0.01). Conversely,
suppression of TPC2 did not change NE-induced increase in [Ca?*]; in SMCs. Knock down of TPC1 or
TPC2 does not affect response to angiotensin II.
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Figure 6. Decrease in [Ca"]; rise in response to NE in SMCs transfected with siRNA against TPC1.
(A) Kinetics of [CaZ*]; rise in SMCs transfected with siRNA against TPC1 and nontarget siRNA. The
curves from one of four transfection experiments are presented. Each point at the curves is an average of
six parallel measurements. (B) Calcium responses to NE (100 uM) and angiotensin II (0.1 uM) in SMCs
transfected with nontarget siRNA, and siRNA against TPC1 and against TPC2. [CaZ*]; rise in SMCs
transfected with nontarget siRNA is taken as 100%. The mean values + SEM from four independent
transfection experiments with different SMCs preparations are presented. There is significant difference
between the responses of SMCs transfected with anti-TPC1 siRNA and with nontarget (** p < 0.01) or
anti-TPC2 siRNA (* p < 0.05).

3.4. Study of NED 19 Effects on Rat Aorta Contraction in Response to NE, Arg-Vasopressin, Angiotensin 11,

and 5-HT

Based on the data that cis- and trans-NED 19 inhibit the NE-induced [Ca2*]; rise in SMCs,
we considered that they would suppress vasoconstriction in response to NE. The effects of NED
19 stereoisomers on the contraction force of rat aorta preconstricted with 0.1 uM NE are shown in
Figure 7A. Both stereoisomers caused relaxation, with cis-NED 19 being the more potent, as it caused
complete relaxation at 1 uM concentration, whereas trans-NED 19 exerted the same effect at much higher
concentration of 10 uM. NE produces a sustained increase in the dihydropyridine-sensitive r-type Ca2*
current in vascular smooth muscle cells from rabbit ear artery [36], and the voltage-gated Ca-channels
play a key role in alphalA-adrenoceptor induced renal artery contraction [37]. We wondered whether
vasorelaxation in response to NED 19 occurred due to inhibition of voltage-gated channels in SMCs.
However, this possibility was excluded since aorta contraction in response to KCl was found to be only
slightly inhibited by both cis- and trans-NED 19 (Figure 7B).

A trans-NED19, uM

— trans-NED 19
— cis-NED19 1

05¢g

B 10 uM trans-NED19

|

30 uM trans-NED19

control 10 uM cis-NED19
NED19

Figure 7. The influence of cis- and trans-NED19 on the contraction of aortic rings preconstricted by
0.1 tMNE (A) or KCI (B). (A) Each diagram is a representative of three or four independent experiments.
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The concentration-response curves of the relaxation of aorta preconstricted by 0.1 uM NE caused
by cis- and trans-NED 19 are shown in Figure 8. The ICsq for cis-NED 19 was 0.46 pM (95% CI
0.405-0.514 uM) and for trans-ED 19 EC5p was 2.33 pM (95% CI 2.01-2.72 uM). The relative efficiency
of stereoisomers of NED 19 in suppressing the calcium signal elicited by NE (Figure 4A) was about the
same. Cis- and trans-NED 19 also caused relaxation of denuded rat aorta rings preconstricted by NE.
However, their effects occur at higher concentrations than in intact rings. The ECsq for cis-NED 19
increased to 1.25 uM (95% CI 1.14-1.36 uM) and for trans-NED 19 to 6.14 uM (95% CI 4.90-8.37 uM).
This suggests that aorta relaxation might be partially endothelium-dependent. Another possible
explanation is that in the presence of endothelium there is a tonic release of nitric oxide by endothelial
cells [38], which potentiates the relaxing effect of cis- and trans-NED 19, while in denuded aorta there is
no release of NO and the concentration-response curves shift to the right.

—{1trans-NED19, intact —'r—cis-NED19, intact
——trans-NED19, denuded  —k—cis-NED19, denuded

100 l—ﬁ

50 A

contraction force, %

iy r 3

0 0.1 1.0 10 100
cis- or trans-NED19, uM

Figure 8. Concentration-response curves of aortic rings relaxation in response to cis- and trans-NED 19
with intact and denuded endothelium. The contraction force was measured 10 min after adding of each
concentration of cis- or trans-NED 19. The data are the means + SEM from four independent experiments.

The concentration-response curves of aorta contraction in response to NE in control conditions
and in the presence of 10, 30, and 100 pM trans-NED 19 and 10 uM cis-NED 19 are shown on Figure 9A.
Trans-NED 19 at 10 pM concentration shifted the concentration-response curve to the right by an order
of magnitude. Trans-NED 19 at 30 and 100 pM caused further shift of the curve to the right. However, at
these concentrations trans-NED 19 reduced the maximal force of contraction several-fold. The plateau
phases in concentration—response contraction curves are clearly visible, suggesting an uncompetitive
mechanism of inhibition. Cis-NED 19 inhibited contraction with higher potency than trans-NED 19.
At 10 uM, cis-NED 19 completely suppressed contraction in response to NE at a concentration 3 pM or
less. Conversely, 30 uM Cis-NED 19 only slightly inhibited 100 uM NE-elicited contraction (Figure 9B).

We studied the influence of cis- and trans-NED 19 on aorta contraction induced by Ang II or AVP.
There were no effects on the contraction force in response to these agonists (Figure 10A-C). However,
after extensive washing the rings from cis-NED 19 and AVP or Ang II (three arrows on Figure 10A,B),
there was strong inhibition of the contraction induced by NE. We compared the reversibility of the
effects of cis- and trans-NED 19 on aortic contraction caused by NE. As shown in Figure 10D, the
suppression of NE-induced contraction by cis-NED 19 reversed very slowly; whereas, after washing
trans-NED19 from the rings, the response to NE was restored almost completely after the first wash.
These results correlate with data of Naylor et al. [27], according to which approximately half of Ned-19,
which is a mixture of diastereomers, binds irreversibly to the NAADP receptor.
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Figure 9. Contraction of rat aorta rings in response to increasing NE concentrations in the absence and
presence of 10, 30, and 100 uM trans-NED 19 or 10 uM cis-NED 19 (A), and the influence of 30 uM
cis-NED 19 on aorta preconstricted with 100 uM NE (B). Short arrow indicates addition of cis-NED
19 or vehicle. Each point is a mean of 8-12 independent measurements (8-12 rats) + SEM (* p < 0.05,
** p < 0.01 when compared with the contractions in the presence of cis- or trans-NED19). In panel B,
the representative results from one of four experiments are presented.
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Figure 10. Comparison of NED 19 effects on the force of aortic rings contraction in response to Ang
II, AVP and NE. (A,B) Lack of 30 uM cis-NED 19 effect on AVP- or Ang II-induced [CaZ*]; rise and
inhibition of NE calcium signaling. The rings were extensively washed from cis-NED 19, Ang II, or
AVP (three arrows) before addition of increasing concentrations of NE. (C) Contraction of the rings in
response to AVP or Ang II in the absence (100%) or presence of 25 uM cis-NED 19 or trans-NED 19.
The values are the mean + SEM from four independent experiments. (D) The rings were incubated
for 20 min with 10 uM cis-NED 19, trans-NED 19, or with vehicle before addition of 0.1 uM NE. Then,
the rings were extensively washed and NE was added again. The procedure of washing and adding
NE was repeated two more times. The typical results of one of three experiments are shown on each
graph (A,B,D).
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5-HT induced a rapid contraction of aortic rings, which was followed by slow relaxation. There was
no significant effect of 30 M cis-NED on the force of contraction induced by increasing concentrations
of 5-HT (Figure 11A), whereas addition of cis-NED 19 to the rings preconstricted by 100 uM 5-HT
resulted in a faster relaxation than in the control (Figure 11B,C). Trans-NED 19 did not produce a
significant effect on the rate of aorta relaxation constricted by 5-HT.

A ——control ——cis-NED19
2 .
~-—control J' 100
———cis-NED19
5-HT
50
10 min
0 : 0
0.01 1 100 W control @trans-NED19 mcis-NED19

Figure 11. The effect of NED 19 on the force of aorta contraction in response to 5-HT. (A) Dependence of
maximal contraction force on 5-HT concentration in the absence and presence of cis-NED 19. (B) Effect
of cis-NED 19 on the force of aortic ring contraction in the tonic phase. Short arrow indicates addition
of cis-NED 19 or vehicle. (C) Extent of inhibition of tonic contraction after 10 min incubation with NED
19 isomers is shown. Concentrations of cis- and trans-NED19 were 30 uM. Each value in panels (A) and
(C) is a mean + SEM from the six independent experiments.

3.5. Study of Bafilomycin A1 Effects on NE-Induced [Ca’*]; Elevation in SMCs and on the Aortic Tone

NAADP-induced Ca?* mobilization is disrupted by bafilomycin A1 in the pulmonary arterial
wall [22], gastric smooth muscle cells [39], and hepatocytes [40]; whereas, in astrocytes [2] and
T-lymphocytes [41], bafilomycin Al does not inhibit the effect of NAADP on [Ca?*];. In pulmonary
artery SMCs, the depletion of lysosomal Ca?* stores by bafilomycin A1 abolished Ca?* signaling by
ET-1 [23]. We incubated SMCs with bafylomycin Al at 0.5 uM concentration for 30 and 70 min before
addition of NE. In our experiments, bafilomycin A1 did not influence the [Ca?*]; elevation induced by
NE (Figure 12).

A —s=—control —e—Baf B M control ®Baf
0.08
NE
l 100 -
0.06 -
o ®
& 3
L 0
2 004 - u”
= ~
Ll =)
[ = 50 +
m
L
0.02 -
2 min
0 - 0 -

30 min 70 min

Figure 12. Kinetics of [Ca®"]; rises in response to 100 uM NA in SMCs after 30 min preincubation
with or without 0.5 uM bafilomycin A1l (A), and NA-induced [CaZ*]; increments after 30 and 70 min
preincubation with or without bafilomycin Al (B). The rise of [Ca2*]; in the absence of bafilomycin Al
is taken as 100%. Each value in panel B is a mean + SEM of six independent measurements.
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We investigated the effect of bafylomycin Al on aortic contraction under the action of NE
(Figure 13). Incubation of the vessels for 1 h before the addition of NE had no effect on the speed
and force of aortic ring contraction. Bafilomycin A1l can reduce the calcium signal of histamine in
endothelial cells [14]. We tested whether bafilomycin A1l acts on histamine-induced aortic relaxation.
In isolated aorta, bafilomycin Al also inhibits the action of histamine, reducing the degree of relaxation.
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Figure 13. Influence of bafilomycin A1l on the effects of NE and histamine on aortic tone. (A) The
kinetics of the contraction of the rings and relaxation in response to NE and histamine in the absence
and presence of bafilomycin Al. Results of one of five typical experiments are presented. (B) The
force of NE-induced contraction with or without bafilomycin Al. (C) The force of contraction (at
points of maximal relaxation) in response to histamine of aortic rings incubated with or without 0.5 uM
bafilomycin Al during 1 h before adding of 0.1 uM NE. Values (B,C) are the means + SEM of five
independent experiments. In panel C, there is a significant difference between control and bafilomycin
Al (p < 0.05).

4. Discussion

The purpose of this study was to determine the role of TPCs in the effects of vasoconstrictor
agonists NE, 5-HT, Ang Il and AVP on (1) the elevation of [CaZ*]; in SMCs isolated from the rat aorta
and (2) aorta contraction. In the first stage, we showed that TPC1 and TPC2 are expressed in the SMCs
and that the amount of mRNA encoding TPC1 is an order of magnitude higher than that of TPC2.
However, we did not reveal significant prevalence of TPC1 protein over TPC2 in SMCs from rat aorta.
Note that Jiang et al. [22] reported similar proportion of TPC1 and TPC2 mRNA contents in denuded
rat pulmonary artery and rat aorta. To evaluate the role of TPC1 and TPC2 in the receptor-dependent
calcium signaling in SMCs, we applied siRNA targeted against the mRNA of these channels. We
demonstrated that knock down of TPC1 decreased the response to NE, whereas the Ang II effect was
not inhibited. Suppression of TPC2 did not affect NE calcium signaling. This is the first demonstration
of the role of TPC1 in receptor-dependent [Ca®*]; regulation in vascular SMCs.

NED 19, as a specific antagonist of NAADP [27], is widely used for study of the functional role of
TPCs. In our experiments, to assess the role of TPCs in the realization of calcium signaling in SMCs, the
cis- and trans-isomers of NED 19 were applied. We have demonstrated a high degree of colocalization
of cis-NED 19 with lysosome and endosome marker LysoTracker. These results are consistent with
previously published data on the endolysosomal localization of TPC1 and TPC2 in HEK293 cells [6]
and in gastric SMCs [39]. We found that cis- and trans-NED 19 decreased NE-induced rise of [CaZ*];
by nearly 60%. The degree of inhibition is higher than that obtained upon suppression of TPC1 with
siRNA. This could be explained by incomplete inhibition of TPC1 by siRNA. We did not observe a
decrease in NE-induced rise of [Ca?*]; after transfection of SMCs with siRNA against TPC2. Our results
are consistent with the data of Thai et al. [25], demonstrating suppression by NED 19 of NE-induced
[CaZ*]; elevation in isolated rat renal afferent arterioles. For 5-HT, Ang II, and AVP, the decrease in
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the maximal rise of [Ca?*]; upon TPC blockade was much less pronounced, suggesting the lack or
relatively small contribution of TPCs to calcium signaling from their receptors in rat aorta SMCs. The
role of NAADP in calcium signals from receptors in different types of SMCs has been investigated
previously. TPCs are involved in raising of [CaZ*]; in response to endothelin-1 [22] and Ang II [24] in
pulmonary artery SMCs, to carbachol in tracheal SMCs [42], and to oxytocin in rat uterine SMCs [17].
According to Govindan and Taylor [43], TPCs are not activated via P2Y purinergic receptors in aorta
SMCs. In our experiments, in rat aortic SMCs, cis- and trans-NED 19 strongly inhibited the [Ca®*]; rise
in response to NE. However, in contrast to pulmonary artery SMCs there was a very weak inhibition
of Ang II calcium signaling. These data suggest that the role of TPCs in receptor-dependent calcium
signaling varies in different types of SMCs.

In our experiments, U73122, an inhibitor of phospholipase C that hydrolyzes
phosphatidylinositol-4,5-bisphosphate, suppressed the increase in [Ca®*]; by 70% in response to
NE. This is consistent with data indicating that the main source of calcium ions releasing to the
cytoplasm is the endoplasmic reticulum. It can be assumed that in rat aorta SMCs, calcium ions
released from the endolysosomal system via TPCs in response to NE are likely to act as a trigger,
enhancing mobilization of Ca?* from the reticulum through the InsP3-sensitive channels. Such
mechanism of NAADP-induced calcium elevation has been demonstrated in pulmonary artery
SMCs [21,22] and in several other types of cells [44—46].

The action of NE is mediated by «1-AR, as phenylephrine also causes an increase in [Ca?"];,
which is inhibited by cis- and trans-NED 19. The increase of [CaZ*]; through activation of x1-AR was
demonstrated earlier in cultured canine femoral arterial SMCs [47] and in the SMCs of isolated rat
mesenteric artery [48,49]. «1-ARs in SMCs are coupled to phospholipase C catalyzing the formation
of InsP3, which in turn causes the release of Ca?* from the reticulum [50,51]. In parallel, x1-AR
agonists activate entry of calcium ions into the SMCs via TRPC6 triggered by diacylglycerol, which is
another product of the phospholipase C reaction [52,53]. Our data demonstrate that in addition to these
mechanisms TPC1 is also involved in the «1-adrenergic regulation of calcium ions in vascular SMCs.

The potency of cis-NED 19 in suppressing calcium signals in the SMCs was higher than that of
trans-NED 19. In contrast, trans-NED 19 is approximately two orders of magnitude more potent than
the cis-form as an inhibitor of NAADP-induced Ca?" release in sea urchin egg homogenate [27]. We
compared the effects of NED 19 stereoisomers in endothelial cells, where the involvement TPCs in
the calcium signaling induced by histamine is well defined [14,34]. In HUVEC:s, cis- and trans-NED
19 reduced the rise of [Ca?"]; caused by histamine with equal efficacy. To explain differences in
effectiveness of cis- and trans-NED 19 in suppression responses to different agonists, it is hypothesized
that it is due to the participation of different TPCs in calcium signaling from different receptors. There
are data that indicate that TPC1 and TPC2 are differently regulated by NED 19 [54]. In this regard, it is
worth noting that in endothelial cells TPC2 transmits a calcium signal from the VEGF receptors [35].
Concerning H1 histamine receptors, it has been shown that their activation of von Willebrand factor
secretion decreased after simultaneous knockdown of TPC1 and TPC2 with siRNA [14].

We have demonstrated that both cis- and trans-NED 19 completely suppressed aortic contraction
in response to low concentrations of NE. This suggests that TPCs are involved in rat aorta contraction
caused by NE. With an increase in NE concentration, the inhibitory effect decreased, but even with
high concentration of NE (100 uM) cis- and frans-NED 19 reduced the contraction force. This suggests
that at high concentrations of NE the vasoconstriction is less dependent on TPCs.

It should be noted that the potency of cis-NED 19 in suppressing the contraction caused by NE
was approximately 4-5 times higher than that of trans-NED 19; the same relative potency as found
for calcium signaling suppression. The coincidence of the relative efficacy of cis- and trans-NED 19 in
suppressing the calcium rise in SMCs and blood vessel contraction in response to NE, suggests that in
both cases the same mechanism is involved. This in turn suggests a causal relationship between the
rise of [Ca2*]; in SMCs and aortic contraction induced by NE.
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In our experiments, bafilomycin A1 did not suppress NE-induced elevation of [Ca?*]; in SMCs
and NE-induced contraction of rat aorta. A possible explanation is that in SMCs TPCs are localized
in the vesicles, where the level of intraluminal Ca?* can be maintained when the activity of V-type
H*-ATPase is inhibited. According to our data, TPC1 is involved in NE-induced [Ca2*]; elevation in
SMCs. It has previously been demonstrated that TPC1 are localized predominantly in early endosomes
with a less acidic intraluminal pH than in lysosomes, which express TPC2 [6,45]. In HUVECs, TPC2
mediate calcium signaling of vascular endothelial growth factor [35] and apparently are involved in
H1 receptor signaling [14]. In HUVECs, bafilomycin A1l effectively inhibits [CaZ*]; rise in response to
histamine [14]. In our experiments, histamine-induced relaxation of rat aorta was partially attenuated
by bafilomycin Al.

The lack of cis- and trans-NED 19 effects on aortic contraction force, in response to Ang IT and AVP,
shows that TPCs do not participate in the regulation of vascular tone by these agonists, or that their
contribution is negligible. The slight suppression of the calcium response induced by them in SMCs
under the action of cis-NED 19 does not appear to have a significant effect on the physiological response
of the vessel. According to our data, TPCs are not involved in the rapid phase of aortic contraction in
response to 5-HT. In the presence of cis-NED 19, the second longer phase of aortic contraction induced
by 5-HT is attenuated.

Previously, the involvement of TPCs in contraction of uterine smooth muscles in response to
oxytocin [17] and detrusor muscle by carbachol [18] was demonstrated. There is considerable amount
of published data demonstrating TPCs involvement in receptor-dependent calcium signaling in
vascular SMCs [21-24,55-57]. However, currently just fragmentary information is available on the
role of TPCs in the regulation of vascular tone. Brailoiu et al. [20] demonstrated that NAADP-AM
induced NO-dependent vasorelaxation in aorta with intact endothelium and vasoconstriction in
endothelium-denuded vessels. Zhang et al. [26] show that bafilomycin A1l decreases bovine coronary
artery constriction in response to ET-1. Our results provide evidence that TPCs are involved in
vasoconstriction caused by NE. Experiments on SMCs with siRNA suggest involvement of TPC1 in
this physiological reaction.

Author Contributions: Conceptualization, P.V.A.; methodology, PP.A., N.V.G,; investigation, S.K.T., E.Y.R.,
PPA., AAT, 1L.Z; data curation, N.V.G., R.O/J., formal analysis, R.O.J., N.V.G., PV.A,; validation, R.O.J.;
writing—original draft preparation, P.V.A.; writing—review and editing, R.O.J., N.V.G.

Funding: This research was supported by Russian Science Foundation, grant # 18-15-00417.

Acknowledgments: The research was done using equipment of the Core Facility of the Institute of Developmental
Biology RAS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Galione, A.; Lee, H.C.; Busa, W.B. Ca(2+)-Induced Ca?* Release in Sea Urchin Egg Homogenates: Modulation
by Cyclic ADP-Ribose. Science 1991, 253, 1143-1146. [CrossRef] [PubMed]

2. Singaravelu, K.; Deitmer, ].W. Calcium Mobilization by Nicotinic Acid Adenine Dinucleotide Phosphate
(NAADP) in Rat Astrocytes. Cell Calcium 2006, 39, 143-153. [CrossRef] [PubMed]

3. Lee, H.C.; Aarhus, R. A Derivative of NADP Mobilizes Calcium Stores Insensitive to Inositol Trisphosphate
and Cyclic ADP-Ribose. |. Biol. Chem. 1995, 270, 2152-2157. [CrossRef] [PubMed]

4.  Churchill, G.C.; Okada, Y.; Thomas, ].M.; Genazzani, A.A.; Patel, S.; Galione, A. NAADP Mobilizes Ca(2+)
from Reserve Granules, Lysosome-Related Organelles, in Sea Urchin Eggs. Cell 2002, 111, 703-708. [CrossRef]

5.  Guse, A.H.; Lee, H.C. NAADP: A Universal CaZ* Trigger. Sci. Signal 2008, 1, re10. [CrossRef] [PubMed]

6. Calcraft, PJ.; Ruas, M.; Pan, Z.; Cheng, X.; Arredouani, A.; Hao, X.; Tang, J.; Rietdorf, K.; Teboul, L.;
Chuang, K.T.; et al. NAADP Mobilizes Calcium from Acidic Organelles through Two-Pore Channels. Nature
2009, 459, 596-600. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1909457
http://www.ncbi.nlm.nih.gov/pubmed/1909457
http://dx.doi.org/10.1016/j.ceca.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/16289677
http://dx.doi.org/10.1074/jbc.270.5.2152
http://www.ncbi.nlm.nih.gov/pubmed/7836444
http://dx.doi.org/10.1016/S0092-8674(02)01082-6
http://dx.doi.org/10.1126/scisignal.144re10
http://www.ncbi.nlm.nih.gov/pubmed/18984909
http://dx.doi.org/10.1038/nature08030
http://www.ncbi.nlm.nih.gov/pubmed/19387438

Cells 2019, 8, 1144 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zong, X.; Schieder, M.; Cuny, H.; Fenske, S.; Gruner, C.; Rotzer, K.; Griesbeck, O.; Harz, H.; Biel, M.;
Wahl-Schott, C. The Two-Pore Channel TPCN2 Mediates NAADP-Dependent Ca(2+)-Release from Lysosomal
Stores. Pflug. Arch. 2009, 458, 891-899. [CrossRef] [PubMed]

Brailoiu, E.; Churamani, D.; Cai, X.; Schrlau, M.G.; Brailoiu, G.C.; Gao, X.; Hooper, R.; Boulware, M.].;
Dun, N.J.; Marchant, ].S.; et al. Essential Requirement for Two-Pore Channel 1 in NAADP-Mediated Calcium
Signaling. J. Cell Biol. 2009, 186, 201-209. [CrossRef]

Ishibashi, K.; Suzuki, M.; Imai, M. Molecular Cloning of a Novel Form (Two-Repeat) Protein Related
to Voltage-Gated Sodium and Calcium Channels. Biochem. Biophys. Res. Commun. 2000, 270, 370-376.
[CrossRef]

Wang, X.; Zhang, X.; Dong, X.P.; Samie, M.; Li, X.; Cheng, X.; Goschka, A.; Shen, D.; Zhou, Y.; Harlow, J.;
et al. TPC Proteins Are Phosphoinositide- Activated Sodium-Selective Ion Channels in Endosomes and
Lysosomes. Cell 2012, 151, 372-383. [CrossRef]

Jha, A.; Ahuja, M.; Patel, S.; Brailoiu, E.; Muallem, S. Convergent Regulation of the Lysosomal Two-Pore
Channel-2 by Mg(2)(+), NAADP, PI(3,5)P(2) and Multiple Protein Kinases. EMBO J. 2014, 33, 501-511.
[CrossRef] [PubMed]

Aley, PK.; Mikolajczyk, A.M.; Munz, B.; Churchill, G.C.; Galione, A.; Berger, F. Nicotinic Acid Adenine
Dinucleotide Phosphate Regulates Skeletal Muscle Differentiation Via Action at Two-Pore Channels. Proc.
Natl. Acad. Sci. USA 2010, 107, 19927-19932. [CrossRef] [PubMed]

Brailoiu, E.; Churamani, D.; Pandey, V.; Brailoiu, G.C.; Tuluc, E; Patel, S.; Dun, N.J. Messenger-Specific Role
for Nicotinic Acid Adenine Dinucleotide Phosphate in Neuronal Differentiation. J. Biol. Chem. 2006, 281,
15923-15928. [CrossRef] [PubMed]

Esposito, B.; Gambara, G.; Lewis, A.M.; Palombi, E; D’Alessio, A.; Taylor, L.X.; Genazzani, A.A.; Ziparo, E.;
Galione, A.; Churchill, G.C.; et al. NAADP Links Histamine H1 Receptors to Secretion of von Willebrand
Factor in Human Endothelial Cells. Blood 2011, 117, 4968-4977. [CrossRef] [PubMed]

Masgrau, R.; Churchill, G.C.; Morgan, A.].; Ashcroft, S.J.; Galione, A. NAADP: A New Second Messenger for
Glucose-Induced Ca2+ Responses in Clonal Pancreatic Beta Cells. Curr. Biol. 2003, 13, 247-251. [CrossRef]
Yamasaki, M.; Masgrau, R.; Morgan, A J.; Churchill, G.C.; Patel, S.; Ashcroft, S.J.; Galione, A. Organelle
Selection Determines Agonist-Specific CaZ* Signals in Pancreatic Acinar and Beta Cells. . Biol. Chem. 2004,
279, 7234-7240. [CrossRef] [PubMed]

Aley, PK,; Noh, H.J.; Gao, X,; Tica, A.A.; Brailoiu, E.; Churchill, G.C. A Functional Role for Nicotinic Acid
Adenine Dinucleotide Phosphate in Oxytocin-Mediated Contraction of Uterine Smooth Muscle from Rat. J.
Pharm. Exp. 2010, 333, 726-735. [CrossRef]

Tugba Durlu-Kandilci, N.; Ruas, M.; Chuang, K.T.; Brading, A.; Parrington, J.; Galione, A. TPC2 Proteins
Mediate Nicotinic Acid Adenine Dinucleotide Phosphate (NAADP)- and Agonist-Evoked Contractions of
Smooth Muscle. J. Biol. Chem. 2010, 285, 24925-24932. [CrossRef]

Rah, S.Y; Lee, Y.H.; Kim, U.H. NAADP-Mediated Ca* Signaling Promotes Autophagy and Protects against
LPS-Induced Liver Injury. FASEB J. 2017, 31, 3126-3137. [CrossRef]

Brailoiu, G.C.; Gurzu, B.; Gao, X.; Parkesh, R.; Aley, PK,; Trifa, D.I.; Galione, A.; Dun, N.J.; Madesh, M.;
Patel, S.; et al. Acidic NAADP-Sensitive Calcium Stores in the Endothelium: Agonist-Specific Recruitment
and Role in Regulating Blood Pressure. |. Biol. Chem. 2010, 285, 37133-37137. [CrossRef]

Boittin, EX.; Galione, A.; Evans, A.M. Nicotinic Acid Adenine Dinucleotide Phosphate Mediates Ca2* Signals
and Contraction in Arterial Smooth Muscle via a Two-Pool Mechanism. Circ. Res. 2002, 91, 1168-1175.
[CrossRef] [PubMed]

Jiang, Y.L.; Lin, A.H.; Xia, Y.; Lee, S.; Paudel, O.; Sun, H.; Yang, X.R.; Ran, P.; Sham, J.S. Nicotinic Acid
Adenine Dinucleotide Phosphate (NAADP) Activates Global and Heterogeneous Local Ca®* Signals from
NAADP- and Ryanodine Receptor-Gated Ca®* Stores in Pulmonary Arterial Myocytes. J. Biol. Chem. 2013,
288, 10381-10394. [CrossRef] [PubMed]

Kinnear, N.P,; Boittin, EX.; Thomas, ].M.; Galione, A.; Evans, A.M. Lysosome-Sarcoplasmic Reticulum
Junctions. A Trigger Zone for Calcium Signaling by Nicotinic Acid Adenine Dinucleotide Phosphate and
Endothelin-1. J. Biol. Chem. 2004, 279, 54319-54326. [CrossRef] [PubMed]

Lee, S.; Paudel, O,; Jiang, Y.; Yang, X.R.; Sham, ].S. CD38 Mediates Angiotensin II-Induced Intracellular
Ca(2+) Release in Rat Pulmonary Arterial Smooth Muscle Cells. Am. ]. Respir. Cell Mol. Biol. 2015, 52,
332-341. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00424-009-0690-y
http://www.ncbi.nlm.nih.gov/pubmed/19557428
http://dx.doi.org/10.1083/jcb.200904073
http://dx.doi.org/10.1006/bbrc.2000.2435
http://dx.doi.org/10.1016/j.cell.2012.08.036
http://dx.doi.org/10.1002/embj.201387035
http://www.ncbi.nlm.nih.gov/pubmed/24502975
http://dx.doi.org/10.1073/pnas.1007381107
http://www.ncbi.nlm.nih.gov/pubmed/21041635
http://dx.doi.org/10.1074/jbc.M602249200
http://www.ncbi.nlm.nih.gov/pubmed/16595650
http://dx.doi.org/10.1182/blood-2010-02-266338
http://www.ncbi.nlm.nih.gov/pubmed/21364192
http://dx.doi.org/10.1016/S0960-9822(03)00041-1
http://dx.doi.org/10.1074/jbc.M311088200
http://www.ncbi.nlm.nih.gov/pubmed/14660554
http://dx.doi.org/10.1124/jpet.110.165837
http://dx.doi.org/10.1074/jbc.M110.129833
http://dx.doi.org/10.1096/fj.201601290R
http://dx.doi.org/10.1074/jbc.C110.169763
http://dx.doi.org/10.1161/01.RES.0000047507.22487.85
http://www.ncbi.nlm.nih.gov/pubmed/12480818
http://dx.doi.org/10.1074/jbc.M112.423053
http://www.ncbi.nlm.nih.gov/pubmed/23443655
http://dx.doi.org/10.1074/jbc.M406132200
http://www.ncbi.nlm.nih.gov/pubmed/15331591
http://dx.doi.org/10.1165/rcmb.2014-0141OC
http://www.ncbi.nlm.nih.gov/pubmed/25078456

Cells 2019, 8, 1144 18 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Thai, T.L.; Churchill, G.C.; Arendshorst, W.]. NAADP Receptors Mediate Calcium Signaling Stimulated
by Endothelin-1 and Norepinephrine in Renal Afferent Arterioles. Am. J. Physiol. Ren. Physiol. 2009, 297,
F510-F516. [CrossRef] [PubMed]

Zhang, F,; Zhang, G.; Zhang, A.Y.; Koeberl, M.].; Wallander, E.; Li, P.L. Production of NAADP and Its Role in
Ca?* Mobilization Associated with Lysosomes in Coronary Arterial Myocytes. Am. J. Physiol. Heart Circ.
Physiol. 2006, 291, H274-H282. [CrossRef]

Naylor, E.; Arredouani, A.; Vasudevan, S.R.; Lewis, A.M.; Parkesh, R.; Mizote, A.; Rosen, D.; Thomas, ].M.;
Izumi, M.; Ganesan, A.; et al. Identification of a Chemical Probe for NAADP by Virtual Screening. Nat. Chem
Biol 2009, 5, 220-226. [CrossRef] [PubMed]

Xu, S.; Fu, J.; Chen, J.; Xiao, P; Lan, T,; Le, K.; Cheng, F,; He, L.; Shen, X.; Huang, H.; et al. Development of an
Optimized Protocol for Primary Culture of Smooth Muscle Cells from Rat Thoracic Aortas. Cytotechnology
2009, 61, 65-72. [CrossRef] [PubMed]

Jaffe, E.A.; Nachman, R.L.; Becker, C.G.; Minick, C.R. Culture of Human Endothelial Cells Derived from
Umbilical Veins. Identification by Morphologic and Immunologic Criteria. J. Clin. Invest. 1973, 52, 2745-2756.
[PubMed]

Goncharov, N.V,; Sakharov, I.; Danilov, S.M.; Sakandelidze, O.G. Use of Collagenase from the Hepatopancreas
of the Kamchatka Crab for Isolating and Culturing Endothelial Cells of the Large Vessels in Man. Biull. Eksp.
Biol. Med. 1987, 104, 376-378. [CrossRef]

Maciag, T.; Cerundolo, J.; Ilsley, S.; Kelley, P.R.; Forand, R. An Endothelial Cell Growth Factor from Bovine
Hypothalamus: Identification and Partial Characterization. Proc. Natl. Acad. Sci. USA 1979, 76, 5674-5678.
[CrossRef] [PubMed]

Singan, V.R.; Jones, T.R.; Curran, K.M.; Simpson, J.C. Dual Channel Rank-Based Intensity Weighting for
Quantitative Co-Localization of Microscopy Images. BMC Bioinform. 2011, 12, 407. [CrossRef] [PubMed]
Churamani, D.; Hooper, R.; Brailoiu, E.; Patel, S. Domain Assembly of NAADP-Gated Two-Pore Channels.
Biochem. J. 2012, 441, 317-323. [CrossRef] [PubMed]

Zharkich, LL.; Nadeev, A.D.; Tsitrin, E.B.; Goncharov, N.V.; Avdonin, P.V. Suppression of Histamine
Induced Relaxation of Rat Aorta and Calcium Signaling in Endothelial Cells by Two Pore Channel Blocker
Trans-NED19 and Hydrogen Peroxide. Biol. Bull. 2016, 43, 365-372. [CrossRef]

Favia, A.; Desideri, M.; Gambara, G.; D’Alessio, A.; Ruas, M.; Esposito, B.; Del Bufalo, D.; Parrington, J.;
Ziparo, E.; Palombi, F; et al. VEGF-Induced Neoangiogenesis Is Mediated by NAADP and Two-Pore
Channel-2-Dependent Ca?* Signaling. Proc. Natl. Acad. Sci. USA 2014, 111, E4706-E4715. [CrossRef]
[PubMed]

Benham, C.D.; Tsien, R.W. Noradrenaline Modulation of Calcium Channels in Single Smooth Muscle Cells
from Rabbit Ear Artery. J. Physiol. 1988, 404, 767-784. [CrossRef]

Eckert, R.E.; Karsten, AJ.; Utz, J.; Ziegler, M. Regulation of Renal Artery Smooth Muscle Tone by
Alphal-Adrenoceptors: Role of Voltage-Gated Calcium Channels and Intracellular Calcium Stores. Urol. Res.
2000, 28, 122-127. [CrossRef]

Schmid, J.; Muller, B.; Heppeler, D.; Gaynullina, D.; Kassmann, M.; Gagov, H.; Mladenov, M.; Gollasch, M.;
Schubert, R. The Unexpected Role of Calcium-Activated Potassium Channels: Limitation of NO-Induced
Arterial Relaxation. J. Am. Heart Assoc. 2018, 7, e007808. [CrossRef] [PubMed]

Pereira, G.J.; Hirata, H.; do Carmo, L.G,; Stilhano, R.S.; Ureshino, R.P.; Medaglia, N.C.; Han, S.W.; Churchill, G.;
Bincoletto, C.; Patel, S.; et al. NAADP-Sensitive Two-Pore Channels Are Present and Functional in Gastric
Smooth Muscle Cells. Cell Calcium 2014, 56, 51-58. [CrossRef] [PubMed]

Bychkova, S.V.; Chorna, T.I. NAADP-Sensitive Ca?* Stores in Permeabilized Rat Hepatocytes. Ukr Biochem.
J. 2014, 86, 65-73. [CrossRef]

Steen, M.; Kirchberger, T.; Guse, A.H. NAADP Mobilizes Calcium from the Endoplasmic Reticular Ca(2+)
Store in T-Lymphocytes. . Biol. Chem. 2007, 282, 18864—-18871. [CrossRef] [PubMed]

Aley, PK.; Singh, N.; Brailoiu, G.C.; Brailoiu, E.; Churchill, G.C. Nicotinic Acid Adenine Dinucleotide
Phosphate (NAADP) Is a Second Messenger in Muscarinic Receptor-Induced Contraction of Guinea Pig
Trachea. J. Biol. Chem. 2013, 288, 10986—10993. [CrossRef] [PubMed]

Govindan, S.; Taylor, C.W. P2Y Receptor Subtypes Evoke Different Ca?* Signals in Cultured Aortic Smooth
Muscle Cells. Purinergic Signal. 2012, 8, 763-777. [CrossRef] [PubMed]


http://dx.doi.org/10.1152/ajprenal.00116.2009
http://www.ncbi.nlm.nih.gov/pubmed/19439521
http://dx.doi.org/10.1152/ajpheart.01064.2005
http://dx.doi.org/10.1038/nchembio.150
http://www.ncbi.nlm.nih.gov/pubmed/19234453
http://dx.doi.org/10.1007/s10616-009-9236-6
http://www.ncbi.nlm.nih.gov/pubmed/19898948
http://www.ncbi.nlm.nih.gov/pubmed/4355998
http://dx.doi.org/10.1007/BF00842029
http://dx.doi.org/10.1073/pnas.76.11.5674
http://www.ncbi.nlm.nih.gov/pubmed/293671
http://dx.doi.org/10.1186/1471-2105-12-407
http://www.ncbi.nlm.nih.gov/pubmed/22017789
http://dx.doi.org/10.1042/BJ20111617
http://www.ncbi.nlm.nih.gov/pubmed/21992073
http://dx.doi.org/10.1134/S1062359016030146
http://dx.doi.org/10.1073/pnas.1406029111
http://www.ncbi.nlm.nih.gov/pubmed/25331892
http://dx.doi.org/10.1113/jphysiol.1988.sp017318
http://dx.doi.org/10.1007/s002400050149
http://dx.doi.org/10.1161/JAHA.117.007808
http://www.ncbi.nlm.nih.gov/pubmed/29574460
http://dx.doi.org/10.1016/j.ceca.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24882212
http://dx.doi.org/10.15407/ubj86.05.065
http://dx.doi.org/10.1074/jbc.M610925200
http://www.ncbi.nlm.nih.gov/pubmed/17446167
http://dx.doi.org/10.1074/jbc.M113.458620
http://www.ncbi.nlm.nih.gov/pubmed/23467410
http://dx.doi.org/10.1007/s11302-012-9323-6
http://www.ncbi.nlm.nih.gov/pubmed/22767215

Cells 2019, 8, 1144 19 of 19

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Penny, CJ; Kilpatrick, B.S.; Eden, E.R,; Patel, S. Coupling Acidic Organelles with the ER through Ca(2)(+)
Microdomains at Membrane Contact Sites. Cell Calcium 2015, 58, 387-396. [CrossRef] [PubMed]

Zhu, M.X; Ma, J.; Parrington, J.; Calcraft, PJ.; Galione, A.; Evans, A.M. Calcium Signaling Via Two-Pore
Channels: Local or Global, That Is the Question. Am. J. Physiol. Cell Physiol. 2010, 298, C430-C441. [CrossRef]
[PubMed]

Patel, S.; Churchill, G.C.; Galione, A. Coordination of CaZ* Signalling by NAADP. Trends Biochem. Sci. 2001,
26,482-489. [CrossRef]

Semenchuk, L.A.; Di Salvo, J. Receptor-Activated Increases in Intracellular Calcium and Protein Tyrosine
Phosphorylation in Vascular Smooth Muscle Cells. FEBS Lett. 1995, 370, 127-130. [CrossRef]

Oishi, H.; Budel, S.; Schuster, A.; Stergiopulos, N.; Meister, ]J.J.; Beny, J.L. Cytosolic-Free Calcium in
Smooth-Muscle and Endothelial Cells in an Intact Arterial Wall from Rat Mesenteric Artery in vitro. Cell
Calcium 2001, 30, 261-267. [CrossRef] [PubMed]

Schuster, A.; Lamboley, M.; Grange, C.; Oishi, H.; Beny, ].L.; Stergiopulos, N.; Meister, ].J. Calcium Dynamics
and Vasomotion in Rat Mesenteric Arteries. J. Cardiovasc. Pharm. 2004, 43, 539-548. [CrossRef] [PubMed]
Leeb-Lundberg, L.M.; Cotecchia, S.; Lomasney, ]. W.; DeBernardis, J.E.; Lefkowitz, R.J.; Caron, M.G. Phorbol
Esters Promote Alpha 1-Adrenergic Receptor Phosphorylation and Receptor Uncoupling from Inositol
Phospholipid Metabolism. Proc. Natl. Acad. Sci. USA 1985, 82, 5651-5655. [CrossRef] [PubMed]
Mironneau, J.; Macrez-Lepretre, N. Modulation of Ca?* Channels by Alpha 1A- and Alpha 2A-Adrenoceptors
in Vascular Myocytes: Involvement of Different Transduction Pathways. Cell Signal. 1995, 7, 471-479.
[CrossRef]

Raeymaekers, L.; Nilius, B.; Voets, T.; Missiaen, L.; Van Baelen, K.; Vanoevelen, J.; Wuytack, F. Additional
Fluxes of Activator Ca>* Accompanying Ca’* Release from the Sarcoplasmic Reticulum Triggered by
insP3-Mobilizing Agonists. Novartis Found. Symp. 2002, 246, 71-76. [PubMed]

Inoue, R.; Okada, T.; Onoue, H.; Hara, Y.; Shimizu, S.; Naitoh, S.; Ito, Y.; Mori, Y. The Transient Receptor
Potential Protein Homologue TRP6 Is the Essential Component of Vascular Alpha(1)-Adrenoceptor-Activated
Ca(2+)-Permeable Cation Channel. Circ. Res. 2001, 88, 325-332. [CrossRef] [PubMed]

Pitt, S.J.; Reilly-O’Donnell, B.; Sitsapesan, R. Exploring the Biophysical Evidence That Mammalian Two-Pore
Channels Are NAADP-Activated Calcium-Permeable Channels. |. Physiol. 2016, 594, 4171-4179. [CrossRef]
[PubMed]

Fameli, N.; Ogunbayo, O.A.; van Breemen, C.; Evans, A.M. Cytoplasmic Nanojunctions between Lysosomes
and Sarcoplasmic Reticulum Are Required for Specific Calcium Signaling. F1000Res 2014, 3, 93. [CrossRef]
Kinnear, N.P; Wyatt, C.N.; Clark, ].H.; Calcraft, PJ.; Fleischer, S.; Jeyakumar, L.H.; Nixon, G.F; Evans, A.M.
Lysosomes Co-Localize with Ryanodine Receptor Subtype 3 to Form a Trigger Zone for Calcium Signalling
by NAADP in Rat Pulmonary Arterial Smooth Muscle. Cell Calcium 2008, 44, 190-201. [CrossRef]

Jiang, Y.;; Zhou, Y.; Peng, G.; Tian, H.; Pan, D.; Liu, L.; Yang, X.; Li, C.; Li, W.; Chen, L.; et al. Two-Pore
Channels Mediated Receptor-Operated Ca(2+) Entry in Pulmonary Artery Smooth Muscle Cells in Response
to Hypoxia. Int. |. Biochem. Cell Biol. 2018, 97, 28-35. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ceca.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25866010
http://dx.doi.org/10.1152/ajpcell.00475.2009
http://www.ncbi.nlm.nih.gov/pubmed/20018950
http://dx.doi.org/10.1016/S0968-0004(01)01896-5
http://dx.doi.org/10.1016/0014-5793(95)00808-M
http://dx.doi.org/10.1054/ceca.2001.0233
http://www.ncbi.nlm.nih.gov/pubmed/11587550
http://dx.doi.org/10.1097/00005344-200404000-00009
http://www.ncbi.nlm.nih.gov/pubmed/15085065
http://dx.doi.org/10.1073/pnas.82.17.5651
http://www.ncbi.nlm.nih.gov/pubmed/2994039
http://dx.doi.org/10.1016/0898-6568(95)00014-G
http://www.ncbi.nlm.nih.gov/pubmed/12164317
http://dx.doi.org/10.1161/01.RES.88.3.325
http://www.ncbi.nlm.nih.gov/pubmed/11179201
http://dx.doi.org/10.1113/JP270936
http://www.ncbi.nlm.nih.gov/pubmed/26872338
http://dx.doi.org/10.12688/f1000research.3720.1
http://dx.doi.org/10.1016/j.ceca.2007.11.003
http://dx.doi.org/10.1016/j.biocel.2018.01.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Animals 
	Registration of Aorta Contraction 
	Cell Culture 
	Measurement of Free Cytoplasmic Calcium Concentration in SMCs and HUVECs 
	Measurement of mRNA Coding TPC1 and TPC2 in SMCs 
	Western Blot 
	Fluorescent Staining of TPC and Lysosomes in SMCs 
	siRNA Transfection 
	Statistics 

	Results 
	TPC Expression and Localization in Rat Aorta SMCs 
	Study of the Effects of NED 19 on the Agonist-Induced [Ca2+]i Elevation in SMCs 
	Inhibition of [Ca2+]i Elevation in Response to NE by siRNA Against TPC1 
	Study of NED 19 Effects on Rat Aorta Contraction in Response to NE, Arg-Vasopressin, Angiotensin II, and 5-HT 
	Study of Bafilomycin A1 Effects on NE-Induced [Ca2+]i Elevation in SMCs and on the Aortic Tone 

	Discussion 
	References

