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Introduction

The adrenal medulla is an endocrine organ that secretes 
catecholamines, such as adrenaline (A) and noradrena-
line (NA), which mediate responses to physiological 
and emotional stressors. It is composed of catechol-
aminergic chromaffin cells, including A-synthesizing 
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Summary 
The present study investigated the localization and the adenosine 5′-triphosphate (ATP)-degrading function of the plasma 
membrane-bound ecto-nucleotidase, ectonucleoside triphosphate diphosphohydrolase 2 (NTPDase2), in the rat adrenal 
medulla. The effect of ATP degradation product, adenosine 5′-diphosphate (ADP), on carbachol (CCh)-induced intracellular 
Ca2+ ([Ca2+]i) responses in adrenal chromaffin cells was examined using calcium imaging. NTPDase2-immunoreactive cells 
were distributed between chromaffin cells. NTPDase2-immunoreactive cells were immunoreactive for glial fibrillary 
acidic protein and S100B, suggesting that they were sustentacular cells. NTPDase2-immunoreactive cells surrounded 
chromaffin cells immunoreactive for vesicular nucleotide transporter and P2Y12 ADP-selective purinoceptors. In ATP 
bioluminescence assays using adrenal medullary slices, ATP was rapidly degraded and its degradation was attenuated by the 
NTPDase inhibitors sodium polyoxotungstate (POM-1) and 6-N, N-diethyl-d-β,γ-dibromomethylene ATP (ARL67156). 
ADP inhibited CCh-induced [Ca2+]i increases of chromaffin cells in adrenal medullary slices. The inhibition of CCh-induced 
[Ca2+]i increases by ADP was blocked by the P2Y12 purinoceptor antagonist AZD1283. CCh-induced [Ca2+]i increases 
were also inhibited by the P2Y1, P2Y12, and P2Y13 purinoceptor agonist 2-methylthioadenosine diphosphate trisodium 
(2MeSADP), in combination with the P2Y1 purinoceptor antagonist MRS2179. These results suggest that sustentacular 
cells express NTPDase2 to degrade ATP released from adrenal chromaffin cells, and ADP modulates the excitability of 
chromaffin cells via P2Y12 purinoceptors to regulate catecholamine release during preganglionic sympathetic stimuli.  
(J Histochem Cytochem 72: 41–60, 2024)
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cells (A-cells) and NA-synthesizing cells (NA-cells), and 
sustentacular cells (support or satellite cells) located 
between chromaffin cells.1 Immunohistochemically, 
sustentacular cells express glial cell markers such as 
glial fibrillary acidic protein (GFAP) and S100.2–4 
Acetylcholine (ACh) released from the preganglionic 
sympathetic nerve terminals of the splanchnic nerve 
activates nicotinic ACh receptors of chromaffin cells to 
trigger membrane depolarization and increase intracel-
lular Ca2+ ([Ca2+]i), leading to an exocytosis of catechol-
amines into circulation.5–7 Adenosine 5′-triphosphate 
(ATP) is released by exocytosis together with catechol-
amines from chromaffin cells, and may locally modulate 
the function of these cells.8 However, the function of 
sustentacular cells in the adrenal medulla remains 
unknown.

In addition to ATP, extracellular adenosine 
5′-diphosphate (ADP) has also been reported to mod-
ulate the function of endocrine and sympathetic ner-
vous systems, such as pituitary lactotrophs,9 
pancreatic beta cells,10 and postganglionic sympa-
thetic neurons in the superior cervical ganglion.11 
These findings suggest that ADP also plays a local 
modulatory role in adrenal medulla function. 
Extracellular ADP is produced by the rapid degrada-
tion of ATP by ectonucleoside triphosphate diphos-
phohydrolases (NTPDases, EC 3.6.1.5). NTPDases 
consist of eight members, of which NTPDase1, 2, 3, 
and 8 are the plasma membrane-bound ectoenzymes 
that hydrolyze extracellular nucleotide tri- and/or di-
phosphates.12,13 Of these four members, NTPDase2 
(CD39L1 or ecto-ATPase) preferentially dephosphor-
ylates extracellular ATP to ADP. Therefore, NTPDase2 
may be expressed to hydrolyze ATP released from 
chromaffin cells to ADP in the adrenal medulla. On the 
other hand, ADP selectively binds to Gq/11 protein-
coupled P2Y1 purinoceptors, and Gi protein-coupled 
P2Y12 and P2Y13 purinoceptors.14 Reverse tran-
scriptase-polymerase chain reaction (RT-PCR) has 
revealed the expression of mRNAs for P2Y purino-
ceptor subtypes including P2Y1, P2Y12, and P2Y13 
in the rat adrenal medulla.15 Electrophysiological 
studies have revealed that P2Y12 purinoceptors are 
involved in the inhibition of exocytosis in cultured 
bovine chromaffin cells.16,17 These findings suggest 
that the excitability of chromaffin cells induced by ACh 
receptor activation is modulated via P2Y purinocep-
tors by ADP, a breakdown product of ATP released 
from these cells in the adrenal medulla.

The present study investigated the localization and 
ATP-degrading function of NTPDase2 in the rat adre-
nal medulla using immunohistochemistry and ATP bio-
luminescence assay. Multilabeling immunofluorescence 
was also performed to elucidate the interrelationship 

between immunoreactivities for NTPDase2, P2Y12 
purinoceptors, and vesicular nucleotide transporter 
(VNUT), a vesicle-loading protein for exocytosis of 
ATP. Furthermore, we examined [Ca2+]i changes in 
chromaffin cells following the application of the non-
selective ACh receptor agonist carbachol (CCh) and 
agonists or antagonists of P2Y purinoceptors to deter-
mine the modulatory effects of ADP on these cells.

Materials and Methods

Animal Procedures

The present study used male Wistar rats (8–10  
weeks old; total n=83) purchased from Japan SLC 
(Hamamatsu, Japan). Animal experimental procedures 
were approved by the Iwate Medical University 
Institutional Animal Care and Use Committee (acces-
sion number 30-026). All animal experiments were per-
formed at the Department of Anatomy (Cell Biology) in 
Iwate Medical University. Rats were maintained under 
controlled environmental conditions (room temperature, 
24 ± 0.5C; relative humidity, 50 ± 10%; light/dark cycle, 
12/12 hr) and were fed ad libitum ultrafiltrated water and 
a pellet diet (MF; Oriental Yeast, Tokyo, Japan).

Immunohistochemistry

Details of the antibodies and their combinations are 
tabulated in Tables 1–3.

The procedure for preparing cryosections of adre-
nal glands was conducted as described in our previ-
ous study.18 Briefly, rats (n=20) were transcardially 
perfused with Ringer’s solution (200 ml) followed by 
4% paraformaldehyde in 0.1 M phosphate buffer (pH 
7.4) under deep anesthesia by pentobarbital (150 mg/
kg; intraperitoneal injection). The harvested bilateral 
adrenal glands were immersed in 30% sucrose diluted 
in phosphate-buffered saline (PBS; pH 7.4) and then 
cryoembedded. Frozen sections (10 µm thickness) 
were prepared by sectioning frozen tissues and 
mounted on chrome-alum/gelatin-coated glass slides.

Sections were labeled by indirect multilabeling 
immunofluorescence. Sections were incubated with 
non-immune donkey serum (1:50 dilution, S30; Merck 
Millipore, Billerica, MA) diluted with PBS containing 
0.5% Triton X-100 (PBS-T, pH 7.4) at room temperature 
for 30 min. Subsequently, they were incubated with pri-
mary antibodies at 4C for 12 hr. PBS-T was used as a 
diluent to penetrate antibodies. The present study used 
the following antibodies: anti-NTPDase2 (R&D 
Systems, Minneapolis, MN, AB_10572702), anti-dopa-
mine beta-hydroxylase (anti-DBH; Merck Millipore, 
AB_2245740), anti-vesicular monoamine transporter 2 
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Table 1.  Primary Antibodies Used in the Present Study.

No. Antibody Against Immunogen Manufacturer; Host; Catalog Number; RRID Dilution

1 NTPDase2 26-462 amino acid sequence of 
CHO-derived recombinant mouse 
CD39L1/NTPDase2

R&D Systems (Minneapolis, MN); 
sheep polyclonal antibody; AF5797; 
AB_10572702

1:500

2 DBH Purified bovine adrenal DBH Merck Millipore (Billerica, MA); mouse 
monoclonal antibody; MAB308; 
AB_2245740

1:5000

3 VMAT2 Synthetic peptide, 196-515 amino acid 
sequence of rat VMAT2 coupled to 
carrier protein

Immunostar (Hudson, WI); rabbit polyclonal 
antibody; 20042; AB_10013884

1:2000

4 GFAP GFAP isolated from cow spinal cord DAKO Cytomation (Glostrup, Denmark); 
rabbit polyclonal antibody; Z0334; 
AB_10013382

1:100

5 S100B Purified bovine brain S100B Sigma-Aldrich (Saint Louis, MO); mouse 
monoclonal antibody; S2532; AB_477499

1:1000

6 VNUT Synthetic peptide 
(SQKVQESERAFTY), 155-167 
amino acid sequences of mouse 
VNUT

Merck Millipore; guinea pig polyclonal 
antibody; ABN83; AB_2868445

1:1000

7 P2Y12 ATP receptor Recombinant protein corresponding 
to 303-342 amino acid sequence of 
human P2Y12

Novus Biologicals (Littleton, CO); rabbit 
polyclonal antibody; NBP2-33870; 
AB_2810254

1:200

The antibody numbers in this table are also used in Table 3.
Abbreviations: NTPDase2, ectonucleoside triphosphate diphosphohydrolase 2; CHO, Chinese hamster ovary cell line; DBH, dopamine beta-
hydroxylase; VMAT2, vesicular monoamine transporter 2; GFAP, glial fibrillary acidic protein; VNUT, vesicular nucleotide transporter; ATP, adenosine 
5′-triphosphate; RRID, research resource identifier.

Table 3.  Combinations of Antibodies for Immunofluorescence.

Combination
Primary 

Antibody 1
Secondary 
Antibody 1

Primary 
Antibody 2

Secondary 
Antibody 2

Primary 
Antibody 3

Secondary 
Antibody 3 Figure

NTPDase2/DBH 1 a 2 b — — Fig. 1A and B
NTPDase2/VMAT2/DBH 1 a 3 c 2 e Fig. 1C and D
NTPDase2/GFAP 1 a 4 c — — Fig. 2A–C
NTPDase2/S100B 1 a 5 b — — Fig. 2D–F
NTPDase2/GFAP/S100B 1 a 4 c 5 e Fig. 2G–I
NTPDase2/VNUT 1 a 6 d — — Fig. 5A
NTPDase2/P2Y12 1 a 7 c — — Fig. 5B
NTPDase2/P2Y12/VNUT 1 a 7 c 6 f Fig. 5C and D

Numbers and letters are shown in Tables 1 and 2.
Abbreviations: NTPDase2, ectonucleoside triphosphate diphosphohydrolase 2; DBH, dopamine beta-hydroxylase; VMAT2, vesicular monoamine 
transporter 2; GFAP, glial fibrillary acidic protein; VNUT, vesicular nucleotide transporter.

Table 2.  Secondary Antibodies Used in the Present Study.

Letter Antibody Against Host Catalog Number RRID Dilution

a Alexa Fluor 488-labeled anti-sheep IgG Donkey 713-545-147 AB_2340745 1:200
b Cy3-labeled anti-mouse IgG Donkey 715-165-151 AB_2315777 1:200
c Cy3-labeled anti-rabbit IgG Donkey 711-165-152 AB_2307443 1:200
d Cy3-labeled anti-guinea pig IgG Donkey 706-165-148 AB_2340460 1:200
e Alexa Flour 647-labeled anti-mouse IgG Donkey 715-605-151 AB_2340863 1:200
f Alexa Flour 647-labeled anti-guinea pig IgG Donkey 706-605-148 AB_2340476 1:200

The antibody letters in this table are also used in Table 3. All antibodies are supplied by Jackson ImmunoResearch (West Grove, PA).
Abbreviation: RRID, research resource identifier; IgG, immunoglobulin G.
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(anti-VMAT2; Immunostar, Hudson, WI, AB_10013884), 
anti-GFAP (DAKO Cytomation, Glostrup, Denmark, 
AB_10013382), anti-S100B (Sigma-Aldrich, Saint 
Louis, MO, AB_477499), anti-VNUT (Merck Millipore, 
AB_2868445), and anti-P2Y12 purinoceptor (Novus 
Biologicals, Littleton, CO, AB_2810254). Anti-DBH anti-
body was used as a marker of adrenal chromaffin cells. 
Immunoreactivity for VMAT2 has been observed in 
adrenal chromaffin cells without immunoreactivity for 
the rate-limiting enzyme for A, phenylethanolamine 
N-methyltransferase,19 and thus was used as a marker 
of NA-cells in the present study. Antibodies for GFAP 
and S100B have been used as markers of sustentacu-
lar cells in the rat adrenal medulla.2–4 VNUT, which 
uptakes ATP into secretory vesicles for exocytosis, has 
been localized to adrenal chromaffin granule mem-
branes.20 After washing with PBS, sections were incu-
bated at room temperature for 2 hr with secondary 
antibodies in 4′,6-diamidino-2-phenylindole (DAPI) 
solution (1 µg/ml; Dojindo Laboratories, Kumamoto, 
Japan) for the sake of nuclear labeling. Secondary anti-
bodies were anti-sheep IgG, anti-mouse IgG, anti-rab-
bit IgG, or anti-guinea pig IgG labeled with Alexa488, 
Cy3, or Alexa647 (Jackson ImmunoResearch, West 
Grove, PA). Finally, sections were coverslipped with 
Fluoromount (Diagnostic Biosystems, Pleasanton, CA).

A preabsorption test of the anti-P2Y12 antibody 
was performed to characterize its specificity. The anti-
body for P2Y12 (1:200 dilution) was incubated with a 
recombinant protein antigen for P2Y12 (0.4 μg/μl; 
NBP2-33870PEP; Novus Biologicals) at 4C for 12 hr. 
Thereafter, sections were incubated with the preab-
sorbed P2Y12 antibody and processed for immuno-
fluorescence as described above. We confirmed the 
complete abolishment of P2Y12 immunoreactivity in 
the adrenal medulla when a preabsorbed antibody 
was used (Appendix Fig. 1).

Z-stack image series of immunolabeled prepara-
tions were captured by a confocal scanning laser 
microscope (A1R; Nikon, Tokyo, Japan). Projection 
images were created from z-stacks of confocal images 
(1–3 series at 1 µm intervals) using computer software 
(NIS-Elements; Nikon). Images of Alexa488, Cy3, 
Alexa647, and DAPI were colored in green, red, 
magenta, and blue using the same software. All digital 
images were analyzed by Photoshop CC (Adobe 
Systems, San José, CA). NIS-Elements software was 
also used for the analyses of the morphology of 
NTPDase2-immunoreactive cells and their relation-
ship to DBH- and/or VMAT2-immunoreactive cells.

ATP Bioluminescence Assay

The concentration of exogenously applied ATP remain-
ing after incubation with adrenal medullary slices was 

measured using luciferin–luciferase assays to investi-
gate the ATP-degrading activity of NTPDases. Rats 
(n=30) were euthanized by CO2 inhalation. Bilateral 
adrenal glands were harvested immediately and 
placed in ice-cold HEPES-buffered Ringer’s solution 
(HR). HR contained 118 mM NaCl, 4.7 mM KCl, 1.13 
mM MgCl2, 1.25 mM CaCl2, 1 mM NaH2PO4, 5.5 mM 
glucose, 10 mM HEPES, and MEM amino acid solu-
tion (GIBCO, Tokyo, Japan), and was adjusted to pH 
7.4 with NaOH. After removal of the adrenal cortex, the 
adrenal medulla was embedded in 4% low-melt aga-
rose (number 161-3113; Bio-Rad, Hercules, CA) dis-
solved in HR. The whole adrenal medulla was serially 
sliced at 200 µm thickness using a vibrating microslicer 
(DTK-1000N; Dosaka EM, Kyoto, Japan) and slices 
were collected in 0.6 ml Eppendorf tubes containing 
HR. All slices (5.3 ± 1.1 slices per medulla) from a sin-
gle adrenal medulla were used as one sample. After 
replacement with 100 µl of fresh HR, slices were incu-
bated in 100 µl of HR containing the following three 
drug combinations: (1) 10 µM ATP alone as a substrate 
for NTPDase, (2) 10 µM ATP in combination with 10 
µM sodium polyoxotungstate (POM-1), an NTPDase 
inhibitor with low selectivity for NTPDase1 and 
NTPDase2 and high selectivity for NTPDase3 and 
P2Y12 purinoceptors, and (3) 10 µM ATP in combina-
tion with 20 µM 6-N, N-diethyl-d-β,γ-dibromomethylene 
ATP (ARL67156 or FRL67156), a specific NTPDase 
inhibitor.21,22 Slices were incubated with each drug 
combination for 10, 20, 30, or 60 min (five samples per 
time point) at 37C on a rotary shaker (20 rpm, HB-S; 
Taitec, Koshigaya, Japan). After incubation, 100 µl of 
supernatant was collected, transferred to a 96-well 
plate, and the concentration of residual ATP was mea-
sured using a microplate reader (Infinite F500; Tecan, 
Männedorf, Switzerland) in combination with a 
CellTiter-Glo 2.0 Assay kit (G9242; Promega, Madison, 
WI). The concentration of residual ATP in the superna-
tant was calibrated using standard curves generated 
from serially diluted ATP products (A2383; Sigma-
Aldrich). The concentration of residual ATP was mea-
sured in duplicate for all samples. The degraded ATP 
was expressed as a percentage of exogenous ATP (10 
µM) minus the concentration of residual ATP. The 
drugs ATP disodium salt hydrate (A2383; Sigma-
Aldrich), POM-1 (2689; Tocris Bioscience, Ellisville, 
MO), and ARL67156 trisodium salt (1283; Tocris 
Bioscience) were dissolved in distilled water. Each 
solution was diluted to the desired final concentration 
in HR.

Intracellular Calcium Imaging

Rats (n=30) were euthanized by CO2 inhalation and 
adrenal glands were immediately removed. After the 
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removal of the adrenal cortex, the adrenal medulla was 
embedded in 4% low-melt agarose dissolved in HR. 
The adrenal medulla was serially sliced at 100 µm 
thickness using a vibrating microslicer. Slices were 
loaded for 60 min at 37C with a green-fluorescent Ca2+ 
indicator, 10 µM Fluo-4 AM (F311; Dojindo Laboratories), 
100 U/ml highly purified collagenase (CL103; Elastin 
Products, Owensville, MO), and 0.02% Cremophor-EL 
(Nacalai Tesque, Kyoto, Japan) diluted in HR. Slices 
were then attached to 30-mm round coverslips coated 
with Cell-Tak (354241; Corning Life Sciences, Corning, 
NY) and placed in a Sykus-Moor perfusion chamber (1 
ml volume) on the stage of a confocal scanning laser 
microscope (A1R, Nikon). Slices were continuously 
perfused with HR at a constant flow rate of 1 ml/min. 
Fluo-4 fluorescent confocal images (512 × 512 pixels) 
were captured every 3 sec with 40× objective lens (CFI 
apochromat Lambda S 40XC WI, Nikon) and analyzed 
with NIS-Elements software (Nikon). In some experi-
ments, fluorescent intensities were displayed as pseu-
docolor images (Fig. 5A–C). In the present study, 
adrenal chromaffin cells were defined as spherical or 
oval cells responding to the non-selective ACh receptor 
agonist CCh and their time course of [Ca2+]i was ana-
lyzed by assigning a region of interest. The drugs CCh 
(036-09841; Wako, Osaka, Japan), ADP (V916A; 
Promega), ATP disodium salt hydrate (A2383; Sigma-
Aldrich), 2-methylthioadenosine diphosphate trisodium 
salt (2MeSADP; 1624; R&D Systems), and MRS2179 
(ab120414; Abcam, Cambridge, UK) were dissolved in 
distilled water. AZD1283 (SML2080; Sigma-Aldrich) 
was dissolved in dimethyl sulfoxide. Each solution was 
diluted to the desired final concentration in HR. The 
perfusion period of CCh and other drugs was 10 and 
70 sec, respectively. We performed preliminary experi-
ments to assess the dose-response relationship and 
selected the appropriate concentration for each drug.

The intensity of Fluo-4 fluorescence (F) was normal-
ized to the fluorescent intensity of each chromaffin cell at 

the start of capture (F0). The time course of [Ca2+]i was 
expressed as the normalized fluorescent intensity (ΔF/
F0) calculated as (F − F0)/F0. The [Ca2+]i responses 
were expressed as the peak ΔF/F0 (maximum response 
above the fluorescent intensity before response) and the 
integrated ΔF/F0 response (cumulative area above the 
fluorescent intensity before response) for each stimulus. 
Chromaffin cells without spontaneous [Ca2+]i increases 
at the start of capture and with ΔF/F0 increased >1 
above F0 by the initial application of CCh (100 µM) were 
included in the analysis. Changes in the [Ca2+]i response 
were defined as a difference of ≥0.5 in peak ΔF/F0 val-
ues between the initial application of CCh (100 µM) and 
the combination of CCh and the drug.

Reverse Transcriptase-Polymerase Chain 
Reaction

RT-PCR analysis was performed to confirm the mRNA 
expression of P2Y1, P2Y12, and P2Y13 purinoceptors 
in the rat adrenal medulla. The procedure for RT-PCR 
was conducted as described in our previous study.18 
Briefly, rats (n=3) were euthanized by CO2 inhalation 
and adrenal glands were immediately removed. After 
the removal of the adrenal cortex, the adrenal medulla 
was frozen in liquid nitrogen. Total RNA from the tissue 
was extracted using a magnetic bead method 
(MagExtractor; TOYOBO, Osaka, Japan). RT-PCR was 
performed using a QIAGEN One Step RT-PCR Kit 
(Qiagen, Tokyo, Japan) with gene-specific primers for 
P2Y1, P2Y12, P2Y13, and β-actin as an internal con-
trol. Details of the primers used in this study are shown 
in Table 4. Reverse transcription was performed for 30 
min at 50C, and the initial PCR activation was incu-
bated for 15 min at 95C. Following reverse transcrip-
tion, PCR amplification was performed 35 times as 
follows: 30 sec at 94C for denaturation, 30 sec at 60C 
for annealing, and 1 min at 72C for extension. After 
PCR amplification, a final extension was performed for 

Table 4.  Primers for RT-PCR.

mRNA

Primer Sequences Position
Product 

Length (bp)(Accession Number)

P2Y1 5′-AGTTCAAGCAGAACGGAGACA-3′ (sense) 1731-1751 433
(NM_012800) 5′-CTCAGTGGTCACATCACGGTT-3′ (antisense) 2143-2163
P2Y12 5′-CAGCAATCTTTTGGGTGCGAA-3′ (sense) 546-566 295
(NM_022800) 5′-CCTTTTCTTGGGAGCTTTGGC-3′ (antisense) 820-840
P2Y13 5′-TCGTCGTACCGTTTAGGAAAACT-3′ (sense) 383-405 260
(NM_001002853) 5′-GGCAATCACCGTGTAAAACAGAA-3′ (antisense) 620-642
β-actin 5′-TACAACCTTCTTGCAGCTCCTC-3′ (sense) 25-46 276
(NM_031144) 5′-GCCGTGTTCAATGGGGTACT-3′ (antisense) 281-300

Abbreviation: RT-PCR, reverse transcriptase-polymerase chain reaction.
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10 min at 72C. PCR end products were visualized on 
2% agarose gels using ethidium bromide. The mRNA 
templates were omitted for negative controls.

Statistical Analysis

Data were presented as the average ± standard 
error. Statistical analyses were performed using EZR 
software (v3.6.3). For the ATP bioluminescence 
assay, the percentages of degraded ATP in three 
experimental groups at the same incubation time 
were statistically analyzed using the Mann–Whitney 
U test. For the intracellular calcium imaging, the 
peak and integrated ΔF/F0 were statistically ana-
lyzed by one-way ANOVA and the Kruskal–Wallis 
test, respectively. Bonferroni corrections were used 
as post hoc analyses. Results were considered to be 
significant at p<0.05.

Results

NTPDase2 Immunoreactivity in Rat Adrenal 
Glands

A lower magnification view of rat adrenal glands dou-
ble-immunolabeled with NTPDase2 and DBH showed 
NTPDase2 immunoreactivity in the medullary area 
composing DBH-immunoreactive chromaffin cells, but 
not in the cortex area without DBH immunoreactivity 
(Fig. 1A). At a higher magnification, NTPDase2-
immunoreactive cells were collocated with the cell bod-
ies of DBH-immunoreactive chromaffin cells (Fig. 1B). 
NTPDase2-immunoreactive cells consisted of a peri-
nuclear region with an oval nucleus (8.0 ± 0.2 µm in 
diameter, 44 cells) and 2-5 slender cytoplasmic pro-
cesses. No NTPDase2 immunoreactivity was detected 
in DBH-immunoreactive chromaffin cells or vascular 
endothelial cells in the adrenal medulla. Triple immuno-
labeling for NTPDase2, VMAT2, and DBH showed that 
NTPDase2-immunoreactive cells appeared to sur-
round VMAT2-immunopositive cells with DBH immuno-
reactivity more than VMAT2-immunonegative cells with 
DBH immunoreactivity (Fig. 1C and D). Among DBH-
immunoreactive adrenal chromaffin cells, 71.8% 
(3135/4364 cells) were VMAT2-immunopositive and 
28.2% (1229/4364 cells) were VMAT2-immunonegative 
(nine sections, n=3). The percentages of these cells 
were similar to that of NA-cells and A-cells reported in 
the rat adrenal medulla.23 In addition, 98.1% (1206/1229 
cells) of VMAT2-immunopositive cells and 81.5% 
(2566/3135 cells) of VMAT2-immunonegative cells 
were attached to NTPDase2-immunoreactive cells.

In sections stained by double immunofluorescence 
for NTPDase2 and GFAP, filamentous immunoreactiv-
ity for GFAP was localized in the perinuclear cytoplasm 
and their cytoplasmic processes in NTPDase2-
immunoreactive cells (Fig. 2A–C). Double immunofluo-
rescence for NTPDase2 and S100B showed S100B 
immunoreactivity in the perinuclear cytoplasm and 
their cytoplasmic processes in NTPDase2-
immunoreactive cells (Fig. 2D–F). Triple immunolabel-
ing for NTPDase2, GFAP, and S100B confirmed that 
NTPDase2-immunoreactive cells were immunoreac-
tive for GFAP and S100B (Fig. 2G–I).

Double immunofluorescence for NTPDase2 and 
VNUT showed that NTPDase2-immunoreactive cells 
were associated with chromaffin cells immunoreactive for 
VNUT (Fig. 3A). The cell body and slender cytoplasmic 
processes of NTPDase2-immunoreactive cells were 
observed between clusters of VNUT-immunoreactive 
chromaffin cells. Almost all chromaffin cells exhibited 
VNUT immunoreactivity in their perinuclear cytoplasm, 
and the VNUT-immunoreactive pattern was consistent 
with mouse adrenal chromaffin cells.24 No VNUT immu-
noreactivity was detected in the adrenal cortex. In sec-
tions double-immunolabeled by NTPDase2 and P2Y12, 
P2Y12 immunoreactivity was detected in the medullary 
area containing NTPDase2-immunoreactive cells, but 
not in the adrenal cortex area (Fig. 3B). In the adrenal 
medulla, P2Y12-immunoreactive punctate products were 
observed in NTPDase2-immunonegative medullary 
cells, but not in NTPDase2-immunopositive cells or vas-
cular endothelial cells. P2Y12 immunoreactivity appeared 
to outline medullary cells, demonstrating the localization 
of the receptor in the plasma membrane. The outline of 
medullary cells lacking P2Y12 immunoreactivity faced 
vascular sinusoids or the cortical medullary border. Triple 
immunolabeling for NTPDase2, P2Y12, and VNUT 
showed that P2Y12-immunoreactive products were 
localized in the margin of VNUT-immunoreactive chro-
maffin cells, and that these cells were intimately sur-
rounded by NTPDase2-immunoreactive cells at their cell 
body and cytoplasmic processes (Fig. 3C and D).

ATP-degrading Activity of NTPDases in Adrenal 
Medullary Slices

The results of the ATP bioluminescence assay in the 
three experimental groups are shown in Fig. 4. In the 
10 µM ATP alone group, the percentages of ATP 
degraded after 10, 20, 30, and 60 min of incubation 
were 70.4 ± 19.3%, 77.7 ± 9.8%, 90.5 ± 8.2%, and 
95.2 ± 1.6%, respectively. In the group of 10 µM ATP 
combined with the NTPDase inhibitor with minor 
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selectivity for NTPDase2, 10 µM POM-1, the percent-
ages of ATP degraded after 10, 20, 30, and 60 min of 
incubation were 33.6 ± 9.9%, 59.7 ± 14.3%, 72.7 ± 
17.0%, and 87.9 ± 5.8%, respectively. The percentage 
of ATP degradation after 10 and 20 min of incubation 
for 10 µM ATP plus 10 µM POM-1 was significantly 
lower than those after the corresponding incubation 
periods for the 10 µM ATP alone group (p<0.05 at 10 
and 20 min). However, no significant differences were 
observed in the percentage of ATP degraded after 30 

and 60 min of incubation between the 10 µM ATP 
alone group and the 10 µM ATP plus 10 µM POM-1 
group (p>0.05). In the group of 10 µM ATP in combi-
nation with the specific NTPDase inhibitor, 20 µM 
ARL67156, the percentages of ATP degraded after 
each incubation period appeared to be more inhibited 
than those after the corresponding incubation period 
of the 10 µM ATP alone group. For the 10 µM ATP plus 
20 µM ARL67156 group, the percentages of ATP deg-
radation after 10, 20, 30, and 60 min of incubation 

Figure 1.  Ectonucleoside triphosphate diphosphohydrolase 2 (NTPDase2) immunoreactivity in the rat adrenal glands. Double immu-
nofluorescence for NTPDase2 (green) and dopamine beta-hydroxylase (DBH; red; Panels A and B). A lower magnification image shows 
immunoreactivity for NTPDase2 in the adrenal medulla containing DBH-immunoreactive chromaffin cells, but not in the adrenal cortex 
(Co; Panel A). A higher magnification image shows NTPDase2-immunoreactive cells (arrowheads) between DBH-immunoreactive 
adrenal chromaffin cells. NTPDase2-immunoreactive cells consist of perinuclear cytoplasm with several cytoplasmic processes (Panel 
B). Triple immunolabeling for NTPDase2 (green), vesicular monoamine transporter 2 (VMAT2; red), and DBH (magenta; Panels C 
and D). NTPDase2-immunoreactive cells are observed between VMAT2- and DBH-immunoreactive cells, but not between DBH-
immunoreactive cells without VMAT2 immunoreactivity (asterisks). Nuclei are labeled by 4′,6-diamidino-2-phenylindole (blue). (“Bars 
A and B = 100 µm; bar C = 20 µm.”)
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were 23.1 ± 9.3%, 29.9 ± 9.1%, 38.9 ± 13.8%, and 
57.1 ± 13.9%, respectively. The percentages of ATP 
degraded after 10, 20, 30, and 60 min of incubation for 
the 10 µM ATP plus 20 µM ARL67156 group were sig-
nificantly lower than those after the corresponding 
incubation periods for the 10 µM ATP alone group 

(p<0.05 at 10, 20, 30, and 60 min). Although up to 100 
µM ARL67156 was added to 10 µM ATP, no significant 
differences were observed between the percentages 
of ATP degraded after 30 min incubation between 10 
µM ATP plus 20 and 100 µM ARL67156 (data not 
shown, p>0.05).

Figure 2.  Double or triple immunofluorescence for ectonucleoside triphosphate diphosphohydrolase 2 (NTPDase2) with glial fibrillary 
acidic protein (GFAP) and/or S100B. Double immunofluorescence for NTPDase2 (green) and GFAP (red; Panels A–C). Immunoreactivity 
for NTPDase2 in GFAP-immunoreactive sustentacular cells. Double immunofluorescence for NTPDase2 (green) and S100B (red; Panels 
D–F). Immunoreactivity for NTPDase2 in sustentacular cells immunoreactive for S100B. Triple immunolabeling for NTPDase2 (green), 
GFAP (red), and S100B (magenta; Panels G–I). NTPDase2-immunoreactive cells are immunoreactive for both GFAP and S100B. Nuclei 
are labeled by 4′,6-diamidino-2-phenylindole (blue). (“Bar A = 10 µm; bars D and G = 5 µm.”)
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Effects of ADP and Agonists/Antagonists of P2Y 
Purinoceptors on [Ca2+]i Responses

The present study analyzed [Ca2+]i changes in spheri-
cal or oval chromaffin cells in adrenal medullary slices 
(Appendix Fig. 2). Figure 5 shows the representative 
time course of the CCh-induced [Ca2+]i response in 
chromaffin cells in the presence of ADP in adrenal 
medullary slices. The initial perfusion of CCh (100 µM) 
for 10 sec induced a transient ΔF/F0 increase in chro-
maffin cells (Fig. 5A, B, D, and E). CCh-induced ΔF/F0 
increases appeared to vary in magnitude between 

individual cells. On the other hand, ADP (100 µM) for 
30 sec did not cause any responses in the same cells 
(Fig. 5D and E). Although up to 1 mM ADP was applied, 
no ΔF/F0 changes were observed in chromaffin cells 
(data not shown). However, CCh-induced ΔF/F0 
increases were partially or potently inhibited in the 
presence of ADP (100 µM) in some cells (Fig. 5B–D), 
but not in others (Fig. 5B, C, and E). A reduction in the 
peak ΔF/F0 value induced by CCh in the presence of 
ADP was observed in 67 (43.8%) of 153 cells (n=9). 
The peak value of the CCh-induced ΔF/F0 response 
was partially recovered by the last perfusion of CCh 

Figure 3.  Double or triple immunofluorescence for ectonucleoside triphosphate diphosphohydrolase 2 (NTPDase2) with vesicu-
lar nucleotide transporter (VNUT) and/or P2Y12. Double immunofluorescence for NTPDase2 (green) and VNUT (red; Panel A). 
NTPDase2-immunoreactive cells (arrowheads) are distributed between VNUT-immunoreactive adrenal chromaffin cells. No immu-
noreactivities for NTPDase2 and VNUT are detected in the adrenal cortex (Co). Double immunofluorescence for NTPDase2 (green) 
and P2Y12 (red; Panel B). Punctate immunoreactive products for P2Y12 are distributed in NTPDase2-immunonegative cells, but not 
in NTPDase2-immunopositive cells (arrowheads). P2Y12 immunoreactivity is not observed in the adrenal Co. Triple immunolabeling 
for NTPDase2 (green), P2Y12 (red), and VNUT (magenta; Panels C and D). P2Y12-immunoreactive dot-like products are localized in 
VNUT-immunoreactive chromaffin cells surrounded by NTPDase2-immunoreactive cells. Nuclei are labeled by 4′,6-diamidino-2-phenyl-
indole (blue). (“Bar A = 20 µm; bars B and C = 5 µm.”)
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(100 µM, Fig. 5D). In rare cases, an enhancement of 
the peak ΔF/F0 value induced by CCh in the presence 
of ADP was observed in 4 (2.5%) of 153 cells (data not 
shown). The peak ΔF/F0 values induced by the first 
CCh perfusion, CCh in the presence of ADP, and the 
last CCh perfusion were 3.73 ± 0.13, 2.52 ± 0.14, and 
3.24 ± 0.15, respectively (Fig. 5F). The peak ΔF/F0 
value induced by CCh combined with ADP was signifi-
cantly lower than that of the first and last perfusions of 
CCh (p<0.05). The integrated ΔF/F0 responses 
induced by the first CCh perfusion, CCh in the pres-
ence of ADP, and the last CCh perfusion were 159.57 
± 9.42, 85.42 ± 7.71, and 130.82 ± 8.31, respectively 
(Fig. 5G). The integrated ΔF/F0 response induced by 
CCh combined with ADP was significantly lower than 
that of the first and last perfusions of CCh (p<0.05).

Figure 6 shows the representative time course of 
the CCh-induced [Ca2+]i response in chromaffin cells in 
the presence of ATP. ATP (100 µM) for 30 sec did not 
cause any responses in chromaffin cells; however, 
CCh-induced ΔF/F0 increases were partially inhibited 
in the presence of ATP (100 µM) in some cells (Fig. 
6A). On the other hand, other slices showed that CCh-
induced ΔF/F0 responses were partially enhanced in 
some cells, but not in others (Fig. 6B). The reduction or 
enhancement of the peak ΔF/F0 value induced by 
CCh in the presence of ATP was observed in 13 

(11.6%) or 13 (11.6%) of 112 cells, respectively (n=4). 
The peak ΔF/F0 values induced by the first CCh perfu-
sion, CCh in the presence of ATP, and the last CCh 
perfusion were 3.77 ± 0.15, 3.39 ± 0.15, and 3.18 ± 
0.16, respectively (Fig. 6C). No significant differences 
were observed between peak ΔF/F0 values induced 
by the first CCh perfusion, CCh combined with ATP, 
and the last CCh perfusion (p>0.05). The integrated 
ΔF/F0 responses induced by the first CCh perfusion, 
CCh in the presence of ATP, and the last CCh perfu-
sion were 172.66 ± 12.15, 168.55 ± 17.48, and 152.13 
± 13.46, respectively (Fig. 6D). No significant differ-
ences were observed between integrated ΔF/F0 val-
ues induced by the first CCh perfusion, CCh combined 
with ATP, and the last CCh perfusion (p>0.05).

The effects of ADP and the selective P2Y12 purino-
ceptor antagonist AZD1283 on the CCh-induced 
[Ca2+]i response in chromaffin cells are shown in Fig. 7. 
ΔF/F0 increases in chromaffin cells induced by the ini-
tial perfusion of CCh (100 µM) for 10 sec were slightly 
inhibited in the presence of ADP (100 µM) combined 
with AZD1283 (50 µM) in some cells, but not in others 
(Fig. 7A). On the other hand, CCh-induced ΔF/F0 
responses were partially enhanced in some chromaf-
fin cells in other slices (Fig. 7B). The reduction or 
enhancement of the peak ΔF/F0 value induced by 
CCh in the presence of ADP and AZD1283 was 
observed in 12 (9.9%) or 19 (15.7%) of 121 cells, 
respectively (n=4). The peak ΔF/F0 values induced by 
the first CCh perfusion, CCh in the presence of ADP 
and AZD1283, and the last CCh perfusion were 3.79 ± 
0.13, 3.84 ± 0.15, and 3.78 ± 0.14, respectively (Fig. 
7C). No significant differences were observed between 
the peak ΔF/F0 values induced by the first CCh perfu-
sion, CCh combined with ADP and AZD1283, and the 
last CCh perfusion (p>0.05). The integrated ΔF/F0 
responses induced by the first CCh perfusion, CCh in 
the presence of ADP and AZD1283, and the last CCh 
perfusion were 150.43 ± 8.48, 139.04 ± 8.06, and 
137.09 ± 7.86, respectively (Fig. 7D). No significant dif-
ferences were observed between the integrated ΔF/F0 
values induced by the first CCh perfusion, CCh com-
bined with ADP and AZD1283, and the last CCh perfu-
sion (p>0.05). Dimethyl sulfoxide, the vehicle for 
AZD1283, did not evoke any responses (data not 
shown).

The increased proportion of chromaffin cells in 
which the CCh-induced [Ca2+]i response is enhanced 
by ADP and AZD1283 suggests that ADP also 
enhances cell excitability via other P2Y purinoceptors. 
We therefore examined the CCh-induced [Ca2+]i 
responses in chromaffin cells when all ADP-selective 
purinoceptors were activated using the potent agonist 
at P2Y1, P2Y12, and P2Y13 purinoceptors, 2MeSADP 

Figure 4.  Percentage of adenosine 5′-triphosphate (ATP) 
degraded in adrenal medullary slices after incubation with ATP 
alone and combined with ectonucleoside triphosphate diphos-
phohydrolase 2 inhibitors. In the 10 µM ATP alone group (white 
circles), the percentage of ATP degraded is rapidly increased from 
10 min of incubation. The percentage of ATP degraded is signifi-
cantly attenuated in the presence of 10 µM sodium polyoxotung-
state (POM-1; black circles) at 10 and 20 min of incubation, and 
in the presence of 20 µM 6-N, N-diethyl-d-β,γ-dibromomethylene 
ATP (ARL67156; black squares) at all incubation times, respec-
tively. *Significantly different from the value at the same incu-
bation time as when 10 µM ATP alone was applied (p<0.05, 
Mann–Whitney U test).
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Figure 5.  Effects of adenosine 5′-diphosphate (ADP) on the carbachol (CCh)-induced [Ca2+]i response in chromaffin cells of adrenal 
medullary slices. Pseudocolor images of the fluorescent change in chromaffin cells at the start of capture (Panel A), during the first CCh 
perfusion (Panel B), and during the combination of CCh and ADP (Panel C). A scale bar of the fluorescent intensity is shown on the 
upper right in Panel A. Time courses of the normalized fluorescent intensities (ΔF/F0) of the chromaffin cell response to CCh in the 
presence of ADP (Panels D and E). The horizontal lines above the recordings indicate the period of drug perfusion. The perfusion peri-
ods of CCh and ADP are indicated as red and blue regions, respectively. CCh increases ΔF/F0 in chromaffin cells, and these responses 
are partially or potently inhibited by ADP in some cells (Panel D) indicated by red-, blue-, and green-colored arrowheads in Panels A–C, 
but not in others (Panel E) indicated by black-, gray-, and light green-colored arrowheads in Panels A–C. Bar graphs summarize the peak 
ΔF/F0 values (Panel F) and the integrated ΔF/F0 responses (Panel G) induced by the first CCh perfusion, CCh in the presence of ADP, 
and the last CCh perfusion. *Significantly different from the first and last perfusions of CCh (p<0.05, one-way ANOVA in Panel F and 
Kruskal–Wallis test in Panel G). (“Bar A = 20 µm.”)
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(Fig. 8). The ΔF/F0 response induced by CCh (100 µM) 
was partially inhibited in some cells, but not in others 
(Fig. 8A). On the other hand, the CCh-induced ΔF/F0 
response was partially enhanced in some chromaffin 
cells in the same slices (Fig. 8B). The peak value of the 
CCh-induced ΔF/F0 response was partially recovered 
by the last perfusion of CCh (Fig. 8A and B). The 
reduction or enhancement of the peak ΔF/F0 value 
induced by CCh in the presence of 2MeSADP was 
observed in 11 (10.6%) or 4 (3.8%) of 104 cells, 
respectively (n=5). The peak ΔF/F0 values induced by 
the first CCh perfusion, CCh in the presence of 
2MeSADP, and the last CCh perfusion were 3.55 ± 
0.16, 3.48 ± 0.18, and 3.57 ± 0.20, respectively (Fig. 
8C). No significant differences were observed between 
the peak ΔF/F0 values induced by the first CCh perfu-
sion, CCh combined with 2MeSADP, and the last CCh 

perfusion (p>0.05). The integrated ΔF/F0 responses 
induced by the first CCh perfusion, CCh in the pres-
ence of 2MeSADP, and the last CCh perfusion were 
160.26 ± 12.12, 165.11 ± 10.95, and 161.52 ± 11.92, 
respectively (Fig. 8D). No significant differences were 
observed between integrated ΔF/F0 values induced 
by first perfusion of CCh, CCh combined with 
2MeSADP, and the last perfusion of CCh (p>0.05).

Finally, we examined whether P2Y1 purinoceptors are 
involved in the modulation of CCh-induced [Ca2+]i 
response in chromaffin cells using 2MeSADP and the 
selective P2Y1 purinoceptor antagonist MRS2179 (Fig. 
9). The initial perfusion of CCh (100 µM) for 10 sec 
induced a transient ΔF/F0 increase in chromaffin cells, 
and CCh-induced responses were partially or almost 
completely inhibited in the presence of 2MeSADP (10 
µM) combined with MRS2179 (10 µM) in some cells (Fig. 

Figure 6.  The carbachol (CCh)-induced [Ca2+]i response in chromaffin cells in the presence of adenosine 5′-triphosphate (ATP). Time 
courses of ΔF/F0 for the chromaffin cell response to CCh in the presence of ATP in different adrenal medullary slices (Panels A and 
B). The perfusion periods of CCh and ATP are shown in red and blue regions, respectively. The increase in ΔF/F0 induced by CCh is 
inhibited by ATP in the cell indicated by a red-colored trace in Panel A, enhanced in the cell indicated by a black-colored trace in Panel 
B, and unchanged in cells indicated by other color traces in Panels A and B. Bar graphs summarize the peak ΔF/F0 values (Panel C) and 
the integrated ΔF/F0 responses (Panel D) induced by the first CCh perfusion of the first CCh, CCh in the presence of ATP, and the last 
CCh perfusion.
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9A), but not in others (Fig. 9B). In the presence of 
2MeSADP (100 µM) and MRS2179 (100 µM), CCh-
induced responses in chromaffin cells were more sup-
pressed than those at 10 µM (data not shown). The peak 
value of the CCh-induced ΔF/F0 response was partially 
recovered by the last single perfusion of CCh (Fig. 9A 
and B). A reduction in the peak ΔF/F0 value induced by 
CCh in the presence of 2MeSADP and MRS2179 was 
observed in 32 (29.4%) of 109 cells (Fig. 9C; n=4). 
However, an enhancement in the CCh-induced peak ΔF/
F0 value in the presence of 2MeSADP and MRS2179 
was not observed. The peak ΔF/F0 values induced by 
the first CCh perfusion, CCh in the presence of 2MeSADP 
and MRS2179, and the last CCh perfusion were 3.82 ± 
0.18, 2.92 ± 0.19, and 3.60 ± 0.20, respectively (Fig. 9C). 

The peak ΔF/F0 value induced by CCh combined with 
2MeSADP and MRS2179 was significantly lower than 
that of the first and last perfusions of CCh (p<0.05). 
However, no significant differences were observed 
between peak ΔF/F0 values induced by the first and last 
perfusions of CCh (p>0.05). The integrated ΔF/F0 
responses induced by the first CCh perfusion, CCh in the 
presence of 2MeSADP and MRS2179, and the last CCh 
perfusion were 180.29 ± 13.78, 121.54 ± 13.93, and 
160.73 ± 14.68, respectively (Fig. 9D). The integrated ΔF/
F0 response induced by CCh combined with ADP was 
significantly lower than that of the first and last perfusions 
of CCh (p<0.05). No significant differences were 
observed between integrated ΔF/F0 responses induced 
by the first and last perfusion of CCh (p>0.05).

Figure 7.  The carbachol (CCh)-induced [Ca2+]i response in chromaffin cells in the presence of adenosine 5′-diphosphate (ADP) and 
AZD1283. Time courses of ΔF/F0 for the chromaffin cell response to CCh in the presence of ADP and the P2Y12 purinoceptor antago-
nist AZD1283 in different adrenal medullary slices (Panels A and B). The perfusion periods of CCh and ADP together with AZD1283 
are shown in red and blue regions, respectively. The increase in ΔF/F0 induced by CCh is inhibited by ADP together with AZD1283 
in the cell indicated by a red-colored trace in Panel A, enhanced in the cells indicated by black- and gray-colored traces in Panel B, and 
unchanged in cells indicated by other color traces in Panels A and B. Bar graphs summarize the peak ΔF/F0 values (Panel C) and the 
integrated ΔF/F0 responses (Panel D) induced by the first CCh perfusion, CCh in the presence of ADP together with AZD1283, and 
the last CCh perfusion.
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Expression of mRNAs for ADP-selective 
Purinoceptors in the Adrenal Medulla

RT-PCR detected mRNA amplification products for 
P2Y1, P2Y12, and P2Y13 purinoceptors in extracts of 
the adrenal medulla (Fig. 10). PCR-amplified products 
for β-actin as an internal control were also detected. No 
PCR products were detected in samples without mRNA.

Discussion

NTPDase2-immunoreactive Cells in the Rat 
Adrenal Medulla

The present results demonstrated that NTPDase2-
immunoreactive cells surrounded VMAT2-
immunopositive chromaffin cells more densely than 
VMAT2-immunonegative chromaffin cells. Because 

VMAT2-immunopositive chromaffin cells have been 
reported as NA-cells,19 NTPDase2-immunoreactive 
cells appear to densely surround NA-cells, and their dis-
tribution pattern was consistent with previous histologi-
cal observations of sustentacular cells in the rat adrenal 
medulla.4 Furthermore, NTPDase2-immunoreactive 
cells were immunoreactive for GFAP and S100B, mark-
ers of sustentacular cells.2,4 These results indicate that 
NTPDase2-immunoreactive cells are sustentacular 
cells. Sustentacular cells may express NTPDase2 in 
their cell membrane to degrade extracellular ATP in the 
rat adrenal medulla. On the other hand, chromaffin cells 
without NTPDase2 immunoreactivity indicate that these 
cells do not express NTPDase2 in the rat adrenal 
medulla, and that the present results are not consistent 
with previous reports of NTPDase expression in pig 
adrenal chromaffin cells25 and ecto-ATPase activity in 

Figure 8.  The carbachol (CCh)-induced [Ca2+]i response recorded from chromaffin cells in the presence of 2-methylthioadenosine 
diphosphate trisodium (2MeSADP). Time courses of ΔF/F0 for the chromaffin cell response to CCh in the presence of the P2Y1, P2Y12, 
and P2Y13 purinoceptor agonist 2MeSADP in different adrenal medullary slices (Panels A and B). The perfusion periods of CCh and 
2MeSADP are shown in red and blue regions, respectively. The increase in ΔF/F0 induced by CCh is inhibited by 2MeSADP in the cell 
indicated by a red-colored trace in Panel A, enhanced in the cell indicated by a black-colored trace in Panel B, and unchanged in cells 
indicated by other color traces in Panels A and B. Bar graphs summarize the peak ΔF/F0 values (Panel C) and the integrated ΔF/F0 
responses (Panel D) induced by the first CCh perfusion, CCh in the presence of 2MeSADP, and the last CCh perfusion.
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cultured bovine chromaffin cells.26 The expression of 
NTPDase2 in adrenal chromaffin cells may be different 
between animal species.

NTPDase2-immunoreactive cells surrounding 
VNUT-immunoreactive chromaffin cells suggest that 
NTPDase2 in sustentacular cells degrades ATP 
released by exocytosis from chromaffin cells. The 
denser distribution of NTPDase2-immunoreactive cells 
to VMAT2-immmunopositive cells than to VMAT2-
immunonegative cells suggests that NTPDase2 breaks 
down ATP released from NA-cells more than from 
A-cells. Moreover, P2Y12 immunoreactivity was local-
ized in VNUT-immunoreactive chromaffin cells sur-
rounded by NTPDase2-immunoreactive cells. Thus, 
sustentacular cells may hydrolyze extracellular ATP to 
ADP by NTPDase2 and simultaneously facilitate ADP-
mediated activation of P2Y12 purinoceptors expressed 

in chromaffin cells. The localization of P2Y12 immuno-
reactivity to the adrenal medulla suggests that ADP 
activating these receptors derived from parenchymal 
cells rather than the blood stream. Therefore, ADP 
metabolized from ATP by NTPDase2 in sustentacular 
cells may play a local modulatory role in the function of 
chromaffin cells via P2Y12 purinoceptors. Adrenal 
chromaffin cells may also release ADP to activate 
P2Y12 purinoceptors in an autocrine–paracrine man-
ner, as VNUT preferentially recognized ADP and ATP 
as transport substrates.24 However, chromaffin gran-
ules purified from the cow adrenal medulla have been 
reported to contain ADP at approximately less than one 
tenth concentration of ATP.27 P2Y12 purinoceptors may 
be activated by ADP degraded from ATP by NTPDase2 
in sustentacular cells, rather than ADP released from 
chromaffin cells.

Figure 9.  The carbachol (CCh)-induced [Ca2+]i response recorded from chromaffin cells in the presence of 2-methylthioadenosine 
diphosphate trisodium salt (2MeSADP) and MRS2179. Time courses of ΔF/F0 for the chromaffin cell response to CCh in the presence 
of 2MeSADP and the P2Y1 purinoceptor antagonist MRS2179 (Panels A and B). The perfusion periods of CCh and 2MeSADP together 
with MRS2179 are shown in red and blue regions, respectively. The increase in ΔF/F0 induced by CCh is potently or almost completely 
inhibited by 2MeSADP together with MRS2179 in some cells (Panel A), but not in others (Panel B). Bar graphs summarize the peak ΔF/
F0 values (Panel C) and the integrated ΔF/F0 responses (Panel D) induced by the first CCh perfusion, CCh in the presence of 2MeSADP 
with MRS2179, and the last CCh perfusion. *Significantly different from the first and last perfusions of CCh (p<0.05, one-way ANOVA 
in Panel C and Kruskal–Wallis test in Panel D).
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The results of ATP bioluminescence assays sug-
gest that functional NTPDases are expressed in the 
adrenal medulla. NTPDase2 immunoreactivity in sus-
tentacular cells indicates that these cells contribute at 
least to the degradation of ATP in tissue. POM-1 shows 
minor selectivity for NTPDase2,28 whereas ARL67156 
selectively inhibits NTPDases.21,22 The greater inhibi-
tion of extracellular ATP degradation by ARL67156 
than POM-1 may be attributed to differences in the 
selectivity for NTPDase2 expressed in sustentacular 
cells. The breakdown of extracellular ATP was not 
completely inhibited by NTPDase inhibitors, suggest-
ing that the adrenal medulla also contains other extra-
cellular ATP-degrading enzymes, such as ecto-alkaline 
phosphatase and ectonucleotide pyrophosphatase/
phosphodiesterase.29,30

P2Y Purinoceptor-mediated Modulation of 
[Ca2+]i Responses in Chromaffin Cells

The present results revealed that ADP decreased the 
CCh-induced [Ca2+]i response in a part of chromaffin 
cells. Because ACh released from preganglionic sym-
pathetic nerve terminals activates nicotinic ACh recep-
tors on chromaffin cells,31,32 ADP metabolized from 

ATP by NTPDase2 in sustentacular cells may mainly 
inhibit the excitability of these cells stimulated by sym-
pathetic nerve terminals. Furthermore, the results with 
ADP and AZD1283 suggest that P2Y12 purinoceptors 
mediate the inhibitory effect of ADP on chromaffin cell 
excitation. Electrophysiological studies have reported 
that the activation of P2Y12 purinoceptors inhibits volt-
age-gated Ca2+ channels and subsequent exocytosis 
in cultured bovine chromaffin cells.16,17 The activation 
of P2Y12 purinoceptors has also been shown to inhibit 
quantal catecholamine release through the direct 
interaction of G protein Giβγ subunits with exocytosis 
fusion proteins in adrenal chromaffin cells.15 These 
findings suggest that ADP binds to P2Y12 purinocep-
tors to decrease catecholamine release from chromaf-
fin cells via the inhibition of Ca2+ currents and activation 
of the Giβγ signaling pathway. However, ATP had a 
smaller effect on CCh-induced [Ca2+]i responses in 
chromaffin cells than ADP, suggesting that their excit-
ability is less modulated by ATP released from them. 
Because ADP is shown to be 10-fold more potent than 
ATP at the rat P2Y12 purinoceptors,33 the activation of 
these receptors in chromaffin cells may be mainly 
mediated by ADP degraded from ATP by NTPDase2 in 
sustentacular cells.

The results of CCh-induced [Ca2+]i responses in 
chromaffin cells following 2MeSADP with or without 
MRS2179 suggest that P2Y purinoceptors other than 
P2Y12 also contribute to the ADP-mediated inhibition 
of their excitability. Because P2Y13 is a Gi protein-cou-
pled receptor with a high affinity for ADP that shares a 
high sequence homology with P2Y12,34 the ADP-
induced inhibition of chromaffin cell excitation may be 
mediated via the activation of P2Y12 as well as P2Y13 
purinoceptors. It is speculated that P2Y12 and P2Y13 
purinoceptors mediate the inhibitory regulation of ADP 
on the catecholamine release from chromaffin cells. 
The results of 2MeSADP with MRS2179 also suggest 
that the activation of P2Y1 purinoceptors is involved in 
the enhancement of the excitability of chromaffin cells. 
RT-PCR confirmed mRNA expression of P2Y1, P2Y12, 
and P2Y13 purinoceptors in the adrenal medulla. 
Therefore, the excitability of chromaffin cells may be 
fine-tuned by a balance between P2Y1-mediated 
excitatory and P2Y12/P2Y13-mediated inhibitory mod-
ulations, which are activated by ADP. Because P2Y1 
and P2Y12/P2Y13 purinoceptors are coupled to differ-
ent G proteins, it is speculated that there is crosstalk 
between the intracellular signaling pathways of P2Y1 
and P2Y12/P2Y13 purinoceptors in chromaffin cells. 
Further studies of P2Y1 and P2Y13 purinoceptors are 
needed to clarify the purinergic modulation of chro-
maffin cells.

Figure 10.  Reverse transcriptase-polymerase chain reaction 
(RT-PCR) analysis of mRNAs for adenosine 5′-diphosphate-selec-
tive purinoceptors in the adrenal medulla. PCR-amplified prod-
ucts for P2Y1, P2Y12, and P2Y13 purinoceptors are detected in 
the extracts of the adrenal medulla. PCR-amplified products are 
not detected in the negative control. The expected band sizes 
(bp) of the PCR products are as follows: P2Y1 (433), P2Y12 
(295), P2Y13 (260), and β-actin (276).
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The possible ADP-mediated functional relationship 
between NTPDase2-expressing sustentacular cells 
and chromaffin cells in the rat adrenal medulla is 
shown in a schematic representation (Fig. 11). 
Sustentacular cells may break down ATP released 

from chromaffin cells into ADP by NTPDase2. The 
ADP may be involved in the local feedback regulation 
of catecholamine release from chromaffin cells via 
P2Y12 as well as P2Y1 and P2Y13 purinoceptors dur-
ing preganglionic sympathetic stimuli.

Figure 11.  A schematic representation of the possible adenosine 5′-diphosphate (ADP)-mediated functional relationship between 
ectonucleoside triphosphate diphosphohydrolase 2 (NTPDase2)-expressing sustentacular cells and chromaffin cells in the rat adrenal 
medulla. Preganglionic sympathetic nerve terminals release acetylcholine (Ach) to increase [Ca2+]i and subsequent exocytosis of cat-
echolamine and adenosine 5′-triphosphate (ATP) from chromaffin cells. ATP is degraded into ADP by NTPDase2 in sustentacular cells. 
ADP locally modulates exocytosis from chromaffin cells by the inhibition of [Ca2+]i increase via P2Y12 and P2Y13 purinoceptors and/or 
the enhancement of it via P2Y1 purinoceptors.
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Appendix Figure 1.  A preabsorption test of the anti-P2Y12 antibody in the adrenal medulla. Sections immunolabeled by a preab-
sorbed antibody for P2Y12 (red; Panels A and B). No immunoreactivity for P2Y12 is observed in any region of adrenal chromaffin cells 
in the preabsorption control (Panel A). Differential interference contrast (DIC) image of the same section as in Panel A (Panel B). Nuclei 
are labeled by 4′,6-diamidino-2-phenylindole (blue). (“Bar A and B = 10 µm.”)

Appendix Figure 2.  Adrenal medullary slices used in intracellular calcium imaging. Stereomicroscopic image of adrenal medullary 
slices (Panel A). Parts of the adrenal cortex (Co) are associated with the medulla. Bright-field microscopic image of the medulla in Panel 
A (Panel B). Cell clusters consisting of spherical or oval adrenal chromaffin cells are clearly identified. (“Bar A = 500 µm; bar B = 50 µm.”)
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