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Abstract
ATP and its metabolites are important for taste signaling in taste buds, and thus a clearance

system for them would play critical roles in maintenance of gustatory function. A previous

report revealed that mRNAs for ecto-50-nucleotidase (NT5E) and prostatic acid phospha-

tase (PAP) were expressed by taste cells of taste buds, and NT5E-immunoreactivity was

detected in taste cells. However, there was no information on PAP-immunoreactivity in

taste buds. In this study, we examined the expression profile of PAP in rat taste buds. In the

isolated rat taste buds, we detected expression of mRNA for PAP, but NT5E was not

detected differing from the case of mouse ones (Dando et al., 2012, J Neuroscience). On

immunohistochemical analysis, PAP-immunoreactivity was found predominantly in

NTPDase2-positive type I and SNAP25-positive type III taste cells, while there were no

apparent signals of it in PLC-β2-positive type II, α-gustducin-positive type II, AADC-positive

type III and 5HT-positive type III ones. As for NT5E, we could not detect its immunoreactivity

in rat taste buds, and co-localization of it with any taste cell markers, although mouse taste

buds expressed NT5E as reported previously. These findings suggest that PAP expressed

by type I and one of type III taste cells of rats may contribute to metabolic regulation of the

extracellular levels of adenine nucleotides in the taste buds of circumvallate papillae, and

the regulating mechanisms for adenine nucleotides in taste buds might be different between

rats and mice.

Introduction
Taste cells receive tastant stimuli, and transmit taste information to the brain via the chorda
tympani and glossopharyngeal nerves. Finger et al. (2005) revealed that ATP was an important
transmitter in taste signaling in taste buds. It has been reported that sweet, bitter and umami
taste stimuli cause the release of ATP into the intercellular space from type II taste cells via a
hemichannel, pannexin 1, and an ion channel, calcium homeostasis modulator 1 [1, 2], and
ATP transmits signals to type III taste cells and/or sensory nerve terminals via P2X2/3 recep-
tors [3, 4]. Moreover, an ADP receptor, P2Y1, and adenosine A2b receptor are reported to be

PLOSONE | DOI:10.1371/journal.pone.0158401 June 27, 2016 1 / 14

a11111

OPEN ACCESS

Citation: Nishida K, Kubota T, Matsumoto S, Kato J,
Watanabe Y, Yamamoto A, et al. (2016) Expression
of Prostatic Acid Phosphatase in Rat Circumvallate
Papillae. PLoS ONE 11(6): e0158401. doi:10.1371/
journal.pone.0158401

Editor: Maik Behrens, German Institute of Human
Nutrition Potsdam-Rehbruecke, GERMANY

Received: February 16, 2016

Accepted: June 15, 2016

Published: June 27, 2016

Copyright: © 2016 Nishida et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by a Grant-in-Aid
for Young Scientists (B) (#22790134 to K. Nishida)
from the Ministry of Education, Culture, Sports,
Science and Technology, Japan, and grants from
Kyoto Pharmaceutical University Fund for the
Promotion of Scientific Research (to K. Nishida), the
Nakatomi Foundation (to K. Nishida), and a grant
from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (MEXT)-Supported
Program for the Strategic Research Foundation at
Private Universities, 2013-2017 (to K. Nishida). The

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0158401&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0158401&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0158401&domain=pdf
http://creativecommons.org/licenses/by/4.0/


expressed in type II taste cells, suggesting that not only ATP but also its metabolites, e.g., ADP
and adenosine, play important roles in gustatory signaling [5–8].

A clearance system for ATP and its metabolites is important to maintain gustatory function.
In our limited knowledge, there is no report on transport system for adenine nucleotides from
extracellular to intracellular space. In contrast, we reported the expression of equilibrative
nucleoside transporter 1, as a molecule responsible for clearance of extracellular adenosine, in
type II and III taste cells [9]. These findings clearly point out the critical roles of metabolic
enzymes for adenine nucleotides as their clearance system. Among ectoenzymes, nucleoside
triphosphate diphosphohydrolase 2 (NTPDase2), which metabolizes ATP into ADP [10–12],
was reported to be expressed in type I taste cells [13]. Regarding adenosine-generating
enzymes, Dando et al. found the expression of ecto-50-nucleotidase (NT5E, also known as
CD73) in the regions surrounding taste buds and glutamic acid decarboxylase (GAD) 1-posi-
tive type III taste cells of mice on immunohistochemistry. In addition, the expression of
mRNA for prostatic acid phosphatase (PAP) was detected in Ntpdase2-positive type I and
Snap25-positive type III taste cells of mice on single cell RT-PCR [7]. Although AMP can be
hydrolyzed by not only NT5E but also PAP [14], expression of PAP in taste cells at protein lev-
els and comparison of its expression profile with that of NT5E have not been unveiled yet.
Therefore, in this study, we examined the localization of PAP in rat circumvallate papillae (CP)
in detail.

Materials and Methods

Animals
Male Sprague–Dawley (SD) rats (200–300 g; Japan SLC, Hamamatsu, Japan) and male C57BL/
6 mice (8-weeks old; Japan Charles River, Kanagawa, Japan) were housed with food and water
available ad libitum in a controlled environment with a 12/12-h light/dark cycle. All experi-
ments were approved by the Experimental Animal Research Committee of Kyoto Pharmaceu-
tical University and performed according to the Guidelines for Animal Experimentation of
Kyoto Pharmaceutical University.

Exfoliation of epithelial tissues including rat CP
Rats were perfused transcardially with saline under deep anesthesia (pentobarbital sodium, 50
mg/kg, intraperitoneal (i.p.)). As reported previously, rat epithelial tissues containing CP were
exfoliated from the tongue by injection of an enzyme cocktail comprising 2.5 mg/mL Dispase
II (#4942078; Roche, Tokyo, Japan), 1.0 mg/mL collagenase D (#1088858; Roche), and 1.0 mg/
mL trypsin inhibitor (#T9128; Sigma-Aldrich, St. Louis, MO) for 30 min at room temperature,
and then the epithelial tissues were treated with RNAlater1 solution (Sigma-Aldrich) at −20°C
until use [15].

Reverse transcription (RT)-polymerase chain reaction (PCR) analysis
As shown in Fig 1A, isolated taste buds were collected from the digested epithelial tissues of
rat CP by means of a patch pipette using a micromanipulator (NARISHIGE, Tokyo, Japan),
and directly reverse-transcribed with a CellAmp whole transcriptome amplification kit
(Takara, Shiga, Japan) and Ex Taq Hot start version (Takara) according to the manufacturers’
instruction manuals, and then the cDNA-amplified products were used as templates for
isolated taste buds. Total RNA in taste bud-containing epithelium of rat CP was extracted
and reverse-transcribed with a NucleoSpin RNA1 XS kit (Macherey-Nagel, Düren, Ger-
many), and a PrimeScript™ RT reagent kit with gDNA Eraser (Takara) according to the
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Fig 1. mRNA expression of PAP and NT5E in rat CP. Taste buds were isolated from digested epithelial
tissues of rat CP by means of a patch pipette (A). Expression of Pap andNt5ewas examined by nested PCR
(B). Ntpdase2, Plcb2,Gust, Aadc and Kcnq1 served as positive controls for taste buds including taste cells.
Taste buds, CP andN.C. denotes taste buds that were isolated with a patch pipette (arrowhead, A), taste
bud-containing epithelium in rat CP and negative control (H2O), respectively.

doi:10.1371/journal.pone.0158401.g001
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manufacturers’ instruction manuals. Nested PCR was performed using rTaq DNA polymerase
(Takara), and the primer sets, annealing temperatures, and cycle numbers were shown in
Table 1. All reactions for PCR were performed with the following parameters: 94°C for 5 min;
the designated cycles of 94°C for 30 s, the designated annealing temperature for 30 s, and 72°C
for 30 s; and a final step at 72°C for 10 min. A negative control involving the template (H2O
control) was set in all PCR reactions. The PCR products were confirmed by sequence analysis
(data not shown).

Immunohistochemical analysis
The localization of antigens was examined by free-floating immunohistochemistry [16, 17]. SD
rats and C57BL/6 mice were perfused transcardially with 4% paraformaldehyde in 0.1 M

Table 1. Primers for RT-PCR.

Gene (Accession No.) PCR Primer Sequences Annealing temperature (°C) Cycle numbers (cycles) Product size (bp)

Pap (NM_001134901) 1st F: 5’-
TCTGAGGATCGGTTGCTATACCTG-3’

46 40 697

R: 5’-GCACTTGGTGGTTGCTTGTG-3’

2nd F: 5’-
GACTGTCCTCGCTTTCAAGAACTC-3’

46 40 642

R: 5’-CATACACTCTGTGGCCCAGT-3’

Nt5e (NM_021576) 1st F: 5’-
CACACCAACACCTTTCTCTACACAG
-3’

50 40 606

R: 5’-CTGGCCATATCGATGCACAC-3’

2nd F: 5’-
ACCCATTCATAGTCACCTCTGACG-3’

50 40 511

R: 5’-TTCTTCAGGGTGGACCCTTTC-
3’

Ntpdase2 (NM_172030) 1st F:5’-
AGAGACAGACATGCTAGCACACCAC-3’

55 15 634

R: 5’-TGTTGAAGAGCCGAGAGACGAG-
3’

2nd F: 5’-TTGAGGCAGTGACACAGACG-3’ 55 38 506

R: 5’-GGTAGCATTGCTGGTTCCTGAC-
3’

Plcb2 (NM_053478) 1st F: 5’-AAGGCATATCTGAGCCAAGG-3’ 52 25 535

R: 5’-TTGCAAGGTGACAGGCACTG-3’

2nd F: 5’-GGACGATGAAACCTCAATAGCC-
3’

52 40 475

R: 5’-GGCAGCTTCTACACGTTTGC-3’

Gust (NM_173139) 1st F: 5’-
TAGTTCAGAGAGCAAGGAGTCAGC-3’

55 15 520

R: 5’-CCGGGAATGTAGAACGTCTTG-
3’

2nd F: 5’-
AAGAACTGGAGAAGAAGCTTCAGG-3’

55 38 366

R: 5’-AGGCTTGAATTCCTGGATCG-3’

Aadc (NM_012545) 1st F: 5’-
CACATCTGATCAGGCACATTCCTC-3’

52 40 683

R: 5’-TTAGCCGGAAGCAGACCAAC-3’

2nd F: 5’-AGCAATTCCTTCAGATGGCAAC-
3’

52 40 537

R: 5’-TGAGACAGCTTCACGTGCTTTC-
3’

Kcnq1 (NM_032073) 1st F: 5’-CAGCCTCACTCATCCAGACTGC-
3’

52 25 511

R: 5’-ACATCTCGCACATCGTAGGG-3’

2nd F: 5’-CTATGCTGCGGAGAATCCTGAC-
3’

52 40 456

R: 5’-CGTGCTTGCTGGAATTTCTTC-
3’

Gapdh (NM_017008.4) 1st F: 5’-
TCATTGACCTGAACTACATGGTC-3’

55 40 567

R: 5’-CGTTCAGCTCTGGGATGAC-3’

doi:10.1371/journal.pone.0158401.t001
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Sorensen’s phosphate buffer (pH 7.4) containing 0.2% picric acid under deep anesthesia (pen-
tobarbital sodium, 50 mg/kg, i.p.), and then their tongues were removed. The tongues were sec-
tioned at 40 μm thickness using a freezing microtome, and free-floating sections were
immunoreacted with the primary antibodies (Table 2) in phosphate-buffered saline containing
1% normal donkey or goat serum, 0.3% Triton X-100, 0.3% bovine serum albumin (Sigma-
Aldrich), and 0.05% sodium azide for 3 days at 4°C, followed by incubation with the secondary
antibodies (Table 2) for 1 day at 4°C in the same buffer as that used for the primary antibodies.
For all immunostaining, a negative control was prepared by omitting the primary antibodies,
and the reproducibility of immunostaining was confirmed by examining sections from 3 or 4
rats per immunostaining. The sections were mounted on glass slides and then enclosed using a
Prolong1 antifade kit (Life Technologies). Photomicrographs were obtained under a confocal
laser microscope (LSM510META; Carl Zeiss, Germany). The antigen specificity of antibodies
for PAP and NT5E was evaluated by means of an antibody adsorption test (S1 Fig). Single
staining using the primary antibodies was performed to confirm the conjugation of Alexa
Fluor1 to the antibodies (S2 Fig). Furthermore, for quantitative analysis of PAP expression lev-
els, PAP-immunopositive areas merged with taste cell marker-immunoreactivity were analyzed
using the Image J software (ver. 1.48v, National Institutes of Health, Bethesda, MD), and per-
centage of the merged area to total taste cell marker one per a taste bud was calculated.

Table 2. Antibodies used for immunohistochemistry.

Antigen 1 st Ab 2 nd Ab

PAP Chicken anti-PAP Ab Goat anti-chicken IgY conjugated with FITC

(1:100; #PAP, Aves Labs) (1:1000; #F-1005, Aves Labs)

NT5E(CD73) Sheep anti-NT5E Ab Donkey anti-sheep IgG conjugated with Alexa
Fluor 594

(1:100; #AF4488, R&D Systems) (1:1000; #A11016, Life Technologies™)

NTPDase2 Sheep anti-NTPDase2 Ab Donkey anti-sheep IgG conjugated with Alexa
Fluor 594

(1:200; #AF5797, R&D Systems) (1:1000; #A11016, Life Technologies™)

PLC-β2 Rabbit anti-PLC-β2 Ab Goat anti-rabbit IgG conjugated with Alexa Fluor
546

(1:1000; #sc-206, Santa Cruz Biotechnology) (1:1000; #A11010, Life Technologies™)

α-Gustducin Rabbit anti-α-gustducin Ab Goat anti-rabbit IgG conjugated with Alexa Fluor
546

(1:200; #sc-395, Santa Cruz Biotechnology) (1:1000; #A11010, Life Technologies™)

SNAP-25 Mouse anti-SNAP-25 Ab Donkey anti-mouse IgG conjugated with Alexa
Fluor 594

(1:500; #610366, BD Biosciences) (1:1000; #A21203, Life Technologies™)

Goat anti-mouse IgG conjugated with Alexa Fluor
546

(1:1000; #A11003, Life Technologies™)

AADC Rabbit anti-AADC Ab Goat anti-rabbit IgG conjugated with Alexa Fluor
546

(1:50; #BML-AZ1030-0050, Enzo) (1:1000; #A11010, Life Technologies™)

5HT Rabbit anti-5HT Ab Goat anti-rabbit IgG conjugated with Alexa Fluor
546

(1: 500; S5545, Sigma-Aldrich) (1:1000; #A11010, Life Technologies™)

doi:10.1371/journal.pone.0158401.t002
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Results

Expression levels of PAP and NT5E mRNA in isolated taste buds of rat
CP
To reveal the expression of PAP and NT5E mRNA in taste buds, we carried out nested PCR.
NTPDase2, PLC-β2, α-gustducin, AADC and KCNQ1 were used as positive controls for taste
buds [13, 18–21]. As all of taste cell markers, PAP mRNA was found in both isolated taste buds
and taste bud-containing epithelium, whereas NT5E mRNA was detected in the latter, but not
the former (Fig 1B). Thus, there was a difference in expression profiles of mRNAs for PAP and
NT5E.

Localization of PAP and NT5E in rat CP
As shown in Fig 2, PAP-immunoreactivity was detected exclusively in the taste buds of rat CP,
while NT5E-immunoreactivity was predominantly found in the regions surrounding the taste
buds of rat CP. Regarding the PAP-expressing taste cell types, its immunoreactivity was local-
ized in NTPDase2-positive type I and SNAP25-positive type III taste cells rather than PLC-
β2-positive type II, α-gustducin-positive type II, AADC-positive type III or 5HT-positive type
III taste cells (Figs 3 and 4). Quantitative results on expression levels of PAP in each type of
taste cells were shown in Table 3. The PAP-immunopositive area in transverse and longitudinal
sections was calculated to be 21.7 ± 0.3% and 18.3 ± 7.1% of the NTPDase2-immunopositive
areas, and 28.1 ± 5.4% and 33.8 ± 9.4% of the SNAP25-immunopositive areas, respectively. As
for other taste cell markers, weak co-localization with PAP was found, but their levels were
almost comparable with the background level, which was calculated to be 4.3 ± 5.2% as the per-
centage of the 5HT-immunopositive area merged with NTPDase2-immunopositive one in
transverse section (Mean ± S.D., 13 taste buds evaluated) as a negative control for this quantita-
tive analysis. Based on these findings, we judged that PAP was predominantly expressed by
NTPDase2-positive type I and SNAP25-positive type III taste cells, this being consistent with
expression profile of PAP mRNA as found by Dando et al [7].

We could not observe evident colocalization of immunoreactivity of NT5E with any taste
cell markers (Fig 5), indicating that differing from the case of PAP, NT5E was not expressed by
taste cells of the rat CP. Dando et al. reported that NT5E in mouse CP was expressed in not
only the regions surrounding taste buds but also the GAD1-positive type III taste cells [7],
there being inconsistency between rats and mice. Thus, we directly compared its expression in
CP between SD rats and C57BL/6 mice. We confirmed that the antibody used for the detection
of NT5E has specific immunoreactivity to both rat and mouse NT5E (S3 Fig). As shown in Fig
6, NT5E-immunoreactivity was found in both rat and mouse CP, but there was an apparent
difference in the expression profiles. That is to say, in mouse CP, NT5E was expressed by
SNAP25-positive type III taste cells as found by Dando et al.[7], while in rat CP it was found in
the regions surrounding taste buds (Fig 6), indicating a species difference in NT5E expression
between rats and mice.

Discussion
In this study, we examined the expression profile of PAP in rat CP in detail, and obtained the
following results: 1) PAP was detected in the isolated taste buds and was predominantly
expressed by type I- and III-taste cells, whereas 2) NT5E was mainly found in the regions sur-
rounding the taste buds, but not in the taste buds. These results indicated that PAP might play
an important role in the metabolic regulation of extracellular levels of adenine nucleotides in
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Fig 2. Immunohistochemical localization of PAP and NT5E in transverse and longitudinal sections of rat CP.
Representative photomicrographs for double staining with PAP (green) and NT5E (red) are shown for transverse (A) and
longitudinal (B) sections. The nuclei were counterstained with Hoechst 33258 (blue). In the insets, cryosections were treated
with the first antibody-free solution. Immunoreactivity due to the second antibodies only was used as a negative control, as
shown with Alexa Fluor1 594 or fluorescein isothiocyanate (FITC). Scale bar, 50 μm.

doi:10.1371/journal.pone.0158401.g002
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Fig 3. Immunohistochemical localization of PAP in transverse sections of rat CP. Representative photomicrographs for double staining
with PAP (green), and the type I cell marker NTPDase2 (A, red), the type II cell marker PLC-β2 (B, red), or α-gustducin (C, red), or the type III
cell marker SNAP25 (D, red), AADC (E, red), or 5HT (F, red) are shown for transverse sections. In the photomicrographs on the right,
cryosections were treated with the first antibody-free solution. Immunoreactivity due to the second antibodies only was used as a negative
control (N.C.). Arrowheads indicate the colocalization of PAP and taste cell markers. The nuclei were counterstained with Hoechst 33258
(blue). Scale bar, 50 μm.

doi:10.1371/journal.pone.0158401.g003
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Fig 4. Immunohistochemical localization of PAP in longitudinal sections of rat CP. Representative
photomicrographs for double staining with PAP (green), and the type I cell marker NTPDase2 (A, red), the type II
cell marker PLC-β2 (B, red), or α-gustducin (C; red), or the type III cell marker SNAP25 (D, red), AADC (E, red), or
5HT (F, red) are shown for longitudinal sections. Arrowheads indicate the colocalization of PAP and taste cell
markers. The nuclei were counterstained with Hoechst 33258 (blue). Scale bar, 50 μm.

doi:10.1371/journal.pone.0158401.g004
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Table 3. Quantitative analysis of co-expression of PAP andmarkers in taste buds of rat CP.

Marker Percentage of indicated marker positive cells expressing PAP

Transverse section Longitudinal section

NTPDase2 21.7 ± 0.3% (12) 18.3 ± 7.1% (26)

PLC-β2 6.7 ± 1.5% (17) 8.6 ± 5.7% (24)

α-Gustducin 6.4 ± 1.8% (12) 6.2 ± 5.2% (21)

SNAP25 28.1 ± 5.4% (11) 33.8 ± 9.4% (20)

AADC 6.0 ± 1.3% (12) 4.3 ± 4.4% (24)

5HT 8.1 ± 4.9% (11) 2.6 ± 3.6% (20)

Each value is based on data shown in Figs 3 and 4, and means the percentage of the PAP-immunopositive

area merged with taste cell marker-immunopositive one. The numbers of evaluated taste buds from 3 or 4

rats were shown in parentheses. Mean ± S.D.

doi:10.1371/journal.pone.0158401.t003

Fig 5. Immunohistochemical localization of NT5E in transverse sections of rat CP. Representative photomicrographs for double staining with NT5E (A,
green;B andC, red), and the type I cell marker NTPDase2 (A, red), the type II cell marker PLC-β2 (B, green), or the type III cell marker SNAP25 (C, green)
are shown. In panel A, double staining for NT5E and NTPDase2 was performed directly using Alexa Fluor1-conjugated primary antibodies, as described
under Materials and Methods. The nuclei were counterstained with Hoechst 33258 (blue). In the photomicrographs on the right, cryosections were treated
with the first antibody-free solution, and immunoreactivity due to the second antibodies only was used as a negative control (N.C.), as shown with Alexa
Fluor1 488 and/or 594. Scale bar, 50 μm.

doi:10.1371/journal.pone.0158401.g005
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the taste buds of the rat CP, and there might be a species difference in the metabolic system for
adenine nucleotides between rats and mice.

Based on the literature, in taste buds under neutral pH conditions, ATP is mainly hydro-
lyzed into ADP by NTPDase2 [13], while there has been no report on expression of ADPase
activity involved in ADP hydrolysis, although AMPase activity is exerted by NT5E [7]. In this
study, we found expression of PAP in taste buds (Figs 1–4). ADP is a preferable substrate of
PAP under neutral and acidic pH conditions [22], and acidification occurs in limited vicinity
regions by hydrolyzation of ATP into ADP [23]. Together, it is suggested that PAP might be a
responsible molecule for ADP hydrolysis in rat taste buds. Since we have no direct evidence for
this at present, detail investigations are needed to demonstrate acidification in the extracellular
microenvironment in the vicinity of the plasma membrane in taste buds.

Dando et al. reported that NT5E was expressed by not only type III-taste cells but also in the
regions surrounding taste buds of mice, this expression profile being also confirmed in this
study. However, the expression levels of NT5E was much greater the outside regions than the
inside regions of mouse CP (Fig 6). Thus, we think that PAP might have greater roles than
NT5E in metabolic regulation of adenine nucleotides in both mice and rats.

PAP-immunoreactivity is co-localized with NTPDase2-positive type I taste cells (Figs 3 and
4), coinciding with the findings as to expression of its mRNA [7]. On Ntpdase2-knockout in
mice, tastant-induced taste nerve responses were suppressed compared to in the case of the
wild-type mice [24], suggesting that NTPDase2-mediated ATP degradation is important for
taste sensation in taste buds. Additionally, the optimum pH range for NTPDase2 is 4.5–8.5
[11] as for PAP (pH 3–8) [25]. Thus, the co-localization of PAP and NTPDase2 in type I taste

Fig 6. Immunohistochemical localization of NT5E in longitudinal sections of rat andmouse CP. Representative photomicrographs for double staining
with NT5E (red) and type III cell marker SNAP25 (green) in longitudinal sections of SD rat (A) and C57BL/6 mouse (B) CP are shown. The nuclei were
counterstained with Hoechst 33258 (blue). In the photomicrographs on the right, cryosections were treated with the first antibody-free solution.
Immunoreactivity due to the second antibodies only was used as a negative control (N.C.). Scale bar, 50 μm.

doi:10.1371/journal.pone.0158401.g006
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cells is considered to be reasonable for an effective adenine nucleotide-metabolic cascade in the
extracellular space of taste buds.

Conclusions
We demonstrated that PAP-immunoreactivity was present in type I and one of type III taste
cells of taste buds. Thus, it is suggested that PAP might be a responsible ectoenzyme for metab-
olism of extracellular nucleotides, being involved in the regulation of taste signaling in taste
buds.

Supporting Information
S1 Fig. PAP- and NT5E-antibody adsorption test. Representative images of immunohis-
tochemistry with PAP (A, green) and NT5E (B, red) in rat circumvallate papillae (CP) are
shown (first antibody (Ab) plus second Ab). The nuclei were counterstained with Hoechst
33258 (blue). Anti-PAP and NT5E antibodies were preadsorbed with recombinant mouse PAP
and NT5E, and then cryosections were treated with the preadsorbed antibodies, as shown for
the first antibody adsorption. Cryosections were treated with the first antibody-free solution.
Immunoreactivity due to the second antibodies only was used as a negative control (N.C.).
Scale bar, 50 μm.
(TIF)

S2 Fig. Immunohistochemical localization of NT5E in rat circumvallate papillae (CP).
Double staining for NT5E (green, Alexa Fluor1 488) and NTPDase2 (red, Alexa Fluor1 594)
was performed directly using Alexa Fluor1-conjugated the primary antibodies (A). The nuclei
were counterstained with Hoechst 33258 (blue). Single staining for NT5E (B, green) or
NTPDase2 (C, red) was performed to confirm conjugation of Alexa Fluor1 to primary anti-
bodies. Cryosections were treated with the first antibody-free solution, and immunoreactivity
due to Alexa Fluor1 594-conjugated anti-sheep IgG antibodies only was used as a negative
control (D). Scale bar, 50 μm.
(TIF)

S3 Fig. Cross-reactivity of antibodies for NT5E. The cross-reactivity of antibodies for NT5E
was examined by Western blot analysis. Rat and mouse dorsal root ganglia (DRG) were used as
NT5E-expressing tissues. GAPDH was the loading control.
(TIF)

S1 Protocol.
(DOC)

S1 Table. Antigens used for the adsorption test.
(DOC)

Acknowledgments
We thank Mr. N. J. Halewood for his helpful advice in writing and editing the manuscript.

Author Contributions
Conceived and designed the experiments: K. Nishida K. Nagasawa. Performed the experiments:
K. Nishida TK SM JK YWAYMF AO. Analyzed the data: K. Nishida TK SM JK YW AYMF
AO K. Nagasawa. Contributed reagents/materials/analysis tools: K. Nishida TK SM JK YW AY
MF AO. Wrote the paper: K. Nishida K. Nagasawa.

Expression of Prostatic Acid Phosphatase in Taste Buds

PLOS ONE | DOI:10.1371/journal.pone.0158401 June 27, 2016 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158401.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158401.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158401.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158401.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158401.s005


References
1. Huang YJ, Maruyama Y, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD. The role of pannexin 1

hemichannels in ATP release and cell-cell communication in mouse taste buds. Proc Natl Acad Sci U S
A. 2007; 104(15):6436–41. PMID: 17389364.

2. Taruno A, Vingtdeux V, Ohmoto M, Ma Z, Dvoryanchikov G, Li A, et al. CALHM1 ion channel mediates
purinergic neurotransmission of sweet, bitter and umami tastes. Nature. 2013; 495(7440):223–6.
PMID: 23467090. doi: 10.1038/nature11906

3. Hayato R, Ohtubo Y, Yoshii K. Functional expression of ionotropic purinergic receptors on mouse taste
bud cells. The Journal of physiology. 2007; 584(Pt 2):473–88. PMID: 17702819.

4. Finger TE, Danilova V, Barrows J, Bartel DL, Vigers AJ, Stone L, et al. ATP signaling is crucial for com-
munication from taste buds to gustatory nerves. Science. 2005; 310(5753):1495–9. PMID: 16322458.

5. Kataoka S, Toyono T, Seta Y, Ogura T, Toyoshima K. Expression of P2Y1 receptors in rat taste buds.
Histochemistry and cell biology. 2004; 121(5):419–26. PMID: 15103469.

6. Huang YA, Dando R, Roper SD. Autocrine and paracrine roles for ATP and serotonin in mouse taste
buds. J Neurosci. 2009; 29(44):13909–18. PMID: 19890001. doi: 10.1523/JNEUROSCI.2351-09.2009

7. Dando R, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD. Adenosine enhances sweet taste
through A2B receptors in the taste bud. J Neurosci. 2012; 32(1):322–30. PMID: 22219293. doi: 10.
1523/JNEUROSCI.4070-11.2012

8. Kataoka S, Baquero A, Yang D, Shultz N, Vandenbeuch A, Ravid K, et al. A2BR adenosine receptor
modulates sweet taste in circumvallate taste buds. PloS one. 2012; 7(1):e30032. PMID: 22253866. doi:
10.1371/journal.pone.0030032

9. Nishida K, Kitada T, Kato J, Dohi Y, Nagasawa K. Expression of equilibrative nucleoside transporter 1
in rat circumvallate papillae. Neurosci Lett. 2013; 533:104–8. PMID: 23147119. doi: 10.1016/j.neulet.
2012.10.063

10. Kegel B, Braun N, Heine P, Maliszewski CR, Zimmermann H. An ecto-ATPase and an ecto-ATP dipho-
sphohydrolase are expressed in rat brain. Neuropharmacology. 1997; 36(9):1189–200. PMID:
9364474.

11. Kukulski F, Levesque SA, Lavoie EG, Lecka J, Bigonnesse F, Knowles AF, et al. Comparative hydroly-
sis of P2 receptor agonists by NTPDases 1, 2, 3 and 8. Purinergic Signal. 2005; 1(2):193–204. PMID:
18404504. doi: 10.1007/s11302-005-6217-x

12. Mateo J, Harden TK, Boyer JL. Functional expression of a cDNA encoding a human ecto-ATPase. Brit-
ish journal of pharmacology. 1999; 128(2):396–402. PMID: 10510450.

13. Bartel DL, Sullivan SL, Lavoie EG, Sevigny J, Finger TE. Nucleoside triphosphate diphosphohydro-
lase-2 is the ecto-ATPase of type I cells in taste buds. The Journal of comparative neurology. 2006;
497(1):1–12. PMID: 16680780.

14. Zylka MJ, Sowa NA, Taylor-Blake B, Twomey MA, Herrala A, Voikar V, et al. Prostatic acid phospha-
tase is an ectonucleotidase and suppresses pain by generating adenosine. Neuron. 2008; 60(1):111–
22. PMID: 18940592. doi: 10.1016/j.neuron.2008.08.024

15. Nishida K, Dohi Y, Yamanaka Y, Miyata A, Tsukamoto K, Yabu M, et al. Expression of adenosine A2b
receptor in rat type II and III taste cells. Histochemistry and cell biology. 2014; 141(5):499–506. PMID:
24327108. doi: 10.1007/s00418-013-1171-0

16. Kawano J, Tanizawa Y, Shinoda K. Wolfram syndrome 1 (Wfs1) gene expression in the normal mouse
visual system. The Journal of comparative neurology. 2008; 510(1):1–23. PMID: 18613120. doi: 10.
1002/cne.21734

17. Oiso S, Takeda Y, Futagawa T, Miura T, Kuchiiwa S, Nishida K, et al. Contactin-associated protein
(Caspr) 2 interacts with carboxypeptidase E in the CNS. Journal of neurochemistry. 2009; 109(1):158–
67. PMID: 19166515. doi: 10.1111/j.1471-4159.2009.05928.x

18. Rossler P, Kroner C, Freitag J, Noe J, Breer H. Identification of a phospholipase C beta subtype in rat
taste cells. European journal of cell biology. 1998; 77(3):253–61. PMID: 9860142.

19. McLaughlin SK, McKinnon PJ, Margolskee RF. Gustducin is a taste-cell-specific G protein closely
related to the transducins. Nature. 1992; 357(6379):563–9. PMID: 1608467.

20. Dvoryanchikov G, Tomchik SM, Chaudhari N. Biogenic amine synthesis and uptake in rodent taste
buds. J Comp Neurol. 2007; 505(3):302–13. PMID: 17879273.

21. Wang H, Iguchi N, Rong Q, Zhou M, Ogunkorode M, Inoue M, et al. Expression of the voltage-gated
potassium channel KCNQ1 in mammalian taste bud cells and the effect of its null-mutation on taste
preferences. The Journal of comparative neurology. 2009; 512(3):384–98. PMID: 19006182. doi: 10.
1002/cne.21899

Expression of Prostatic Acid Phosphatase in Taste Buds

PLOS ONE | DOI:10.1371/journal.pone.0158401 June 27, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/17389364
http://www.ncbi.nlm.nih.gov/pubmed/23467090
http://dx.doi.org/10.1038/nature11906
http://www.ncbi.nlm.nih.gov/pubmed/17702819
http://www.ncbi.nlm.nih.gov/pubmed/16322458
http://www.ncbi.nlm.nih.gov/pubmed/15103469
http://www.ncbi.nlm.nih.gov/pubmed/19890001
http://dx.doi.org/10.1523/JNEUROSCI.2351-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/22219293
http://dx.doi.org/10.1523/JNEUROSCI.4070-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.4070-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22253866
http://dx.doi.org/10.1371/journal.pone.0030032
http://www.ncbi.nlm.nih.gov/pubmed/23147119
http://dx.doi.org/10.1016/j.neulet.2012.10.063
http://dx.doi.org/10.1016/j.neulet.2012.10.063
http://www.ncbi.nlm.nih.gov/pubmed/9364474
http://www.ncbi.nlm.nih.gov/pubmed/18404504
http://dx.doi.org/10.1007/s11302-005-6217-x
http://www.ncbi.nlm.nih.gov/pubmed/10510450
http://www.ncbi.nlm.nih.gov/pubmed/16680780
http://www.ncbi.nlm.nih.gov/pubmed/18940592
http://dx.doi.org/10.1016/j.neuron.2008.08.024
http://www.ncbi.nlm.nih.gov/pubmed/24327108
http://dx.doi.org/10.1007/s00418-013-1171-0
http://www.ncbi.nlm.nih.gov/pubmed/18613120
http://dx.doi.org/10.1002/cne.21734
http://dx.doi.org/10.1002/cne.21734
http://www.ncbi.nlm.nih.gov/pubmed/19166515
http://dx.doi.org/10.1111/j.1471-4159.2009.05928.x
http://www.ncbi.nlm.nih.gov/pubmed/9860142
http://www.ncbi.nlm.nih.gov/pubmed/1608467
http://www.ncbi.nlm.nih.gov/pubmed/17879273
http://www.ncbi.nlm.nih.gov/pubmed/19006182
http://dx.doi.org/10.1002/cne.21899
http://dx.doi.org/10.1002/cne.21899


22. Sowa NA, Vadakkan KI, Zylka MJ. Recombinant mouse PAP has pH-dependent ectonucleotidase
activity and acts through A(1)-adenosine receptors to mediate antinociception. PloS one. 2009; 4(1):
e4248. PMID: 19158948. doi: 10.1371/journal.pone.0004248

23. Vroman R, Klaassen LJ, Howlett MH, Cenedese V, Klooster J, Sjoerdsma T, et al. Extracellular ATP
hydrolysis inhibits synaptic transmission by increasing ph buffering in the synaptic cleft. PLoS biology.
2014; 12(5):e1001864. PMID: 24844296. doi: 10.1371/journal.pbio.1001864

24. Vandenbeuch A, Anderson CB, Parnes J, Enjyoji K, Robson SC, Finger TE, et al. Role of the ectonu-
cleotidase NTPDase2 in taste bud function. Proc Natl Acad Sci U S A. 2013; 110(36):14789–94. PMID:
23959882. doi: 10.1073/pnas.1309468110

25. Van Etten RL. Human prostatic acid phosphatase: a histidine phosphatase. Annals of the New York
Academy of Sciences. 1982; 390:27–51. PMID: 6124201.

Expression of Prostatic Acid Phosphatase in Taste Buds

PLOS ONE | DOI:10.1371/journal.pone.0158401 June 27, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/19158948
http://dx.doi.org/10.1371/journal.pone.0004248
http://www.ncbi.nlm.nih.gov/pubmed/24844296
http://dx.doi.org/10.1371/journal.pbio.1001864
http://www.ncbi.nlm.nih.gov/pubmed/23959882
http://dx.doi.org/10.1073/pnas.1309468110
http://www.ncbi.nlm.nih.gov/pubmed/6124201

