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Downregulation of adenosine and adenosine A1
receptor contributes to neuropathic pain in
resiniferatoxin neuropathy
Hung-Wei Kana, Chin-Hong Changb, Chih-Lung Linc,d, Yi-Chen Leee,f, Sung-Tsang Hsieha,g,h, Yu-Lin Hsiehe,f,*

Abstract
The neurochemical effects of adenosine signaling in small-fiber neuropathy leading to neuropathic pain are yet to be explored in a direct
manner. This study examined this system at the level of ligand (through the ectonucleotidase activity of prostatic acid phosphatase
[PAP]) and adenosine A1 receptors (A1Rs) in resiniferatoxin (RTX) neuropathy, a peripheral neurodegenerative disorder that specifically
affects nociceptive nerves expressing transient receptor potential vanilloid type 1 (TRPV1). We conducted immunohistochemistry on
dorsal root ganglion (DRG) neurons, high-performance liquid chromatography for functional assays, and pharmacological interventions
to alter PAP andA1Rs inmicewith RTXneuropathy. In DRGofRTXneuropathy, PAP(1) neuronswere reducedcomparedwith vehicle-
treatedmice (P5 0.002). Functionally, PAP ectonucleotidase activity was consequently reduced (ie, the content of adenosine in DRG,
P 5 0.012). PAP(1) neuronal density was correlated with the degree of mechanical allodynia, which was reversed by intrathecal (i.t.)
lumbar puncture injection of recombinantPAPwith a dose-dependent effect. Furthermore, A1Rsweredownregulated (P50.002), and
this downregulation was colocalized with the TRPV1 receptor (31.0% 6 2.8%). Mechanical allodynia was attenuated in a dose-
dependent response by i.t. injection of the A1R ligand, adenosine; however, no analgesia was evident when an exogenous adenosine
was blocked by A1R antagonist. This study demonstrated dual mechanisms of neuropathic pain in TRPV1-induced neuropathy,
involving a reduced adenosine system at both the ligand (adenosine) and receptor (A1Rs) levels.

Keywords: Small-fiber neuropathy, Transient receptor potential vanilloid subtype 1, Prostatic acid phosphatase, Adenosine,
Adenosine A1 receptor, Resiniferatoxin

1. Introduction

Adenosine signaling contributes to analgesia through its pleiotropic
effects. Key components of this signaling pathway are (1)
adenosine, which is a ligand for multiple adenosine receptors,1,9,23

and (2) the transmembrane isoform of prostatic acid phosphatase
(PAP), which hydrolyzes extracellular adenosine monophosphate

(AMP) into adenosine using its ectonucleotidase properties.35,37,47

Prostatic acid phosphatase is widely expressed by nonpeptidergic
small-diameter nociceptors40,41 and nerve growth factor (NGF)-
dependent peptidergic nociceptors,41 implying that PAP plays
a key role in the maintenance of the delicate balance between
nociception and analgesia. Inflammatory pain was alleviated by
intrathecal (i.t.) injection of recombinant PAP,35 and nerve injury-
induced neuropathic pain was enhanced in PAP-knockout
mice.34,36,47 These observations raised the critical questions, such
as (1) how PAP is modulated after specific injury to small-diameter
sensory nerves becausemost neuropathic painmodels affect both
large- and small-diameter sensory nerves, and (2) whether the
dysregulation of adenosine system contributes to degeneration-
induced neuropathic pain? Different adenosine receptors contrib-
ute to the analgesic effect of adenosine signaling,1,27,32,46 in
particular, functional adenosine A1 receptors (A1Rs),15,32,35,47 and
animals that lacking A1Rs exhibited increased nociceptive
responses.16,42 Acupuncture induces analgesia through an in-
crease in purine nucleotides, particularly by increasing adenosine39

and A1R activation.9,15 These observations suggest that both
adenosine and functional activations of A1Rs are essential for
analgesia. However, the mechanism by which A1Rs are modu-
lated after nerve injury remains unknown. Collectively, it remains
unclear how this adenosine system is regulatedat the level of ligand
(determined by PAP ectonucleotidase activity) and receptor (A1R
functional efficacy) to modulate neuropathic pain in systemic
neuropathy specifically affecting nociceptive neurons.

Neuropathic pain is one of the key symptoms of human
peripheral nerve disorders when small-diameter nociceptive
nerves are affected. Many diseases such as diabetes mellitus
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and medical treatments such as chemotherapy cause de-
generation of small-diameter nerves, resulting in neuropathic
pain. However, these diseases frequently also involve larger-
diameter sensory nerves, which makes exploring the specific
roles of small fibers in neuropathic pain difficult. To eliminate the
concern that large-fiber degeneration might cause neuropathic
pain, we developed a mouse model of pure small-fiber
neuropathy, in which small-diameter sensory nerves are specif-
ically depleted by resiniferatoxin (RTX), a capsaicin analogue that
acts on transient receptor potential vanilloid type 1 (TRPV1)
receptors.12–14,18,24 Previous studies have indicated that prono-
ciceptive mechanisms in RTX neuropathy include an increase in
purinociceptor P2X312 expression and a burst of ATP release due
to degeneration of small-diameter nociceptors.12,18 It is not clear
whether the cellular analgesia system (ie, adenosine signaling) is
altered in RTX neuropathy and contributes to neuropathic pain in
addition to enhancement of the purinergic nociceptive system.

To address the aforementioned issues, this study aimed to
determine (1) whether the ligand and receptor of adenosine
signaling are altered in RTX neuropathy and (2) whether the
change in adenosine signaling contributes to pain hypersensitivity
in RTX neuropathy. Specifically, we examined PAP expression,
adenosine content, and A1R expression in RTX neuropathy.

2. Material and methods

2.1. Induction of resiniferatoxin neuropathy

Resiniferatoxin neuropathy was induced by administering a single
dose of anRTX (50mg/kg; Sigma, St. Louis,MO) solution by using
our previously established protocol.12,13,18,41 Briefly, RTX was
dissolved in a vehicle (10% Tween 80 and 10% ethanol in normal
saline), and mice received the RTX solution through an in-
traperitoneal (i.p.) injection (RTX group). One group of mice
received an equal volume of the vehicle as the control (vehicle
group). After treatment, the mice were housed in plastic cages on
a 12-hour light/12-hour dark cycle and were given access to
water and food ad libitum. All procedures were conducted in
accordance with the ethical guidelines for laboratory animals,44

and the protocol was approved by Kaohsiung Medical University.
All experimental procedures were performed carefully, and all
efforts were made to minimize suffering.

2.2. Evaluation of mechanical allodynia

The mechanical threshold after RTX neuropathy developed was
assessed using the up-and-down method with different calibers
of von Frey monofilaments (Somedic Sales AB, Hörby,
Sweden).12,18 Briefly, a series of monofilaments were applied to
the plantar region of the hind paw. If the paw was withdrawn,
amonofilament of a smaller caliber was applied. In the absence of
paw withdrawal, a monofilament of a larger caliber was then
used. Four additional stimuli with monofilaments of different
calibers as determined by previous responses were applied, and
the mechanical threshold was calculated according to a pub-
lished formula.4

2.3. Primary antisera

All primary antisera in this studywere purchased fromcommercial
laboratories, and the following antisera were used: anti-PAP
(chicken, 1:600; Aves Labs, Tigard, OR), anti-TRPV1 (goat, 1:
100; Santa Cruz Biotechnology, Santa Cruz, CA), anti-AMP–
activated protein kinase (AMPK, rabbit, 1:200; Cell Signaling

Technology, Danvers, MA), and anti-A1R (rabbit, 1:300; Acris
Antibodies GmbH, Herford, Germany) antisera.

2.4. Immunofluorescence staining of dorsal root
ganglion neurons

We conducted double-labeling immunofluorescence staining to
investigate the molecular complex of adenosine signaling. The mice
were killed through intracardiac perfusion with 0.1 M phosphate
buffer (PB) followed by 4% paraformaldehyde (4P) in 0.1 M PB. The
fourth and fifth (L4/L5) lumbardorsal root ganglion (DRG) tissueswere
removed carefully after perfusion and fixed in 4P for another 6 hours.
Dorsal root ganglion tissueswere cryoprotectedwith 30% sucrose in
0.1 M PB overnight and cryosectioned with a cryostat (CM1850;
Leica, Wetzlar, Germany) at an 8-mm thickness. For adequate
sampling, 2 ganglia (L4/L5) per mouse and 5 to 8 sections per DRG
tissue (at 80-mm intervals) were immunostained. Briefly, sections
were incubatedat 4˚Covernightwith the followingmixtures of primary
antisera: (1) TRPV1:PAP, (2) A1R:PAP, (3) TRPV1:A1R, and (4)
TRPV1:AMPK. Subsequently, the sections were incubated with
a combination of Texas red– and fluorescein isothiocyanate–
conjugated secondary antisera (1:100; Jackson ImmunoResearch,
West Grove, PA) that corresponded to the appropriate primary
antisera for 1 hour. Sections after immunofluorescence staining were
mountedwith Vectashield (Vector, Burlingame,CA) for quantification.

2.5. Prostatic acid phosphatase histochemistry

We performed AMP histochemistry with DRG sections to examine
PAP ectonucleotidase activity in accordance with previous pub-
lications.35,47 Briefly, the DRG sections were washed twice with
40 mM Trizma-maleate (TM) buffer (pH 5.6) and washed once with
8% sucrose (wt/vol) in TM. The sections were then incubated
with substrate solution (3 mM AMP, 2.4 mM lead nitrate, and 8%
sucrose in TM) at 37˚C for 2 hours. After incubation, the sections
were washed 3 times with TM, developed for 10 seconds with 1%
sodium sulfide, and then washed 3 times with 0.1 M PB. The
sections were finally mounted for quantification.

2.6. Quantification of dorsal root ganglion neurons with
different phenotypes

To quantify DRG neurons with different phenotypes, each DRG
section was systematically photographed at 2003 under
a fluorescence microscope (Axiophot; Zeiss, Oberkochen,
Germany) by following an established procedure to produce
a montage of the entire DRG section.12,13,18 To prevent a density
bias, only neurons with a clear nuclear profile were counted, and
the areas that contained only neuronal ganglia were measured
with Image J ver. 1.44d software (National Institutes of Health,
Bethesda, MD). For PAP and A1R morphometric analyses, the
neuronal diameters weremeasuredwith ImagePro-Plus software
(Media Cybernetics, Bethesda, MD) and plotted in histograms.

2.7. Measurement of adenosine and adenosine
monophosphate with high-performance liquid
chromatography analysis

High-performance liquid chromatography (HPLC) was performed to
evaluate the efficacy of PAP ectonucleotidase activity after RTX
neuropathy developed. The L4/L5 DRG neurons were carefully
dissected, and the adenosine and AMP of the neurons were
extracted according to our previous protocol.18 Briefly, the DRG
tissues were immersed in 60 mL of sterilized distilled water in an
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ultrasonic bath for 15 minutes. After the ultrasonic bath, the samples
were filtered with a 0.22-mm syringe filter and separated with
a reversed-phase HPLC system.45 This HPLC system consisted of
a photodiode array detector (SPD-M20A; Shimadzu, Kyoto, Japan),
binary gradient pumps (LC-20AD XR, Shimadzu), and a manual
injector with a 20-mL injection valve. A Brownlee SPP HPLC column
(C18, 2.7mm, 4.63150mm; PerkinElmer,Waltham,MA) protected
with a guard cartilage (C18, 2.7 mm, 4.63 5 mm; PerkinElmer) was
used in this assay. The mobile phase consisted of potassium

phosphate buffer as buffer A (composed of 39 mM K2HPO4 and
26mMKH2PO4, adjusted to pH5.7with phosphoric acid) and 100%
methanol (HPLC grade) as buffer B. Buffer A was prepared with
ultrapure water (.17.2 MV) and filtered with a 0.22-mm filter before
use. Before each sample was analyzed, the columnwas equilibrated
with 10 column volumes of buffer A, and then analytical separation
was performed. The flow rate was 1 mL/minute, and the gradient
profilewas as follows: 1minute at 100%buffer A, 3minutes at 92.5%
buffer A, 7.5 minutes at 80% buffer A, and 10 to 13 minutes at 75%

Figure 1. Characterization of neuropathic pain hypersensitivity and expression of prostatic acid phosphatase (PAP) and transient receptor potential vanilloid subtype 1
(TRPV1) after resiniferatoxin (RTX) neuropathy. (A) Themechanical thresholdwas assessed through vonFreymonofilament tests usingup-and-downalgorithms. Thegraph
presents a comparison of the mechanical threshold between the vehicle group (open bar, n 5 8) and day 7 after RTX neuropathy (RTX group; filled bar, n 5 6). The
mechanical threshold was reduced in RTX neuropathy. (B–G) Double-labeling immunofluorescence staining was performed with anti-TRPV1 (B, D, E, and G in red) and
anti-PAP (C, D, F, and G in green) antisera in the dorsal root ganglion (DRG) of vehicle group (B–D) and RTX group (E–G). (D and G) The images show the colocalization
patterns of TRPV1 and PAP DRG neurons in the vehicle (D) and RTX (G) groups. Arrow indicated the colocalization of TRPV1 and PAP-expression DRG neurons. (H) The
graph indicates the colocalization ratios of TRPV1(1)/PAP(1) (open bar, n5 5) and PAP(1)/TRPV1(1) neurons (filled bar, n5 5) in the vehicle group according to (B–D). (I)
This graph shows the histogram of diameters for PAP(1) neurons in the vehicle group (solid line, n5 1761 neurons). (J) The graphs show density changes in TRPV1(1)
neurons and PAP(1) neurons in the vehicle (open bar, n5 8) and RTX groups (filled bar, n5 8). Bar, 50 mm. ***P, 0.001.
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buffer A. The concentration of buffer A was returned to 100% at 20
minutes, and the procedure continued for an additional 10minutes to

ensure complete analytical separation and column balance. A single

run of analytical separationwas terminated at 30minutes.Chromato-

grams of adenosine and AMP were obtained at a UV wavelength of

259 nm, and the concentrations of adenosine andAMPwere derived

from the eluted standards.

2.8. Pharmacological interventions of A1Rs and prostatic
acid phosphatase through lumbar puncture

Pharmacological studies were conducted to investigate the
roles of A1Rs and PAP in analgesic effects. There is significant
sequence homology between mouse and human PAP
(hPAP),17 and the analgesic effect of PAP was documented
on PAP2/2 mice.34,47 In brief, the purified hPAP (EMD

Figure 2.Changes inprostatic acid phosphatase (PAP) ectonucleotidase activity and alterationsof adenosine hydrolysis in resiniferatoxin (RTX) neuropathy. (A–C)Prostatic
acid phosphatase ectonucleotidase activity was assessed through enzyme histochemistry using adenosine monophosphate (AMP, 3 mM) as a substrate. The reaction
productwas developedwith 1%sodiumsulfide and appeared dark brown in the dorsal root ganglion (DRG) sections of the vehicle (A) andday 7 after RTX neuropathy (RTX
group) (B). (C) ThegraphshowsAMP(1) neuronal densities in the vehicle (openbar, n55) andRTX (filledbar, n55) groupsaccording to (AandB). (D–G)High-performance
liquid chromatography (HPLC) was conducted to assess the change in the contents of adenosine and AMP, which were extracted from DRG. (D) This graph shows the
HPLC chromatograms of the eluted standards (upper panel; AMP, 6.5 minutes; adenosine, 10.2 minutes), the vehicle group (middle panel), and the RTX group (bottom
panel). Number designation on the chromatograms: 1 for AMP and 2 for adenosine. (E and F) These figures provide verification of the peaks for AMP (E) and adenosine (F)
samples extracted fromDRG tissues with respect to a spectral library. The absorbance spectra of the adenosine and AMP samples (pink line in E and F) were the same as
theabsorbancespectraof theadenosine standard (similarity index50.99) and theAMPstandard (similarity index51.00) (black line inEandF). (G)A significant difference in
adenosine signalingmolecules was present between the vehicle (open bar, n5 6) andRTX groups (filled bar, n5 5) (ie, decreased adenosine and increased AMP). Elution
time scale, minutes. *P, 0.05, **P, 0.01. Bar, 50 mm.
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Millipore, Temecula, CA) was diluted with normal saline and
administered through the i.p. (dose: 9 U) or lumbar puncture
route (i.t., dose: 0.3, 3, 9 U) underneath the awake condition.
For i.t. lumbar puncture injections, drugs were prepared fresh,
diluted with normal saline, and delivered through lumbar
puncture (5 mL) with a Hamilton microsyringe (Hamilton, Reno,

NV)18 at day 7 of RTX neuropathy (RTXd7). The i.t. lumbar
puncture was performed at the level of the intervertebral space
between the L4 and L5 vertebrae where L4/L5 DRG are
located.6,18 The control group received normal saline (sham
group). To evaluate the PAP effect, changes in the mechanical
threshold were assessed at 1 hour (h1), 2 hours (h2), 4 hours

Figure 3. Characterization of neuropathic pain hypersensitivity and expression of adenosine monophosphate-activated protein kinase (AMPK) and transient
receptor potential vanilloid subtype 1 (TRPV1) after resiniferatoxin (RTX) neuropathy. (A–F) Double-labeling immunofluorescence staining was performed with anti-
TRPV1 (A, C, and E in red) and anti-AMPK (B, D, and F in green) antisera in the dorsal root ganglion (DRG) of vehicle group (A andB) and day 7 after RTX neuropathy
(RTX group) (C and D). (E and F) The images show the colocalization patterns of TRPV1 and AMPK DRG neurons in the vehicle (G) and RTX (H) groups. Arrow
indicated the colocalization of TRPV1 and AMPK expression DRG neurons. (G) The graphs show density changes of AMPK(1) neurons in the vehicle (open bar,
n 5 5) and RTX groups (filled bar, n 5 5). (H) The graph indicates the colocalization ratios of TRPV1(1)/AMPK(1) (open bar, n 5 5) and AMPK(1)/TRPV1(1)
neurons (filled bar, n 5 5) in the vehicle group according to (A and C). Bar, 50 mm. **P , 0.001.
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(h4), 6 hours (h6), 1 day (D1), 2 days (D2), 3 days (D3), 4 days
(D4), and 7 days (D7) after PAP administration.

A1R pharmacological interventions consisted of (1) A1Rs
activated by adenosine (Sigma; dose: 5, 25, 50 nmol), (2) A1Rs
antagonized with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; a se-
lective A1R antagonist, Tocris Bioscience, Bristol, United Kingdom,
dose: 10 nmol),33,35 and (3) DPCPX (10 nmol) 15 minutes before
adenosine administration (50 nmol). The mechanical threshold was
evaluated at h1, h2, h3, h6, andh24after the administrationof drugs.

2.9. Experimental design and statistical analysis

This study examined 2 main topics: (1) PAP expression and its
ectonucleotidase activity and products, and (2) pharmacological
interventions altering A1Rs and PAP expression. Resiniferatoxin
neuropathy is a well-established model of mice of small-fiber
neuropathy, which induced the mechanical allodynia at RTXd7 and
persisted to RTXd56.12 The evaluated time point of each approach
experiment was at RTXd7, and each group consisted of 5 to 8 mice.
Animal was randomized grouping and the coding information was
masked during the behavioral tests and quantification procedures. All
data are expressed as themean6SD, and t testswere performedon
data with a Gaussian distribution. For data that did not follow
a Gaussian distribution, a nonparametric Mann–Whitney test was
conducted. For pharmacological interventions, paired t tests were
performed, and P, 0.05 was considered statistically significant. For

pharmacological study, the 1-way repeated-measures analysis of
variances (ANOVAs) were performed followed by the Bonferroni post
hoc test when P, 0.05 was obtained.

3. Results

3.1. Mechanical allodynia and prostatic acid phosphatase
expression in resiniferatoxin neuropathy

To characterize neuropathic pain behavioral patterns and PAP
expression, we measured the mechanical threshold and per-
formed immunohistochemistry on DRG neurons. The mice in the
RTX group showed mechanical allodynia with a reduced
mechanical threshold compared with the vehicle group (304.4
6 64.2 vs 769.16 157.3 mg, P, 0.001) (Fig. 1A). Prostatic acid
phosphatase and TRPV1 were coexpressed in some DRG
neurons (Figs. 1B–G) with a TRPV1/PAP ratio of 16.5% 6
1.6% and a PAP/TRPV1 ratio of 50.3%6 3.2% (Fig. 1H). Further
analyses showed that PAP(1) neurons were small to medium
sized (neuronal diameter of the 25th-75th percentiles: 18.4-
24.9mm,Fig. 1I). TRPV1(1) neuronswere completely depleted in
the RTX group (0.8 6 1.2 vs 81.7 6 11.4 neurons/mm2, P ,
0.001), and coexpression of TRPV1 and PAP provided the basis
for PAP depletion; ie, the RTX group exhibited a 27% reduction of
PAP(1) neurons compared with the vehicle group (194.26 15.2
vs 263.8 6 18.2 neurons/mm2, P 5 0.0002, Fig. 1J).

Figure 4. Effects of exogenous prostatic acid phosphatase (PAP) on the mechanical threshold in resiniferatoxin (RTX) neuropathy. (A–D) Prostatic acid
phosphatase was replenished with purified human PAP (hPAP) administered through either the intraperitoneal (i.p.) injection (A) or intrathecal (i.t.) lumbar puncture
(B–D) route in different bioactive doses. The arrow indicates the time point of hPAP administration. The effect of hPAP on the mechanical threshold was examined
through von Frey monofilament tests using up-and-down algorithms at 1 hour (h1), 2 hours (h2), 4 hours (h4), 6 hours (h6), 1 day (D1), 2 days (D2), 3 days (D3), 4
days (D4), and 7 days (D7) after hPAP administration. (A) The diagram illustrates the effects of 9 U of hPAP on the mechanical threshold (filled circle, n 5 6) in
comparison with those of saline treatment (sham group; open circle, n 5 8) through the i.p. route. (B–D) The graphs show the analgesic effects of hPAP
administered at doses of 0.3 U (B, n5 5), 3 U (C, n5 6), and 9 U (D, n5 5) through the i.t. route in RTX neuropathy (filled circle) in comparison with sham group
(open circle, n5 6). *P, 0.05, **P, 0.01, and ***P, 0.001: pairing repeated-measures ANOVA followed the Bonferroni post hoc test comparing values before
and after hPAP administration. #P, 0.05, ##P, 0.01, and ###P, 0.001: nonpairing repeated-measures ANOVA followed the Bonferroni post hoc test between
hPAP and sham group. ANOVA, analysis of variance.
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3.2. Effects of reduced prostatic acid phosphatase
expression on adenosine signaling molecules in
resiniferatoxin neuropathy

To investigate the effect of PAP expression on functional
alterations, we examined PAP ectonucleotidase activity by using

AMP histochemistry and HPLC analyses. Adenosine mono-

phosphate is the substrate of PAP ectonucleotidase, and AMP

histochemical studies showed a pattern similar to that observed

in PAP immunohistochemistry, ie, a reduction in AMP(1) neurons

in the RTX group compared with the vehicle group (218.26 25.9

vs 323.1 6 39.9 neurons/mm2, P 5 0.006, Figs. 2A–C).
We then performed HPLC to examine the biochemical profiles of

PAP ectonucleotidase activity according to the contents of

adenosine and AMP in DRG tissues. The eluted AMP (6.5 minutes)

and adenosine (10.2 minutes) in the vehicle and RTX groups had

the same retention time profiles (Fig. 2D) and absorbance spectra

(Figs. 2E and F) as the standards. The eluted HPLC profiles

showed an increased AMP peak (1.136 0.30 vs 0.296 0.26 mM,

P5 0.0015) and a decreased adenosine peak (0.2660.31 vs 0.69

60.15mM,P5 0.016) in the RTX group comparedwith the vehicle

group (Fig. 2G). We further investigated the profiles of AMPK that

was activated by AMP,10 which also had analgesic effect.19,25

Adenosine monophosphate-activated PK was reduced by RTX

with a 35% reduction (231.8614.1 vs 147.0655.0 neurons/mm2,

P5 0.021) which was related to colocalization with TRPV1 [30% of
TRPV1(1)/AMPK(1) and 62% of AMPK(1)/TRPV1(1)] (Fig. 3).
Collectively, the decrease in PAP expression resulted in reduced
adenosine ligand in adenosine signaling was a major effector
leading to dysfunction of cellular analgesia.

3.3. Reversal of mechanical allodynia in resiniferatoxin
neuropathy by exogenous prostatic acid phosphatase

To further confirm the analgesic effect of PAP, bioactive hPAP was
administered at RTXd7 using both the i.p. and i.t. routes. Before
hPAP administration, the mice showed mechanical allodynia (P ,
0.001) at RTXd7 (Fig. 4). Treatment with hPAP through the i.p. route
(dose: 9 U) hadmild analgesic effects, namely a partial reversal of the
reduced mechanical threshold at h2 compared with the mechanical
threshold at RTXd7 (646.46 148.1 vs 288.86 66.8 mg, P, 0.01,
repeated-measures 1-way ANOVA), and this status lasted until h6
(570.66 137.7mg, P, 0.05, Fig. 4A). Notably, hPAP administered
using the i.t. route exhibited a higher efficacy and longer duration of
analgesic effects than that administered using the i.p. route.
Furthermore, i.t. administration of hPAP resulted in a dose-
dependent reduction of mechanical allodynia. For example,
the mechanical threshold was normalized from h2 (758.0 6 177.2
vs 319.1 6 41.6 mg) to D1 (708.4 6 109.8 mg, P , 0.01) at
0.3 U (Fig. 4B). At the 3 U dose, the analgesic effect lasted from h2

Figure 5. Expression of adenosine A1 receptors (A1Rs) in resiniferatoxin (RTX) neuropathy. (A–F) Double-labeling immunofluorescence staining was performed on
dorsal root ganglion (DRG) sectionswith anti-A1R (A,C,D, andF ingreen) andanti-transient receptor potential vanilloid subtype 1 (TRPV1;B,C,E, andF in red) antisera
in the vehicle (A–C) and day 7 after RTX neuropathy (RTX group) (D–F). (C and F) The images show the colocalization of A1R and TRPV1DRGneurons in the vehicle (C)
and RTX (F) groups. Arrow indicated the colocalization of A1R and TRPV1 expression DRG neurons. (G) The graph shows the histogram of diameters for A1R(1)
neurons in the vehicle group (n5 819 neurons). (H) The diagram indicates the ratios of A1R(1)/TRPV1(1) (open bar, n5 5) and TRPV1(1)/A1R(1) (filled bar, n5 5) in
the vehicle group in (A–F). (I) The graph shows the density changes in A1R(1) neurons in the vehicle (open bar, n5 10) andRTX (filled bar, n5 7) groups. ***P, 0.001.
Bar, 50 mm.
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(776.56113.5 vs 287.0644.5mg, P, 0.001) to D3 (871.1657.2
mg, P , 0.001; Fig. 4C). The 9 U dose had the highest efficacy in
producingananalgesiceffect fromh1 (774.46129.2vs320.8668.3
mg, P, 0.01) to D7 (924.86 259.1 mg, P, 0.05; Fig. 4D). These
results indicated that replenishment of bioactive hPAP compensated
for changes in the mechanical threshold due to PAP depletion.

3.4. Effect of resiniferatoxin on A1Rs

To determine whether RTX also affected the adenosine receptor,
we examined A1R expression in RTX neuropathy (Fig. 5). A1R(1)
neurons belonged to the category of small-diameter neurons
(diameter of the 25th-75th percentiles: 15.5-19.7 mm, Fig. 5G).
The colocalization ratio of A1R and TRPV1 was approximately
73% in A1R(1)/TRPV1(1) neurons, and approximately 30% of

the A1R(1) neurons also expressed TRPV1 in the vehicle group
(Figs. 5C, F, and H). This colocalization ratio provided the basis
for an approximately 34% reduction in A1R(1) neurons (127.96
19.8 vs 193.1 6 22.4 neurons/mm2; P , 0.001, Fig. 5I).

To determine the functional significance of A1R reduction in
RTX neuropathy, adenosine (as an A1R agonist) and DPCPX (as
an A1R antagonist) were administered through an i.t. lumbar
route with different protocols to examine the changes in
neuropathic pain hypersensitivity (Fig. 6). Before adenosine
administration, the mice showed mechanical allodynia (P ,
0.001) at RTXd7. At the 50 nmol dose, pain hypersensitivity was
alleviated at h1 (627.5 6 140.7 vs 357.9 6 50.1 mg, P , 0.05,
repeated-measures 1-way ANOVA), and this alleviation lasted
until h3 (688.26 85.3mg,P, 0.001). Allodynia reappeared at h6
with a mechanical threshold similar to that of the sham group
(334.9 6 60.7 mg, P . 0.05). The pain hypersensitivity-relief
effect induced by adenosine was dose dependent: the relief of
mechanical allodynia became obvious after the 25 nmol dose at
h1 (633.5 6 126.9 vs 395.6 6 46.2 mg, P , 0.01), and
mechanical allodynia returned at h2 (386.8 6 112.9 mg, P .
0.05). Injection at the 5 nmol dose had no effect on the
mechanical threshold (P . 0.05). By contrast, DPCPX blocked
the adenosine-mediated analgesia and did not affect the
mechanical threshold at any time point (Fig. 6B).

3.5. A1R(1):PAP(1) neurons are responsible for the pain
hypersensitivity in resiniferatoxin neuropathy

To examine the influence of A1Rs and PAP coexpression on
neuropathic pain hypersensitivity behaviors, we analyzed me-
chanical thresholds in the context of colocalization. Double-
labeling studies showed that approximately 50% of A1R(1)
and PAP(1) neurons were colocalized (ie, 48.5%6 6.9% of A1R
(1)/PAP(1) and 59.7% 6 9.9% of PAP(1)/A1R(1) neurons,
Figures 7A–G). Regression analyses indicated that the PAP(1)
(r 5 0.74, P 5 0.0009; Fig. 7H) and A1R(1) neuronal densities
(r 5 0.89, P 5 0.0002; Fig. 7I) were linearly correlated with the
mechanical threshold. Furthermore, the density of neurons that
coexpressed A1Rs and PAP was linearly correlated with the
mechanical threshold (r 5 0.79, P 5 0.0039), suggesting that
A1R(1):PAP(1) neurons are functional cellular analgesic units
(Fig. 7J). This speculation was confirmed by extracting A1R(1):
PAP(1) neurons from either A1R(1) or PAP(1) neurons. Only
marginal correlations were present between the A1R(2)/PAP(1)
neuronal density and mechanical threshold (r 5 20.61, P 5
0.045, Fig. 7K), and no correlation was evident between the A1R
(1)/PAP(2) neuronal density andmechanical threshold (r5 0.51,
P 5 0.11, Fig. 7L). Taken together, these refined analyses
indicated that only A1R(1):PAP(1) neurons were linearly corre-
lated with the mechanical threshold and responsible for
neuropathic pain hypersensitivity.

4. Discussion

This study documents the impaired adenosine analgesia system
that underlies neuropathic pain behavior in RTX neuropathy at the
levels of the ligand (adenosine) and the receptors (A1Rs),
particularly in the A1R(1):PAP(1) neurons.

4.1. Reduced prostatic acid phosphatase leading to pain
hypersensitivity in resiniferatoxin neuropathy

The reduction of PAP(1) neurons in RTX neuropathy leads to
reduced ectonucleotidase activity and hence decreased

Figure 6. Pharmacological interventions altering adenosine A1 receptors
(A1Rs) expression in resiniferatoxin (RTX) neuropathy. Pharmacological
interventions of A1Rs were conducted with (1) an A1R agonist (adenosine,
Ado; n5 5), (2) A1R antagonist (8-cyclopentyl-1,3-dipropylxanthine [DPCPX],
n 5 6) after adenosine, and (3) DPCPX (n 5 5) administration through
intrathecal lumbar puncture at day 7 after RTX neuropathy (RTXd7). The
mechanical thresholdwas evaluated through the von Freymonofilament test at
1 hour (h1), 2 hours (h2), 3 hours (h3), 6 hours (h6), and 24 hours (h24) after
drug administration. (A) The graph indicates the changes in the mechanical
threshold in RTX neuropathy after adenosine treatment at doses of 50 (dotted
bar), 25 (slashed bar), and 5 nmol (filled bar). The analgesic effect of adenosine
was dose-dependent, but that of saline treatment (sham group) was not
(unfilled bar). (B) The graph indicates the antagonistic effect of DPCPX (10
nmol) after the administration of adenosine (50 nmol) onmechanical thresholds
in RTX neuropathy. DPCPX blocked the analgesic effect of adenosine. *P ,
0.05, **P , 0.01, and ***P , 0.001: pairing repeated-measures ANOVA
followed the Bonferroni post hoc test comparing values before and after
administration of adenosine. #P , 0.05 and ###P , 0.001: nonpairing
repeated-measures ANOVA followed the Bonferroni post hoc test between
adenosine and sham treatments. ANOVA, analysis of variance.
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adenosine content in DRG neurons, which contributes to the
reduction of analgesic signaling at the ligand level. TRPV1(1)
neurons were almost depleted in RTX neuropathy, and approx-
imately 17% of PAP(1) neurons were colocalized with TRPV1(1)
neurons, which accounted for the susceptibility of PAP(1)
neurons to RTX. The finding that PAP(1) neurons were reduced
by 27% in RTX neuropathy suggests that additional RTX effects
may underlie the downregulation of PAP(1) neurons in RTX
neuropathy. The activating transcription factor 3 (ATF3), an
neuronal injury and pain marker,12 was upregulated in remaining
PAP(1) neurons, and the number of ATF3(1):PAP(1) neurons
was correlated with the degree of neuropathic pain

hypersensitivity.41 Furthermore, PAP coexpressed with trkA in
NGF-dependent nociceptors and NGF replenishment could
rescue PAP neurons and normalized neuropathic pain behav-
iors.41 Taken together, injured small-sized PAP(1) neurons were
the major neurons responsible for the impairment of cellular
analgesia, leading to neuropathic pain behaviors.

Prostatic acid phosphatase hydrolyzes extracellular AMP to
adenosine as a ligand of adenosine receptors responsible for
analgesic effects.36,43,47 This is supported by our observation
that the PAP(1) neuronal density was linearly correlated with the
mechanical threshold. In the current study, we further demon-
strated the effects of reduced PAP(1) neurons, including (1)

Figure 7. Contributions of adenosine A1 receptors (A1Rs) and prostatic acid phosphatase (PAP) neurons to neuropathic pain hypersensitivity in resiniferatoxin
(RTX) neuropathy. (A–F) Double-labeling immunofluorescence staining was performed on dorsal root ganglion (DRG) sections with anti-PAP (A, C, D, and F in
green) and anti-A1R (B, C, E, and F in red) antisera in the vehicle group (A–C) and day 7 after RTX neuropathy (RTX group; D–F). (C and F) The images show
colocalization of A1R and PAP DRG neurons in the vehicle (C) and RTX (F) groups. (G) The diagram indicates the ratios of A1R(1)/PAP(1) (open bar, n5 6) and
PAP(1)/A1R(1) (filled bar, n5 6) in the vehicle group shown in (A–F). (H–L) Themechanical thresholdwas assessed through von Freymonofilament tests using up-
and-down algorithm. The mechanical threshold was highly linearly correlated with the densities of PAP(1) (H, n 5 16), A1R(1) (I, n 5 11), and A1R(1):PAP(1)
neurons (J, n5 11). By contrast, the density of A1R(2)/PAP(1) neurons (K, n5 11) showed a weak linear correlation with the mechanical threshold, and no linear
correlation between A1R(1)/PAP(2) neurons (L, n 5 11) and the mechanical threshold was evident. Bar, 50 mm.
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reduced AMP(1) neurons on AMP histochemistry and (2)
reduced AMP hydrolysis to adenosine in DRG neurons on HPLC,
which led to impaired adenosine signaling. Paradoxically, AMP
also had the analgesic effect9,15 by acting as an agonist of
A1Rs,26 and AMP activates AMPK,10 which consequentially
phosphorylated AMPK and reversed pain hypersensitivity19,25,29

such as in the diabetic neuropathy.11,29 The increase in AMP by
the reduction of PAP ectonucleotidase activity did not exert
effects in RTX neuropathy model. The current study demon-
strated that both AMPK and A1Rs were coexpressed with
TRPV1, which were also depleted by RTX. This line evidence may
explain the absence of analgesic effect by AMP. Together, these
observations provide evidence of the downregulated PAP cellular
analgesic mechanisms that underlie the pain hypersensitivity in
nerve-degeneration–induced small-fiber neuropathy.

4.2. Effects of resiniferatoxin neuropathy on A1Rs in
analgesic signaling

This study further demonstrated that downregulation of A1Rs and
the decreased generation of the ligand, adenosine, due to
decreased PAP expression are responsible for the pain hyper-
sensitivity in RTX neuropathy. Previously, studies examining the
molecular mechanisms of neuropathic pain mainly focused on
the pronociceptive system, including the purinergic receptors12

and proinflammatory molecules.8 This study indicates that the
receptor involved in cellular analgesia is downregulated and
contributes to the pain hypersensitivity in RTX neuropathy
through 2 lines of evidence: (1) downregulation of A1Rs in DRG
neurons and (2) pharmacological intervention of A1Rs to reverse
neuropathic pain hypersensitivity. The downregulation of A1Rs
was attributed to the colocalization of A1R with TRPV1, which is
depleted in RTX neuropathy. However, the analgesic effect of
A1R activation in adenosine signaling was transient, which might
be related to the short half-life of adenosine,22 indicating that PAP
is an upstream regulator of functional adenosine signaling. The
long duration of analgesia attained through exogenous PAP
replenishment confirmed this speculation.

Adenosine is also an agonist to other phenotypic adenosine
receptors.32 This present report focuses on A1R and demon-
strates that A1R is the major downstream receptor underlying
PAP cellular analgesia according to (1) antagonism with DPCPX
that blocked the analgesic effect of adenosine and (2) the
correlation of A1R(1):PAP(1) neuronal densities with the degree
of neuropathic pain hypersensitivity. There was ;50%

colocalization ratio of PAP and A1R based on the analysis of
immunohistochemical patterns. The results of linear regression
analysis suggested that A1R(1):PAP(1) neurons could serve as
functional cellular analgesic units acting through an autocrine
mechanism5 (ie, A1R activation is the major effector of adenosine
in this RTX neuropathy model). Although this study was focused
on A1R, the results do not exclude potential contributions of other
adenosine receptors, in particular A3R, to neuropathic pain
behaviors in RTX neuropathy. Further studies by applying
knockout mice or pharmacological interventions on other
phenotypic adenosine receptors are necessary to address this
issue.

4.3. Modulation of cellular analgesia by transient receptor
potential vanilloid type 1 in resiniferatoxin neuropathy and its
clinical implications

Transient receptor potential vanilloid type 1 is a nonselective ion
channel and a polymodal nociceptor; in particular, it transmits the
thermal nociception2,3 through an increase in calcium ion influx
and altered intracellular signaling.21,28 The current study dem-
onstrated that depletion of TRPV1 in RTX neuropathy resulted in
an impaired cellular analgesia pathway at the ligand (adenosine)
and associated receptors (A1R) levels. Prostatic acid phospha-
tase was mainly expressed in nonpeptidergic neurons and
a subset of CGRP(1) neurons.40 In this study, we documented
the colocalization profiles of TRPV1 and PAP, which clarified the
role of PAP depletion in RTX neuropathy (Fig. 8). This observation
implied that molecular interactions occur between TRPV1 and
PAP. Both TRPV1 and PAP are membrane-bound molecules,
which raises an intriguing question: Do their interactions through
cytoplasm membrane microdomains involve other pronocicep-
tive molecules7? For example, PAP results in analgesia by
a reduction of TRPV1 activity34 and growing evidence suggests
that TRPV1-mediated nociception requires the integrity of lipid
raft microdomains.20,30,31,38 These reports imply that the
imbalance between PAP and TRPV1 leads to the pain
hypersensitivity, which may parallel PAP-expression downregu-
lation. Further studies will be required to confirm this speculation.

Finally, a steady state of the extracellular adenosine metabo-
lism is necessary to maintain a balanced cellular analgesic
system. Extracellular AMP accumulation may enhance AMPK,
a crucial cellular sensor that monitors AMP/ATP and ADP/ATP
ratios underlying cellular stress.10 This current report also
demonstrated AMPK downregulation in RTX neuropathy.

Figure 8. Adenosine signaling modulates pain hypersensitivity behaviors in resiniferatoxin (RTX) neuropathy. This diagram shows an analgesia pathway in small-
fiber neuropathy: (left panel) membrane-bound PAP hydrolysis AMP into adenosine (1) which activates A1Rs as the cellular analgesia mechanism (2). (3) TRPV1
coexpressed with PAP and A1Rs, and TRPV1 were depleted by RTX, causes a decrease in analgesic adenosine signaling, including a reduction in PAP
ectonucleotidase activity and A1Rs depletion (dotted profiles in right panel). The reduced PAP ectonucleotidase activity causes a decrease in extracellular AMP
hydrolysis (4), which results in a reduction in adenosine. (5) A parallel reduction of A1R(1) leads to the disability of adenosine signaling and further exacerbates the
development of pain hypersensitivity (6). A1R, adenosine A1 receptor; AMP, adenosine monophosphate; PAP, prostatic acid phosphatase; TRPV1, transient
receptor potential vanilloid type 1.
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Collectively, these observations suggest that both intrinsic and
extrinsic molecules alter the balance between analgesic and
nociceptive molecules contributing to the development of pain
hypersensitivity after systemic nerve injury in RTX neuropathy.
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